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Preface

This book summarizes the developments over the past several decades in the field of strong
interactions at high energy. This is the first ever book almost entirely devoted to the physics
of parton saturation and the color glass condensate (CGC).

Our main goal in this book is to introduce the reader systematically to the ideas, problems,
and methods of high energy quantum chromodynamics (QCD). Over the years, these
methods and ideas have led to a new physical picture of high energy hadronic and nuclear
interactions, representing them as the interactions of a very dense system of tiny constituents
(quarks and gluons) having only a small value of the QCD coupling constant. Owing to
the high density of gluons and quarks the interactions in such systems are inherently
nonperturbative; nevertheless, a theoretical description of these interactions is possible due
to the smallness of the QCD coupling. Our main goals in the book are to show how these
new ideas arise from perturbative QCD and to enable the reader to enjoy the beauty and
simplicity of these emerging methods and equations.

The book’s intended audience is advanced graduate students, postdoctoral fellows, and
mature researchers from the neighboring subfields of nuclear and particle physics. We
assume that graduate student readers are familiar with quantum field theory at the level of
a standard graduate-level course based on the textbooks by Peskin and Schroeder (1995) or
Sterman (1993). We also recommend that students should have taken a theoretical particle
physics course before attempting to read this book. Nevertheless, we have tried to make
this book as self-sufficient as possible, and so we refer to the results of quantum field theory
only minimally.

The book is structured as follows. In Chapters 1 through 5 we present general concepts
and the results of high energy QCD at a level accessible to a graduate student beginning
his or her research in the field. Chapters 6 though 9 deal with more specialized topics and
are written at a somewhat higher level; now the reader is expected to do more independent
calculations and thinking to follow the presentation. Sections marked with an asterisk *
can be skipped in the first reading of the book.

The field of high energy QCD has been developing rapidly over the past few decades,
generating vast amounts of new and interesting results. It is impossible to fit all the recent
advances into a single book: inevitably some important results have had to be left out. We
have tried to overcome this shortcoming by incorporating sections on further reading at the

X
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X Preface

ends of most chapters. In these sections we provide the reader with the references needed
to further develop his or her understanding of the subject.

At the ends of many chapters we provide exercises for readers. Fairly difficult problems
are marked with an asterisk * and very hard problems are marked with a double asterisk
Kk,

In this book we have aimed to bring the reader to the forefront of research on high
energy QCD. We would be thrilled if our readers were able to pursue work in the field after
reading this book, generating new theoretical ideas and results which ultimately could be
compared with experiment.

We would like to thank our colleagues and collaborators Javier Albacete, Ian Balitsky,
Jochen Bartels, Jean-Paul Blaizot, Kostya Boreskov, Eric Braaten, Yuri Dokshitzer, Adrian
Dumitru, Victor Fadin, Lonya Frankfurt, Dick Furnstahl, Francois Gelis, Asher Gotsman,
Ulrich Heinz, Will Horowitz, Edmond Iancu, Jamal Jalilian-Marian, Oleg Kancheli, Dima
Kharzeev, Valera Khoze, Boris Kopeliovich, Alex Kovner, Andrei Leonidov, Lev Lipatov,
Mike Lisa, Misha Lublinsky, Uri Maor, Cyrille Marquet, Larry McLerran, Al Mueller,
Marzia Nardi, Robert Perry, Robi Peschanski, Dirk Rischke, Misha Ryskin, Anna Stasto,
Mark Strikman, Lech Szymanowski, Derek Teaney, Kirill Tuchin, Raju Venugopalan,
Heribert Weigert for many productive discussions on the subjects covered in the book. This
book would not be possible without the intellectual pleasure and constant support of these
discussions. Special thanks go to Javier Albacete for preparing Figs. 4.29, 4.30, 4.31, and
6.3, to Anna Stasto for preparing Fig. 4.33, and to Kunihiro Nagano for preparing Fig. 2.7.

Most of all we are grateful to our wives, children, grandchildren, parents, and grandpar-
ents for their unwavering love and support and for their great patience during the writing
of this book.

YURI V. KOVCHEGOV

EUGENE LEVIN
November 2011
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1
Introduction: basics of QCD perturbation theory

Quantum chromodynamics (QCD) is the theory of strong interactions. This is an exciting
physical theory, whose Lagrangian deals with quark and gluon fields and their interactions.
At the same time, quarks and gluons do not exist as free particles in nature but combine
into bound states (hadrons) instead. This phenomenon, known as quark confinement, is one
of the most profound puzzles of QCD. Another amazing feature of QCD is the property of
asymptotic freedom: quarks and gluons tend to interact more weakly over short distances
and more strongly over longer distances.

This book is dedicated to another QCD mystery: the behavior of quarks and gluons in
high energy collisions. Quantum chromodynamics is omnipresent in high energy collisions
of all kinds of known particles. There are vast amounts of high energy scattering data
on strong interactions, which have been collected at accelerators around the world. While
these data are incredibly diverse they often exhibit intriguingly universal scaling properties,
which unify much of the data while puzzling both experimentalists and theorists alike. Such
universality appears to imply that the underlying QCD dynamics is the same for a broad
range of high energy scattering phenomena.

The main goal of this book is to provide a consistent theoretical description of high
energy QCD interactions. We will show that the QCD dynamics in high energy collisions
is very sophisticated and often nonlinear. At the same time much solid theoretical progress
has been made on the subject over the years. We will present the results of this progress by
introducing a universal approach to a broad range of high energy scattering phenomena.

We begin by presenting a brief summary of the tools needed to perform perturbative
QCD calculations. Since much of the material in this chapter is covered in standard field
theory and particle physics textbooks, we will not derive many results, simply summarizing
them and referring the reader to the appropriate literature for detailed derivations.

1.1 The QCD Lagrangian

Quantum chromodynamics is an SU(3) Yang—Mills gauge theory (Yang and Mills 1954)
describing the interactions of quarks and gluons. The QCD Lagrangian density is

Loco= Y. G [iy"Dy—m] al) -1 Fo Foe (1.1)

flavors f
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2 Introduction: basics of QCD perturbation theory

where qif (x) and ciif ~()c) are the quark and antiquark spin-1/2 Dirac fields of color i, flavor
f,and mass m ¢, with § = qy0. A field Af,(x) describes the gluon, which has spin equal
to 1, zero mass, and color index a in the adjoint representation of the SU(3) gauge group.
Summation over repeated color and Lorentz indices is assumed, with i, j = 1,2, 3 and
a =1, ...,8. The covariant derivative D, is defined by

D, =, —igA, =9, —igt® A% (1.2)

The ¢ are the generators of SU(3) in the fundamental representation (z = A“/2, where the
A% are the Gell-Mann matrices). The non-Abelian gluon field strength tensor Fy;, is defined
by

Fu =1Fj, = é [Du. D] (1.3)

or, equivalently, by

Fl, = 0,A% — 3,A% + gf*" AL AS, (1.4)

ny

where f?¢ are the structure constants of the color group SU(3).

We work in natural units, with i = ¢ = 1. Our four-vectors are x* = (¢, X), the partial
derivatives are denoted 9, = d/0x*, and the metric in t, x, y, z coordinates is g,, =
diag(+1, —1, =1, —1).

The Lagrangian of Eq. (1.1) was proposed by Fritzsch, Gell-Mann, and Leutwyler
(1973), Gross and Wilczek (1973, 1974), and Weinberg (1973). The form of the QCD
Lagrangian is based on two assumptions confirmed by experimental observations: all
hadrons consist of quarks and quarks cannot be observed as free particles. The first obser-
vation leads to a new quantum number for quarks: color. Indeed, without this quantum
number we cannot build the wave functions for baryons. For example the 2~ hyperon has
spin 3/2 and consists of three s-quarks. This means that the spin and flavor parts of its
wave function are symmetric with respect to interchange of the identical valence s-quarks.
Owing to the Pauli exclusion principle the full wave function of the three identical quarks
has to be antisymmetric. If spin and flavor were the only quantum numbers, it would appear
that the spatial wave function of the three s-quarks would have to be antisymmetric. How-
ever, this would contradict the fact that Q7 is a stable particle and is, therefore, a ground
state of the three s-quark system. The spatial wave function of a ground state has to be
symmetric. To resolve this conundrum we need to introduce a new quantum number that
should have at least three different values to make the three strange quarks different in the
2~ hyperon. This quantum number is the quark color.

We then need to determine which particle is responsible for interactions between the
quarks forming quark bound states, the hadrons. The interactions between the quarks in
mesons and baryons have to be attractive, which indicates that they should depend on
quark color: if one introduced interactions between quarks using some global (not gauged)
non-Abelian color symmetry then one would not be able to obtain attractive interactions
between the quark and the antiquark in a meson and between a pair of quarks in a baryon
simultaneously, at least not in the lowest nontrivial order in the interaction. One therefore
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1.2 A review of Feynman rules for QCD 3

concludes that the non-Abelian color symmetry has to be gauged by introducing a non-
Abelian vector boson responsible for quark interactions. Moreover, as we will see below,
the high energy scattering data confirms this conclusion as it demonstrates that the particle
responsible for quark interactions has spin equal to 1.

The second experimental observation needed for the construction of the QCD
Lagrangian, that quarks are never seen as free particles, means that the forces between
quarks should be stronger at longer distances to prevent quarks from leaving a hadron.
For point-like particles our best chance of getting such forces is by assuming that quark
interactions are mediated by a massless particle. For such a particle the lowest-order quark—
antiquark interaction potential decreases at long distances roughly as to 1/r, where r is the
distance between the quarks. (Indeed in a full QCD calculation this behavior changes to
~ r, that of a confining potential.) Massive particles would give an exponentially decreas-
ing potential, which would have a shorter range than the potential in the massless case.
We therefore conclude that the particle responsible for quark interactions is a non-Abelian
massless vector boson, a gluon.

However, particle interactions may generate a mass even for a particle that is massless at
the Lagrangian level. To protect the zero mass of the gluon from higher-order corrections we
have to assume the existence of gauge symmetry in our Lagrangian. Namely, the Lagrangian
should be invariant with respect to

q(x) = S(x)q(x), (1.5a)
g(x) = q(x) S~ (x), (1.5b)
Au(x) = S()AL)S (x) — é [9,8(0)] 571 (x), (1.5¢)

where we have defined a unitary 3 x 3 matrix
S(x) = 0", (1.6)

where the «“(x) are arbitrary real-valued functions; summation over repeated color indices
a is again implied. The form of the Yang—Mills Lagrangian (1.1) can be derived directly
from the gauge symmetry in Egs. (1.5) (see e.g. Peskin and Schroeder (1995)).

1.2 A review of Feynman rules for QCD

To derive the Feynman rules from the Lagrangian (1.1) we need to define the functional
integral (the QCD partition function)

ZQCD :/DADqu exp{i/d4x£QCD(A,q,q)}. (1.7)

One can see that this integral is divergent since its integrand has the same value for an infinite
set of fields related to each other by all possible gauge transformations (1.5). However, the
values of physical observables are given by the expectation values of operators. For an
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4 Introduction: basics of QCD perturbation theory

arbitrary gauge-invariant operator O we have the vacuum expectation value
©) = [ DADg DG Oexp{i [d*xLocp}
~ [ DADgDgexp{i [d*x Locp}

(1.8)

The divergences caused by integrations over gauge directions in the numerator and in
the denominator of Eq. (1.8) cancel each other. Faddeev and Popov (1967) suggested a
procedure allowing one to see such cancellations in the most economic way by multiplying
the definition (1.7) with the functional integral identity'

3G(A%)
1= /DouS(a) = /DouS(G(A“)) det( S ), (1.9)
where the integral runs over all gauge transformations labeled by o (see Eq. (1.6)), A*
is a gauge field related to the original one by the gauge transformation defined by «“, and
G(A) = 0is the gauge-fixing condition. (For instance, G(A) = 9, A" in a covariant gauge.)
Let us restrict ourselves to gauges in which the functional determinant det[§ G(A%) /d«] is
independent of «“ for a given A®. Using Eq. (1.9) the expectation values of the operators

can be written as
(/ Da) | PADG DG O 5(G(A)) det (542) exp {i [ d*x Loc)
(/ Da) [ DADg DG §(G(A)) det (2542 exp|i [d*x Locp)

(0) = ,  (1.10)
where we have relabeled the integration variable A“ as A everywhere except in the deter-
minants, in which one should put «“ = 0 after differentiation thus turning A% into A. The
infinities in the numerator and the denominator of Eq. (1.10) are clearly identifiable as
being due to the integration over «“. As nothing else in the integrands of Eq. (1.10) depends
on o we can simply cancel the Du integrations, writing

J DADGDG O 5(G(A)) det (2442) exp (i [ d'x Loco)
[ DADgDG5(G(A)) det (2940 exp {i [d*x Locp)

(0) (1.11)

To obtain the Feynman rules we have to put all the A-dependence in the integrands in
Eq. (1.11) into the exponents. We start with the delta functions and first note that making
the replacement in Eq. (1.11)

8(G(A)) — 6(G(A) —r(x)), (1.12)

where r(x) is some arbitrary function of x*, would not change the values of the functional
integrals in the numerator and the denominator and would therefore leave (O) unchanged.
Indeed different choices of r(x) correspond to different choices of the gauge defined
by the G(A) = r(x) gauge condition. Thus the replacement (1.12) simply modifies the
function defining the gauge condition: G(A) — G(A) — r(x). Since our initial gauge-
defining function G(A) is arbitrary, and as neither of the integrals in the numerator and the
denominator of Eq. (1.11) depends on G(A), we conclude that nothing in the numerator

! In discussing the Faddeev—Popov method we will follow closely the presentations in Peskin and Schroeder (1995) and
in Sterman (1993).
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1.2 A review of Feynman rules for QCD 5

or the denominator of Eq. (1.11) changes if we perform the replacement (1.12). Moreover,
the resulting expression,

/ DADGDGO 8(G(A) — r(x)) det (2542) exp {i [ d*x Loco)
0) =
o [ DADG DG §(G(A) — r(x)) det (2552) exp {i [ d*x Locp}

Sa

, (1.13)

is independent of r(x) for the same reasons. We can integrate the numerator and the
denominator separately over r(x) by multiplying them with

. 4 T Z(X )
1=NE) | Drexpi—i | d’x x| (1.14)
where N (&) is a normalization function defined by Eq. (1.14) and & is an arbitrary number.
Multiplying both the numerator and the denominator of Eq. (1.13) by Eq. (1.14), canceling
N (), and performing the r-integrals with the help of the delta functions, we obtain
_ JPADqDF O det (1542 exp [i fa* (Locp - % 1G@P)}

] DADgDGdet (P94 exp i [ dx (Locn — % (G (@)

(0)

(1.15)

Finally, in order to remove the determinants of Eq. (1.15) into the exponents one intro-
duces the (unphysical) Faddeev—Popov ghost field ¢ (x), whose values are complex Grass-
mann numbers (Faddeev and Popov 1967, Feynman 1963, DeWitt 1967). The ghost field is
a Lorentz scalar in the adjoint representation of SU(3). With the help of the Faddeev—Popov
ghost field we write

det <8G (Aa)> = /Dch* exp {—i /d4x c* 3G (A7) c} (1.16)
Sa Sa

with ¢* the complex conjugate of the ¢ field. Using Eq. (1.16) in Eq. (1.15) we obtain
[ DADg DG DcDc* O expli [d*x L(A,q,q.c.c*)}

= , 1.17
[ DADq DG DcDc* exp i [d*x L(A,q,q,c,c*)} (1.17)
where we have defined an effective Lagrangian
1 8G(A”
L(A,q,G.c,¢*) = Locp — 57 [GAAP —¢* ( )C (1.18)

26 Sa

Now we are ready to derive the Feynman rules for QCD.
In this book we will employ two main gauge choices. One is the Lorenz gauge, defined
by the gauge condition

9, A" = 0. (1.19)
Inserting G(A) = 9,,A** into Eq. (1.18), after some straightforward algebra (see e.g. Peskin
and Schroeder (1995)) we end up with
1

L=L —
fole)) 2%

(7A%)7 + (9c*) (5% 8" + g f AL ). (1.20)
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6 Introduction: basics of QCD perturbation theory

Using Eq. (1.20) we can derive the Feynman rules for QCD by substituting the Lagrangian
(1.20) into Eq. (1.7) in place of Lycp.

The other gauge choice that we will be using frequently throughout the book is the light
cone gauge, defined by

n- AT =ntAY =0, (1.21)

with n# a constant four-vector that is light-like, so that > = 1, n* = 0. One can show that,
in the light cone gauge, det[6G (A%)/é a] does not depend on A* when we take the limit
& — 0. From Eq. (1.18) one can see that in this case the ghost field would not couple to
the gluon field and so can be integrated out in the functional integrals of Eq. (1.17). Hence
there is no ghost field in the light cone gauge. The effective Lagrangian (1.18) in the light
cone gauge becomes

1
L=Locp— 2E (1ac)? (1.22)

(with an implied & — 0 limit).

Below we list the Feynman rules for QCD, in the Lorenz and light cone gauges, which
follow from the Lagrangians in Eqs. (1.20) and (1.22). We use the standard notation for
a product of two four-vectors u - v = u,v* and for the square of a single four-vector
v,p* = v2. The Dirac gamma matrices in the standard Dirac representation, which we will

use here, are defined by
1 O : 0 o'
0_ i_

where 1 is a unit 2 x 2 matrix, i = 1, 2, 3, and o’ are the Pauli matrices

(0 1 > (0 —i s (1 0
O’—(l O)’U_<i 0),a_<0 _]>. (1.24)

As usual, we will write y = y*v,,. Arrows on the quark and ghost propagators (see below)
indicate the flow of the particle number and, in the cases of the quark propagator and the
ghost—gluon vertex, they also indicate the momentum flow. As ghost fields do not exist in the
light cone gauge, the Feynman rules for ghosts listed below apply only in the Lorenz gauge.

1.2.1 QCD Feynman rules

Quark propagator: J p i = M 84, (1.25)
—_— p*—mj +ie

Ghost propagator: 0 k o= — 5, (1.26)
ik k*+ie
b k —iD,,(k

Gluon propagator: @6666666666666@& = lz—u() 89, (1.27)
v m k*+ie
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1.3 Rules of light cone perturbation theory 7

where in the Lorenz gauge (9 - A = 0)

Kk,

Dyu(k) = g — (1 = §) %3

: (1.28)

the choice & = 0 is referred to as the Landau gauge and the choice & = 1 is called the
Feynman gauge. In the light cone gauge 1 - A = 0 with & — 0 one has

nukv + nvku

D, (k) =g, — 1.29
m (k) 8n Nk ( )
Quark—gluon vertex: =igy" ("), (1.30)
Z\ p+k
Ghost—gluon vertex Y K a b
S OO = k) fave 1.31
(Lorenz gauge only): . 8(p+0°f ( )
R4 p
Three-gluon vertex M v b o [y — k)Y
(all momenta flow = P o L vp
into the vertex): » ko + (ko — k1)Pg"" + (k3 — ko)V'g""]
e Tk (1.32)

—ig2 [fabe fcde (gp.p gva _ gp.a gvp)
+ face fbde (g;w gpa _ gp.o gvp)
+ fade fbce (g;w gpo _ gp.p gva)]
(1.33)

Four-gluon vertex:

The Feynman rules that are standard for all field theories, such as the conservation of
four-momentum in the vertices and the inclusion of a factor —1 for each fermion loop or
of proper symmetry factors, apply to QCD as well and will not be explicitly spelled out
here.

1.3 Rules of light cone perturbation theory

Many calculations in this book will not be performed using the Feynman rules. Instead we
will use light cone perturbation theory (LCPT), following the rules introduced by Lepage
and Brodsky (1980) (see Brodsky and Lepage (1989) and Brodsky, Pauli, and Pinsky (1998)
for a detailed derivation of the LCPT rules). We begin by introducing the light cone notation.

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

8 Introduction: basics of QCD perturbation theory

For any four-vector v* we define
v =00 40, v =00 =0l (1.34)

With this notation we see immediately that

v =0t — 32, (1.35)

where we have defined a vector of transverse components v, = (v, v?). A product of two

four-vectors v* and u* in light cone notation is

1 1

M'U=§M+U_+§M_U+—ﬁj_'l_jj_. (1.36)
The metric has nonzero components g, = g_4 = 1/2, g1 = g = —1. This gives
0 .3 + 0_ .3 -
v+ v v — v v
v = = —, vL= = —. 1.37
2 27 2 2 (137)

Note also that 9, = (1/2)9~ and d_ = (1/2)9™.

Light cone perturbation theory is similar to time-ordered perturbation theory, except that
the light cone x -direction plays the role of time. (For a good presentation of time-ordered
perturbation theory see Sterman (1993).) Our discussion of LCPT here will closely follow
Lepage and Brodsky (1980) and Brodsky and Lepage (1989). We will work in the particular
light cone gauge

At =0, (1.38)

which can be obtained from Eq. (1.21) by choosing n* = (0, 2, 6L), in the (+, —, 1)
notation. Of the remaining A~ and A’Al components of the gluon field (i = 1, 2), only
the transverse components A’Al are independent. The component A~ can be expressed in
terms of the A’ using the equations of motion for the QCD Lagrangian (1.1). The quark
field, which we will denote by ¢(x), dropping the flavor label, is separated into two spinor
components g and g_ defined by

g+(x) = Ax q(x), (1.39)
where the projection operators A are given by
I o+
A==y vy (1.40)
and the Dirac matrix y* = y° & y3. Note that, just like any other projection operators,
A4 obey the following relations: Ay A_ =0, A2i = A4, and AL + A_ = 1. The two

projections ¢ and g_ are not independent and can also be related using the constraint part
of the equations of motion. The dependent field operators A~ and ¢g_ are expressed in terms
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1.3 Rules of light cone perturbation theory 9

of Aﬂ_ and g as (see Lepage and Brodsky (1980))>

- 2 J 2g sat+ AJ J T a a
AT = i AL {[la AL,AL]+2q+t gt } (1.41)
1 L
g- = == 7" (<iviDi;+m) g, (1.42)
where j = 1, 2. Next one defines free gluon and quark fields A* and G by
AM = (0, A7, A), (1.43)
in the (+, —, L) notation, with
- 2 j
A= a4 (1.44)
and
. 1 .
G =i+ (<ivio +m) gr. (1.45)

The light cone Hamiltonian H is defined as the minus component of the four-momentum
vector, P~. It can be written as the sum of free and interaction terms:

H = P~ = Hy + Hy,, (1.406)
where (Lepage and Brodsky 1980, Brodsky and Lepage 1989, Brodsky, Pauli, and Pinsky
1998)

1 _ - m:—v? -
Hy = 3 /dx d’x; <q Y Tq - Al va) (1.47)

is the free part of the Hamiltonian, while the interaction part is given by
2

Hip = / dx—d%u[—zg tr (i0*AV[A,, A)]) — % tw([A", A4, 4,))
= ~ 2 e ~ + v ~
—8qy"AL g+ gt ([18 AY A (ia+)2[ A ,AV]>
+g%qy Ayt ! Y AG — gGyT ! [iatA*, A1) g
TR (i9+)? e
+ iqy*t“q—ql gy 1 (1.48)
2 aon :

Quantizing the theory by expanding A’ and g, in terms of creation and annihilation
operators while treating the x™ light cone direction as time, one can construct light cone
time-ordered perturbation theory with the help of the light cone Hamiltonian H. The rules
of LCPT for the calculation of scattering amplitudes are given in the following subsection
(Lepage and Brodsky 1980, Brodsky and Lepage 1989, Zhang and Harindranath 1993,
Brodsky, Pauli, and Pinsky 1998).

2 Qur notation in Eqgs. (1.1), (1.2), and (1.4), and therefore throughout the book, can be obtained from that of Lepage
and Brodsky (1980) and Brodsky and Lepage (1989) by making the replacement g — —g.
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10 Introduction: basics of QCD perturbation theory

1.3.1 QCD LCPT rules

1. Draw all diagrams for a given process at the desired order in the coupling constant,
including all possible orderings of the interaction vertices in the light cone time x ™. Assign
a four-momentum k* to each line such that it is on mass shell, so that k> = m? with m
the mass of the particle. Each vertex conserves only the k* and ko components of the
four-momentum. Hence for each line the four-momentum has components as follows:

K +m? -
" o__ + L 2
k _(k T Lk ). (1.49)
2. With quarks associate on-mass-shell spinors in the Lepage and Brodsky (1980)
convention:
1 .
uo(P) = (P*+my®+v° 71 p1) x(0), (1.50)
p
1 + 0 0= =
vo(p) = Nrs (pt —my’+ 9"y pL) x(—o0), (1.51)
p
with
1 0
“h=— ] xen=—| ! (1.52)
X+ =— »ox(=D=— :
V2 |1 v2 | o
0 -1
Gluon lines come with a polarization vector €} (k). In the AT = 0 gauge this vector is
given by
28k -k .
el'(k) = (0, 2—+ ej) (1.53)
with transverse polarization vector
~a 1 .
€ =——72 &, 1), (1.54)

2

where A = £1. Equation (1.53) follows from requiring that e; =0ande€, (k) -k=0.
3. For each intermediate state there is a factor equal to the light cone energy denominator

1
k== > k +ie

inc interm

(1.55)

where the sums run respectively over all incoming particles present in the initial state in
the diagram (“inc”) and over all the particles in the intermediate state at hand (“interm”).
According to rule 1 above, for each particle we have k=~ = (121 +m?)/k*. Since the k~
momentum component is not conserved at the vertices the intermediate states are not on
the “energy shell” and the light cone denominator in (1.55) is nonzero. Note that the light
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1.3 Rules of light cone perturbation theory 11

cone energy is conserved for the whole scattering process: »
where “out” stands for all outgoing particles.’

k™ isequalto ) k-,

4. Include a factor

0(k™)
k+

(1.56)

for each internal line, where k™ flows in the future light cone time direction.

5. For vertices include factors as follows (we assume that the light cone time flows from
left to right).

Quark—gluon vertex (i and j are quark color indices):

o P p+q o
i T = ity (p 4 q) ¢,(@) (1) g i (p). (1.57)

Three-gluon vertex (all momenta flow into the vertex; asterisks denote complex
conjugation):

—igf " [k — k3) - €} (ko) €, (k1) - €3,,(k3)
= + (ko — k1) - €3,(k3) €3, (k1) - €5, (k2) (1.58)
+ (ks — k2) - €3, (k1) €35(k3) - €5, (k2)].

2 b d
g [fa efc Eb(dekl c €y 6;:2 . 63‘:4 — € " 6;:4 €1y 6;:2)
— *
= +fﬂcsz€(€kl -6;:2 €15 -E)m—e)Ll 'E;;‘ €15 '6;:2)
ade gbce * * * *
S, € 6, €, — a6 €]

(1.59)

In addition to the above vertices, which are (up to some trivial factors due to a different
convention) identical to the same vertices in the Feynman rules, there are instantaneous
terms in the light cone Hamiltonian giving the four vertices below. Again, light cone time
flows to the right while the momentum flow direction is indicated by arrows. Instant-
aneous quark and gluon lines are denoted by regular quark and gluon lines with a short

3 This light cone energy conservation condition does not apply to light cone wave functions, to be discussed shortly, as
they represent only part of the scattering process.
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12 Introduction: basics of QCD perturbation theory

line crossing them.

ﬁL P2, 02 5 )/+
0000000 = g g, j(p2) ¢;, (k1) 20 1) ¢, (k)
a A 4 b Ao (py 2
————00000000" X (1 1) ji ttoni (1), (1.60)
p1, 01 TQ
p1, 0 p2, O — a
e =& ()Y (i i ()
— B 1
k S ! Xl (pa) YT ik ok (P3) ——— (1.61)
Ps3, 03 P4, 04 (P1 - Pz)
=~ g i1, j(p2) ¥ (1)ji teyi(P1)
Kk e s
s R (.62
o ke b
ks, A kg, Ay
X g — g2fabefcde6;f2 - €, 6:4 - €
a b (k7 + k) (k5 + k) L3
X (kf' — k;‘)z . (1.63)
Booh E e
6. For each independent momentum k" integrate with the measure
dk* d’k,.
—2(27”3 . (1.64)

Sum over all internal quark and gluon polarizations and colors.

Again, standard parts of the rules, common to both LCPT and Feynman diagram calcu-
lations, such as symmetry factors and a factor —1 for fermion loops and for fermion lines
beginning and ending at the initial state, are assumed implicitly.

The rules of LCPT are supplemented by tables of Dirac matrix elements in appendix
section A.l. These tables are very useful in the evaluation of LCPT vertices.

1.3.2 Light cone wave function

An important quantity in LCPT, which is hard to construct in the standard Feynman diagram
language, is the light cone wave function. Its definition is similar to that of the wave function
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1.3 Rules of light cone perturbation theory 13

in quantum mechanics. In our presentation of the light cone wave function we will follow
Brodsky, Pauli, and Pinsky (1998). Imagine that we have a hadron state |W). In general this
is a superposition of different Fock states

|nG,nq> = |ncv{ki+v]_€.ilv)"i7a[};nqﬂ {pj—7 ﬁjLﬂUjvaj7 fj})v (165)

where a particular Fock state has ng gluons and n, quarks (and antiquarks). The gluon
momenta are labeled kf s 12,- 1, with polarizations X; and gluon color indices a; where
i=1,...,n6. (As usual in LCPT k; = I;fl/ki*, as all particles are on mass shell.) The
quark momenta are labeled p_;r, p j L, with helicities o}, colors «;, and flavors f; where
j=1,...,n4

The Fock states form a complete basis such that

> [ S, gyl = 1. (1.66)

ng.ng

where the phase-space integral is defined by

2Pt (271)% /‘ dk; d*k; | d DL
dQn~ ng, —
/ ot HZ 2%+ 2n)? H Z 2p 2pt Qn)

i=1 A, =loj,a;,f;

ng ng ng ng
‘o (P+ Sk - ng) . (a ST S p)

L=1 L=1 my=1 mo=1

(1.67)

with symmetry factor S, =ng! ng! ng!. Here ng and np are respectively the numbers
of quarks and antiquarks in the wave function, so that n, = ng + ng. The delta functions
in Eq. (1.67) represent the conservation of the “plus” and transverse components of the
momenta, according to rule 1 of LCPT. The incoming hadron has longitudinal momentum
P+ and transverse momentum P . We assume that each Fock state is normalized to 1, so
that (ng, ng4lng, ny) = 1.

Using Eq. (1.66) we can write

w)=>" /dﬁ?nam, InG.ng){ng. ng|w). (1.68)
ng,ng
The quantity
Y(ng, ng) = (ng,ng|w) (1.69)

is called the light cone wave function. It is a multi-particle wave function, describing a Fock
state in the hadron with ng gluons and n, quarks.

Note that requiring that the state |W) is normalized to unity, (V|W) = 1, and using
Eq. (1.68) we can write

1= (0|W) = > [ dQuqgin, [Yg. 0" (1.70)

ne.ng
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14 Introduction: basics of QCD perturbation theory

Fig. 1.1. A Feynman diagram in the ¢°-theory considered here. The arrows indicate the
momentum flow.

We see that each light cone wave function W(n¢, n,) is normalized to a number less than
or equal to 1.

1.4 Sample LCPT calculations

While we expect that the reader has a fluent knowledge of Feynman rules, we realize that
it is less likely that he or she is equally fluent with LCPT rules. Therefore, to help the
reader become more familiar with LCPT, here we will perform two LCPT calculations. We
will first “cross-check” LCPT by calculating a sample scattering amplitude using both the
Feynman and LCPT rules and showing that we obtain the same result. We will then set up
the rules for calculating light cone wave functions, by considering an example of a basic
wave function containing 1 — 2 particle splitting.

1.4.1 LCPT “cross-check”

We begin by calculating a simple amplitude in a real scalar ¢* field theory in two ways:
using standard Feynman rules and using the rules of LCPT. We will show that the two ways
give identical results. This demonstrates that LCPT is indeed equivalent to the standard
Feynman diagram approach.

The process we consider is illustrated in Fig. 1.1. We consider a field theory for a real
massive scalar field ¢ with Lagrangian

1 m? A
£=53M¢aﬂ¢—7¢2—5¢3. (1.71)

The contribution of the diagram in Fig. 1.1 (henceforth labeled A) can be written down
using the Feynman rules for the real scalar field theory having Lagrangian (1.71) (see e.g.
Sterman (1993) on Peskin and Schroeder (1995)):

(—in? [ d¥l i i

iy = . 1.72
! 21 Q) E—m? +ic (q—1)? —m? +ie (1.72)

Here 1/2! is a symmetry factor and m is the mass of the scalar particles.
Working in the light cone variables

¢ =(q".q .G, 1" =" 17.1)), (1.73)
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1.4 Sample LCPT calculations 15

we write 2 =171 — 2 and (q—1)*=(q" —1")(q~ —17)— (G. —[.)*. Equa-
tion (1.72) can now be rewritten as

S / drtdi~ d*l, 1
4 Qu)t = —m? + e
1
X = = —.
(gt —1")g~ —17)— (gL —1.)> —m? +ie

(1.74)

Now we need to integrate over /™. In the complex /™ -plane the integrand in Eq. (1.74) has
two poles,

l?_ +m? —ie
I+

_ G —1) m? e
and I =g — PR . (1.75)

Iy =

The [~ -integral is nonzero only if these two poles lie in different half-planes. This happens
for either (i) It > 0, ¢" — 1T > 0 or (ii) [T <0, g™ — " < 0. As the incoming particle
with momentum g is physical we have g™ > 0, which makes case (ii) impossible to achieve,
as there one has ¢t < [t < 0. We are left with case (i). Closing the [~ -integration contour
in the lower half-plane we pick up the pole at /;, obtaining

Aofdltdily 0dTYegt —1T)

y =
2 | 2@y g —1h
1
X = —
 B4+mr—ie (G-l +m?—ie
- I+ - gt — It

[ It dL 600" — 1)
2 ] 20y @ —i
1
B Zi +m? (L — I1)* + m?
I+ g — I+

(1.76)

+ i€

We observe that Eq. (1.76) is identical to what one would obtain for the diagram in
Fig. 1.1 if one calculated it using the rules of LCPT from Sec. 1.3 (modified for a scalar
particle), as illustrated in Fig. 1.2. Indeed Eq. (1.76) can be obtained by assigning

o) d 0(q* —1")

I pra— (1.77)
for each internal line (LCPT rule 4), including an energy denominator
: = ! (1.78)
SE- S ki Bawt G-lpim |
inc interm q — l+ — q+ — [+ + i€
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16 Introduction: basics of QCD perturbation theory

Fig. 1.2. Light cone perturbation theory diagrams in the ¢*-theory corresponding to the
Feynman diagram in Fig. 1.1. Time flows to the right. The arrows indicate the momentum
direction. The vertical dotted line indicates an intermediate state.

for the intermediate state (denoted by the dotted line in Fig. 1.2A), according to LCPT
rule 3, and integrating over the internal momentum / with the integration measure

drt &1,
L 1.79
f 207y (1.79)

as prescribed by LCPT rule 6. In LCPT each vertex gives a factor A (a modification of rule
5 for ¢>-theory) and one has to include the symmetry factor 1/2! as well. (Scalar particles
obviously have no polarization. Neither do they have instantaneous terms.)

We have demonstrated that starting from the Feynman diagram amplitude expression
(1.72) we can reduce it to the result that one would obtain by the rules of LCPT. Hence the
two approaches in the end give identical expressions for the amplitudes, as expected.

A few words of caution are in order here. In principle the Feynman diagram in Fig. 1.1
corresponds to the two LCPT diagrams A and B shown in Fig. 1.2, which correspond to
two different orderings of the vertices (see LCPT rule 1). The two graphs A and B in
fact correspond to cases (i) and (ii) considered after Eq. (1.75). Our argument above was
simplified by the fact that diagram B in Fig. 1.2 is zero as, according to the LCPT rules, it
comes with a factor O(—I7)0(+ — g™), which is zero for g™ > 0. The physical meaning
of this is quite clear: one cannot generate three particles with positive plus momenta out of
nothing (see the lower vertex in Fig. 1.2B). Conversely, three particles with positive plus
momenta cannot combine to give nothing (see the upper vertex in Fig. 1.2B). Because of
this simplification, we have a one-to-one correspondence between the Feynman diagram in
Fig. 1.1 and the LCPT diagram in Fig. 1.2A. In general, each Feynman diagram corresponds
to a sum of all the LCPT diagrams with the same topology, including all possible time-
orderings and instantaneous terms. A general derivation of an LCPT diagram starting from
a Feynman diagram does not simply involve integration over the minus components of the
internal momenta; one has to assign each vertex an x*-coordinate and Fourier transform
the diagram (by integrating over the minus momenta) into x ™ coordinate space. One then
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1.4 Sample LCPT calculations 17

ky L — a9
Ty |

ky T T1

Fig. 1.3. Light cone wave function for a scalar particle splitting into two. The vertical dotted
line denotes an intermediate state.

has to integrate over all the x"-coordinates of the vertices, imposing different orderings:
each ordering will lead to a different LCPT diagram.

1.4.2 A sample light cone wave function

Let us calculate, using the rules of LCPT, a sample light cone wave function. The calculation
will be instructive, as the wave function we will calculate is similar to certain light cone
wave functions that we will use throughout the book. In this calculation we will also
illustrate in more detail what is actually meant by the light cone wave function definition
(1.69) and will set up the rules for wave function calculations.

The sample wave function is depicted in Fig. 1.3. Again we are working in ¢° real scalar
field theory, with the Lagrangian (1.71). The wave function describes a single incoming
particle splitting into two. For the scalar field theory only rules 1, 3, 4, and 6 from Sec. 1.3
apply. On top of these rules there is a factor equal to the coupling A coming from the vertex.
In calculating light cone wave functions one has to treat the “outgoing” state on the right of
the diagram (the state denoted by the dotted line in Fig. 1.3) as an intermediate state. The
reason is that, in describing a scattering process, the light cone wave function is thought of
as a part of a larger diagram in which this “outgoing” state in fact undergoes subsequent
interactions with other particles and therefore is truly an intermediate state. Our definition
of the boost-invariant integration measure (1.67) dictates a slight modification of LCPT
rule 4 as well, when calculating light cone wave functions: we treat the incoming lines (the
external lines on the left, e.g. line p in Fig. 1.3) as “internal” and include a factor 1/p™ for
them, while the outgoing lines (the lines on the right, e.g. lines k; and k; in Fig. 1.3) will
be treated as “external” and so will not bring in such factors.

To summarize, when calculating the light cone wave function using LCPT one should
follow the rules stated in Sec. 1.3, with the following modifications.

(i) The outgoing state on the right of a diagram is treated as an internal state and brings
in an energy denominator according to LCPT rule 3.

(i1) At the same time the outgoing external lines on the right of the diagram bring in only
factors 6(k™), in modification of LCPT rule 4. (As usual, light cone time flows to the
right.)

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

18 Introduction: basics of QCD perturbation theory

(iii) The incoming external lines on the left of a diagram bring in factors 1/p™, i.e., LCPT
rule 4 is extended to apply to those lines. (We will drop 8(p* > 0) as incoming lines
always have positive p* momentum.)

According to the above-stated rules, the light cone wave function depicted in Fig. 1.3 is

\I/(k], kz) = L %
PP =k —k
L _ - : (1.80)
Pt Am K Am K 4m?
kK

where we have omitted the regulator i€ for simplicity (in fact we will not need it below).
Before we simplify this expression, let us note that, as can be seen from Eq. (1.70), the
probability of finding such a configuration in a general “dressed” state | W) of the incoming
particle is

2

/sz W k1, ko)

(1.81)

where, as follows from Eq. (1.67), the phase-space integral for two identical particles is

given by
2pt 2n)? dk d?ky | di d*k
/szz P Gn) / A e Tl Ay ey =
2! 2k; 2m)3 2k; 2m)3
X 52(13¢ - iéu - zu)
1 dk; d*k +
- _ e (1.82)
21 ) 2 @r)y pt—k
We see that k5’ = p* — k] and k> = p. — ki 1. Using these to replace ki and k», in
Eq. (1.80) and doing some algebra yields
Az1(1 —zy)
Wiki, p— ki) = ——= —— , (1.83)
(ki1 —zip)*+m=[1 —zi(1 — z1)]
where
+
71 = k—l (1.84)
Pt

is the longitudinal fraction of the original particle’s momentum p carried by the particle ki,
which will be identified as a Feynman-x variable in the next chapter. Equation (1.83) gives
us the momentum-space two-particle light cone wave function at the lowest order in A.
Substituting the wave function (1.83) into Eq. (1.81) and using Eq. (1.82) for the phase-
space integration measure, one obtains the probability for one particle to fluctuate into two
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1.5 Asymptotic freedom 19

particles:
)»_2 dzy d*k; z1(1 —z1) N A
2! 2(2m)3 {(l;u—zlﬁl)z—kmz[l—Z1(1—Z1)]}2

o (1.85)

Thus the probability of the configuration in Fig. 1.3 is proportional to the coupling constant
squared. As the coupling in ¢>-theory has the dimension of the mass, the factor m? in the
denominator of Eq. (1.85) makes the expression dimensionless. We note in passing that
the effective dimensionless coupling constant for the perturbative expansion of ¢3-theory
isA/m.

It is also instructive to Fourier-transform the wave function (1.83) into transverse coor-
dinate space. The transverse coordinates of the lines are shown in Fig. 1.3. The Fourier
transform is accomplished by integrating over the independent transverse momenta, assign-
ing a factor e**+ %+ for each line, with k the net outgoing momentum carried by the line. For
the two-particle wave function (1.83) we have

W(X) 1, X210, X01,21)

d’ky , d? TR il E s
= /_(12;)41”' etk Xiitiky X1 —ip1-Xos Wk, p— ki)

Pk dPpy c e e
:/ (12;)4PL elklL'(-xlL_XZL)_lpL'(XOL_XZL)\I](kl’p_kl)' (1.86)

Substituting Eq. (1.83) into Eq. (1.86) and integrating yields (see Eq. (A.11))

S 2 ;
WG LTz = =5 a1 = 20 Ko[FalmyT =2 = 2)
x 8%(XoL — 21X — (1 — 21)%21), (1.87)

where X;; = X; | — X; 1. Equation (1.87) gives us the 1 — 2 splitting wave function shown
in Fig. 1.3 in coordinate space. Even though this wave function has been obtained for
the scalar ¢*-theory case it has a feature valid for theories with higher spin: it contains
a delta function insuring that X, = z;X;1 + (1 — z1)x,.. This means that the transverse
coordinate positions of the two produced particles are indeed related to each other (Kope-
liovich, Tarasov, and Schafer 1999): both the original particle and the two new particles
lie on one straight line in transverse coordinate space, and xp, : xo; = 21 : (1 — z;) where
Xjj = |5c',;,~ |. The transverse coordinate space structure of the wave function (1.87) is illus-
trated in Fig. 1.4. The same constraint on the transverse plane locations of the produced
particles as derived here for the ¢3-theory applies to the splittings of particles in quantum
electrodynamics (QED) and in QCD.

1.5 Asymptotic freedom

A remarkable property of QCD, known as asymptotic freedom, is the fact that the running
QCD coupling tends to be small at short distances (corresponding to large values of the
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20 Introduction: basics of QCD perturbation theory

~ z ~1-z
o0
2 0 1

Fig. 1.4. The 1 — 2 splitting wave function pictured in transverse coordinate space. The
circles represent particles and the numbers label these particles in agreement with the
diagram in Fig. 1.3: 0 labels the original particle, while 1 and 2 label the produced particles.

relevant four-momentum squared, g> = —Q? with Q a real number). The running of the
QCD coupling constant is given by (Gross and Wilczek 1973, Politzer 1973)*

2 as(ﬂz)
(O = T B QD) (1.59)
where
11N, — 2N,
pr=———L (1.89)

with N, = 3 the number of colors and N the number of quark flavors. The QCD beta
function is given by

Bocp(@) = —paa* + O(a?). (1.90)

While Ny = 6 in the Standard Model of particle physics, the effective number of flavors
relevant for a given physical process depends on the momentum scale Q and may be
smaller than six. One can clearly see from Eq. (1.88) that a;(Q?) — 0 as Q? — oo: the
strong coupling is small at large momenta. Thus quarks and gluons interact weakly at
asymptotically short distances; this is asymptotic freedom.

Such behavior is in striking contrast with the running of the coupling in quantum
electrodynamics (QED), where f8, is negative, making the QED coupling grow with Q>
(Landau, Abrikosov, and Halatnikov 1956). The main difference between QED and QCD is
in the non-Abelian interactions between the gluons. Owing to these interactions the gluon
propagator receives corrections not only from quark loops (which are quite similar to the
electron loops in QED) but also from gluon loops. The polarizations of virtual gluons in
these loops can be either transverse or longitudinal. The transverse gluon and quark loops
generate terms tending to make the QCD beta function positive (and , < 0). Owing to a
large contribution from the longitudinal gluon in the loop, however, the resulting QCD beta
function is negative (and S, > 0), leading to asymptotic freedom (see Khriplovich (1969),
Gribov (1978), and Dokshitzer and Kharzeev (2004) for more details).

The quantity p in Eq. (1.88) is an arbitrary scale (known as the renormalization point):
physical observables should not depend on its value. In fact Eq. (1.88) can be rewritten as

1

2y _
0 = @A)

(1.91)

4 The QCD beta function was also calculated by ’t Hooft but the result was not included in t* Hooft (1972).
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Fig. 1.5. The experimental data on the running QCD coupling from deep inelastic scattering
(DIS) experiments at HERA. The dashed line with a band around it is the theoretical predic-
tion for the strong coupling. (Reprinted with permission from H1 and ZEUS collaboration
(2008). Copyright 2008 by IOP Publishing.) A color version of this figure is available
online at www.cambridge.org/9780521112574.

where Agcp ~ 200—300 MeV is the fundamental scale of QCD. (The exact value of
A gcp depends on the renormalization scheme used.) The strong coupling constant a;(Q?)
becomes large near Q ~ A cp, leading to strong forces between the quarks and gluons.
These strong forces presumably contribute to the confinement of quarks and gluons within
hadrons.

For the purposes of this book the most important implication of Eq. (1.88) is that at
short distances (large transverse momenta) the strong coupling is small. This small value
of the dimensionless running QCD coupling gives the naturally small parameter needed
to develop perturbation theory. Therefore the rules are simple: as we probe shorter and
shorter distances inside the hadron perturbative QCD calculations become better justified,
providing more theoretical control over the problem at hand.

Figure 1.5 shows a compilation of the data on the strong coupling constant determined
from deep inelastic electron—proton scattering experiments at a single collider, the Hadron
Electron Ring Accelerator (HERA) at the Deutsches Elektronen-Synchrotron (DESY) lab-
oratory in Hamburg, Germany. The dashed line with a narrow band around it in Fig. 1.5
represents our theoretical knowledge of «;(Q?), which is based on Eq. (1.88) along with
several higher-order corrections (up to three loops). The agreement between theory and data
shown in Fig. 1.5 is quite remarkable and is a major triumph in our attempts to understand
how QCD works.
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2

Deep inelastic scattering

In this chapter we present the cornerstones of perturbative QCD: the parton model
of deep inelastic scattering (DIS) and the Dokshitzer—Gribov—Lipatov—Altarelli—Parisi
(DGLAP) evolution equations. There exists an extensive literature covering these subjects
using Lorentz-covariant Feynman diagram techniques (see the further reading section at
the end of the chapter). Here we deviate from the traditional treatment and derive both the
parton model and the DGLAP equations using light cone perturbation theory (LCPT). We
argue that the light cone approach provides an intuitively clear space—time picture of the
scattering process, which is universally applicable for high energy scattering. Owing to this
universality, both the LCPT techniques used here and their space—time interpretation will
prove very useful in subsequent chapters.

2.1 Kinematics, cross section, and structure functions

One of the simplest scattering processes that occur at short distances is the reaction
e+p — e +X, 2.1)

known as deep inelastic electron—proton scattering (DIS). Here e and ¢’ are the incoming
and outgoing electron (or positron), p is the proton, and X stands for the other produced
particles. The process is illustrated diagrammatically in Fig. 2.1 in the rest frame of the
proton. The electron scatters on the proton through the exchange of a virtual photon
(denoted y*) with a quark in the proton’s wave function. The virtual photon usually breaks
the proton apart, leading to the production of several new hadrons; these are labeled X in
Fig. 2.1. Hence the process is deeply inelastic, which explains its name.

We begin by working in the rest frame of the proton. As shown in Fig. 2.1, the four-
momentum of the proton is P* = (m, 6), where m is the proton’s mass. The four-momentum
of the incoming electron is p* = (E, p), while the outgoing electron has four-momentum
p'* = (E’, p'). Out of the three independent four-momenta P*, p*, and p’* one can
construct three Lorentz invariants relevant to the collision dynamics. (Note that P? = m?
and p2 = p/2 = mg, where m, is the electron’s mass; while these masses are indeed Lorentz
scalars they do not carry any information about the scattering.) In terms of the virtual
photon’s four-momentum g#* = p* — p’*, the three invariants usually employed to describe

22
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2.1 Kinematics, cross section, and structure functions 23

target: P* = (m, 0)

)

Fig. 2.1. Feynman diagram describing deep inelastic electron—proton scattering. The
momentum labels of the lines correspond to the frame in which the target proton is at
rest. The wavy line denotes the virtual photon propagator while the corkscrew lines denote
the gluons inside the proton.

DIS are
Q’=-¢
QZ
Xpi = , (2.2)
J 2P : q
o Pa
P-p

The quantity Q7 is called the virtuality of the photon, while xp; is the Bjorken-x variable.
In the rest frame of the proton one can easily show that

6
Q% = 4EE’ sin? 3 (2.3)

and

E—F

y=— 2.4)

Here 0 is the electron scattering angle, i.e., the angle between p and p’. We therefore
see that q2 < 0 or, equivalently, 0? > 0, which demonstrates that Q is indeed real. In the
proton’s rest frame the third Lorentz invariant y has a physical interpretation as the fraction
of the electron’s energy transferred to the proton.

Apart from the three independent invariants in Eq. (2.2) one usually defines other
Lorentz-invariant (but not independent) quantities,

p.
Vv = —q=E—E/,

m
§E(P+q)2=2P-q+q2+m2, (2.5)
s = (P + p).
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24 Deep inelastic scattering

We see that in the proton’s rest frame the invariant v stands for that part of the electron’s
energy that is transferred to the proton; s denotes the center-of-mass energy squared of
the electron scattering on the proton, while § is the center-of-mass energy squared of the
y* 4 p reaction. The invariants in Eq. (2.5) are related to those in Eq. (2.2) via

0 0’

XBj = = =
/ S+ 02 —m?2  2my

’

(2.6)
0 = yxpj(s —m* —m7) = yxg;s.

The fact that DIS experiments are usually performed at very high energy s >> m? >> m?
justifies the approximation in the last line of Eq. (2.6). We also see from Eq. (2.6) that
xp; < 1 for DIS on a proton.

The DIS experiment allows us to investigate the structure of the hadron at short distances
by observing the recoil electron ¢’ in Eq. (2.1). As we will see shortly, a DIS experiment can
be thought of as a relativistic electron microscope. We can characterize this “microscope”
by its maximal resolution. We will show below that with this DIS microscope we can
resolve the sizes of the proton’s constituents down to 1/Q. Thus the physical meaning of
the photon virtuality Q2 is that it is related to the resolution of our “microscope”. However,
because our microscope is relavistic, we need to introduce one more variable, namely, the
time duration of the observation. The number of particles is not conserved in a relativistic
system: the number of quarks and gluons inside the proton constantly fluctuates owing
to particle splitting and annihilation. Some fluctuations have longer lifetimes while others
have shorter lifetimes. Therefore, the number of proton constituents can be different when
measured over different observation times. We will show below that the measuring time of
the DIS microscope is proportional to 1/xp;, so that t ~ 1/(mxp;). This gives one of the
two physical interpretations of xp;.

Using the covariant gauge for the photon propagator we can write the amplitude for the
DIS process pictured in Fig. 2.1 as

ie?
iMo. (X)) = re i (p) v ur(p) (X1J*(0)| P, o). 2.7

Here A and A’ are the electron polarizations before and after the interaction and o is the
polarization of the proton (see Fig. 2.1). The initial state of the proton is denoted | P, o),
while the final state of the many produced hadrons X in Fig. 2.1 is correspondingly denoted
as | X). We define the quark electromagnetic current by

=) Zr g 0y g v, (2.8)
f

where Z s is the quark’s electric charge in units of the electron charge e, ¢/ (x) is the quark
field operator, and the sum in Eq. (2.8) runs over all quark flavors. (All operators in the
book are in the Heisenberg representation.)

To calculate the total DIS cross section we need to square the amplitude (2.7), integrate or
sum over the final-state quantum numbers, average over the initial-state quantum numbers,
divide by the flux factor, and impose energy—momentum conservation (see e.g. Peskin and
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2.1 Kinematics, cross section, and structure functions 25

Fig. 2.2. Diagrammatic representation of the DIS cross section calculation as the amplitude
squared. The vertical solid line denotes the final-state cut. The rectangular boxes encompass
the parts of the diagram contributing to the leptonic tensor L,, and the hadronic tensor
wh,

Schroeder (1995)). We get

Gep _ d3p/ 1

= | GyaEaE 3 YD M (OP QY S (P g —px). (29)

o, A X
Here px denotes the net four-momentum of all the hadrons produced in the scattering
process.

Without giving the details of the calculation, which can be found in standard textbooks
(Halzen and Martin 1984, Peskin and Schroeder 1995, Sterman 1993), we will write down
the following expression for the DIS cross section, which results from substituting Eq. (2.7)
into Eq. (2.9):

2
do gy

—— = —="=L,,WH". 2.10

d3 p/ EE’ Q4 v ( )
Equation (2.10) is illustrated in Fig. 2.2, which shows the amplitude from Fig. 2.1 squared.
As shown graphically in Fig. 2.2, one can separate the electron and proton contributions to
the DIS cross section into leptonic and hadronic parts. Formally, the leptonic part brings in
a leptonic tensor L, , while the hadronic part yields a hadronic tensor WH".

From Egs. (2.7) and (2.9) we can easily see that one defines the lepfonic tensor by

1 *
Luv=3 2 D wn) v [ () v (p)]” .11)

A=%1 V==l

Summing over the initial and final electron polarizations yields
1 /
L;w =-Tr [(ﬂ + mE) Vi (P +m.) yv]

2
zz(pup;-FPuP:L—P'P,guu +m§gw), (2.12)

where again m, is the electron mass.
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26 Deep inelastic scattering

The hadronic tensor W' in Eq. (2.10) is given by

W= e 2 21 X (P01 40X (X1 O1P.0)

x ) 8% (P 4+ q — px), (2.13)

which can be simplified to

v 1 lqg-x
wo_ i d*x el = 021 XX:(P,0|J“(x)|X) (X|J"(0)|P, o)
= ﬁ d*x 1" 0;:1( o| JMx)J"(0)|P, o)
I N P (P| J"(x) J"(0)| P) (2.14)
4 m

where the last line defines an abbreviated notation for the spin-averaged proton state and m
is the mass of the proton.

The strong interaction dynamics in DIS (including nonperturbative contributions) is
entirely contained in the hadronic tensor W#"; therefore, it is very hard to calculate W*"
in a “first principles” QCD calculation. However, we can infer more about its structure by
noting that conservation of the electromagnetic current (2.8) requires that

QW™ =0, g,W" =0. (2.15)

Imposing the condition (2.15) on W#¥ and assuming that the tensor is symmetric one can
show that, without loss of generality, it can be written in the following form (see Exercise
2.1 at the end of the chapter):

W oV
WH = — Wi(xp;, 0 <g’w - qqg )

. 02 P. P
i WZ(xB_la 0°) (PM _ qzq qll-) (PV — qu qu> . (2.16)

m?2

Here W and W, are unknown scalar functions of xp; and 02, called structure functions.
As WHY describes the interaction of the virtual photon with the proton, there are only two
four-momentum vectors on which it depends: P* and g*. As P?> = m? one can construct
only two Lorentz invariants from them that describe the scattering process. We will use x 3;
and Q7 as the two invariants on which W; and W, depend.

Substituting Eq. (2.16) into Eq. (2.10), after some algebra one can show that the cross
section of the reaction e + p — ¢’ + X in terms of the functions W, and W, is (for details
of the derivation see, for example, the book Halzen and Martin (1984), Chapter 8)

do P B a%
dE'dQ 4 E? sin* ¢

|:W2(.XB], 0?) cos® = + 2Wi(xg;, 0?) sin ij| 2.17)
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2.2 Parton model and Bjorken scaling 27

In arriving at Eq. (2.17) we have neglected the mass of the electron m,, to write
d*p = p*dp dQ2 ~ E*dE'dS,

where  is the solid scattering angle. We have also used Eq. (2.3) to replace Q2. Equa-
tion (2.17) demonstrates that the structure functions W; and W, can be measured experi-
mentally by studying the angular dependence of the DIS cross section.

Note that the structure functions W; and W, have the dimension of inverse mass." It is
more convenient to define dimensionless structure functions F; and F», by

Fi(xg;, Q%) = mW(xpj, 0%, (2.18a)
2

2mx3j

F(xgj, Q%) = Wh(xg;, Q1) = Wa(xpj, O%). (2.18b)

All the QCD physics in DIS is contained in F; and F,. We will now attempt to calculate
these structure functions.

2.2 Parton model and Bjorken scaling

To find the structure functions F; and F, it is easier to change the frame in which we are
working. Instead of the proton’s rest frame we will now use a frame in which the proton is
ultrarelativistic. Such a frame is usually referred to as the infinite momentum frame (IMF)
or Bjorken frame. The proton is taken to be moving along the z-axis, and its momentum in
this frame is

2
Pt~ (P+2 00 P (2.19)
2P 9 9 9
in the (P°, P!, P2, P3) notation. We assume that the proton’s momentum is much larger
than its mass, P >> m. The virtual photon in the IMF has ¢ = 0, so that

7" =q".q".4°.0). (2.20)

The part of the DIS process relevant for the calculation of the structure functions, virtual
photon—proton scattering, is depicted in Fig. 2.3. Note that, unlike Fig. 2.2, we now draw
the proton at the top of the diagram. In fact, in our normal convention a proton at rest (or any
other target) is drawn at the bottom of the diagram, while a proton (or any other projectile)
moving at high energy is shown at the top of the diagram.

2.2.1 Warm-up: DIS on a single free quark

As a warm-up calculation in preparation for the full parton model, let us simply assume that
the proton consists of noninteracting quarks and gluons, which we will refer to as partons.
As we will see below in Sec. 2.3, this is not such a bad approximation as in the IMF the

! Our single-particle states are normalized such that (p|p’) = (27)* 2E, §3(p — p'), which allows one to see that the
dimension of W*" in Eq. (2.14) is that of inverse mass.
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28 Deep inelastic scattering

Fig. 2.4. Interaction of a virtual photon with one point-like particle (a parton), as the basic
ingredient of the parton model. As usual, the vertical solid line denotes the final-state cut.

typical time scale of the quark and gluon interactions inside the proton is much longer than
the time scale of DIS. Hence for the duration of the virtual photon—proton scattering we
can assume that the quarks and gluons do not interact with each other. Thus the photon
simply interacts with a quark in the proton. To better understand photon—quark scattering
let us assume that we simply have one free quark instead of the proton. The diagram giving
the cross section of the DIS process is shown in Fig. 2.4.

The hadronic tensor W, for the interaction of the virtual photon with the point-like
particle (a single quark) has a structure similar to L, in Eq. (2.11), namely

z5 1
Wit =253 3 ) v ) [ K)o )] 2= 8(K? —m7)
r=£1 =+l a
2

A 1
%Tr[(k’—i—mq)yu(k—i—mq)yv] 5 8k = m3). (2.21)
Mg

where k' = k + ¢ while r and r' are the quark helicities (see Fig. 2.4) and m,, is the quark
mass. Equation (2.21) can be obtained from Eq. (2.13) by replacing X in it by a single
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2.2 Parton model and Bjorken scaling 29
particle (a quark), so that

Z / a3k
k/o 2r )3

X=one particle r'==+1

along with px — k" and P — k. It is then easy to show that

: / X oy sk q =) = —— 5 (k) —m2).  (@2.22)
drmy J 2k° (2m)3 2m, a7 ’

justifying the delta function factor in Eq. (2.21).
We can rewrite 8((k + ¢)* — m}) as follows:

1 0?
S(k+qP—m))=8@2k-g—0Q*)=—681- , 2.23
((k+q)* —m3) =8 (2k-q — Q%) T % (2.23)
where we have used the fact that the incoming quark is on mass shell.
Calculating the trace in Eq. (2.21), comparing the result with Eq. (2.16), and using
Egs. (2.18a) and (2.18b) with P replaced by k& we obtain for DIS on a point-like particle

(a quark)
ZZ
Flfluark (xBjs QZ) = m, Wlfiuark (xij Q2) _ 7f s (1 N xBj) (2.24)
Fquark (xB‘ QZ) — Q2 unark (xB' Q2) — 22 § (1 _ xB‘) ) (2.25)
2 > 2y 2 s f j

We have used the fact that, for DIS on a single quark, xp; = Q2 /(2k - q). We see that for
DIS on a point-like particle the structure functions F; and F, turn out to depend only on
one variable, xg;. This behavior is known as Bjorken scaling (Bjorken 1969).

2.2.2 Full calculation: DIS on a proton

The idea that the actual interaction in DIS occurs with the point-like constituents of a
hadron (the partons) can be illustrated by studying the full DIS process. Let us consider
DIS on the whole proton, as shown in Fig. 2.3. We want to calculate the diagram in Fig. 2.3
using the rules of light cone perturbation theory (LCPT) outlined in Sec. 1.3 (see also
Sec. 1.4). We first rewrite all four-momenta in the light cone (+, —, L) notation. In the
IMF/Bjorken frame the proton has a very large momentum. The proton’s momentum in
Eq. (2.19) becomes, in light cone notation,

P!~ (P*,0,00) (2.26)

with very large Pt ~ 2P. Quarks and gluons in such an ultrarelativistic proton also have
very large light cone plus momenta. The quark in Fig. 2.3 has four-momentum k* =
(k+, (lzi +m$)/ kt, k 1); we assume that it has a large k* component. We define the
Feynman-x variable as the fraction of the light cone momentum of the proton carried by
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30 Deep inelastic scattering

iy, @

kJJ Z, T, f

Fig. 2.5. Light cone wave function of the proton.

this quark?®
X = —, (2.27)

writing k" = (xP*, (k3 +m2)/(xP*), ky).

In LCPT every particle is on mass shell. However, we want to calculate the virtual
photon—proton scattering cross section for the process shown in Fig. 2.3. By the definition
of the problem the incoming photon is virtual, g> = —Q?. Hence in LCPT we can treat
this virtual photon as having an imaginary mass i Q. The virtual photon momentum (2.20)
becomes, in light cone notation,

2
q" = <q+ QLWQ QL) (2.28)

with (") = g7 — Q? in the IMF.

In the calculations below we will assume that Q2 is very large. First, for QCD per-
turbation theory to be applicable Q% has to be much larger than the confinement scale
Aocp: 02> AQC p- Second, for the parton model (which we are about to present) to
be valid, Q has to be much larger than the transverse momentum of any other particle in
the problem. This applies to the quark line carrying momentum k in Fig. 2.3, for which we
have Q% > K2, mg. If, for a particular wave function configuration the upper boxed part
of Fig. 2.3 contains n partons with transverse momenta I;i L fori =1,...,n, then we will
assume that Q% > k2, for any i. Note that § > = Q2 + (¢+)? > Q% is also very large.

Now let us assume that these n partons carry light cone momentum components lir or,
equivalently, have Feynman-x values given by x; fori = 1, ..., n. We can then define the
light cone wave function of the (n + 1)-parton Fock state of the proton and denote it by
\IJ,{ ({xi, ki1 }; x, ki ;7). The proton has n “spectator” partons (both quarks and gluons) and
one quark carrying momentum k in Fig. 2.3 that interacts with the photon. This quark has
helicity » and flavor f. The light cone wave function \IJ,{ ({xi, ki1 }; x, ko5 r) is illustrated
in Fig. 2.5. In our discussion and notation we will suppress the polarization indices of the

2 The Feynman-x variable was originally defined as x = 2k3//s in the center-of-mass frame with k* the momentum
of the produced outgoing particle (Feynman 1969). Our definition here is different, but is also widely used in the
community: it maps back onto the original definition at large x.
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2.2 Parton model and Bjorken scaling 31

proton and the polarization, color, and flavor indices of the spectator partons: averaging
over the proton polarizations and summation over the polarization, color, and flavor of the
partons will always be implicitly assumed to be made after we have multiplied the wave
function \IJ,{ ({xi, ki1 }; x, k1 ;r) by its complex conjugate. Note also that k; = |I€L| (the
same notation applies to the other transverse momenta).

Let us now calculate the proton’s W,,,, using Eq. (2.13). Note that after the interaction
the n spectator partons, along with the quark that interacts with the photon, together
form what is denoted X in Eq. (2.13). Therefore, for n partons we have (see also
Eq. (1.67))

)3 /dk’+ d*k, 1 )3 1-[ dk; dk;).
K+ 227m) S, K 202n)?

X=n partons r'==%1 i=1
dk't a1 dx; d*k;,
_ - , 2.29
/ K+ 202m) S, ;i:l 1:[ x 20r) =2

where for physical particles all integrals over the k;” and k'* run from 0 to P*, which
translates into integrals over the x; running from O to 1. Here k" = k™ + g™, I;j_ =ki 4G,
and r’ is the helicity of the k" quark line (see Fig. 2.3). The symmetry factor S, is defined
after Eq. (1.67).

Following the definition of the hadronic tensor in Eq. (2.13) and with the help of the
diagram in Fig. 2.3 we can write, using the LCPT rules presented in Secs. 1.3 and 1.4,

k't d?k, 1 dx; d?k;,
Wi = dm Z / 2k+ (2n)3 S, Z l:[ x; 22n)}

PY ot P s L
X y=s W ({xis ki ysx, kysr) |:—\Il ({x,, kit};x, kisr )] Z;
n
x ity (k) vy uy (k) [ () o up (k)] (27) 84<P +q—k — Z k j). (2.30)
Jj=1
The labeling of the quark helicities r, r’, and r” is defined in Fig. 2.3. Note that, unlike in
the simple case of DIS on a single quark considered above, the helicity of the quark line &
in Fig. 2.3 is different on the left and on the right of the final-state cut. The factors P*/k™
multiplying the wave functions in Eq. (2.30) appear for two reasons. A factor 1/k™, which
has to be included by the rules of LCPT from Sec. 1.3, is due to the internal quark line
carrying momentum k and is not included in our definition of the light cone wave function
outlined in Sec. 1.4. The same definition from Sec. 1.4 dictates that each light cone wave
function contains a factor 1/ P for each incoming line but, as the general LCPT rules in
Sec. 1.3 prescribe no such factor for the full diagram for the scattering process, we need to
remove this factor by multiplying the wave functions by P+,
The delta function in Eq. (2.30) imposes the conservation of the transverse and “+”
components of momenta. However, of particular importance is the conservation of the light
cone energy that is also imposed by this delta function. Using Eq. (2.26) and rewriting the
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32 Deep inelastic scattering

light cone energies of all partons in terms of the transverse and “+” components of their
momenta we obtain

1 e
)

j=1
1 k4G & kJZ'L
= — - — ). 2.31
kt +q* (q k+ +q+ ; ki 30
For simplicity we will now assume that all the partons are massless. This assumption also
applies to the quark that interacts with the photon, for which we now put m, = 0.
Since Q?, Z]f > kf_, kl.2 | for any i we approximate (k, + ¢ 1) asq J_Z and also neglect
all k? L/ k;r in the argument of the delta function in Eq. (2.31). This leaves us with

1 _ (%L‘I’él)z ‘ ](]2_L> ~ + + _ )
k++q+8(q G _; K ¥ HET +aDe — D)
=38(ktq — Q) =8(xPTq” — Q%) ~ §(x2P-q — 0%, (2.32)

where the last approximation was made using Eq. (2.26). Using the definition of xp; the
last delta function can be rewritten as

§(x2P-q— Q%) =

5()(? xBj) = 3()6 -xBj)' (233)

2P - Q2
We see that Feynman x is identical to B]orken x. The physical meaning of xp; becomes
clear: it is the fraction of the light cone momentum of the proton carried by the struck
quark!

Since the two quantities are equal, below we will use x and xp; interchangeably, using
the notation with a subscript (xp;) only in cases when we need to avoid the potential
confusion of x with other quantities.

Using Eq. (2.33) in Eq. (2.30) and summing over the helicities 7" yields

dx; dk;
Y = Z f AR _Z l:[ 20

+ + *
X anf <{xl9 lJ_} £ kJ_s ) [ ({X,, lJ_} k kJ_s >] Z;
x ity (K) vo (K + ) vy ur (k) 8(P+ —kt=>" kﬁ) 62@ +3° /'éjl)
=1 j=1

PJr 2 XBj k+
X k_+ E(S XBj — F 5 (234)

where we have switched from integration variables k' and ];l to kT and k.
An important assumption of the parton model is that the integrals in Eq. (2.34) are
convergent even if we impose no integration limit on the transverse momentum integrals.
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2.2 Parton model and Bjorken scaling 33

As will be shown below, this assumption is not true in QCD, where we have to cut off the k -
integral at 02 in the ultraviolet (UV), which leads to corrections to the naive parton model
presented in this section; the k, -integral converges in the UV for a theory in which partons
are scalars. For now we will not address this issue and simply assume that, owing to some
(perturbative or nonperturbative) physics beyond our present formalism, the & -integral is
convergent in the UV.

We can then see that all the integrals in Eq. (2.34) “know” only about one momentum
external to the integration: that momentum is P. Hence writing ¥ + ¢ from Eq. (2.34) as
(k + g)oy“ we can argue, on the basis of Lorentz transformation properties, that after all
integrations in Eq. (2.34) have been carried out the factor y* will have been replaced by P*.
From Eq. (2.26) we then see that only the v = 4+ term will contribute to the final answer,
as P is larger by far than any other component of the momentum P*. We thus can replace
y® with y* from the start, substituting (1/2)(k + ¢)~y* ~ (Q?/2k™) y* in to Eq. (2.34)
in place of ¥ + ¢. (We have used the fact that g> &~ Q7 is the largest transverse momentum,
while k™ = x P+ > ¢™.) We obtain

1 dx; d’kis
Wi = 1= X); /dk* d’ky Z ]:[ by

+ + *
x W ({x,, kick o5 ks )[ ({x,, kik 57 E ki )] Zj

X ity (k) VUV Yt r(k)6<P+ k* — Z k+) Sz(ki + Z k/i)

=1

X

L K (2.35)
2X3jk+ XBJ P+t ’ ’

where we have also made use of the last delta function in Eq. (2.34) to replace (P*/k™*)?

by 1/x% -
With the help of Table A.1 in appendix section A.1 and employing Eq. (2.35), it is easy
to see that

WHE = W o (k) y"y Ty T u (k) = 0,

28, k%
kT

To find the transverse components of W we note that, from Eq. (2.14), this tensor is

symmetric. Anticipating that the final result of the integrations in Eq. (2.35) yields a
symmetric tensor, we can therefore symmetrize the transverse components to get

W= ocap )y Ty Ty up k) = ap (k) y up(k) = (2.36)

Wi o a )yl y Ty u k) = a0 (i ytyt+ vy YY) ue )
= —La )yt {y/. v’} u k) = —g" (k) y T u, (k) = —g'l 8,0 2k* (2.37)

fori, j =1,2. Askt > k, we see that Wi/ is much larger than W~ and is, therefore, the
only nonnegligible component of the hadronic tensor W#". (Similarly, one can show that
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34 Deep inelastic scattering

Fig. 2.6. Cut (Mueller) vertex in DIS, denoted by the solid circle.

W~ = Wi~ oc k', which is much smaller than W'/ and integrates out to zero in Eq. (2.35)
owing to the absence of a preferred transverse direction in the problem.)

From Eqgs. (2.37) and (2.35) we see that, in the usual Feynman diagram language, the
quark—photon part of the diagram in Fig. 2.3 can be replaced by a single effective vertex
containing y*8(xg; — k*/P™), as shown in Fig. 2.6. This effective vertex is known as a
cut vertex or Mueller vertex (Mueller 1970, 1981).

From the general decomposition of W*” in Eq. (2.16) and using the fact that, by our
frame choice, P . = 0 we can write

i . 2 L 4)2
Wi = —Wi(xa. 01 g +‘f’q—Z][wl(xBj,QZ)+W2("B”Q)(P kL } 238)

m?2

Comparing Eq. (2.38) with Eq. (2.37), for which we showed that Wi/ oc g/, we see that
the hadronic tensor is given by the first term in Eq. (2.38):

Wi = —W(xg;, 0% g". (2.39)

Substituting Eq. (2.37) into Eq. (2.35), summing over r”, and comparing the result with
Eq. (2.39) we can read off the structure function W;:

- dxi dzku_
x; 227)3

i=1
2 n
3<P+—k+—2k,+>
=1
x 8%( & +Xn:i€- 5 (x5~ < (2.40)
1 jL Bj p+ . .

j=1

1 1
Wi(xp, Q%) = — § z; f dk* d’k,. T §
Bj n
n, f r

k+
x |wf ({xi, kii}s P kb")
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2.2 Parton model and Bjorken scaling 35

Let us now define the quark distribution function by

dx; d’k;
alten) = 7 Z /dé ks _Z 1:[ © 2y
Kt 2 -
({x,, kisk oo ks ) a(l —s—sz)
=1

X82<]_€J_+Zl_€'jl)5(xlgj—§), (2.41)

J=1

where & = k*/P*. With the help of Eq. (2.41) we can rewrite Eq. (2.40) as

WiGes) = 5~ Z 73 g7 (xg)). (2.42)

Note that both the quark distribution function and the structure function W, are functions
of Bjorken x only! Just as in the case of DIS on a single free quark, this is Bjorken
scaling.

To find the remaining structure function, W,, we note that, as we have just shown in
Eq. (2.37), Wi/ oc g'/. Therefore the term in square brackets in Eq. (2.38) must be zero.
Equating it to zero, and recalling the definitions of xp; and v from Egs. (2.2) and (2.5), we
write

Vv Wz(.XBj) = 2mx3j W](XB]'). (243)
Using the definitions in Egs. (2.18a) and (2.18b) we can rewrite Eq. (2.43) as
Fz(.xBj) = 2)(3]‘ F1 (XB]*). (244)

Equation (2.44) is known as the Callan—Gross relation (Callan and Gross 1969). This

relation is characteristic of spin-1/2 partons, such as quarks, and would be different if the

proton had constituents with a different spin interacting with the virtual photon.
Combining Egs. (2.18a), (2.42), and the Callan—Gross relation we write

1
Fies) = 5 ) Z5q’ ), (2.45)
f
Fy(xp)) = Y Z5 xp;q” (xs). (2.46)
f

We can see that both structure functions are independent of Q2 and are functions of xg;
only. Therefore, if we assume that some nonperturbative QCD effects lead to a natural UV
cutoff on the transverse momenta of the partons then the DIS cross section can be described
by two functions, F; and F>, that are dependent on only one variable, xp;. This is a more
general form of Bjorken scaling (Bjorken 1969). We have now shown that Bjorken scaling
results from a full parton model calculation.
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Fig. 2.7. Compilation of the world F, data for DIS on a proton. The proton F, structure
function is plotted as a function of Q? for a range of values of x, as indicated next to the
data. It can be seen that, except for very small x, F; is independent of (0?, a manifestation
of Bjorken scaling. (We thank Kunihiro Nagano for providing us with this figure.) A color
version of this figure is available online at www.cambridge.org/9780521112574.

In Fig. 2.7 we show a summary of the world knowledge of the proton F, structure
function. This structure function is plotted as a function of Q2 for many different fixed
values of Bjorken-x. One can clearly see that, when x is not too small, F; is independent of
Q2. This is the experimental manifestation of Bjorken scaling. We see that the theory we
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2.2 Parton model and Bjorken scaling 37

have been presenting here agrees very well with the data, at least at the qualitative level. (The
curves going through the data points result from the solution of the QCD renormalization
group equations in Q2, which are presented below.)

The quark distribution function defined in Eq. (2.41) counts the number of quarks with
longitudinal momentum fraction xg;. While this may not be obvious from Eq. (2.41), we
may check this statement for DIS on a single quark. Comparing Eq. (2.45) for a single
flavor with Eq. (2.24) yields

q(ﬁle—quark(xBj) =46(1 - xBj) (2.47)

meaning that our target “proton” indeed consists of a single quark which carries all the
“proton” momentum, i.e., the quark is at xp; = 1. Equation (2.47) can also be obtained
from Eq. (2.41) directly by setting n = 0 in the latter equation and also using |\IJ({ 2
=1.

As one can see from Eqs. (2.45) and (2.46), the functions F; and F, have a very
simple physical meaning: namely, F; gives the number of partons in the hadron with
longitudinal momentum fraction xp; (weighted by Z% /2) while F, gives the average
longitudinal momentum fraction of the partons in the hadron (weighted by Z%) times
the number of partons.

Using Egs. (2.45) and (2.46) we can understand the physics behind the parton model.
The proton arrives with partons in its wave function, which, for the duration of the DIS
interaction, can be thought of as free particles. To be specific, let us concentrate on the
F, structure function. The interaction of each quark with the virtual photon yields a factor
Z?-xg j, as seen in Eq. (2.46). The full expression for the proton structure function F5 in
Eq (2.46) can be interpreted as the product of the number of quarks in the proton (¢/ (x3;))
and the amplitude for the interaction of each quark with the photon (foxgj). We thus
have a clear physical picture of a proton with noninteracting partons in its wave function
scattering on a virtual photon in such a way that each parton interacts with the photon
independently of the other partons. We can therefore write (for the details see Sterman
(1993))

1
Fy(xg) =Y / dé q7 (£) c{(%) (2.48)
fo

The distribution function ¢/ gives the number of quarks in the proton’s wave function,
while the coefficient function C{ expresses the interaction between a quark with flavor f
and the virtual photon. At the lowest order, considered here, C{ =7 fc 8(xpj/& — 1). When
used in Eq. (2.48) it leads to Eq. (2.46).

One can easily express the structure functions in terms of the photon—proton cross section
o?"P for transverse and longitudinal polarizations of the virtual photon. In particular one
obtains (see Halzen and Martin (1984) along with the derivation in Sec. 4.1 below)

2
Q v*p

Fy(xp;, Q%) = yrm—— i (2.49)
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38 Deep inelastic scattering

where a,}(';” is the total y* p cross section summed over all photon polarizations. With the
help of Eq. (2.49), Eq. (2.48) can be rewritten directly for the cross section as

Uz):;p(xBj, QZ) — Z/ i_é Sqf(f) ay*JrPartonf()%’ Qz)
f

— Z/ dy' Nf(y’) &V Hpartonf (e*()’*}"), Q2> i (2.50)
f

where N/ ( y=1Inl/xp;) = xp, qf (xp;) is the number of partons (quarks) inside the hadron
having flavor f per unit rapidity y = In(P*/k*) = In 1/xp;. The factor 6" FParton/(x ~ 0?)
is the cross section for parton—virtual photon scattering. In Eq. (2.50) we have y = In 1/xp;
and y’ = In1/&. One can see from Eq. (2.25) that in the “naive” parton model considered
here one has
~ y*+ parton f 2\ _ 4772 AEM o _
o (xijQ) = TZfXBj(S(l—XBj)—
Using Eq. (2.51) in Eq. (2.50) reduces the latter to Eq. (2.46).
Equations (2.48) and (2.50) show that, in the framework of the parton approach, finding
cross sections is reduced to two separate problems: finding the light cone wave function
of the hadron, which does not depend on the probe, and calculating the cross section
for scattering of the parton on the probe, y* in the case of electron DIS. The process is
illustrated in Fig. 2.10. This simple parton model with an additional obvious assumption
that the partons are quarks, anti-quarks, and gluons is able to describe a striking amount
of experimental data. See Feynman (1972), as well as our main textbooks Peskin and
Schroeder (1995) and Halzen and Martin (1984), for more detailed comparisons of the
parton model with the data.

47T2(XEM

o Z758(y). (251

2.3 Space-time structure of DIS processes

Equation (2.48) is very simple and intuitively sound. It would be useful to visualize it in
terms of the space—time dynamics of partons. For this purpose we will rewrite Eq. (2.14)
for the cross section of the virtual photon interaction as the imaginary part of the Compton
scattering amplitude at zero angle. In the space—time representation it looks as follows:

Wy (x5, Q%) = ﬁ Im {i / d*x e (PIT[J, (x)J, (0)]|P)} , (2.52)
where as usual | P) denotes the state of the target (the proton) and T denotes time-ordering.
The right-hand side of Eq. (2.52) is simply the imaginary part of the forward scattering
amplitude for the photon—proton interaction. The coordinate four-vector x* in the forward
amplitude describes the space—time separation between absorption and re-emission of the
virtual photon by a quark inside the proton.

Let us first work in the rest frame of the proton. Just as in Sec. 2.1 we have P* = (m, 6).
However, now we are interested in the photon—proton interaction: we can forget about the
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2.3 Space—time structure of DIS processes 39

electron in Sec. 2.1 that gave rise to the photon and choose our coordinate axis in such a way
that the photon’s four-momentum is ¢* = (¢°, 0., ¢*). We then have 2P - ¢ =2¢"m =
Qz/xBj, so that

2

q° = Q > 0 (2.53)
2mxBj

since Q > m and xp; < 1. By the definition of O we have 0 < 0? = —¢*> = (¢°)* —
(¢®)*. Hence ¢ > ¢° > Q. Therefore ¢° ~ ¢ > Q. We can then write

q+:q0+q3 ~ qu7

q =q —q = e ~ —m:—mxlgj. (2.54)

Writing g - x in the exponent in Eq. (2.52) as 3(¢"x~ 4+ g~ x*), we argue that the typical
X~ range is given by 2/q ™", while the typical x* range is given by 2/q . Therefore

- 2 - 2mxBj 1
q* 0? n
(2.55)
¥t A i ~ 2 > l’
lg=|  mxp iz

where 1 ~ Agpcp ~ m is the scale of the nonperturbative (soft) QCD interactions, which
gives the average transverse momenta of the partons in the parton model. From Eq. (2.55) we
see that, for large Q,onehasx™ =t —z ~ 0andx™ =t + z ~ 2t = 2/(mxg;). Therefore
the light cone time of observation is given by

2
mxB_,- ’

This time is known as the loffe time (Ioffe 1969, Gribov, loffe, and Pomeranchuk 1966).
It can be interpreted as the typical longitudinal distance of the interaction (the coherence
length). We see that this longitudinal range in DIS increases with decreasing Bjorken x.3
We can also determine the transverse coordinate resolution of the virtual photon in DIS.
Imposing the causality of the interactions in the forward scattering amplitude (2.52), i.e.,

x? = xTx~ —x? > 0, and using Eq. (2.55) we get

+

X =

(2.56)

1
e
We see that the typical transverse resolution of the virtual photon is of order 1/ Q. Therefore
the photon can resolve very short distances, deep inside the proton: this enables it to “pick

out” a quark with which to interact independently of the other “spectator” partons. This

1 < xTxT > < (2.57)

3 The careful reader will notice that for small enough xp; the light cone time, i.e., the coherence length, in Eq. (2.56)
becomes larger than the size of the target proton. Therefore at least one of the electromagnetic currents J, in Eq. (2.52)
has to be located outside the proton. How can an interaction with the proton happen outside the proton? We will explain
this phenomenon in more detail later, in Chapter 4, but here we briefly note that at very small x; the incoming current
can decay into a quark—antiquark pair outside the proton, the ¢g pair subsequently interacting with the proton.
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40 Deep inelastic scattering

___. quarks
and
gluons

CAx =1/Q

Proton

Fig. 2.8. A depiction of a proton during DIS in the transverse plane. The blobs represent
partons (quarks and gluons), while the dashed circle denotes the virtual photon. A color
version of this figure is available online at www.cambridge.org/9780521112574.

conclusion is illustrated in Fig. 2.8, where we show a proton in the transverse plane with the
quarks and gluons in its wave function denoted by blobs with random shapes. The virtual
photon is represented by a dashed circle whose size is of order 1/Q, in agreement with
Eq. (2.57). One can see explicitly now that the DIS experiment works as a microscope:
varying Q? changes the transverse size of the photon and so changes the “resolution” of the
DIS experiment, allowing the virtual photon to interact with partons of different transverse
extent.

Now, let us consider DIS process in the IMF or Bjorken frame. There the proton
momentum is given by Eq. (2.19) (or, equivalently, Eq. (2.26)), while the virtual photon
momentum is given by Eq. (2.20) (Eq. (2.28)). We see that 2P - g ~ 2P¢° = QZ/xBj,
giving

0. @
q = e P (2.58)

We conclude that the interaction time in the IMF is

¢ -~ 1 ~ 2x B jP
DIS N —5 N —— .

q° 02
This time needs to be compared with the typical time scale with which partons interact
inside the proton. In the rest frame of the proton, the interparton interaction time is nonper-
turbatively long, of order 1/u. In the IMF or Bjorken frame the time is dilated by the boost
factor P/m, giving

(2.59)

1P
tpartons = —. (260)
n m

Comparing Egs. (2.59) and (2.60) one can see clearly that since xp;jum < pum < 0% we
have

Iprs K tparrans~ (261)
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2.3 Space—time structure of DIS processes 41

Q000000

Fig. 2.9. An example of a higher-twist correction.

Therefore we have justified a main assumption in Sec. 2.2, that the typical time scale of
interpartonic interactions is much longer than the typical time scale of DIS. One does not
have to worry about partons interacting with each other during DIS.

The time-scale argument presented here can be supported by explicit diagrammatic
calculations showing that diagrams in which the quark struck by the photon exchanges
gluons with other partons, such as the graph shown in Fig. 2.9, are suppressed by powers
of u?/Q? and m?/Q?. Such corrections are known as higher-twist terms. The twist of
an operator is defined as its mass dimension minus its spin (Peskin and Schroeder 1995,
Sterman 1993). In the operator product expansion (OPE) for the hadronic tensor W#" in
Eq. (2.14) the contribution of higher-twist operators enters with an extra 1/Q? suppression
compared with the leading large- Q? term that we found above. In the language of LCPT the
higher-twist operators correspond to a proton light cone wave function in which we tag on
(i.e., detect) more than one particle. The reader particularly interested in twist expansions
is referred to Sterman (1993) or Peskin and Schroeder (1995).

The transverse space dynamics is particularly simple in the IMF/Bjorken frame: from
Eq. (2.58) we see that ¢° < Q, so that Q? = ¢2 — (¢°)*> ~ ¢%. Hence the transverse
resolution of the virtual photon is

(2.62)

just as in the proton’s rest frame.
Equation (2.55) also has a very clear meaning in another frame, the Breit frame, where
the photon momentum is equal to

9" =(q°=0,01,4°=-0) (2.63)
and the proton’s momentum is given by Eq. (2.26), as it is in the IMF. In this frame
gt =—q  =—0;thusx” o« 1/Q and x* o< 1/Q, leading to x7 < 1/0Q? by a causality

argument just as in the proton’s rest frame. All space and time intervals between photon
absorption and re-emission are short, of order 1/Q. The photon interacts with the target
during a very short time interval. The interparton interaction time in the Breit frame is the
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o(v* + parton)

time
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|

—— —
tpartons < tprs >
|

Fig. 2.10. The space—time structure of DIS in the IMF/Bjorken and Breit frames. For this
illustration, it is sufficient that all partons (both quarks and gluons) are denoted by straight
solid lines, for simplicity.

same as in the IMF/Bjorken frame and is given by Eq. (2.60). Then one can easily see that,
with tp;s = 1/Q in the Breit frame and since P Q > um, we still have 74,105 > tprs in
this frame.

Having these estimates in mind we can view the deep inelastic scattering process in
either the Breit or the IMF/Bjorken frame, as shown in Fig. 2.10. The fast-moving par-
ticle (the proton), long before the interaction, “produces” a system of point-like particles
(partons) which can be described by a light cone wave function. At the moment of inter-
action, the parton with the lowest energy (the “wee” parton) interacts with the virtual
photon. The virtual photon in the Breit frame is a standing wave that interacts only with
partons that have the same wavelength; in other words, it interacts with the parton whose
momentum is equal to Q/2. The last statement follows from momentum conservation for
the wee parton, whose momentum is k before and k' after its interaction with photon,
namely,

K=k K—k*=0, k. = k. (2.64)

(To obtain Eq. (2.64) note that k' = k 4+ g and use Eq. (2.63).) From Eq. (2.64), and
assuming that the incoming parton is on mass shell, one can show that k3 = —k"* = Q/2.
Assuming also that Q >> k, and neglecting the quark mass we getk® ~ k* = Q/2,leading
to k* &~ Q. The fraction of the proton’s light cone momentum P carried by the struck
quark is equal to x = k*/P* ~ Q/PT = Q?/(PTq~) = xp;, just as in Eq. (2.33).

Therefore the DIS process happens in two stages. The first stage is the creation of many
point-like partons and can be described by the light cone wave function of the fast-moving
hadron. The second stage is the interaction of the slowest (wee) parton with the virtual
photon, which occurs at low energies. It should be stressed that in this section we have not
used the fact that the transverse momenta of partons are restricted in the UV, though we did
in the previous section. This fact gives us hope that the whole structure, consisting of the
wave function of the fast-moving hadron and the interaction of the parton with the photon,
will remain correct in a more general approach. However, the wee parton interaction could
be more complicated than in the naive parton model.
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 43

2.4 Violation of Bjorken scaling;
the Dokshitzer—Gribov-Lipatov—Altarelli-Parisi evolution equation

2.4.1 Parton distributions

Letus study the QCD corrections to the naive parton model presented above. First we rewrite
the quark distribution function ¢/ (x, Q?) for a quark of flavor f from Eq. (2.41) as follows:

[ d*, 1 = dx; dPk;
; 5 _ 1 0 1 axi il
q’ (x, Q%) Zn: X / 2027)3 S, ogi:l D xi 2Q2m)3

x WS ({xi, ki b x, ks o) |2 2m)?

X82<£l+212jl)8(1—x—2x1>. (2.65)
j=1 I=1

The quark carries a fraction x of the longitudinal momentum of the proton; x is identical
to the Bjorken-x variable defined in Eq. (2.2). Unlike in the naive parton model the quark
distribution function now depends on the momentum scale Q2, which enters Eq. (2.65) as
the renormalization scale. Roughly, this implies that the integral over the quark’s transverse
momentum k, is bounded from above by Q, so that k; < Q. The same applies to the
other transverse momentum integrals in (2.65) along with the virtual loop integrals within
the wave function W,,. (In the naive parton model, we assumed that the k -integrals were
sufficiently convergent that one could simply replace Q in the upper limit of integration
by infinity without changing the value of the integral; this is, strictly speaking, only true
for super-renormalizable theories and so is not true for QCD.) The goal of this subsection
is to understand this Q-dependence in more detail.

The light cone wave function \I/,{ ({xi, ki1 }; x, ki ; 0) describes a Fock state in the proton
containing the quark we are measuring along with n “spectator” partons with transverse
momenta k; | and longitudinal momentum fractions x;. The sum over n runs from some
small number, determined by the nonperturbative physics defining the proton, up to oo.
(If we were studying the wave function of a single quark under the assumption that it is
completely perturbative, then n would run from 0 to co.) Note that the quark helicity, which
was labeled r in Sec. 2.2 to avoid confusion with the proton polarization, will be labeled
from now on by o, since here the proton helicity does not enter our calculations explicitly.

The quark distribution function (2.65) is illustrated by the diagram in Fig. 2.11. The
definition (2.65) is the LCPT analogue of the standard operator definition in the light cone
gauge AT = 0 (see for instance Sterman (1993)).

In analogy with (2.65) we can define the gluon distribution function:

1 d*k, 1 "odx; d%k;,
G(x, 0%) = B aXi
(x. 09 Z X / 207y S, gi:l L 20ay

X |, ({xi, ki s x, ks a) 12

n

x (27)382 <l€l +y l?jl> 5(1 —x— Zx,). (2.66)

j=1 I=1
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44 Deep inelastic scattering

Fig. 2.11. A diagrammatic representation of the quark distribution function. The vertical
solid line separates the light cone wave function from its complex conjugate.

g, ki

Fig. 2.12. A diagrammatic representation of the gluon distribution function.

Here W, ({x;, ki1 };x, k1;X) is the proton light cone wave function containing n “specta-
tors” along with a measured gluon having longitudinal momentum fraction x, transverse
momentum k| , and polarization 1. Again Q enters (2.66) as the renormalization scale. The
definition of the gluon distribution function given by Eq. (2.66) is the LCPT analogue of
the operator definition in terms of gluon operators in the light cone gauge A™ = 0 (Sterman
1993). It is illustrated in Fig. 2.12.

The k -integral in the definition of ¢/ (x, Q%) given in Eq. (2.65) is effectively cut off
by Q, making the quark distribution function Q-dependent in general. The essential idea
of Bjorken scaling is that for very large Q we can simply set the upper cutoff of the k| -
integral to infinity. In the naive parton model it is assumed that the k -integral is convergent
in the UV, owing to some (presumed nonperturbative) universal cutoff. The resulting quark
distribution becomes a function of x only, g/ (x, Q> — o0) ~ ¢/ (x). This leads to the
Bjorken scaling seen in Eqgs. (2.45) and (2.46).

In reality the & -integral in Eq. (2.65) (and that in Eq. (2.66)) is not convergent in the
UV and so needs this Q? cutoff: hence a Q*-dependence remains in the quark and gluon
distributions even at very high Q2. To determine the Q*-dependence of the distribution
functions one needs to understand exactly how the proton’s light cone wave function W,
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 45

A B C

Fig. 2.13. Lowest-order QCD corrections to the quark distribution function. The virtual
diagrams should be understood as including instantaneous terms.

depends on & . To do so we have to assume that at least part of the distribution function is
perturbative. In terms of diagrams this perturbative dynamics takes place in the part of the
diagram adjacent to the parton that we are describing by the distribution function. This will
be justified later by the large transverse momentum of the parton. We thus need to calculate
the QCD corrections to the parton distribution functions of the naive parton model pictured
in Figs. 2.11 and 2.12.

2.4.2 Evolution for quark distribution

Let us start with the quark distribution function ¢/ (x, Q) shown in Fig. 2.11. The lowest-
order QCD corrections to |\I/,{ (xivkir i x, kys0) |2 are shown in Fig. 2.13. They consist of
the “real” emission diagram A and the “virtual” diagrams B and C. (The virtual corrections
in LCPT should include graphs with instantaneous terms; these are not shown explicitly.)
Diagrams in which the gluon line attaches to other partons in the wave function denoted by
the oval (i.e., diagrams with the gluon going into the oval) are suppressed. To see why this is
s0, one has to identify the resummation parameter of the calculation to be performed shortly.
Indeed each diagram in Fig. 2.13 has an extra factor equal to the coupling o as compared
with the naive parton model quark distribution in Fig. 2.11. However, we will not calculate
the rest of the diagram exactly: instead we will extract the leading contribution at large Q.
These leading contributions, after integration over &k, will turn out to be proportional to
In(Q?/ A2QCD). Hence the diagrams in Fig. 2.13 will each give us an expression proportional
toay In(Q?/ AZQ cp)- This will be the resummation parameter of our approximation: for each
power of o, we will pick up one power of In(Q?/ A2QCD). Owing to asymptotic freedom
atlarge 0% we have as(Q?) < 1 while In(Q*/A% ) 3> 1. Our resummation parameter is
thus the product of a small quantity (the coupling) and a large quantity (the logarithm), and
therefore

2

a; In ~ 1. (2.67)

2
ocD

The resummation of the parameter in Eq. (2.67) is called the leading logarithmic approxi-
mation (LLA).
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46 Deep inelastic scattering

7 K — kA

k,o

1 2

Fig. 2.14. Lowest-order correction to the proton light cone wave function contributing to
the quark distribution. The vertical dotted lines denote intermediate states.

As one can show explicitly using the techniques we will develop below, the diagrams
with an extra gluon connecting to the oval are, in fact, outside the leading logarithmic
approximation. That is, they would generate powers of the coupling «; not enhanced
by powers of the logarithm of Q2. This is why such diagrams are neglected in our
analysis.

We will begin by calculating the diagram in Fig. 2.13A. Instead of calculating the
diagram for the wave function squared it is better to start by calculating corrections to
the wave function itself. The correction to the light cone wave function corresponding to
Fig. 2.13A is shown in Fig. 2.14. There the intermediate states are denoted by the dotted
vertical lines and are labeled 1 and 2.

Denoting by \l/nffl({xi,ku_};x’,k/ ;0') the wave function for a proton with n — 1
spectator partons (i.e., without the gluon emitted in Fig. 2.14), we note that the energy
denominator corresponding to intermediate state 1 (denoted by the left-hand vertical dotted
line) is already included in W,,_;. Using the rules of LCPT outlined in Sec. 1.3 and their
modification for the calculation of wave functions in Sec. 1.4, we can write down the
contribution to the proton’s wave function from the diagram in Fig. 2.14 as

gt Ok 0K+ — k)
n—1

kK =k +k + Xk — P~
j=1

S (ki yix kiso) =

BBy - GUK —Ruek)

o D (K kil x K o). (2.68)

Here g is the QCD coupling, t“ is the color matrix (the gluon carries color @), and x" =
k't / PT. The quark line carrying momentum k' is internal and therefore contributes a factor
1/k"* which is not included in the definition of the light cone wave function lll;f;l and so
has to be included explicitly in Eq. (2.68). The intermediate state 2 from Fig. 2.14 gives the
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 47

light cone energy denominator in Eq. (2.68):

1 1
— = . (2.69)

K=k 4k + >k —p- K —k)"  k

(k' — k) ;J pr—EY +k++Z

Here P~ is the light cone energy of the incoming proton state. It is negligibly small, as it is
inversely proportional to the large light cone plus momentum of the proton, P~ ~ 1/P™,
not enhanced by a large transverse momentum. (Indeed, for a “proton” consisting of a
single valence quark of mass m, one has P~ = (ﬁi + mg)/ P+ with P, the transverse
momentum of the “proton”.)

We are working in the A™ = 0 light cone gauge. The gluon polarization vector is

2")» kKt =kt .
Gf(k, — k) = (0, GJ__.—_., Eji)
K, —ky

in the (+, —, L) notation with Ef = —(l/ﬁ)(k, i). One can thus write

] , o e — kD)
(k) y - €K' = K)o (k') = 1o (k) y ™+ ug (k) L,ﬁ—jkj

— ity (k) YL ug (k') - €% (2.70)

Using the tables for Dirac matrix elements from appendix section A.l one obtains after
some algebra

800' = A% 7 77
Bo®)y G —Rug ) = ——=ar = &7 (ki — k)
x [I+z4+0or(1—2)], (2.71)

where z = k1 /k't and we have assumed that the quarks are massless for simplicity. In
arriving at Eq. (2.71) we have used Ei\* X l_cl =i\ Eﬁ* . lﬂ, which is valid in two dimen-
sions.

We will be working in the approximation where all transverse momenta are ordered:

Q* >k > kP> k> >k~ Ayep. (2.72)

Such a regime corresponds to the LLA discussed above. One also assumes that all relevant
large transverse momentum scales are much larger than the quark masses, which justifies
the massless quark approximation we have just used. In the regime defined by Eq. (2.72)
the light cone energy denominator becomes (see Eq. (2.69))

1 Ktz —2)
k2o

— (2.73)
(K —k)y~+k + Y k; — P~
j=1
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48 Deep inelastic scattering
Substituting Eqgs. (2.71) and (2.73) into Eq. (2.68) and assuming that ki > kf yields

k1
€ 'kJ_

W (s kidds X, ki3 0) = g1 0(2)0(1 = 2) 8001 /2 =5
1

X [1+z+0al =W | (i ki ¥ K 507) . (2.74)

Multiplying the wave function (2.74) by its complex conjugate and summing over the quark
and gluon polarizations and colors we get

1
W xi kiks x ks o) = 8ra, CrO()0(1 — 2)2(1 + 2%) =

o,0',\a 1

Y (ki K rel) P (275)
o'==+1

in arriving at Eq. (2.75) we have used the fact that Ej = —(l/ﬁ)(k, i) and Z;V;_] 1t =
Cr, where

_NZ-1

c
F=oN,

(2.76)

is the Casimir operator in the fundamental representation of SU(N,.).
Substituting Eq. (2.75) into the definition of the quark distribution function (2.65) yields
the contribution of the diagram in Fig. 2.13A:

CXSE O / T du Pk Ak dKT k) IR k)
Aatt 2 = — x x; 2027 2273 kKt —k+t  2027)3

i=1
Z(1+2%) TR,
X810, CrO@0( =) =—7— 3 1%/, (b kiuksx', K;0) P

1 o'=+1

n—1

n—1
x (2m)> 82 (ié’l +> 1}'_,-l> 5(1 —x = Z)q). (2.77)

j=1 =1

Note that the symmetry factor S, from Eq. (2.65) is eliminated by the momentum ordering
(2.72), which makes the particles in the wave function distinct. Since we are keeping k*
fixed, the integral over k't — k™ can be rewritten as follows:

+_ +

+ P 1
Ak — k) dk'+ dz
- = . (2.78)
K+ — kTt K+ — kTt 2(1 —z)

0 k* X
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 49

Then we can rewrite Eq. (2.77):

a; Cr 1 dk2 1+ 22
ql(x, 0% = F/ /

11—z

dx,dklldk L
: Z/l_[ x; 2Q2w)? 22w)3 Z N’n 1 {xuku},x,kboﬂ

o'=+1
n—1 n—1
x 27)} 52<ié’l+z lzjl)a(l —x’—le), (2.79)
j=1 =1
where the integral over &, is cut off by k; from above owing to our momentum ordering
Q* > k1 > kP> Nyep.
Comparing with Eq. (2.65) we recognize the last two lines of Eq. (2.79) as x'q”/ (x", k?).
Equation (2.79) thus gives

. 2
gl oh =41 / dkl/ I gt i), (2.80)

2 x

Remembering that z = k™ /k't = x/x’, we write

o, C dk2 dz 1+ 72 X
glx, 0H = F/ f f(—,ki). 2.81)

11—z z

This is the contribution of diagram A in Fig. 2.13 to the quark distribution function. As
promised above, it contains the coupling o; as a factor and a logarithmic integral dk? / k%
cut off by Q? in the UV and by some nonperturbative scale ~ Ai)c p in the infrared (IR).
We have thus shown that the leading large- Q2 contribution of diagram A in Fig. 2.13 to the
quark distribution function is proportional to ety In 9%/ A2 ocD-

Now imagine that we slowly increase Q%. As Q2 gets larger, the phase space for
the emitted gluons increases, generating larger and larger In(Q?/ AZQC p) values and thus
increasing the probability of gluon emission. The modification Sq 4(x, 0?) of the quark
distribution with increasing Q? due to the gluon emission in Fig. 2.13A can be obtained by
differentiating Eq. (2.81) with respect to 0%

1
Igl(x, 0% o Cp [dz1+2% ,[x
0? AaQZ = an / ~ =2 q’ Z,QZ : (2.82)

X

An example of a diagram that does not give a leading logarithmic contribution is shown
in Fig. 2.15, where the oval of Fig. 2.13 is reduced to a gluon line for simplicity. The
dotted vertical lines in Fig. 2.15 represent the intermediate states contributing light cone
energy denominators. The diagram is of order . Let us show that it does not give an
LLA contribution, by using the results obtained above. We will work in the transverse
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50 Deep inelastic scattering

Fig. 2.15. An example of a diagram outside the leading-logarithmic approximation.

momentum ordering approximation of Eq. (2.72): k7 > k? in terms of the momentum
labeling in Fig. 2.15. Keeping track of the transverse momenta we see that the energy
denominators of the intermediate states 1 through 4 in Fig. 2.15 each give 1/ ki, since they
are dominated by the large light cone energy of the k-quark line (cf. Eq. (2.73)). In the
same large-k approximation each quark—gluon splitting gives a factor k. in the amplitude
(cf. Eq. (2.71)) for the net contribution of k. Assuming that gluon—gluon splitting gives
a similar factor ki (this will be demonstrated explicitly in Sec. 2.4.4 below), we conclude
that the contribution of the graph in Fig. 2.15 is proportional to (l/kf_)“(kf_)2 = l/ki.
Performing the integrals over ki and kf with the kf_ > kf > AZQC p ordering, we find that
the diagram in Fig. 2.15 is proportional to

y “ 2 o 2 2
/.
o? fdki ﬁ%a% / ﬂ:afln o (2.83)
‘ Koo A
Adep Abep Ajep

We observe that this diagram is certainly beyond the LLA, as it brings in two powers of «a;
with only one power of In(Q?/ A2QC p)» whereas an LLA diagram at the same order in o
would bring in two powers of In(Q?/ A2QC p)- Therefore, it (and other graphs not included
in Fig. 2.13) is subleading and can be neglected in the LLA.

The contributions of diagrams B and C in Fig. 2.13 to the change in the quark distribution
can be calculated directly, similarly to that of diagram A. However, instead of embarking
upon another possibly tedious calculation we will derive these contributions using a unitarity
argument.

Unitarity argument Let us start with a proton state |¥), normalized for simplicity to 1,
(W|W) = 1. Single-gluon corrections of the diagrams in Fig. 2.13 modify the state |¥) as
follows:

W) — |W') = |W) + R|V) + V|W¥). (2.84)

Here the new state |W’) consists of a sum of the following terms: (i) the “old” state |W¥)
corresponding to no gluon corrections at all; (ii) the “real” emission shown in Fig. 2.13A,
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 51

)

|

Fig. 2.16. Virtual correction to the quark—quark splitting function.

which turns |V) into R|W) where R denotes the factor relating ¥, and W,,_; in Eq. (2.74);
(iii) the “virtual” emission shown in Figs. 2.13B, C, where the gluon is reabsorbed back into
the wave function from which it was emitted, thus leaving the number of partons unchanged
and generating a contribution V |W).

Requiring unitarity, i.e., probability conservation (W'|W') = (W|W) = 1, in Eq. (2.84)
leads to

RIR+V+V =0 (2.85)
to order g2. Therefore, the sum of the contributions of diagrams B and C in Fig. 2.13 is
V 4+ V*=-RIR. (2.86)

We see that instead of calculating diagrams B and C in Fig. 2.13 we can simply multiply
the contribution of diagram A by its conjugate, integrate over the phase space, and sum
over the quantum numbers of the produced and measured partons, multiplying the result
by —1.

Using the unitarity prescription of Eq. (2.86) along with Eq. (2.77) for the contribution
of diagram A, we write the contribution of diagrams B and C from Fig. 2.13 (along with
instantaneous terms) as

"odx; d*k;, 1 dPK, dkt — k) d?ky
st 0 =-% [T]5 -
n i=1

x; 2273 x' 2Qn)}  kt — k't 2Q2m)3

1422 .
x 87ty CFG(Z)G(I—Z)Z(k——ZZ) 37 (i kiskix kiso) |
1 o=+l
x(2n)382(/;L+lejL)8<l—x—le). (2.87)
Jj=1 !

Equation (2.87) is illustrated in Fig. 2.16. In arriving at Eq. (2.87) we have swapped k and k’
as compared with the real emission diagram shown in Fig. 2.14. After emitting a gluon, the
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52 Deep inelastic scattering

quark now carries momentum k’; the fraction of the light cone momentum of the incoming
quark k™ carried by the quark in the loop is z = k" / k™. As above,

Pt k* 1

Akt — k) 1 dk'+ P+ 1 d

/g—zf—z—/—z. (2.88)
kt— kX Kt —kty  x ] zd—2)

0 0 0

Note that the lower limit of the z-integration in Eq. (2.88) is different from that in Eq. (2.78):
this is due to the virtual nature of the diagram in Fig. 2.16. It is also important to remember
that now the large transverse momentum is kj_, so that kf > k2, which accounts for the
factor kf in the denominator in Eq. (2.87).

With the help of Eq. (2.88) and the quark distribution definition (2.65) we can rewrite
Eq. (2.87) as

OlSCF k/2 / 1 +Z

e g’ (x, kD), (2.89)

G o(x, 01 =

where, owing to the constraint kf > ki, we may cut off the k, -integral in Eq. (2.87) by
kf in the UV. The result is that kf is the scale of the quark distribution function on the
right-hand side of Eq. (2.89). Note that the &’ -integral is a loop integral and is, in general,
divergent: it has to be regularized, and so a graph with a counterterm should be added to the
diagram in Fig. 2.16. Since Q is the renormalization scale, to leading-logarithmic accuracy
we simply cut off the k’f—integral in Eq. (2.89) by Q? in the UV.

Equation (2.89) is the contribution of the virtual diagrams B and C in Fig. 2.13. Just as
for the real diagram A, we now imagine that we slowly increase Q?: the contribution of
graphs B and C to the variation in the quark distribution function is

2 3ql‘§+c(x, 0% % Cr

Q 90?2 T 2

1
1 2
/ dz ]+—Z ¢’ (x, 0. (2.90)
-z
0
The total modification of the quark distribution, &g/ (x, %) = 8ql(x, Q%) +
8q§+c(x, 0?), is obtained by summing Eqs. (2.82) and (2.90). This yields

1
294/ 0Y s Cr | [dzl42 o(x
002 2w z 1—z z’
1
2
- / g’ (x, 09 |. (2.91)
0

To write Eq. (2.91) in the standard notation, we define the quark—quark splitting function
Pyq(z) by

1+2z2 3 ] (2.92)

Pyy(z) = Cr [(1 = + = 8(1 —2)
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with the “plus” notation defined in Sterman (1993),

1 1

/ ‘a- >+f(Z) /

X X

ST+ f(@) In(l - x), (2.93)

for an arbitrary function f(z) defined for 0 < x < 1. With the help of P,,(z) we rewrite
Eq. (2.91) in the more compact form

2 047 (. Q%) _
0L aXQZ / = qq<z>q( Q2>- (2.94)

We have thus obtained a differential equation for the quark distribution function. The
initial condition for this equation is usually given by the quark distribution ¢/ (x, Q3) at
some initial virtuality Q7. At low Q3 such an initial condition is likely to be due to some
nonperturbative (large-coy) physics: it cannot be calculated using perturbative techniques
and is usually inferred from the data. Given the initial condition qf (x, Q%), Eq. (2.94)
allows one to uniquely construct the quark distribution function at all Q? > Q(z) (with
leading-logarithmic accuracy). Therefore Eq. (2.94) evolves the quark distribution function
in Q? from some initial value at Q% to its value at another scale Q2: equations like (2.94)
are usually referred to as evolution equations. The variation of a distribution function with
Q? is known as the Q%-evolution of the distribution function.

The physical meaning of the splitting function P,,(z) is clear from our derivation of
Eq. (2.94): P,,(z) is proportional to the probability of finding one quark in another quark’s
wave function, with the “measured” quark carrying a fraction z of the original quark’s light
cone momentum.

Another important question concerns the scale of the coupling constant «; in Eq. (2.94).
Without going into details of the calculation of the running coupling corrections, we simply
note that, up to a z-dependent factor, the scale is simply Q2, so that oy = a(Q?). Thus
the coupling runs with the perturbative (hard) scale of the problem, justifying the use of
perturbation theory.

2.4.3 The DGLAP evolution equations

Equation (2.94) is not complete yet: so far we have ignored gluons. Indeed, a quark in the
proton’s wave function may also result from the splitting of a gluon into a ¢g pair! Thus the
gluon distribution G(x, Q?) also contributes to the modification of the quark distribution.
Conversely, the gluon distribution also gets modified owing to the splitting of gluons into
gluon pairs, or the emission of gluons from quarks as in Fig. 2.13A.

Including the gluon contribution requires additional calculations, similar to those carried
out above. Before outlining these calculations let us first present the result.

We define the flavor nonsinglet distribution function by

AT (x, 0% = ¢’ (x, 0% — ¢/ (x, 0%, (2.95)
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54 Deep inelastic scattering

where f denotes the antiquark of flavor f. Since the splitting of a gluon into gg pairs
contributes equally to the creation of quarks and anti-quarks in the proton’s wave func-
tion, it should not contribute to the nonsinglet distribution Nz (x, 0?). Hence the evo-
lution of A/ (x, 0?) is driven only by the quark evolution from Eq. (2.94). We thus

write
_ 1
AN (x, Q%) a, (0% dz 7 X
2 ’ _ Y% Ir 2

= — P, AT —, . 2.96
Q 90?2 o / Z 44(2) (Z Q ) (2.96)
To take the gluon contribution into account we define the flavor singlet distribution

Sfunction
B 00 =) [¢/ 09+ e (x, 03], 2.97)

f

The evolution equations for X (x, 0%) and G(x, Q?) read

1
zi(z(x, QZ)) _ (0 / dz <qu(z) ch(z))
T <

00% \G(x, 0% 2 P6q(2)  Poe(z)

2(x/z, Q2)>
x ( Slere 0%)) (2.98)

Equations (2.96) and (2.98) are known as the Dokshitzer—Gribov—Lipatov—Altarelli—Parisi
(DGLAP) evolution equations. The QED version of these equations (involving electrons and
photons) in (x, Q?)-space was originally derived by Gribov and Lipatov (1972), while the
QCD version was obtained independently by Altarelli and Parisi (1977) and by Dokshitzer
(1977). In the Mellin moment space (to be defined shortly) the QED equations were derived
by Christ, Hasslacher, and Mueller (1972) and the QCD equations were derived by Georgi
and Politzer (1974) and by Gross and Wilczek (1974).

Equations (2.96) and (2.98) contain the splitting function, P,,(z) from Eq. (2.92), along
with three other splitting functions, P,(z), Pg4(z), and Pgg(z). For reference purposes,
let us first list all the splitting functions, even though we have already found P,,(z) above.

They are

1+z2 3

Py (z) = Cr [m + 3 (1 — Z)] ) (2.99a)
_ 2

Pgy(2) = Cr # (2.99b)
P,6(z2) = Ny [22 + (1 — 2], (2.99¢)
Poo(z) = 2N, [;+ = a- z)] 4 UNe = 2Ny gy

(I =24 b4 6

(2.99d)
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 55

Fig. 2.17. The diagram contributing to the splitting function Pg,(2).

Fig. 2.18. The diagram contributing to the splitting function P, (z).

The “plus” notation is defined above in Eq. (2.93).

The splitting function Pg,(z) is easy to find knowing P,,(z): Pg,(z) represents the
probability of finding a gluon in a quark’s light cone wave function. Its contribution consists
of one diagram, pictured in Fig. 2.17. One can see that the calculation of Pg,(z) would be
similar to that of diagram A in Fig. 2.13. The main difference would be in the fact that now
it is the gluon that one wants to “measure”, and therefore it is the gluon line that carries
the longitudinal momentum fraction z of the quark. Since in the calculation of Fig. 2.13A
the gluon line carried the momentum fraction 1 — z, all we have to do to find Pg,(z) is to
replace z by 1 — z in the contribution of graph A. To single out the contribution of diagram
A we need to remove the contributions of the virtual diagrams B and C in Fig. 2.13 from
Eq. (2.99a), which is easily accomplished by removing the plus sign in the subscript on the
right-hand side and dropping the delta function term, yielding

1+ 22
real _
P () =Cp 1

. (2.100)
Replacing z by 1 — zin qug“’ (2) yields Pg4(z), Eq. (2.99b), which is the correct result for
the gluon—quark splitting function.

Finding the quark—gluon splitting function P,s(z) is a little more subtle. The only
diagram contributing to the splitting function P,(z) is shown in Fig. 2.18. (One also
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56 Deep inelastic scattering

D E F

Fig. 2.19. The diagrams contributing to the splitting function Pgs(z). The complex conju-
gates of the last two diagrams (E and F) have to be included in the calculation, along with
the instantaneous terms in the quark and gluon propagators in the loops.

has to add in a diagram where we “measure” the antiquark instead of the quark, but the
contribution of this diagram is equal to that of the graph in Fig. 2.18.) Comparing this with
Fig. 2.14 we see that there are three differences between P, (z) and the real part of P, (2):
(1) the incoming quark line in Fig. 2.14 becomes an outgoing antiquark line in Fig. 2.18 and
the outgoing gluon line in Fig. 2.14 becomes an incoming gluon line in Fig. 2.18; (ii) the
color factors are different in the two diagrams; (iii) one has to sum over all quark flavors
f and over both quarks and anti-quarks to obtain P, (z) from Fig. 2.18. Differences (ii)
and (iii) are easily addressed. The color factor in Fig. 2.18 is 1/2, which replaces Cr in
Eq. (2.99a). The sum over quarks and anti-quarks and over their flavors trivially gives 2N 7.
Hence in the end one has to replace Cr in Eq. (2.99a) by (1/2) x 2Ny = Ny. Difference
(i) can be taken into account by applying the crossing symmetry. In the end the prescription
is

N 1
Py6(2) = C—ﬁ z Pyl (1 - Z) : (2.101)

which, with the help of Pq’;"l(z) = Cr(1 4+ z%)/(1 — 2), gives Eq. (2.99¢c). Indeed, the
heuristic derivation of P,g(z) given here needs to be verified by explicit diagrammatic
calculations. We leave the explicit calculation of P,s(z) using the diagram in Fig. 2.18 as
an exercise for the reader; see Exercise 2.2 at the end of the chapter.

Finding the remaining splitting function Pgg(z) requires some explicit diagrammatic
calculations as well. We will present them in the next (special-topic) chapter.

2.4.4 Gluon-gluon splitting function*

Our goal here is to derive the gluon—gluon splitting function Pg(z). To calculate Pgg(z)
one has to sum the graphs shown in Fig. 2.19. There we show only half the diagrams with
virtual corrections; the complex conjugates of graphs E and F need to be calculated too.
As in the case of the quark—quark splitting function P,,(z), we will calculate only the
real emission diagram D in Fig. 2.19 and derive the contributions of the remaining virtual
diagrams E and F (and their conjugates) by using unitarity.
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 57

mY K~ kN

)

kA a

1 2

Fig. 2.20. A gluon splitting into two gluons in the proton light cone wave function. As
usual, the vertical dotted lines denote intermediate states.

Just as in Sec. 2.4.2, to calculate the graph in Fig. 2.19D for the light cone wave function
squared we first need to find the wave function itself. To that end we start with the diagram
pictured in Fig. 2.20. Again, the intermediate state 1 is included in the wave function W,,_;
at the previous step of the evolution. Using the rules of LCPT outlined in Secs. 1.3 and 1.4,
we can write the contribution of the graph in Fig. 2.20 as follows:

igfaOk Nk — k) 1

(K — k)~ +k=+ 3" k; — Pk

W, ({xi kit hsx, ks ) =

x [(k"+k) - €5 (k" — k) €(k) - ex (k) + (k — 2k') - € (k)
x € (k') - €5, (k" — k) + (K — 2k) - (k') €5, (k" — k) - € (k)]
X W,y ({xi ki x/ K54, (2.102)

where now W, ({x;, k;1 }; x, k1 ; A) is the light cone wave function of the proton containing
n “spectator” partons and the gluon being tagged. As usual x = k*/P+ and x’ = k't /P*
are the fractions of the proton’s light cone momentum P carried by the gluons.

Using the gluon polarizations in the AT = 0 light cone gauge,

2e .k, .
e, (k) = (0, %,eﬁ) , (2.103a)
: 26X K, L,

e (k') = (o, %,eﬁ), (2.103b)

, 28 (K, — kL) oy

Nop _ 1k =),
€, (k' —k)= (0, Tt (2.103c¢)
with €} = —(1/ V2)(X, i) (and similar expressions involving A’ and 1), and imposing the

transverse momentum ordering |k | 3> |k’ | (and, therefore, simply neglecting all terms
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58 Deep inelastic scattering

containing % '), after some straightforward algebra we get

(K +k) - €5,k — k) k) - e (k) + (k — 2K') - €(k) e (k) - €5, (k' — k)
+ (K = 2k) - e (k') €5, (K — k) - (k)

2 o oo oy 2= e o
~ ko e . + ke e @ ok, @ T (2.104)

Here, as usual, z = k*/k'". Using Egs. (2.104) and (2.73) we can write Eq. (2.102) as

W, ({xi, ki) x, ks A)

Z 1
= igf ol — 52 L2
J_
2 a1y - -3/ - - Y YN >3
X (1 ky - &+ kJ_ el . — 2k, - Gj\_éj\_*~éi*)
x W,y ({xi ki hsx' K5 4) (2.105)

(We can use Eq. (2.73) since the approximations used in calculating the splitting func-
tion P,,(z) are the same as those that we are assuming here for the splitting function
PG(2).)

Multiplying the wave function in Eq. (2.105) by its complex conjugate and summing
over polarizations and colors yields

Z (W (i, kindix ks ) P

MM A a,bb e

1

= 167, N.O(2)0(1 — 2)=—

5

x [+ (=27 + 20— 2] Y W (i, ki ks x K 2) 1P
M.b

(2.106)

Note that the definition of the gluon distribution corresponding to Fig. 2.12 implies a
summation over the colors of the two gluon lines. The color of the gluon line to the left
of the cut is equal to the color of the gluon line to the right of the cut. We have made this
color summation explicit in Eq. (2.106) to facilitate the calculation of the color factor: the
color of the internal gluon line, which is labeled b in Fig. 2.20, is denoted 4’ in the complex
conjugate wave function. In arriving at Eq. (2.106) we have used £ f*' = N,.§""" and
ky - &P = k3 2.

Following the steps outlined in Sec. 2.4.2 for the quark distribution function, which led
to Eq. (2.80), we infer from Eq. (2.106) that the contribution of diagram D in Fig. 2.19 to

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

2.4 Violation of Bjorken scaling; the DGLAP evolution equation 59

the gluon distribution function is

Gotr, 0 = 22 1/‘”@/ il GREIEEE Ty

x x'G(x', k), (2.107)
with z = x/x’. Again assuming that we are varying Q?, Eq. (2.107) can be trivially rewritten
as

1
dGp(x, Q? sN. [ d 1—
02 2op 0 _ ¢ /—Z[ = ]G()—C,Q2>. (2.108)
002 T z | 1—-z2 b4 Z
X

Using the unitarity argument of Sec. 2.4.2 we can calculate the contribution of diagram
E in Fig. 2.19 along with its complex conjugate and all the virtual gluon graphs with
instantaneous terms (cf. Eq. (2.90)), obtaining

Q

1
2
236138(;,2Q ) _ _a.;TNC%/dZ[I iz ]G(x’ 0Y).  (2.109)
0
The factor 1/2 in Eq. (2.109) is simply a symmetry factor, as the two propagators in the loop
of graph E are identical gluons. The z-integration in Eq. (2.109) has two singularities: one
at z = 1 and the other at z = 0. The singularities correspond to either one or the other gluon
in the loop of diagram E having a small longitudinal momentum. The two singularities have
therefore identical physical origins. We rewrite them as one singularity at z = 1:

1

1
/dz[ < +1;Z+Z(1—z)] /d[
1—1z2 Z J

0

1 1
2 2 11
=/dz —-24+z(1-2) =/dz - —. (2.110)
11—z 1—z 6
0 0

With the help of this rearrangement the sum of diagrams D and E is (cf. Eq. (2.91))

1
) _
200Dl 0) ach{fd_Z[ z_ IZ_Z +z —z)] G (E Qz)

002 T z | 1—z2

Fo o1 )
—/dz—G(x, 0)+ =Gk, Q )}- (2.111)
1-z 12

0

Here we are not going to calculate the contribution of diagram F in Fig. 2.19 explicitly.
Instead we will use the splitting function P,s(z) illustrated in Fig. 2.18 and given in

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

60 Deep inelastic scattering

Eq. (2.99c). As one can see from Figs. 2.18 and 2.19, the contribution of graph F in the
latter is simply a virtual correction to the diagram in Fig. 2.18. With the help of P, (z) from
Eq. (2.99¢) and the unitarity argument of Sec. 2.4.2 we obtain the contribution of diagram
F:

1

/dz 22+ (1 - 2] G(x, 0%. (2.112)

0

,0Gi(x, 00

il
10> 7'[2

The factor 1/2 is inserted to remove the double-counting associated with tagging on both
the quark and the antiquark in the calculation of P, (z). Equation (2.112) trivially gives

20Ge(x, 0°) oy Ny ,
0T = 33 G(x, 0Y). (2.113)

Combining Egs. (2.111) and (2.113) we arrive at the contribution of all three diagrams
in Fig. 2.19:

|
O = [ S oo (50)
0 902 2N z - z G Z’Q

_ow, /dz G, Q)+MG@Q2)}.

(2.114)

(Even though Eq. (2.114) looks like a closed integro-differential equation, one has to
remember that the quark distribution’s contribution is not included in its right-hand side
and that the full DGLAP evolution for the gluon distribution is given in Eq. (2.98).)
Rewriting Eq. (2.114) in the compact form

3G (x, 0? s d
QZ% ;‘—n/—ZPGc;(z)G( Q2>, (2.115)

we immediately see that

1IN, — 2N,
CTHS(I —2),

1-—
Psg(z) = 2N, |: + T +z(1 — Z)]

(=24

which is exactly Eq. (2.99d)! We have thus derived the gluon—gluon splitting function.

2.4.5 General solution of the DGLAP equations

To solve the DGLAP equations (2.96) and (2.98), one usually writes them first in moment
space. The moment f,(Q?) of a distribution function f(x, Q?) is defined by the Mellin
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transform
1

fu(0H) = /dx X f(x, 0%, (2.116)

0

where f = A/ T or ¥ for the nonsinglet or singlet quark distribution functions respectively
and f = G for the gluon distribution. Inverting Eq. (2.116), we write the distribution
function as

a—+ioco

2 do _, 2
flx, 0% = / Er Jo(Q7), (2.117)

a—ioo
where the integral in w-space runs along a contour parallel to the imaginary axis and to the
right of all the singularities of the moment £,,(Q?) (which can be chosen by adjusting the
arbitrary real number a).
As one can show (see Exercise 2.5), in the moment space the DGLAP equations (2.96)
and (2.98) become

AL (0D (0 i
3Q(2Q = aéf (@Al () (2.118)

Q2

and

, 0 (Ew(Q2)> a,(0%) (qu(w) ch(w)> <2w(Q2)

— = . 2.11
102 G6.00) = 2r L@ yec@) Gw(Q2)> (@119)

In arriving at Eqs. (2.118) and (2.119) we have defined anomalous dimensions y;;(w) by
1
vij(w) = /dz 2 P;(2), (2.120)
0
where i, j can each be equal to either g or G. With the help of Egs. (2.99) and (2.120) one

can show that the DGLAP anomalous dimensions are (Georgi and Politzer 1974, Gross and
Wilczek 1974)

(3 1
M1 2
Veq(®) =Cr 7T w + ol +a)):| ) (2.121b)
@ =N, [ 2 (2.121¢)
Yol = f_1+w_(2+w)(3+w)}’ e
11N, — 2N,
Y66(w) =<
1 1
2N, — 2 1 2.121d
A o R e Sl ACRE R Z0] RIS
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In 1/x DGLAP

=

2 2 Q
9, Q

Measure the DGLAP will give
distribution function its value here
here

Fig. 2.21. The DGLAP equations in the (In 1/x, Q*)-plane.

where ¢¥(w) = IM(w)/ T'(w) is the digamma function. Note that ¥(1) = —yg, with yg
Euler’s constant. We leave the derivation of the anomalous dimensions (2.121) as an
exercise; see Exercise 2.5.

Equations (2.118) and (2.119) are easy to solve. Suppose that the (usually nonperturba-
tive) initial conditions for the equations are given at some initial scale Q(z]. That is, we know
AT (x, 03), £(x, Q3), and G(x, Q3). Using Eq. (2.116) we can find the initial conditions
for the moments, obtaining AL’ (032), $,(Q2), and G,(Q32). Solving Egs. (2.118) and
(2.119) we can now find the moments of the distribution functions at all Q?:

740?40

ALT(0%) = exp 07 2

Vag(@) ¥ ALT(0D), (2.122)

o3

QZ
<2w(Q2)>:eXp dQ” a,(0?) (qu(w) ch(w)) <Ew(Q%)>
Gu(Q%) 07 21 \ra@ vec@) [\Gu(@)) " @123)

05

Equations (2.122) and (2.123) allow one to find the distribution functions in moment
space. With the help of Eq. (2.117) one then can transform the moments of the distribution
functions back into x-space, thus obtaining the distribution functions solving the DGLAP
equations at all Q.

The way in which the DGLAP equations work is depicted in Fig. 2.21 in the (In1/x,
0?%)-plane, which we will often use to demonstrate our results. The initial values of the
distribution functions for DGLAP evolution are set at some initial scale Q3 for all the
relevant values of x: thus the initial conditions are given along the vertical line on the left
in Fig. 2.21. Given the initial conditions, the DGLAP equations then give the distribution
functions at other values of Q2. For instance, using the DGLAP equations one may obtain
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 63

distribution functions along the vertical line on the right in Fig. 2.21. Thus the DGLAP
equations evolve the distribution functions in Q2 from some initial conditions at Q(z) to their
values at some other Q?, as indicated by the arrows in Fig. 2.21. Note that the curves shown
in Fig. 2.7 resulted from using the DGLAP equations, having adjusted the initial conditions
to fit the DIS data.

Indeed the DGLAP equations (2.98) and (2.96) presented above are valid only at the
leading-logarithmic level. They are often referred to as the leading-order (LO) DGLAP
equations, since the integral kernel on the right-hand side is given at the lowest order in
o (i.e., at order o). Higher-order corrections to the splitting functions would generate
terms with higher powers of «; on the right-hand sides of Eqgs. (2.98) and (2.96). For
instance Egs. (2.98) and (2.96), with right-hand sides calculated up to O(af), are referred
to as next-to-leading-order DGLAP or simply NLO DGLAP. The next order after that
is called next-to-next-to-leading-order DGLAP (NNLO DGLAP), etc. Note that at such
higher orders the naive factorization relations (2.45) and (2.46) (see also Eq. (2.48)) between
the structure functions and the quark distribution function would be modified. Even the
LO DGLAP evolution of Egs. (2.98) and (2.96) obviously violates Bjorken scaling. It also
generates corrections to the Callan—Gross relation (2.44).

2.4.6 Double logarithmic approximation

Let us now study structure functions and parton distributions at small Bjorken x using the
DGLAP equations. This limit is interesting and important for our discussion, since small
x corresponds to high energy § of virtual photon—proton scattering, as one can see from
Egs. (2.6). A brief inspection of Fig. 2.7 shows that the structure function F, clearly rises
at small x. The question that we would like to address is whether DGLAP evolution can
provide a theoretical explanation for such a rise.

To answer this question we need to analyze Eqgs. (2.96) and (2.98) at small x. At small x
the z-integral in Egs. (2.96) and (2.98) may get extra enhancement from the small-z region.
To see this let us study the small-z asymptotics of the splitting functions. Using Eqgs. (2.99)
one can show that only two of the splitting functions are singular at small z:

2Cr 2N,
Pgq(2) ~ —, Pse2) A~
<1 z <1

(2.124)

Thus, in Egs. (2.96) and (2.98) only the second line of Eq. (2.98) is enhanced at small x.
We conclude that the evolution of the gluon distribution G(x, Q) runs much faster than
that of the quark distributions (both singlet and nonsinglet), at small x. Therefore we can
neglect the evolution of the quark distribution functions compared with that of the gluon.
Also, the quark contribution to the gluon evolution, which enters via Pg,(z) into Eq. (2.98),
is negligible as well: as ¥ (x, Q?) is small owing to the lack of small-x enhancement to its
own evolution, it would not contribute much to the gluon evolution.

Neglecting the quark distribution in the DGLAP equation (2.98) and using the approx-
imation for the gluon—gluon splitting function from Eq. (2.124), we can write down an
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64 Deep inelastic scattering

evolution equation for the gluon distribution only,

1
2 2
GO O U (). e

which of course is valid only at small x.

Before we solve Eq. (2.125), let us clarify the approximation that we have made in
arriving at this equation. To see this more clearly, let us redefine z as x/x’ and write
Eq. (2.125) as

'G(x', 0%). (2.126)

L0XG(x, 00 o (QON, /1 dx’
002 B T X

Differentiating Eq. (2.126) with respect to In(1/x), we can write it as
PxG(x, 0%) @, (Q*)N,
d1n(1/x)d In(Q%/ Q3) B
with Qg a constant initial-virtuality scale.

For simplicity let us imagine that the coupling constant is fixed, a;(Q?%) = a,. We can
then see clearly from Eq. (2.127) that its solution iterates powers of «; multiplied not
just by one logarithm, In(Q?/Q}), as in the DGLAP equations, but by two logarithms,
In(1/x) In(Q?/Q}). Thus the resummation parameter of Eq. (2.127) is
Q2
_2 .

0
Thus at small coupling o, < 1, large Q2 > Q(Z), and small x such that In(1/x) > 1, we
see that the small coupling «; is multiplied by two large logarithms, which makes the
resummation parameter (2.128) large and important to resum. Resummation of a series in
powers of the parameter (2.128) is called the double logarithmic approximation (DLA).

With the DLA parameter (2.128) the approximations we made in obtaining Eq. (2.125)
become clear. The absence of 1/z singularities in P,,(z) and P,(z) insures that no In(1/x)
factor is generated in each step of the DGLAP evolution for the singlet and nonsinglet quark
structure functions. Hence the evolution of X (x, Qé) and of AST (x, Q(z,) is subleading in
the DLA parameter (2.128) and can be neglected in the approximation that resums only
powers of the logarithms of both Q2 and 1/x in Eq. (2.128).

Now let us solve Eq. (2.125). Substituting the approximate gluon—gluon splitting func-
tion from Eq. (2.124) into Eq. (2.120) we obtain

xG(x, 0% (2.127)

asln —In (2.128)

2N,
Yoo (w) = wc. (2.129)

One can see that the small-z singularity in Pg¢(z) translates into a singularity at = 0 in
yc(w). This is an important result, which we will use below.
With the help of Eq. (2.129) we can write Eq. (2.125) in moment space:
9GL(Q%)  a(Q*)N, 1

0? =

1 2
0 ———Gu(Q). (2.130)
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 65

From Egs. (2.121) one can see that only yss(w) and yg,(w) have singularities at w = 0:
using this observation we could have derived the DLA DGLAP evolution equation in
moment space (2.130) directly from Eq. (2.119).

The solution of Eq. (2.130) is easily found and reads

7 d0? (0N,

G,(Q%) =exp 0

Go,(0}). (2.131)
o5

Inverting the Mellin transform (2.116) with the help of Eq. (2.117), we obtain the gluon

distribution function in the DLA:

a+i 0?
b do 1[40 a(QN, )
xG(x, 0%) = o7 S j@ln =+ T G, (0. (2.132)
a—ioo Q(Z)

The Q"-integral is easy to carry out. Taking the one-loop running coupling constant
1
B2 In(Q2/ Ay pp)

and assuming that Q(Z) > A2QCD, we can write Eq. (2.132) as

ay (0% =

a—+ioo
b do 1 Ne  In(Q*/Apep) )
xG(x, 0*) = f 2mexp{wlnx+nﬁ2wlnln(Q%/A2QCD) G,(0p).  (2.133)

a—ioo
Note that, with the inclusion of the running coupling corrections, the transverse logarithm
In(Q? / Q%) in Eq. (2.128) turns into the logarithm of the ratio of logarithms seen in the
exponent of Eq. (2.133).

The integral in Eq. (2.133) cannot be calculated exactly without explicit knowledge of
the initial conditions, which give Gw(Q(z)). However, it can be evaluated approximately for
very small x and very large Q using the saddle point (steepest descent) approximation. To
do so we rewrite Eq. (2.133) as

a+ioo
xG(x, Q%) = / d—a{eP<w>Gw(Q§) (2.134)
2mi
a—ioco

with all the x- and Q?-dependent terms assembled in the exponent:

N,
p(0), (2.135)
7'[,320)

1
P(w)=wln— +
X

where we have defined an abbreviated notation
ln(Qz/AZQCD) —In Ol;(Q%)
In(Q3/A%cp) as(0?)

Indeed, P(w) is also a function of x and Q%: we have suppressed these arguments for
brevity.

p(Q*) =1n

(2.136)
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66 Deep inelastic scattering

First we need to find the saddle points of the exponent P(w), which are defined by the
condition

Pl = wy) =0, (2.137)

where the prime denotes a (partial) derivative with respect to w. For P(w) from Eq. (2.135)
we get the saddle points

Ne p(Q)
7fy In(1/x)

One can easily argue that at small x the saddle point with the plus sign in Eq. (2.138)
dominates. From here on we will label by w;,, the expression in Eq. (2.138) with the plus
sign.

Our next step is to approximate the exponent P(w) by its Taylor expansion around the
saddle point up to the quadratic term:

(2.138)

wsp =

P(w) ~ P(wsp) + %P”(wsp)(w - wsp)z, (2.139)

where the term linear in @ — wy), is zero owing to the condition (2.137). Since P"(wy)) is
real and positive, distorting the integration contour in Eq. (2.134) so that it goes through wy,,
when crossing the real axis in the complex w-plane (i.e., setting a = w;,), we can define a
new integration variable w by

®— = iw. (2.140)

Note that w is real along the new integration contour.
With this contour distortion and variable redefinition, Eq. (2.134) becomes

o0
dw
xG(x, Q%) ~ "G, (0)) / %e‘P @p?/2, (2.141)
—o0

where we also assume that G, is a slowly varying function of w such that, owing to saddle
point dominance, Gw(Q(Z)) ~ GwW(Q%). Performing w-integration yields

Ga)xp ( Q(2)) eP(“’”’)
V27 P (wyp)

With the help of Egs. (2.138) (with the plus sign), (2.135), and (4.176) we obtain the DLA
gluon distribution function in the saddle point approximation,

xG(x, Q%) ~ (2.142)

xG(x, Q%) ~

Var | 7B In(Q3/ALp)

X

N, In(Q?/A2 1
X exp ]2 —lnwln— : (2.143)
b o)) IH(Q()/AQCD) X
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 67

To justify the expansion (2.139) that led ultimately to Eq. (2.143) we need to estimate
the next (cubic) term in the expansion, which previously we neglected:
P (w5p)(@ — )’ (2.144)
Since in the integral in Eq. (2.141) the typical width is
1

® — wyp ~ N (2.145)
we see that
P" (@)@ = 5p)* ~ P"(w,)[ P (w5,)] /2. (2.146)
Using Eqgs. (2.138) and (2.135) one can readily show that
P" ()@ — o)’ ~ [p(o>] (m %)1/4 , (2.147)

which is negligibly small at small x and large Q2, justifying our approximation.
Our main result from Eq. (2.143) is that

. In(Q2%/A2 1
Ne | Mln— . (2.148)

xG(x, Q2)~exp 2 n
By In(Q5/Apep) X

That is, xG(x, Q?) increases as x decreases and/or Q2 increases. The rise in xG(x, Q?)
with decreasing x is therefore a prediction of the DGLAP evolution. As we can see from
Eq. (2.148), the DGLAP equation predicts a rise in xG(x, Q%) with decreasing x that
is faster than any power of In(1/x) but is slower than a power of 1/x. A rising gluon
distribution would translate into a rising (but smaller) quark distribution; both would lead
to an increase in the structure function F»(x, Q2) at small x, which is in (at least) qualitative
agreement with the data in Fig. 2.7. A detailed analysis of the DIS data shows that DGLAP-
based fits are able to describe most data (after a suitable choice of initial conditions is
made), as demonstrated by the curves in Fig. 2.7.

A physical picture of DGLAP evolution is shown in Fig. 2.22 using the transverse plane
representation of the proton from Fig. 2.8. On the left of Fig. 2.22 we show a proton
with partons in it, as seen by a virtual photon with virtuality Qg corresponding to the
resolution scale 1/Qy in the transverse plane. On the right we show what happens when
the same proton is probed by a virtual photon with higher virtuality, O > Q, which is able
to resolve shorter transverse distances 1/Q. When probing the partons (quarks) at shorter
distances the photon is able to distinguish that each quark may fluctuate into itself along
with, say, several gluons and/or quark—antiquark pairs, as we see from the DGLAP splitting
functions. The net number of partons at the higher scale Q is thus larger than at the scale
Qp, in agreement with the prediction from Eq. (2.148). To illustrate how the DGLAP
equation works in practice, we will present some distribution functions extracted from DIS
experiments on protons. One usually distinguishes contributions to the quark distribution
function coming from the valence quarks (the two u quarks and the d quark in the proton)
and from the sea quarks (all the other quarks in the proton).
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0,<0
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"~ partons

Ax, =1/Q,

"~ partons

Ax, =1/Q

Proton Proton

(x. 0p) x, 0)

Fig. 2.22. A graphical illustration of the DGLAP evolution equations. The blobs indi-
cate partons (quarks and gluons). A color version of this figure is available online at
www.cambridge.org/9780521112574.

H1 and ZEUS

1
X 0%=10 GeV?

—— HERAPDFI1.0

- exp. uncert.
|:| model uncert.

l:l parametrization uncert.

0.6
xg (x 0.05)
0.4 -

L xS (% 0.05)

02

10 10° 102 10" 1

Fig. 2.23. Valence and sea quark distributions in the proton, plotted along with the gluon
distribution, as functions of Bjorken x for fixed Q% = 10 GeV?. (Reprinted with kind
permission from Springer Science +Business Media: HI and ZEUS collaboration (2010).)
A color version of this figure is available online at www.cambridge.org/9780521112574.

Figure 2.23 shows the valence quark distributions xu,(x, Q%) and xd, (x, Q?), along with
the sea quark distribution x.S and the gluon distribution xg. All distributions are plotted as
functions of x for fixed Q> = 10 GeV?. The curves in Fig. 2.23 are the result of a combined
NLO DGLAP-based fit of the data from the H1 and ZEUS collaborations at DESY (H1
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Fig. 2.24. Gluon and sea quark distributions in the proton plotted as functions of Bjorken
x for six different values of Q2. (Reprinted with permission from ZEUS collaboration
(2003). Copyright 2003 by the American Physical Society.) A color version of this figure
is available online at www.cambridge.org/9780521112574.

and ZEUS collaboration 2010). Note that the sea quark and gluon distributions were scaled
down by a factor 0.05 to fit into the same plot as the valence quark distributions. One can
see clearly that the gluon and sea quark distributions dominate at small x, in qualitative
agreement with the DLA DGLAP predictions.

In Fig. 2.24 we give the sea quark and gluon distributions as functions of x for six
different values of Q2. The curves in Fig. 2.24 are the results of an NLO DGLAP-based
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70 Deep inelastic scattering

+
n—1

Fig. 2.25. An example of a ladder diagram contributing to DLA DGLAP evolution for the
gluon distribution function. The momenta of the gluons in the rungs of the ladder are labeled
on the right. The incoming proton has light cone momentum P, and the last 7-channel
gluon in the ladder has light cone momentum k™.

fit to the DIS data performed by the ZEUS collaboration at HERA (ZEUS collaboration
2003). The initial condition for DGLAP evolution was set at QS = 1 GeV?2. Again one can
see that at small x the gluon distribution dominates the quark distributions. In agreement
with the DGLAP-based prediction, we see that the gluons play the most important role at
small x.

In closing the chapter we will rederive Eq. (2.148) using a more diagram-based approach.
Let us construct the solution for the DLA DGLAP evolution equation for the gluon distri-
bution (2.125) by summing diagrams that iterate the kernel of the evolution equation given
by the real part of the gluon—gluon splitting function in Fig. 2.19D. (Note that the parts of
the splitting functions that are singular at small z, given by Eq. (2.124), are entirely due to
the real emission diagrams). Diagrams iterating the gluon emission kernel have a “ladder”
structure, as shown in Fig. 2.25. There the transverse momenta of the gluons in the rungs
of the ladder, when ordered as

B>k, > >k, >k, (2.149)
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2.4 Violation of Bjorken scaling; the DGLAP evolution equation 71

give the transverse logarithms of DGLAP evolution. As we are interested in the DL A limit,
the longitudinal momenta of the gluons in Fig. 2.25 can be ordered too, as

kP> k> o> kb > ko> kt (2.150)

to generate the logarithms of x. Each rung of the ladder generates a logarithmic integral over
longitudinal momenta dk*/k*, a logarithmic integral over transverse momenta dkf_/ k2,
and a power of the coupling constant as(kf_). Each rung also brings in a color factor N,
and a factor 1 /m coming from more careful diagram evaluation, which we will not perform
here. Ordering all the integrations, we get

xG(xQ)~Z/dki"'< )/ L""(k )
SJ_n (K

k+
"k dki [ dkF dk*
/ L1 ‘Y(ku)/ / / - (2.151)
kt "
where
2
N NC
a,(0%) = % (2.152)
Performing the integrals yields (as x = k*/P™)
2 n
=1 dk?
xG(x, 0% ~ Z e f k; v (kz)ln— (2.153)
n=0 : Q%
or, equivalently,
(o] 1 n
¥Gx, 0~ ,2[ } , (2.154)
— (n!) 7B

which after summation gives a modified Bessel function:

xG(x, 05 ~ I, (2 /:ﬂz i) . (2.155)

The exact index of the modified Bessel function depends on the initial conditions for the
evolution and is not always 0 (Gorshkov et al. 1968). Using the large-argument asymptotics
of the modified Bessel function, /,(z) ~ e*, we obtain Eq. (2.148). The prefactor in front
of the exponent, shown in Eq. (2.143), can be obtained similarly, by keeping the prefactor
in the asymptotics of the modified Bessel function and matching the initial conditions to
those used in obtaining Eq. (2.143).

The derivation we have presented shows the diagrammatic origin of the result (2.148).
Diagrams also allow one to understand the space—time structure of the parton emissions.
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72 Deep inelastic scattering

Consider the proton in Fig. 2.25, which, as throughout this chapter, is moving in the light
cone plus direction. The light cone times of gluon emissions, which we label x;r for the
ith gluon shown in the ladder in Fig. 2.25, owing to the uncertainty principle are given
by x;" ~ 1/k; . As the gluons in the rungs of the ladder are on mass shell, k; = k3, /k;"
and x;” A k;“ / kii. The DGLAP ordering of transverse momenta (2.149) of itself insures
that

xf>»> x> o>l (2.156)

The ordering of longitudinal momenta (2.150) merely reinforces the ordering of gluon
lifetimes (2.156). We see that the gluons with the lowest transverse momentum and/or largest
longitudinal momentum are emitted earliest and have the longest lifetimes. Conversely the
gluons with the largest transverse momenta and/or smallest longitudinal momenta are
emitted last and exist over the shortest lifetimes. This time-ordering of gluon emissions is
not only important for our understanding of DGLAP evolution, but will be useful when we
start talking about the small-x evolution equations, as it applies there too.

Further reading

A detailed pedagogical discussion of DIS and the DGLAP evolution equations covering
topics omitted in this chapter can be found in Halzen and Martin (1984), Sterman (1993),
Peskin and Schroeder (1995), Ellis, Stirling, and Webber (1996), and Weinberg (1996).

The reader can find NLO splitting functions for DGLAP evolution in Ellis, Stirling, and
Webber (1996). For further discussion of the running coupling scale in DGLAP evolution
we refer the reader to Dokshitzer and Shirkov (1995).

Exercises

2.1 Show that, in general, the hadronic tensor W*"(p, g) can be written in the form
(2.16). Do this by observing that it is a function of two four-vectors p” and g"*
only, demanding that W*" is symmetric (W*” = W"#), and imposing the conditions
(2.15).

2.2* Calculate the splitting function P,(z) in light cone perturbation theory using the
diagram in Fig. 2.18. You should get Eq. (2.99¢).

2.3 Show that the DGLAP equations conserve the longitudinal momentum of the partons.
Starting from Eq. (2.98), and using Eqs. (2.99), show that

1
/dx x[Zx, 0%+ G(x, 0] (2.157)
0

is independent of Q. With the help of Eq. (2.119) argue that this momentum conserva-
tion requires that all the anomalous dimensions are zero atw = 1,1.e., y;j(w = 1) = 0.
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Exercises 73

2.4 Show that the DGLAP equations conserve baryon number. Starting from Eq. (2.96),
and using Eq. (2.99a), show that

1

f dx AT (x, 0% (2.158)

0

is independent of Q2.

2.5 (a) Starting from Eqs. (2.96) and (2.98), and with the help of Eq. (2.116), derive the
DGLAP equations in moment space, obtaining Eqs. (2.118) and (2.119) with the
anomalous dimensions defined in Eq. (2.120).

(b) Explicitly derive the DGLAP anomalous dimensions shown above in
Egs. (2.121): that is, use Eq. (2.120) to integrate the splitting functions given
by Eqgs. (2.99).

2.6 Using the methods in Sec. 2.4.6, solve the DGLAP equation for the gluon distribution,

1
2 oy % 42 o
Qa_QzG(x’Q)_Zn/x ZPGG(Z)G<Z7Q),

with
2N,

Psg(z) =

in the small-x asymptotics but now with fixed coupling constant «; (i.e., for oy
independent of Q?). In particular show that, in the saddle point approximation, the
small-x asymptotics for the gluon distribution is given by
N, 1. Q2
2

xG(x, Q) ~ exp (2 LEACE P —> . (2.159)
T x 0
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3

Energy evolution and leading logarithm-1/x
approximation in QCD

We now begin the presentation of our main subject: high energy QCD, also known as
small-x physics. We argue that at small Bjorken x it is natural to try to resum leading
logarithms of 1/x, that is, powers of ¢ In 1/x. Resummation of this parameter in the linear
approximation corresponding to low parton density is accomplished by the Balitsky—Fadin—
Kuraev—Lipatov (BFKL) evolution equation, which we describe in this chapter using the
standard approach based on Feynman diagrams. Note that our derivation of the BFKL
equation in this chapter is rather introductory in nature; a more rigorous re-derivation
employing LCPT is left until for the next chapter. We point out some problems with the
linear BFKL evolution; in particular we argue that it violates unitarity constraints for the
scattering cross section. We describe initial attempts to solve the BFKL unitarity problem by
introducing nonlinear corrections to the BFKL evolution, resulting in the Gribov—Levin—
Ryskin and Mueller—Qiu (GLR-MQ) evolution equation. We discuss properties of the
GLR-MQ evolution equation and, for the first time, introduce the saturation scale Q;.

3.1 Paradigm shift

Our goal in this book is to study the high energy behavior of QCD. In the context of DIS
the high energy asymptotics can be explored by fixing the photon virtuality Q2 and taking
the photon—proton center-of-mass energy squared § to be large. In this limit the Bjorken-x
variable becomes small, as follows from Eq. (2.6). The small-x asymptotics is therefore
synonymous with the high energy limit of QCD:

small x <= high energy s. (3.1)

The small-x asymptotics of the gluon distribution function x G(x, Q?) in the framework
of DGLAP evolution was discussed in Section 2.4.6. For the LLA DGLAP, the small-x
asymptotics corresponds to summation of the parameter

Q2

=,
%

o In —In 3.2)

X

which constitutes the double logarithm approximation (DLA). While in Sec. 2.4.6 we
worked out the running coupling case, the small-x asymptotics of the gluon distribution
function for fixed coupling can be shown to be that in Eq. (2.159). The resulting gluon
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3.1 Paradigm shift 75

Table 3.1. The transverse and longitudinal leading logarithmic approximations (LLAs)
and the double logarithmic approximation (DLA)

Transverse Longitudinal
Approximation Coupling logarithm logarithm
LLA in Q? (0 < 1 o, In(Q?/0H ~1 a;lnl/x <1
LLA in 1/x oy L 1 o, In(Q%?/02) <1 asInl/x ~ 1
DLA (0 < 1 o, In(Q?/02) <1 ayInl/x <1

but o ln(Qz/Qé) Inl/x=~1

distribution grows with decreasing x in such a way that

1\* sNe 1 2 1
<—> > xG(x, Q2) o exp (2 a In —In Q—2> > In" —, (3.3)
X x 0 b

which is faster than any positive power n of In 1/x but slower than any positive power a of
1/x.

The asymptotics of the gluon distribution (3.3) is valid in the double logarithmic limit
of small x and large Q2. However, if one is interested in studying the high energy (Regge)
limit of QCD, one simply needs to fix Q2 at some, not necessarily large, value and study
the small-x asymptotics. As there is no need to take the large-Q? limit, In(Q?/ QS) is now
neither a large nor a small parameter. We therefore drop it from Eq. (3.2) and aim to resum
the parameter

as In l (3.4)
X

Resummation of a series in powers of the parameter (3.4) is referred to as the leading-
logarithmic approximation (LLA) in 1/x. As with previous logarithmic approximations
we assume that the relevant transverse momentum scales are large enough that oy < 1.
At small x we have In1/x > 1, so that agIn1/x ~ 1 and is an important parameter to
resum. (Indeed, as we have seen from Sec. 2.4.6 already, and as will be clear from the
calculations below, for gluon distribution functions and for total hadronic scattering cross
sections one can have at most one power of In 1/x per power of the coupling «, i.e., there
is no resummation parameter like e, In” 1 /x in xG though there are other observables, such
as A/, which depend on this parameter: however, these are suppressed at high energy and
the presentation of their low-x asymptotics is beyond the scope of this book.) As we will
see in the next chapter, the resummation of gluon emissions in the light cone wave function
presented in Sec. 2.4.2 can also be done in the LLA in 1/x instead of the LLA in 02, as
used for DGLAP evolution.

Table 3.1 gives for comparison the two leading logarithmic approximations, that in Q>
of Eq. (2.67) leading to the DGLAP equations and that in 1 /x from Eq. (3.4), which we will
study below. As discussed in Sec. 2.3, the photon virtuality Q determines the transverse size
resolution of a DIS experiment, while Bjorken x determines the longitudinal (Ioffe) lifetime
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76 Energy evolution and leading logarithm-1/x approximation in QCD

of the partonic fluctuation: we therefore refer to In Q2 as the transverse logarithm and to
In 1/x as the longitudinal logarithm. As one can see from Table 3.1, the two LLA regimes
should give identical results when they overlap in the double logarithmic approximation
(DLA).

As discussed in the previous chapter, the LLA in Q7 leads to the evolution described by
the DGLAP equations, which allows us to determine the number of partons with transverse
size larger than 1/ Q if we know the number of partons with size larger than 1/ Q. Formally
speaking, Qy is chosen to be large enough that o (Q3) < 1. In x-evolution we hope to
find the number of partons of roughly the same transverse size at low x if we know
this number at some x = xy. Therefore Fig. 2.22 would have to be modified for small-x
evolution. We will return to this subject later, after deriving the linear small-x evolution
equation.

Resummation of the leading logarithms of 1/x instead of those of Q7 is the essential
paradigm shift needed in studying the small-x asymptotics. The equation resumming lead-
ing logarithms of 1/x will be, unlike the DGLAP equation, an evolution equation in x not
an evolution equation in Q2. A main goal of this chapter is to develop the technique of
summing such longitudinal logarithmic contributions. We will show that the summation of
powers of «; In 1/x leads to gluon distributions increasing as a power of 1/x at small x,
namely as (1/x)!*¢°mt@ For hadron—hadron scattering cross sections, In 1/x is replaced by
In s (cut off by some dimensionful scale), so that the resummation of longitudinal logarithms

gives cross sections growing as a power of the center-of-mass energy: o,,; ~ s €0t

3.2 Two-gluon exchange: the Low-Nussinov pomeron

We start our analysis of high energy scattering with the lowest-order diagrams. As men-
tioned earlier, in this chapter we will be using the usual Feynman diagram technique. For
simplicity let us consider the high energy scattering of two quark—antiquark bound states
(quarkonia) on each other. We assume that the quarkonia either resulted from a splitting of
virtual photons of high virtuality Q (y* + y* scattering) or consist of quarks sufficiently
heavy to insure the applicability of perturbative QCD methods.

Before we start the calculation let us formulate a general rule for high energy scattering,
which will be confirmed by explicit calculations below, albeit for the particular case of
gluons. Consider a high energy scattering event in which a particle of spin j is exchanged
in the ¢-channel between some scatterers, as shown in Fig. 3.1. The rule is simple: if one
wants to count the powers of the center-of-mass energy squared s in the total scattering
cross section then the contribution of each ¢-channel exchange of particle with spin j to the
scattering cross section is (Regge 1959, 1960)'

s/ (3.5)

To avoid confusion between contributions to the scattering amplitude and to the cross
section we note that in our (standard) normalization the cross sectionis o ~ |M|?/s?, where

! This simple rule applies only to counting powers of s and cannot be used to count the powers of In s, which is a much
slower function of s than a power and is therefore neglected by the rule.
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3.2 Two-gluon exchange: the Low—Nussinov pomeron 77
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Fig. 3.1. A r-channel exchange of a particle with spin j between two particles scattering
at high energy. The exchange shown is assumed to be part of some amplitude squared
contributing to the scattering cross section. The contribution of each particle exchange to
the resulting scattering cross section is s/~
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Fig. 3.2. The scattering cross section as the amplitude squared of the 7-channel exchange
diagram from Fig. 3.1 divided by the appropriate kinematic factors, including s>. The
vertical solid line denotes the final-state cut.

M is the scattering amplitude (see e.g. Amsler et al. (2008)). An exchange of k particles
of spin j in the amplitude and k particles in the complex conjugate amplitude leads to a
cross section scaling as o ~ sV~ while the amplitude with k exchanged particles would
then scale as M ~ s'TU~Dk Hence one-particle exchange contributes s/ to the amplitude
(k = 1), while the exchange of two particles (k = 2) gives a factor s*/~! in the amplitude,
etc.

As an example, consider the contribution of the squared amplitude in Fig. 3.1 to the
total scattering cross section, as shown in Fig. 3.2. According to the above rule the cross
section receives contributions from the exchanges of two ¢-channel particles of spin j, each
contributing s/~'. The resulting scattering cross section scales as

o~ 207D, (3.6)

Thus, if the particles exchanged in the z-channel were gluons with spin j = 1, the cross
section would scale as

0
Ogluons ™~ S - (37)

On the basis of rule (3.6) we would expect the cross section due to a two-gluon exchange
to be constant with energy. This is an important observation, which we will soon verify by
explicit calculations.
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Fig. 3.3. Onium-onium high energy scattering amplitude at leading order. The arrows on
the quark lines denote the directions of both the particle number flow and the momentum
flow.

Alternatively, if the particles exchanged in the ¢-channel in Fig. 3.2 were quarks with
spin j = 1/2 then the cross section would scale as

1
Oquarks ™~ ; (3.8)

and would decrease with energy. We see that, according to the above rule, the gluon con-
tribution to the scattering cross section dominates the quark contribution. This conclusion
is certainly in line with our earlier observation in Sec. 2.4.6 that the gluon distribution
dominates in DIS at small x. We see that in high energy processes gluons play a more
important role than quarks.

Let us consider the case when scalar particles are exchanged in the 7-channel of Fig. 3.2
(we are now going beyond QCD and are considering a scalar theory). The cross section
would scale as

1
Oscalars ™ S_2 (3 9)

and is also, like the cross section for quark exchanges, small at high energy.
Finally, if spin-2 particles, such as gravitons, are exchanged in the ¢#-channel of Fig. 3.2
then one gets

Ogravitons ™ 52 (3 10)

and the cross section would grow rather fast with energy. Luckily, despite this energy
enhancement, gravity is rather weakly coupled at the energies of modern-day accelerators
and does not contribute significantly to the total cross sections.

Let us now return to QCD and to the high energy scattering of two quarkonia (to which
we will often simply refer to as “onia”). In view of the above rule, and as can be shown
by a simple calculation, at high energy the dominant lowest-order contribution to the QCD
scattering amplitude is due to a 7-channel gluon exchange, as shown in Fig. 3.3.

We are working in the center-of-mass frame, where the top onium (along with its quark
and antiquark) in Fig. 3.3 has a large plus light cone component of momentum, while
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3.2 Two-gluon exchange: the Low—Nussinov pomeron 79

the lower onium has a large minus momentum component. Specifically, for simplicity
neglecting the quark masses one may choose the incoming quarks in Fig. 3.3 to be light-
like:

Py =@ =P"=450,00) and py =(0,p, =P =500, (3.11)

using the (4, —, L) notation. Note that, in our high energy kinematics, P and P~ are the
two largest momentum scales in the problem; all other momenta are assumed to be much
smaller than P+ and P~. This is known as the eikonal approximation.

A simple calculation in the covariant (Feynman) gauge yields the amplitude for the
diagram in Fig. 3.3:

. Coan a1 _
My, =—ig (it )j’jz gy (P1 + DY e, (1) gy (P2 — DYulic,(p2).  (3.12)

In arriving at Eq. (3.12) we have used the fact that the outgoing quarks are on mass shell,

so that
0= (pi+D7=pfl- +1* (3.13)
giving
12 12
T =—— = —— & 0. (3.14)
Py P+
Similarly
? I?
If=—=—=~0 (3.15)
Py P
and, therefore,
P~ (3.16)

We see that in the high energy approximation the exchanged gluon has no longitudinal
momentum: we will refer to it as an instantaneous or Coulomb gluon.

To keep only leading powers of Pt and P~ we use the following trick: we consider
that the spinors of the quark line with the large plus momentum (the upper line in Fig. 3.3)
are chosen in the Lepage and Brodsky (1980) convention while the spinors in the quark
line with the large minus momentum (the lower line in Fig. 3.3) are also chosen in the
Lepage and Brodsky (1980) convention but with the P~ and P momenta interchanged
(see Egs. (1.50) and (1.51)). Using Table A.1 in Appendix A we see that y+ dominates in
the upper quark line of Fig. 3.3 since it carries a large P momentum while  ~ dominates
in the lower quark line, which carries a large P~ momentum. With the help of Table A.1
we then obtain®

- A
My, () = =287t ,-fsm;aazaég. (3.17)

2 One may also use standard notation for Dirac spinors (see e.g Peskin and Schroeder (1995)). In this case, neglecting
| compared to p; and p,, one should use the relation i, (p)y*u,(p) = 2p" 8o, which follows from the Gordon
identity, to simplify Eq. (3.12).
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80 Energy evolution and leading logarithm-1/x approximation in QCD

The square of the amplitude in Eq. (3.17) leads to the following high energy cross section:

0’0 _ ZOlSZCF dzlJ_
qq9—q99 N. (11)2'

(3.18)

We see that, in agreement with the rule in Eq. (3.6), the cross section due to two f-channel
gluon exchanges is independent of energy at high energy. This feature of QCD was first
noticed by Low (1975) and Nussinov (1976). The two f-channel gluon exchange cross
section is sometimes called the Low—Nussinov pomeron, since this result was the first
successful attempt to describe hadronic cross sections in the framework of perturbative
QCD: in pre-QCD language hadronic cross sections were described as being due to the
t-channel exchange of a hypothetical particle with the quantum numbers of the vacuum
called the pomeron, named after I. Y. Pomeranchuk (1958). The contribution of the pomeron
to the scattering amplitude is

M ~ %0, (3.19)

where s and ¢ are Mandelstam variables and «(7) is the “angular momentum” of the pomeron,
usually referred to as the pomeron trajectory. The contribution of a single pomeron exchange
to the total cross section is

Opr ~ s2O1, (3.20)

Here «(0) is the value of the pomeron trajectory at ¢ = 0, which is the point where it
intercepts the angular momentum axis in the (¢, o)-plane. Therefore «(0) is referred to as
the pomeron intercept and is sometimes denoted by «p. As one can see from Eq. (3.20),
the pomeron intercept always comes in the combination «(0) — 1: according to a com-
mon notation, we will often refer to «(0) — 1 = ap — 1 as itself the pomeron intercept.
Frequently one uses a linear expansion of the pomeron trajectory near t = 0:

a(t) ~ a(0) + o't (3.21)

The parameter o’ is called the slope of the pomeron trajectory. A tantalizing feature of
strong interactions is that the linear approximation (3.21) actually describes the pomeron
trajectory «(t) rather well at all values of ¢. This observation gave rise to the development
of string theory, which started out as a candidate theory for strong interactions (see e.g.
Green, Schwarz, and Witten (1987)).

From Eq. (3.18) it is clear that the Low—Nussinov pomeron has intercept «(0) — 1 = 0.
In high energy proton—proton (pp) (and proton—antiproton, pp) collisions, analysis of
the experimental data showed that the total cross section grows approximately as follows
(Donnachie and Landshoff 1992):

ol ~ 008, (3.22)

That is, using pre-QCD language, the pomeron intercept ap — 1 = 0.08. Since soft non-
perturbative QCD physics is probably responsible for much of the total pp cross section
observed at many modern-day accelerators, the pomeron with intercept ap — 1 = 0.08 is
usually called the “soft pomeron”.

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

3.2 Two-gluon exchange: the Low—Nussinov pomeron 81

Fig. 3.4. A diagram contributing to the onium—onium high energy scattering cross section
at leading order. The arrows next to the gluon lines indicate the direction of momentum
flow and the vertical straight line denotes the final state cut.

We see that the prediction of Low and Nussinov that «p — 1 = 0, while it does not give
the correct pomeron intercept, is not far from it, in the sense of giving a cross section that
at least does not decrease with energy. (Of course there is no a priori reason to expect a
perturbative calculation to describe the total pp scattering cross section, but it is good to
have at least qualitative agreement between the two.) As we will see below, higher-order
perturbative corrections to the cross section (3.18) generate a positive order-a; contribution
to the ap — 1 = O result. Note that the fact that experimental measurement of the total pp
scattering cross section (3.22) gives a result that does not fall off with energy but instead
rises slowly with s, when combined with the above rule for counting powers of s (see (3.6)),
demonstrates that there must exist a spin-1 particle responsible for strong interactions — the
gluon. This is exactly the argument for the existence of gluons mentioned in Sec. 1.1.

The [, -integral in Eq. (3.18) has an infrared (IR) divergence. This is natural since
we are calculating a cross section for the scattering of free color charges (quarks). To
make the cross section IR-finite we need to remember that the scattering quarks are part
of the onium wave functions. Suppose that the ¢g pairs have separations X;; and X, in
transverse coordinate space, though the impact parameter between the two onia has been
integrated out. By summing diagrams with all possible gluon connections to quarks and
antiquarks, one of which is shown in Fig. 3.4, one can then show that the total onium—onium
scattering cross section is

1
g opmronim — / d*xi1dxa1 / dzidzy |W(XiL, 207 [W(ar, 20)PG00momm(3.23)
0
with
&t(())ltaium-&-onium — ZO[ECF dill
N, c (l L)2

(2 — el _ gilifiny (o il gl (304

at the lowest order in «,. Here W (X, , z) is the onium light cone wave function with quark
light cone momentum fraction z. The exact form of the wave function is not important
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Fig. 3.5. A general representation of the onium—onium scattering cross section at high
energy. The rectangle denotes all leading-In s corrections to the two-gluon exchange cross
section from Fig. 3.5.

for the moment. The summation and averaging over all appropriate quantum numbers is
implicit in the | ¥ |? factors in Eq. (3.23).

The [, -integral in Eq. (3.24) is now finite; if we average over the directions of X;; and
X», then it can be easily carried out, giving

. . 4o’ C X
<Of~.tc;r;zum+omum> — s in 11'1 = + 1 , (325)
N, X<

where x- ) = max (min){|X; [, |X21 |} and (- - ) denotes angular averaging.

We will now look for corrections to this lowest-order result.

3.3 The Balitsky-Fadin—Kuraev-Lipatov evolution equation

As discussed in Sec. 3.1, in high energy scattering (or at small Bjorken x) one would like to
sum the longitudinal logarithms, i.e., the powers of o In s (or o5 In 1 /x). We will denote the
sum of all such corrections to the Born-level onium—onium scattering cross section found
above in Sec. 3.2 by the shaded rectangle in Fig. 3.5.

Generalizing the cross section in Eq. (3.24) we write

2 2 2 R -
~ onium~+onium __ 20[& CF d lJ-d lﬁ_ 9 —il Xy ilx
62" = 57 e e

N, 217
x (2 il _ e"fi'fu) G (11, i, Y) , (3.26)

where / and [’ are the momenta of the gluon lines on each side of the shaded rectangle,
as illustrated in Fig. 3.5. We also define the rapidity variable Y = In(s|X; 1 ||X2,1]); it is
important that ¥ ~ In s, though the exact cutoff under the logarithm of the energy is not
important in the leading-logarithmic approximation that we would like to apply here. The
shaded rectangle in Fig. 3.5 brings in a factor G(ll, TL, Y). The lowest-order expression
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3.3 The BFKL evolution equation 83

(3.24) is recovered by substituting
G(ll,l],Y=o) = Gy (11,11’) =5 (11—11’) (3.27)

in Eq. (3.26).
Below we will construct an equation for G (7 N |, Y) by analyzing the one-gluon
order-a, corrections to Eq. (3.24) and to Fig. 3.4.

3.3.1 Effective emission vertex

Let us start with the real one-gluon corrections to Fig. 3.4, i.e., corrections where the extra
gluon is present in the final state (the gluon is cut). The difference between the quark—quark
scattering cross section (3.18) and the onium—onium cross section (3.24) is only in the
so-cqud impact factors, which at the lowest order, considered here, are simply factors like
2 — e i _ piliTiL; gee the large parentheses in Eq. (3.26). Thus we will first consider
corrections to the quark—quark high energy scattering amplitude.

All possible real-gluon emission corrections to the quark—quark scattering amplitude of
Fig. 3.3 are shown in Fig. 3.6. In order to extract the leading-In s contribution we assume that
kT <« P, k= « P, where k* is the momentum of the produced (i.e., final-state) gluon.
If one performs the calculation in the covariant (Feynman) gauge then all the diagrams
in Fig. 3.6 will contribute (Fadin, Kuraev, and Lipatov 1975). Here we will perform the
calculation in the 7 - A = A* = 0 light cone gauge. The advantage of this gauge is that in
it diagrams D and E in Fig. 3.6 do not contribute (at high energy). To see this we again
use the same trick and choose the Lepage and Brodsky (1980) convention for spinors for
the upper quark line and the same convention with P~ and P interchanged for the lower
line. Again with the help of Table A.1, one can see that the dominant contribution of each
diagram at high energy comes from the ¥ *’s in the quark—gluon vertices in the upper quark
line and from the y ~’s in the the quark—gluon vertices in the lower quark line. (For instance,
the numerator of the quark propagator corresponding to the lower line in diagram D gives
(p2—q) -y = (1/2)p, y*, so that, since (yT)? = 0, the adjacent vertices can only give
either y~ or y*; the y* contribution is suppressed by powers of P, though, leaving only
the ¥~ vertices.) The polarization vector of the outgoing gluon in the A* = 0 light cone
gauge can be parametrized as

28 ko .
e (k) = (O, et ei) (3.28)
with transverse vector €} = —(1/ V2) (A, i). We see that the y ~ from the emission vertex of

the gluon carrying momentum k in graphs D and E is multiplied by €;* = 0 and therefore
gives zero. We are left with diagrams A, B, and C to calculate.
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84 Energy evolution and leading logarithm-1/x approximation in QCD

Let us start by calculating diagrams B and C. Using the Feynman rules we write for
diagram B (note that n* = (0,2,0,))

o aysc c = * /p/ +q/
M, o = &) (1) it (pr — K + qm(k)my“um (p1)
_ v —i Nugv + Mg
X iy (pa — @)Y toy(p2)— (g;w — M) : (3.29)
q n-q

(The colors and polarizations of the incoming and outgoing quarks are labeled in the same
way as in Fig. 3.3.) As in the lowest-order case we note that the outgoing quarks are on
mass shell, so that (p; — k + ¢)> = 0 and (p; — ¢)> = 0. These conditions give

q:k—i—O(L) q+=0(i> (3.30)
7 ) r=i R .
We see that g> ~ —g > and, therefore, the gluon with momentum ¢ is an instantaneous
(Coulomb) gluon.

Using the Dirac equation we see that the g, -term in the large parentheses in Eq. (3.29),
which postmultiplies the matrix element it,;(p2 — q)y "us,(p2), is zero. The n,-term in the
gluon propagator of Eq. (3.29) gives nyilo;(p2 — @)Y lo,(P2) = foy(P2 — @)y "o, (P2),
which, if one uses the Lepage and Brodsky (1980) convention for spinors with the 4+ and —
momenta interchanged, is suppressed by 1/P =2 in comparison with the leading-order term
arising from oy (p2 — Q)Y Uy (P2). This leaves us with only the g,,-term within the large
parentheses. Therefore v = — and u = + gives the dominant contribution in the matrix
elements in Eq. (3.29). Making the approximations (p; +¢g) -y ~ (1/2)PTy~ and (p; +
q)* ~ P*q~ in the quark propagator, and using Table A.1 along with Eq. (3.30), yields

.2 B . 3..a.c ¢ N gji* . ]zL
quq%qu =4lg (l t ),’ri(t )j’jao—lo—l/60—202’_2—2- (331)
q1 ki

A similar calculation for diagram C in Fig. 3.6 would readily show that its contribution

qu_) 490 18 different from qu_) 496 11 Eq. (3.31) by an overall minus sign and by a change

in the order of the color matrices: 1“t¢ — #°¢“. The sum of the two graphs is

“hx T
B c - 3 rabegb c s € ko
quaqu + qu*)qu = _4lg f (t )i’i(t )j’j8(7|(71’80‘20‘2/ET- (332)

It is important to note that, for an Abelian theory such as QED, the sum of diagrams B
and C would be zero, owing to the absence of color matrices. This makes physical sense:
as we will see below in more detail, the high energy approximation used above implies that
each quark moves without recoil along its light cone throughout the scattering process. For
an electron this would mean that high energy scattering does not affect it at all: it does not
acquire any acceleration. Therefore, without acceleration or deceleration the electron will
not radiate; this statement is equivalent to the cancellation of graphs B and C in QED. In
non-Abelian theories such as QCD, radiation is caused not only by acceleration but also
by color rotation. Thus the recoilless motion of the quarks does not mean the absence of
radiation: what happens in diagrams B and C in Fig. 3.6 is that the color of the upper
quark line is rotated by the 7-channel gluon exchange interaction with the lower quark line.
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Fig. 3.6. The effective real-gluon emission vertex (the Lipatov vertex), defined as the sum
of all gluon emission diagrams. The triple gluon vertex is denoted by the smaller solid
circle while the Lipatov vertex is shown by the larger solid circle.

Because of this color flip, diagrams B and C no longer cancel, which means that, unlike in
QED, the radiations from the upper quark before (C) and after (B) the interaction do not
cancel. Thus, we see that in QCD the gluon radiation can be entirely due to color rotation:
this is an essentially non-Abelian feature of the theory.

We now need to calculate the amplitude represented by diagram A in Fig. 3.6. Applying
the Feynman rules we write

M, 6 =& F i) s €6, (k) o) (pr — k + @)y s, (p1)
X oy (P2 — @)yt (p2) [k — 29)° 8" + (q — 2k)" 8" + (g + k)" ]

w L <g _may + m%) 1 <g Mtk = @) A etk — q)u>
A n-q (k —q)> "M n-(k—q)

(3.33)

(The Lorentz indices, while not explicitly shown in Fig. 3.6A, should be self-evident.)
The evaluation proceeds along lines similar to the calculation of graphs B and C. We
first note that in the g-line propagator the g, -term is zero by the Dirac equation (current
conservation), while the 7,/ -term is strongly suppressed at high energy (see Table A.1):
this leaves only the g,,/-term to contribute. As a side observation, we note that the A™ =0
light cone gauge is equivalent to the covariant (Feynman) gauge for the lower part of the
diagrams in Fig. 3.6. This is a useful tool, which we will employ again later.

Again, using Table A.1 and the Lepage and Brodsky (1980) convention for spinors
(with + and — momenta interchanged), we see that ~ gives the leading contribution in
the matrix element oy (p2 — q)y”/ugz(pg). Since in the AT = 0 light cone gauge we have
€;” = 0 and since the propagator of the k — ¢ line is also zero when either of its (upper)
indices is +, we conclude that only the g/# term in the triple-gluon vertex contributes at
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86 Energy evolution and leading logarithm-1/x approximation in QCD

high energy. Similarly, ¥+ gives the leading contribution in i (p1 — k + q)y”'u(,1 (p1)-
Finally, since we have taken care to have the external lines carry the same momenta (and
other quantum numbers) in all the graphs in Fig. 3.6, we see that Eq. (3.30) applies for
diagram A as well. Applying all the above simplifications, we rewrite Eq. (3.33) as

My, gq6 = 4ig3fabc(tb)i’i(tc)j'jfsmal’(sdzﬂz’2-';_.23}_* (ki —Go). (3.34)
qikir —q1)

Adding all the diagrams in Fig. 3.6 yields

S gl* . fwabc’ (335)

quequ = 2ig2(tb)i’i(tc)j’j5<7 0’80 0 5 .7 5 S¢1
B T Th e

where we have defined an effective vertex

(3.36)

mabe abe | 7 > (]_é _g )2_’
[ =2gf [kL_QL_; :

k
2o

The vertex l:j’_bc was first derived in Fadin, Kuraev, and Lipatov (1975, 1977). In the
literature it is usually referred to as the Lipatov vertex. It is pictured on the left-hand side
of Fig. 3.6, where it is denoted by the large solid circle. The origin of this notation can be
seen in Eq. (3.35), which one can regard as containing the propagators of the two 7-channel
gluon lines (g% and (lg L — ¢.1)%), the color factors and Kronecker deltas coming from the
quark lines, an overall factor of s characteristic of the leading high energy amplitudes, and
the vertex f‘j‘_”c. We see that all five diagrams A-E in Fig. 3.6 can be thought of as one
diagram with an effective Lipatov vertex f‘i”c instead of the triple-gluon vertex.

We have to add here that there are gauges in which diagrams B through E in Fig. 3.6 do
not contribute in the high energy limit, so that the amplitude is simply given by diagram A.
An example would be the A° = 0 gauge.

Squaring the amplitude in Eq. (3.35), we write the corresponding cross section as

p+
203Cr / d’k,d’q, / dk*

L 9L @ (3.37)
w? ktqi (ke — ql)2/§ k*

04qq—qqG =

2

2P

As in the derivation of the DGLAP evolution equations in Chapter 2, we obtain a logarithmic
longitudinal integral — the integral over k™ in the above expression. Since Eq. (3.37) was
derived in the high energy approximation with P > k™, in order to obtain the leading
logarithmic (Ins) contribution we put P as the upper limit of the k™ integral (the same
applies to the lower limit of this integral): defining the rapidity of the gluon by>

=In—-, .
y k_

3 The standard rapidity definition is y = (1/2) In(k* / k™) in the center-of-mass frame. Our definition here is different by
an overall shift, making the rapidity equal to zero in the direction of one of the onia and equal to ¥ = In(s/k? ) in the
direction of the other.
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3.3 The BFKL evolution equation 87

we rewrite the gluon production cross section as

Y
o _ 2Cr / Chidq / d (3.39)
s 7 Kqiki —g.)? J . '

Here Y = Ins/k? is the total rapidity interval between the colliding quarks; since our goal
is to track the leading-In s contribution to the cross section, this Y is for us not different
from the Y = In(s|X; 1 ||X>1|) defined earlier in the chapter. The difference between the
two does not contain In s and can be disregarded at degree of our precision. For simplicity,
every time we discuss leading-In s asymptotics we will assume that Y = In(s/ mi), withm |
some transverse momentum scale the exact value of which is irrelevant in the leading-In s
approximation.

Just as for the quark—quark scattering in Eq. (3.18), the cross section in Eq. (3.37) has
IR divergences at ¢, =0 and ¢, = k | since we are considering free quark scattering.
Generalizing this result to onium—onium scattering by summing over all interactions of
quarks and antiquarks, we include the impact factors that regulate these divergences,*
obtaining, after relabeling the momenta to match those in Eq. (3.26),

2 2 27/ - >
A~ onium~+-onium __ 20Cp (d7l d7l 9 _ pildiL il
1,real - N 121
< 171

% (2 _ e—ifi-)?zL _ eill"?u) Greal (l lj_s )’ (340)

where
oy N, 1

7T2 (ZJ_ — 71)2

Gyl 1L y) = (341)
A contribution to Eq. (3.40) is shown in Fig. 3.7; the circles denote Lipatov vertices.
(Indeed, one has to sum the diagram in Fig. 3.7 over all connections of ¢-channel gluons to
all quark lines to obtain Eq. (3.40).)
We have made the first step in understanding the structure of the shaded rectangle in
Fig. 3.5 by calculating the lowest-order real-emission correction to Fig. 3.4. Our results so
far can be written as (see Egs. (3.26) and (3.27))

G (11, I, Y) = G, (11, 11’) + Gl (zl, I, Y) +

— G, (IL,IL % Ne / f(h_ql)z (gL,TL’)+--~ (3.42)

While at the moment Eq. (3.42) may seem like a trivial rewriting of Eq. (3.41), it will be
useful later.

4 The divergence at k; = 0 still remains in the real-gluon contribution to the total cross section; it will be discussed
further in Chapter 8 when we consider gluon production.
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88 Energy evolution and leading logarithm-1/x approximation in QCD

—

L2

Fig. 3.7. The sum of the real one-gluon corrections to the two-gluon exchange cross section
of Fig. 3.4 represented with the help of the effective Lipatov vertices from Fig. 3.6, denoted
by the solid circles.

Ty

Fig. 3.8. An example of a leading-In s order-«; virtual correction to the Born amplitude.

3.3.2 Virtual corrections and reggeized gluons

To complete our calculation of the order-o; corrections to the Born-level onium—onium
scattering cross section in Eq. (3.24) we need to include the virtual corrections, i.e., diagrams
where the extra gluon is not present in the final state. In the amplitude squared we are
interested in interference terms between the leading-order single-gluon exchange amplitude
of Fig. 3.3 and order-o? diagrams including one-gluon virtual corrections to it: an example
of such a diagram is shown in Fig. 3.8.

Diagrams representing the main types of virtual correction to quark—quark scattering
are shown in Fig. 3.9. (All other virtual corrections may be obtained by mirror reflections
of the graphs in Fig. 3.9.) As before we assume that all momenta are much smaller than
Ptand P~.
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Fig. 3.9. The main classes of the leading-order virtual corrections to the quark—quark
scattering amplitude from Fig. 3.3. The small solid circles denote three- and four-gluon
vertices.

Our goal is to find the order-o? amplitude in Fig. 3.9. Instead of a lengthy direct calcula-
tion we use the following double-subtracted dispersion relation for scattering amplitudes:’

M(s,t) = M(s =0,t)+so,M(s =0,1)

o0

o0
52 /ds,ImSM(s/,t)Jr / dd Im, M, t)

+— 12¢at 2
T s"°(s" —s) (4m> —1 —u')” (' — u)
4m? 4m?—t

(3.43)

where d; denotes a partial derivative with respect to s. The first term in the brackets in
Eq. (3.43) contains a discontinuity in the s-channel, while the second term has a dis-
continuity in the u-channel. (To underscore this, we have relabeled the argument of the
amplitude M in the second term to show explicitly its dependence on u and have replaced
s’ by 4m? —t — u’ in the denominator of the second term.) Above, having in mind the
qq — qq scattering amplitude, we have assumed here that quarks have a small mass m,
such that 4m? is the particle production threshold in both the s- and the u-channel.

We see from Eq. (3.43) that in order to find the order—af amplitude in Fig. 3.9 we need the
diagrams that have an imaginary part. Therefore we do not need diagrams H-K in Fig. 3.9
since those lead to amplitudes that are purely real (they cannot be cut). The amplitudes given
by diagrams F and G have s- and u-channel discontinuities correspondingly. Denoting them

3 The dispersion relations used here are derived in Appendix B. Their derivation can also be found in Forshaw and Ross
(1997), in Collins, P. D. B. (1977), and, in a slightly different form, in Weinberg (1996).
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90 Energy evolution and leading logarithm-1/x approximation in QCD

F G . . . .
My, .., and Mg, we note that, owing to the optical theorem, in the forward scattering

case we would have (see e.g. Peskin and Schroeder (1995))

ImM : (forward) = so? (3.44)

q—qq 99—4q°
here we have averaged over the incoming quarks’ quantum numbers in the forward ampli-
tude. The cross section o*(?q_) q4q Was calculated above and is given by Eq. (3.18). The
scattering in Fig. 3.9 is not forward but we can easily correct Eq. (3.44) for that and write

d 2q 1 N *
F _ 0 = 0 -

ImMgggq = (47)2s Z My qq(dL) [qu—nzq(qi - li)] ’ (3.45)
where the sum runs over the colors and polarizations of the internal quark lines in graph F
and [, is the net momentum transfer between the quarks, as shown in Fig. 3.9. Working in
the covariant (9,,A* = 0) Feynman gauge we substitute the one-gluon exchange amplitude

ngﬁqq(ch) from Eq. (3.17) into Eq. (3.45), obtaining

dzcu

L (3.46)
gt (GL—1)?

F 2/.b b
Iquq%qq =40ls(t la),‘/,'(l ta)j’jag‘lo'{SO‘zo‘Z’/

(Here the colors and helicities of the external quark lines are labeled in the same way as in
Eq. (3.17) and as shown in Fig. 3.3.)

The imaginary part of the amplitude Mg_) g is obtained from Im M qu_) 4 by inter-
changing s and u and the color indices a and b along one quark line:

dz‘h

g (G —1)?

G 2/.b b
I MG, gy = 40 i071") 80, |

Substituting Eqgs. (3.46) and (3.47) into Eq. (3.43), we find the total order-af amplitude

for gg — qq scattering:

1 _ 2
Myggq(sit = =D

4a3s2 d*q,
= Mt;q%qq(s =00+ SBSM; (s =0,1)+ Ttgma,’c?azzn’ / — = "1

R a3 G —11)?
b [ 1 b [ u'
x| (¢ l‘a)j/j / ds/m + (%t )j’j / du’ > 3 . (3.48)
(4m —t—u/) (' —u)
4m? 4m2—t

Note that the s’-integral in Eq. (3.48) is divergent for s > 4m? owing to a singularity at
s’ = s and should be understood as the € — 0 limit of the regulated expression obtained
by replacing s by s + i€ in it and integrating. The u'-integral is regulated in a similar way.

We require the high energy asymptotics of the amplitude M ; 4—qq(8> 1). Moreover, we
need the leading-1n s contribution; noting that at high energy u ~ —s and neglecting s’ < s
and 4m? — t < u’ < |u|, while cutting off the s’-integral by s and the u’-integral by |u| ~ s
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3.3 The BFKL evolution equation 91
in the UV to obtain the leading logarithms of s, yields

4as d’q,
1‘41 (S,[ = —li) = ——80]0—]’80—262’ / 2_>—a2{
T qi(qL—11)

q99—>449
% (P10 | 1%y [ —= ) = ¢%4?) 0 1n (| — . (3.49)
7 4m? M 4m? — ¢t

The factor In(—s) arises from the exact integration over s’ in (3.48); it reflects the fact

that this amplitude has a branch cut at s > 0. (Note that integration over u’ does not
lead to such singularities.) In arriving at Eq. (3.49) we have dropped M (; g—qq8 =0, +
sosM ; 4—qq(s = 0, 1), since these terms grow with energy as at most s, which is subleading
compared with the s Ins scaling of the leading part of the term that we have kept on the
right-hand side of Eq. (3.49).

We see from Eq. (3.49) that, as in real-gluon emission, the only reason why the diagrams
F and G do not cancel is the presence of color factors: in QED the leading logarithms of
energy would vanish for graphs F and G taken together. Keeping Ins ~ Y terms only we

obtain

20[32Ncs d’q,

(ta)i’i(ta)j’jfsdm]’(sazaz//—Y. (350)

Ml
gl (gL —1.)?

99499 —

Note that the color factors have become the same as for the single-gluon exchange amplitude

(3.17): we see that the two exchanged gluons in diagrams F and G are in the color octet

state. We also see that when the two 7-channel gluons are in the color singlet state, as in

Fig. 3.4 and Eq. (3.24), no logarithms of the energy are generated, whereas when the two

gluons are in the color octet state one gets a In s contribution, as we have just seen.
Comparing Eq. (3.50) and Eq. (3.17) we can rewrite the former as

M), 0D =M, () wcl)Y. (351)
where we have defined the gluon Regge trajectory
o N, 2 lf_
4 " q1(G. — [
One can show further that virtual corrections to the amplitude in Eq. (3.17) that are of
higher order in «y, bringing in leading logarithms of s, lead to a simple exponentiation of

the result (3.51), so that one can replace the gluon propagator (3.17) by (Fadin, Kuraev, and
Lipatov 1975, 1976, 1977; see Sec. 3.3.5 below)

wg(lL) = — (3.52)

igu "é’ﬂewoamy ~ igiswc(h)' (3.53)
noon i
As discussed in Section 3.2, the propagator (3.53) can be viewed as describing the exchange
of a particle with spin j = 1 + wg(/1 ). We will refer to this “quasi-particle” as a reggeized
gluon. It is given by the sum of all leading-In s virtual corrections to a single-gluon exchange
and is illustrated in Fig. 3.10. We will denote reggeized gluons by a thick corkscrew line,
as shown in Fig. 3.10.
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92 Energy evolution and leading logarithm-1/x approximation in QCD

g

4

Fig. 3.10. Reggeized gluon (bold corkscrew line) represented as the sum of all leading-In s
corrections to the single-gluon exchange amplitude for g¢ — gq scattering.
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To find the order-c; virtual correction to the two-gluon exchange cross section, we
have to consider the interference between the lowest-order amplitude in Fig. 3.3 and the
amplitude in Fig. 3.9:

1 0 0 1 2
Myysqq (qu%qq) + Myysqq (qu%qq) | qq%qq' 2w61)Y. (3.54)

The correction contributing to the shaded rectangle in Fig. 3.5 is then
G”’”‘“’(Z I, ) G()(ll, ) 206(1L)Y. (3.55)

Equation (3.55) resums diagrams like that shown in Fig. 3.8. Using (3.55) we can now
include all order-a; corrections in Eq. (3.42), turning it into

G (I.10.Y) = Go(IL 1)) + (lj_ - QJ_)Z
x [GO(@, zl’) - %Go@, 11’)] + 0@@). (3.56)

We will now discuss how to generalize this result to all orders in o.

3.3.3 The BFKL equation

The shaded rectangle in Fig. 3.5 can be written as a sum of gluon corrections order by order
in oy:

G(ll,ll’,Y) - iGm(ll,ll/,Y), (3.57)
m=0

where each G, is of order &', where «; is the coupling constant. One can readily see
that Eq. (3.56) represents the first (order-«;) iteration for the solution of the following
equation:

8G(ZL,IL,Y) leNc d2QL - 112_ S
Syt G(ql,ll, Y) - —ZG<ZL,ZL, Y) (3.58)
oY T (L —q.1)? 2q7
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Fig. 3.11. Diagrammatic representation of the BFKL evolution equation (3.58). The second
diagram on the right-hand side represents virtual corrections; c.c. denotes the complex
conjugate contribution.

with initial condition

In fact, as was shown by Fadin, Kuraev, and Lipatov (1977) and by Balitsky and Lipatov
(1978), Eq. (3.58) correctly resums all leading-In s corrections to the Born-level onium—
onium scattering amplitude of Fig. 3.4. This is the Balitsky—Fadin—Kuraev-Lipatov (BFKL)
evolution equation (Fadin, Kuraev, and Lipatov 1977, Balitsky and Lipatov 1978). The
object G(ll, 11, Y) is called the Green function of the BFKL equation: it describes the
propagation of two ¢-channel gluons over the rapidity interval Y.

The BFKL equation for the Green function G(Z 1, ! [, Y) is represented graphically in
Fig. 3.11. It shows that in one step of BFKL evolution the Green function gets corrected
either by real-gluon emissions (summarized in the first diagram on the right-hand side by
the square of a Lipatov vertex) or by virtual corrections on either of the two 7-channel
gluon lines (represented by the second diagram on the right-hand side of Fig. 3.11 together
with its complex conjugate). Iterations of the corrections shown in Fig. 3.11 lead to the
representation of BFKL evolution by “ladder” diagrams such as those shown in Fig. 3.12.

By performing the calculation at order o of the onium—onium scattering amplitude we
have obtained two main ingredients that describe high energy scattering in the leading-
Ins approximation: the reggeized gluon and and the new effective (Lipatov) vertex of
Eq. (3.36). Fadin, Kuraev, and Lipatov (1975, 1976, 1977) proved that the general diagram
contributing to the high energy amplitude at the leading-In s level can be written as a sum
over the produced gluons of the simple ladder-type diagram shown in Fig. 3.12. In this
diagram, each vertex is of the type (3.36), each ¢-channel gluon is a reggeized gluon with
propagator (3.53), while all the produced (s-channel) gluons are the regular gluons of the
QCD Lagrangian. We are not going to reproduce here the original proof of the BFKL
equation. Instead we will rederive this equation in the next chapter in a more rigorous way
using LCPT: for a complete derivation using the conventional techniques outlined here we
refer the reader to Lipatov (1997, 1999), Del Duca (1995), or Forshaw and Ross (1997).
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94 Energy evolution and leading logarithm-1/x approximation in QCD

Fig. 3.12. Representation of BFKL evolution as a ladder diagram with effective Lipatov
vertices (large solid circles) and reggeized gluons (bold corkscrew lines).

Comparing Fig. 3.12 with Fig. 2.25 we see that both the DGLAP and the BFKL equations
effectively resum ladder diagrams, though the “rungs” of the two ladders and the vertices
should be understood differently. (Of course, Fig. 2.25 was used to illustrate DLA DGLAP,
which is contained in BFKL evolution, as we will shortly see: however, a general DGLAP
evolution can also be represented by a ladder diagram resulting from iteration of the
DGLAP splitting functions. Unlike the BFKL ladder, the DGLAP ladder would include
quarks.) Another major difference between the DGLAP and BFKL ladders is the kinematics
of the produced partons. As we saw in Eq. (2.72), the partons in DGLAP evolution are
strongly ordered in their transverse momenta, while there is no ordering in their longitudinal
momenta. In the BFKL case the kinematics is opposite: it is the longitudinal momenta that
are strongly ordered, while there are no constraints on the transverse momenta. One can
see this from our derivation of one iteration of the BFKL equation, presented above: we
assumed that the plus components of the momenta of all gluons in Figs. 3.6 and 3.9 are
much smaller than P, while the minus components are much smaller than P~. At the
same time we did not impose any constraints on the transverse momenta of the gluons in
Figs. 3.6 and 3.9. If the momenta of the gluons in the ladder are labeled k', k5, ..., ky (as
shown in Fig. 3.13), the BFKL kinematics corresponds to

PP > ki >ki> >k, (3.60a)
ky <ky <<k, <P, (3.60b)
kig ~kyy ~ -~k (3.60c)

The kinematics in Egs. (3.60) is known as the multi-Regge kinematics and is also sometimes
referred to as the multi-peripheral model. It is illustrated by Fig. 3.13. Since the first two
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Fig. 3.13. A scattering amplitude the square of which gives the BFKL ladder diagram of
Fig. 3.12. The produced gluons have multi-Regge kinematics.

of Egs. (3.60) imply in terms of rapidities that
Y>yu>»»n>->ywu>0, (3.61)

where y;, the rapidity of the ith produced gluon, is defined in Eq. (3.38), we see that the
multi-Regge kinematics corresponds to the situation where the produced gluons uniformly
cover the whole available rapidity interval. Note that owing to this property, the BFKL
approach gives us the possibility to calculate the exclusive production cross section for any
given number of gluons in the multi-Regge kinematics.

To better understand the dynamics resulting from the BFKL evolution, let us now find
the solution of the BFKL equation.

3.3.4 Solution of the BFKL equation

To find the general solution of Eq. (3.58) we need to find eigenfunctions of its integral
kernel Kprkr, defined by

. 1 d? . 7.

f g1 Kprxr ) f(G) = — f S [f(qu - %f(lu} (3.62)
TJ (lL—q1) 297

for an arbitrary function f(g,). The BFKL kernel (3.62) is conformally invariant. There-

fore, one would expect that its set of eigenfunctions consists of powers of the transverse

momentum times the complex exponentials of an integer number multiplying the azimuthal

angle:

117 Ve (3.63)

with y an arbitrary complex number (analogous to the DGLAP anomalous dimension).
Here ¢, is the angle between the vector /; and some chosen axis in the transverse plane,
and n is an integer. To see that the functions in Eq. (3.63) are indeed BFKL eigenfunctions
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96 Energy evolution and leading logarithm-1/x approximation in QCD

we need to find the action of the BFKL kernel on these functions, that is, we need to evaluate

/ d*q Kprri(l, q) qu—l)ein%

_! / _oa dzqf [qu‘”e""% - ilzli(y_l)ei”"”}. (3.64)
7 (L —qu)? 297
Note that the BFKL equation (3.58) has IR singularities both in the real (first) and virtual
(second) terms on its right-hand side. Indeed, the first term is singular at g, = I 1, While
the second is singular both at g, = ll and at g; = 0. As can also be seen from Eq. (3.58)
the singularities cancel each other, making the result of the integration IR-finite.

To evaluate (3.64) we first note that®

1 1 1

Wi ——— - - + — - - - , (3.65)
g1 —q1) qt [Cﬁ + L - CIJ_)Z] (I —qu)? [Cli +(L - CIJ_)2]
so that we obtain, using the substitution g, — I | — ¢ in the first term,
d? d?
/f—qu=2/ . o . (3.66)
gL —q1) (I —qu)? [Cﬁ + L - ZJl)z]

After a little more algebra Eq. (3.64) can be written as

/ d*q Kprri(, q) C]i(y_l)emd)"

2(y=1 Jin 2y in
— l d2 qJ_(y )E % _ lJ_ye 4 1 _ 1 (3 67)
= q.1 = > 5 5 = > 2 2 = > 2 . .
7 (1L —q1) q1 (1—q1) qi+UL—q1)

Taking 177~ Ve outside the integral we obtain

/ d*q Kprrrl, )qy " Ve = y(n, )77 Ve, (3.68)
where
00 | 27 d¢
n, — dt - q tyflein(qbq*qbl)
1@ v) f 2n/1+t—2ﬁcos(¢q—¢l)
0 0
1 1 1
- ( - ) (3.69)
t \ |t —1] 412 + 1

with ¢ = g% /13. In arriving at Eq. (3.69) we have used Egs. (A.13) and (A.15) from
appendix section A.2 to do the angular integration of the second term in Eq. (3.67).

We see from Eq. (3.68) that 7~ "¢i"® is indeed an eigenfunction of the BFKL kernel
Kprkr, with x(n, y) the corresponding eigenvalue.

© Our evaluation of the BFKL eigenvalue follows the strategy outlined in the review article by Del Duca (1995).
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3.3 The BFKL evolution equation 97

To perform the remaining angular integral in Eq. (3.69) we define a new complex variable
7 = €'Y ~?) and write the integral as

ty—lzlnl

Zn«/’f Z_\/')< _L)’

NG
where the z-integral runs clockwise along a unit circle around the origin in the complex
z-plane. To arrive at Eq. (3.70) we also noticed that the angular integral in Eq. (3.69) is an
even function of n (and hence is a function of |n]), so that, to simplify the z-integration in
Eq. (3.70), we can replace n by |n|. Performing the z-integral in Eq. (3.70) by the method
of residues, we obtain for Eq. (3.69)

(3.70)

x (y—1+nl/2 -2 g 1 1
yy)= [ dt|0(l —t)——— + 0@ —1 - - - :
x(n,y) / [( ) 1—¢ ( ) r—1 t<|t—1| 4t2+1>]
0
(3.71)
Employing the variable substitution r — 1/¢ for r > 1, we can rewrite Eq. (3.71) as
S Y TR S R 1 rar Td
py =1t e ! !
)= [ dt—— dt ———— - W
X, y) / 1—¢ +/ 1—1¢ / /f+/t 412 + 1
0 0 0 0 0

(3.72)

Regulating the last two integrals in Eq. (3.72) by multiplying their integrands by ¢, per-
forming the integrations, and taking the limit ¢ — 0 one can see that they cancel each other.
For the first three integrals in (3.72) we use the integral representation of the logarithmic
derivative of the gamma function (see e.g. Gradshteyn and Ryzhik (1994), formula 8.361.7),

1

[ |
v = Swr@ = [ a2y, Rezs0, (3.73)
0
to write (Balitsky and Lipatov 1978)
x(n,y)=2w(1)—w<y+%)—I/f(l—y+%>. (3.74)

Note that the sum of integrals in Eq. (3.72) gives a finite answer only for 0 < Rey < 1.
Therefore, strictly speaking, the functions li(”_')ei”¢1 are the eigenfunctions of the BFKL
kernel with eigenvalues x(n, y), (3.74), only for0 < Rey < 1.

Expanding the general solution of the BFKL equation (3.58) over the eigenfunc-
tions of the BFKL kernel and using the fact that the BFKL Green function is symmet-
ric, G (il, ll, ) =G (ly [, ), which follows from its definition (see Fig. 3.5 and
Eq. (3.26)), we write

a+1<>o
G(ll, 11, Z / - Coy(Y) B e (3.75)
a 100
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98 Energy evolution and leading logarithm-1/x approximation in QCD

where the C,, ,, (Y) are some unknown functions, y* is the complex conjugate of y, and ¢
and ¢’ are the angles between I 1 and 11/ and some arbitrary axis in the transverse plane.
The integral over y runs along a contour which is a straight line parallel to the imaginary
axis in the y-plane, defined by Re y = a such that 0 < a < 1.

Substituting Eq. (3.75) into Eq. (3.58) and using the eigenvalues from Eq. (3.74) we find

0 ag N,
Coy(¥) =G, expy——x(m, )Y, (3.76)
’ b4
where the coefficient C,?qy is fixed by the initial condition (3.59):

C? _! (3.77)
= .

The initial condition (3.59) also fixes a as 1/2. Using this along with Egs. (3.76) and (3.77),
in Eq. (3.75) we obtain the solution of the BFKL equation (3.58):

1/2+ic0
oo
- o d o N, _ 1y /
G(I.1.v)= Y f o exp{ ‘;T”xm,y)Y}li(y P Renenn,
=T 200

(3.78)
Since the integration contour in Eq. (3.78) runs along the Re y = 1/2 line, if we define

1
y=5+iv (3.79)

with real v we can rewrite Eq. (3.78) as

00 o0

Lo d N, i

c;(quL,Y) =) Eﬁg exp{}xn, Xouloy}ll1+”“lgf 20 4in@=9) (3 80)
n=—00 "y,

where

x(m,v)=2¢y1)— ¢ (1 +2|n| —l—iv) - <1 ~|—2|n| —iv) . (3.81)

Note that Egs. (3.81) and (3.74) are related by the substitution (3.79).
Unfortunately an exact analytic evaluation of Eq. (3.80) does not appear to be feasible.
We will therefore construct approximate solutions below.

Diffusion approximation ~ Consider the case [; ~ [, i.e., the two transverse momentum
scales involved in the problem are not very different from each other. To evaluate the v-
integral in Eq. (3.80) we will now employ the saddle point method, which we have already
used in Sec. 2.4.6. A simple analysis of the saddle points of the function x(n, v)atv =0
allows one to conclude that at high energy, i.e., large rapidity Y, the dominant contribution
to the amplitude is given by the n = 0 term in the sum in Eq. (3.80), as x(n = 0,v = 0) >
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3.3 The BFKL evolution equation 99

x(m # 0, v = 0). We will therefore keep only the n = 0 term in Eq. (3.80) and write

o0
oo, dv _ )

G (zl, I, Y) ~ / T {otsx(O, VY + 2zvlnz} : (3.82)

—00

here
__ agN.
a, = . (3.83)
T

Expanding x(n = 0, v) around the saddle point at v = 0 we get
x(0,v) ~ 4In2 — 147 (32, (3.84)

where ¢(z) is the Riemann zeta function. Using Eq. (3.84) in Eq. (3.82) we perform the
v-integration, obtaining (Balitsky and Lipatov 1978)

I 1 [ = (/1)
G(I.1,v)~ _y — S 35
(l L ) 20201\ 14E(3)a Y eXp{(“P ) 14¢(3)asy} (3-85)

where we have used, for the intercept of the perturbative BFKL pomeron,

4oy N,
T

ap—1= In2. (3.86)

The essential feature of Eq. (3.85) is that it shows that cross sections mediated by the
BFKL ladder exchange grow as a power of the energy:

o ~ elr=DY o gar=l (3.87)

This behavior is reminiscent of pomeron exchange in pre-QCD language (see Eq. (3.20)).
The BFKL ladder from Fig. 3.12 is therefore referred to as the “hard” (perturbative)
pomeron or as the BFKL pomeron. We see that BFKL evolution modifies the energy-
independent Low—Nussinov pomeron, which simply corresponds to a two-gluon exchange
and has ap — 1 = 0, which makes the perturbative pomeron intercept op > 1 as seen
from Eq. (3.86). The numerical value of the BFKL intercept (3.86) is rather large: for
oy = 0.3 one gets ap — 1 & 0.79, which is much larger than the “soft” pomeron intercept
of 0.08 observed, say, for the total proton—proton scattering cross section (Donnachie and
Landshoff 1992).

Double logarithmic approximation — Let us consider the case I; > ). Now In(l, /1)) is
large, and this may affect the location of the saddle point of the v-integral in Eq. (3.80). The
way the saddle point is shifted is shown in Fig. 3.14 for the n = 0 term in the series (3.80).
As one can show analytically and as can be seen from Fig. 3.14, the effect of (I, /1)*"
in (3.80) is to shift the saddle point in the imaginary v direction, moving it closer to the
singularity of x (0, v) at v =i /2. One can also show that the same is true for any integer
n: the saddle point in the nth term in Eq. (3.80) is shifted toward the singularity of x (n, v)
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100 Energy evolution and leading logarithm-1/x approximation in QCD

20}

n 1 n n n 1 n n n [ h L n 1 n n n 1 n —_1

Fig. 3.14. The eigenvalue of the BFKL kernel y (0, v) plotted as a function of —i v (medium-
bold line) for Re v = 0. The thin straight line is due to the linear term 2iv In(/, /') in the
exponent of Eq. (3.82). The boldest curve is a sum of the medium-bold line and the thin
straight line: it represents the complete expression in the exponent of Eq. (3.82). A color
version of this figure is available online at www.cambridge.org/9780521112574.

at v = i(|n| + 1)/2. However, near these saddle points the nth term in the series (3.80)

scales as
n]|
1 (17

we see that terms with |n| > 0 are suppressed by powers of l’i / li <« 1 compared with the
n = 0 term (i.e., they are higher-twist corrections). Therefore the n = 0 term dominates
again and, as before, we can work with Eq. (3.82).

Expanding the n = 0 eigenvalue of the BFKL kernel near v = i /2, we find that

i

0,v)~ — , 3.89
XO) & = (3.89)
and the saddle point of the integral in Eq. (3.82) is then given by
i as Y (3.90)
VpraA N = — .
PLA™ 5 In(2 J1%)

Distorting the v-integration contour to run through vp; 4 and expanding the exponent of
Eq. (3.82) up to terms of order (v — vpp, A)2, we integrate the result over v, obtaining

N @ \/—
G(ll,lL,Y)Nznmli G O 2 /&y n@2 /1) (3.91)

Comparing the exponential in Eq. (3.91) with that in Eq. (2.143) or, since here we are
assuming a fixed coupling constant, with Eq. (2.159), we see that the DLA limit is indeed the
same when obtained from the DGLAP or the BFKL equations! Identifying Y in Eq. (3.91)
with In1/x in Eq. (2.159) and the transverse logarithm In (l /l/ ) in Eq. (3.91) with
In(Q?/03) in Eq. (2.159), we see complete agreement between the exponents in the two
cases. The prefactor of Eq. (3.91) is different from what one would obtain in Eq. (2.159),
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3.3 The BFKL evolution equation 101

since here we are calculating a different quantity (the BFKL Green function) from the gluon
distribution calculated in Chapter 2.

The agreement thus found between the DL A limits of BFKL and DGLAP is, of course,
simply a self-consistency check: since the former resums powers of «; In 1/x keeping the
functions of transverse momentum exact while the latter resums powers of o, In Q2 keeping
functions of Bjorken x exact, they should include the same powers of a; In 1/x In Q2. This
result was illustrated in Table 3.1 in Section 3.1; we have proven it explicitly here.

We can also think of BFKL evolution as a property of the hadronic (or onium for the
case at hand) light cone wave function, constructed similarly to the DGLAP evolution in
the previous chapter. In essence one can absorb the shaded rectangle in Fig. 3.5, which
includes the ladder in Fig. 3.12, into the light cone wave function of one onium. While
we will demonstrate this explicitly in Chapter 4, here we absorb the BFKL evolution into
the onium wave function by defining the unintegrated gluon distribution of an onium (cf.
Eqgs. (3.23) and (3.26)):

1
o,C R
B ) = 2F f P, / A2 W(EL, )P
0

d’l, —il| % il % > 7
x / g @t =Gk L y = Infxgy). (39
One can show that in the small-x LLA the unintegrated gluon distribution ¢(xp;, kJZ_) is

related to the gluon distribution function (2.66) by
axG(x, 0%)

00?
This implies that ¢(x, k}) counts the number of partons in a hadron at a given value of
k, (and a given value of Bjorken x), unlike xG, which counts the number of partons
with k; < Q. This provides a physical interpretation of ¢(x, k%) as the unintegrated gluon
distribution.

Looking at Eq. (3.58), it is clear that the unintegrated gluon distribution ¢(x;, k3 ) from
Eq. (3.92) obeys the same BFKL evolution equation:

dp(x.k7)  asN. d’q,

dln(l/x)  m? (ki —q.1)2
By analogy with how we arrived at Eq. (3.78), for an unpolarized axially symmetric onium
state we can write the solution of Eq. (3.94) as

P(x, Q%) = (3.93)

k2
|:¢(x, q1) — —=p(x, ki)] ) (3.94)
2q7

oo
dv o N, 1 , .
d(x, k) = / — C, exp {gx(o, V) ln—} kEY AT (3.95)
2 b4 X
—00
with A some typical transverse momentum scale characterizing the onium (e.g. the inverse
size of the onium) and C, an unknown function determined by the initial conditions at
X = Xp.

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

102 Energy evolution and leading logarithm-1/x approximation in QCD

In1/x < ----  BFKL gives
the distribution here
BFKL
In 1/ x, —___ Measure the gluon
distribution here
QZ

Fig. 3.15. The BFKL evolution in the (In 1/x, Q?)-plane. A color version of this figure is
available online at www.cambridge.org/9780521112574.

The BFKL equation for the distribution function gives us the evolution in x. This is
demonstrated in the (In 1/x, Q) plane in Fig. 3.15. Given the initial unintegrated gluon
distribution ¢(x, ki) one can find C), and then, substituting it into Eq. (3.95), one obtains an
expression for the unintegrated gluon distribution ¢(x, ki) at other values of x (in the LLA
approximation). Comparing Fig. 3.15 with Fig. 2.21 we can see the essential difference
between the BFKL evolution in x and the DGLAP evolution in Q2.

If the transverse momentum of the gluons is not too large, i.e., k; ~ A, while still much
larger than A ocp, we can evaluate the v-integral in Eq. (3.95) in the diffusion approximation.
Employing (3.84) and integrating yields an expression similar to Eq. (3.85):

,. Gy 1 T 1\~ In?(k, /)
d)(‘x’kj_)% 2 \/ 7 (_> exp{__—}.
27k AV 142(3) a, In(1/x) \x 142(3) @, In(1/x)
(3.96)

We see that the unintegrated gluon distribution (and therefore, owing to (3.93), the regular
gluon distribution xG as well) generated by the BFKL evolution grows as a power of 1/x
at small x:

1 ap—1
¢<x,ki)~(;) : (3.97)

with ap — 1 given by Eq. (3.86). This should be contrasted with the growth of the gluon
distribution at small x resulting from DGLAP evolution, as shown in Eq. (3.3). The small-x
growth of a gluon distribution given by BFKL evolution is much faster than that given by
the DGLAP equation.

Since BFKL evolution does not impose any transverse momentum ordering, the par-
tons generated by the evolution (3.94) have comparable transverse momenta, as given by
Eq. (3.60b), and, according to Eq. (3.61), they are ordered in x,

XL L L Xy L, (3.98)

since y = In(P~/k~) = In 1 /x for the onium moving in the light cone minus direction.
It is instructive to consider the spatial distribution of the partons generated by BFKL
evolution. Since the typical transverse size (wavelength) of a partonis x; ~ 1/k,, we see
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Larger x Smaller x
Xg >> X
R
. N/
" parton N
_ partons overlap
Proton Ax =17k, Proton
(XO:» kL) (.X, kL)

Fig. 3.16. Transverse coordinate space representation of BFKL evolution. The blobs
indicate gluons. (Reprinted from Jalilian-Marian and Kovchegov (2006), with per-
mission from Elsevier.) A color version of this figure is available online at
www.cambridge.org/9780521112574.

that Eq. (3.60b) implies that
XIL ™~ XL ™ Xl (3.99)

that is, BFKL evolution in, say, a proton wave function generates partons of roughly the
same transverse size. At the same time, owing to Eq. (2.56) the ordering in Bjorken x simply
indicates that gluons with smaller x have a larger typical longitudinal spread. The BFKL
evolution in transverse coordinate space is shown in Fig. 3.16. As Bjorken x decreases,
more gluons are generated in the hadron wave function. The partons (gluons) produced are
of roughly the same transverse size. (Compare this with the DGLAP evolution in Fig. 2.22.)
As a result, after a sufficient number of gluons is generated they may start to overlap with
each other in transverse space, as shown in the right-hand panel of Fig. 3.16. This leads to
the creation of regions of high parton density in the hadronic wave functions. Therefore one
can think of the BFKL equation as a “high parton density machine’: it results in high parton
density in the hadronic wave functions. This is what makes BFKL (and small-x physics in
general) interesting, but it also leads to some problems for BFKL evolution, which we will
discuss below.

3.3.5 Bootstrap property of the BFKL equation*

Let us now explain the reggeization of a 7-channel gluon in the BFKL ladder. There is a
widespread belief in the community that gluon reggeization may be a fundamental property
of high energy QCD: thus, while gluon reggeization is not important for the material we
present below, no book on high energy QCD would be complete without the presentation
of this remarkable feature of strong interactions.

In Sec. 3.3.2 we found the lowest-order correction to the one-gluon exchange amplitude
in Fig. 3.3. This correction turned out to be rather simple and is given by Eqs. (3.51) and
(3.52). To incorporate the higher-order leading-Ins corrections into the 7-channel gluon
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104 Energy evolution and leading logarithm-1/x approximation in QCD

propagator, we will again use the dispersion relation (3.43): it follows from Eq. (3.43) that
to construct the full amplitude we need to know only the imaginary part of the amplitude.
As in the calculation in Sec. 3.3.2, we will need the diagrams with color-octet exchanges
in the 7-channel that have an imaginary part. Diagrams F and G in Fig. 3.9 are the lowest-
order examples of such graphs, for s- and u-channel processes respectively. We now need
to find the leading-In s corrections to the imaginary part of diagram F (diagram G can be
obtained by replacing s by u in diagram F, as we have pointed out before). There are two
important differences between the imaginary part of diagram F in Fig. 3.9 and the diagram
in Fig. 3.4, for which the leading logarithmic corrections were summed by the BFKL
evolution equation. (i) As can be seen from Eq. (3.50), the color structure of the leading
high energy part of diagram F is the same as for the single-gluon exchange amplitude
(3.17), which implies that at high energy the two 7-channel gluons in diagram F are in the
color-octet state. This is to be contrasted with the diagram in Fig. 3.4, which is a diagram for
the total cross section; therefore, the two #-channel gluons in it are in the color-singlet state.
(i1) Since the diagram in Fig. 3.4 is for the total cross section, there is no net momentum
transfer between the onium states in the corresponding forward amplitude. At the same
time, in diagram F there is no restriction on the momentum transfer, which is in general
nonzero.

One may argue (see Fadin, Kuraev, and Lipatov (1976)) that, despite the two differences
stated above, the leading-Ins corrections to diagram F can still be resummed using the
BFKL-like ladder from Fig. 3.12. Items (i) and (ii) above simply require that now the ladder
should be nonforward, with the z-channel state projected on the color-octet configuration.
We start by rewriting the imaginary part of the color-octet t-channel-exchange gg — g¢q
amplitude M¥) | as (cf. Eq. (3.46))

Im M) (G1) = 41 (1°1%) 185,018,075
o / d’l; a

li(fl —q.)? liz(llﬂ —q.)?

G<8>(11,ll';ch;Y), (3.100)

where G(S)(i 1, I L; G.1;Y) is the color-octet nonforward analogue of the BFKL Green func-
tion defined in Eq. (3.26) above. The octet nonforward Green function G® is illustrated
on the left-hand side of Fig. 3.17. Equation (3.46) representing diagram F in Fig. 3.9 is
recovered by inserting

G<8>(11, [G.:Y = 0) =120 - 1)) (3.101)

into Eq. (3.100).

By analogy with the construction of the BFKL equation we can construct the evolution
equation for the octet Green function, following the prescription indicated in Fig. 3.17. First
we note that the virtual corrections in the color-octet case are the same as they were in the
color-singlet case of BFKL evolution, given by Eq. (3.55). The real emission in the case of
BFKL evolution was obtained by squaring the Lipatov vertex (3.36); however, since now
the process is nonforward, the ¢-channel gluons’ momenta should be different in the two
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Fig. 3.17. Diagrammatic representation of the leading-Ins evolution of the color-octet
nonforward Green function. The notation is the same as in Fig. 3.11.

factors of the Lipatov vertex. In the end we obtain the following evolution equation:
iG<8>(7 [[3G.:) = /dzl/ K (110:6,) 601 15q.: )
3y 1.t)5491; I8 NEUEL L 5gL IRRARY/A
+ 060G (11134157
o6l = GG (1L 115G.: 7). (3.102)

The terms containing wg(/;), which is defined in Eq. (3.52), are due to virtual cor-
rections. The part of the nonforward color-octet BFKL kernel coming from real-gluon

emission,
NI S A (I — G, a:
KNF(ZJ_vlJ_qu_)_ 47_’:2 [/2‘ _"/2 "/_—» 2" _"’2_ ” _'/_—> 2 ’
IL(ZJ_ ll) (ZL gy ZL) ll(ll q1)

(3.103)

results from the (nonforward) square of the Lipatov vertex (3.36) divided by the propagators
of the two f-channel gluons below the vertex (the I’- and (/" — ¢)-lines in the first diagram
on the right-hand side of Fig. 3.17). In arriving at Eq. (3.102) we have also employed the
fact that, for the color-octet two-gluon state in the z-channel, the color factor generated by
the real part of the kernel is equal to N./2 instead of N., which one has for the color-singlet
(BFKL) evolution. The initial condition for Eq. (3.102) is given by Eq. (3.101).

While the nonforward (¢ # 0) BFKL equation (3.102) appears to be more complicated
than the forward (+ = 0) BFKL equation (3.58), in fact its solution is rather straight-
forward if one is just interested in the resulting scattering amplitude. We begin by
defining

_ - d21//
G(8)<ZJ_;qJ_;Y) E/W (s)(zbzl,ql,y)_ (3.104)
1L\ —4qL
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106 Energy evolution and leading logarithm-1/x approximation in QCD

For this new quantity the evolution equation is the same as (3.102):
a - bd - - 2> 45 — 20 45
B_YG(8)<ZJ_;QJ_§ v) = /dzllK%(lL, [:G.) GO (13q.:7)
+wc(1)GY (ll;fh; Y) + o6l —G.0) G(S)(ll;ch; Y)
(3.105)
with initial condition G® (ll; guL.Y = O) =1 (cf. Eq. (3.101)). Now we write G® as an

inverse Laplace transform,

el d e L

6V (1133.:7) = [ 52e G (15d.). (3.106)
2mi

where, as usual, the w-integration runs parallel to the imaginary axis in the complex w-plane

to the right of all the singularities of the integrand. Substituting (3.106) into Eq. (3.105) and

performing a Laplace transform on both sides of the resulting equation yields the bootstrap

equation

[a) — (1) — we(|l) — 67L|)]Gf§) (Zﬁ Ch)

—1 +/dzl’lK1(§} (11,11’;@) Gﬁ?(zl’;ch). (3.107)
(We have also made use of the initial condition G® (f G Y = 0) = 1.) Itis easy to see
that
e 1
615 = ——— (3.108)
® — wg(qL)

in fact solves Eq. (3.107) for the kernel given by Eq. (3.103). Substituting Eq. (3.108) into
Eq. (3.106) we obtain the solution of Eq. (3.105):

GO(I1:G3y) = e, (3.109)

Using Eqs. (3.109) and (3.104) in Eq. (3.100) we obtain the imaginary part of the color-octet
exchange amplitude,

d’ly
B —q.y
where, as usual in the leading-In s approximation, we have ¥ = In(s/ mi) with m some
transverse momentum scale, the exact value of which is outside the precision of the approx-
imation.
To obtain the complete color-octet exchange amplitude we substitute Eq. (3.110) into
Eq. (3.43) (adding the u-channel contribution obtained from Eq. (3.110) on replacing s

by u). Integrating in the leading-logarithmic approximation, we obtain the high energy
color-octet exchange amplitude

ImME_(G1) = 421" (1°1) 80,01 Sy 5 / e @)Y - (3.110)

M‘(]z)‘)qq(al) = M(([quqq(é'J_)ewG(qL)ys (31 1 1)
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3.3 The BFKL evolution equation 107

where MY is the single-gluon exchange amplitude given in Eq. (3.17). Note that Eq. (3.111)
is in effect the same as Eq. (3.53), which we employed in deriving the BFKL evolution
equation.

Equation (3.107) represents the so-called “bootstrap” idea, which states that the evolution
of the reggeized gluon is given by the evolution of the color-octet 7-channel state of two
gluons. It is referred to as the bootstrap equation. It has been conjectured that the bootstrap
equation (3.107) with its rather simple solution (3.108) holds at any order in «;. (Indeed
both K }\?)F and wg receive corrections at higher orders in «;: the conjecture states that these
corrections leave Egs. (3.107) and (3.108) in exactly the same form as shown above, only
modifying K S)F and w¢ in them.) So far the conjecture has been verified at the two lowest
orders in aj: the leading order-c; result is presented here, and the validity of the bootstrap
equation at order a? has been shown by Fadin, Kotsky, and Fiore (1995, 1996).

We see that the bootstrap equation (3.107) with its solution leading to Eq. (3.111)
implies that the nonforward BFKL equation for the color-octet state of two gluons should
lead to areggeized gluon with the Regge trajectory ag(q1) = 1 + wg(q.). This observation
completes the proof that in high energy scattering a #-channel gluon should be treated as a
reggeized gluon whose spin depends on its transverse momentum.

3.3.6 Problems of BFKL evolution: unitarity and diffusion

The BFKL equation represents an important step towards understanding the high energy
asymptotics of QCD. Nonetheless, as for every major scientific advance, the BFKL
equation raises some important questions, which we will describe in this section. In
particular we will show that as the collision energy increases (i) the leading-logarithmic
BFKL equation violates unitarity and (ii) the transverse momenta of the gluons inside the
BFKL ladder tend to drift to both the UV and IR, the latter drift eventually leading to a
violation of the assumption of the perturbative nature of the interactions.

The Froissart—Martin bound

We begin our presentation of the unitarity bound with a discussion of the black disk limit.
Imagine the high energy scattering of a point particle on a “black disk” of radius R. Using
the language of nonrelativistic quantum mechanics one can think of the black disk as an
infinite potential well occupying a spherical region of space. It can then be shown that the
total cross section for the scattering of the point particle from the disk is limited from above
by

Oror < 27R? (3.112)

(see Landau and Lifshitz (1958), vol. 3, Chapter 131, and the discussion in Appendix B).
The total cross section can be as large as twice the geometric cross sectional area of the
disk: this doubling is due to Babinet’s principle in optics, which states that the diffractive
patterns of complementary screens are identical (see Jackson (1998) or Landau and Lifshitz
(1958), vol. 2, Chapter 61). In optics Babinet’s principle implies that the amount of light
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108 Energy evolution and leading logarithm-1/x approximation in QCD

diffracted by a screen is equal to the amount of light it absorbs. For very high energy
scattering it implies that, when the scattering occurs from a black disk, the elastic (o,;)
and inelastic (o;,.;) cross sections are equal. Since the inelastic cross section is equal to
the cross sectional area of the disk 7R2, we have o,; = 0;,,; = wR2, so that the total cross
section iS 0y = Oiner + 0o = 27TR2.

Our derivation of the Froissart—Martin bound will incorporate the argument put forward
by Heisenberg (1952, 1939) with the proof devised by Froissart (1961) and Martin (1969).
Consider hadron—hadron scattering at impact parameter b. Let us assume that b is large
enough that the black-disk limit described above has not been reached. Inspired by the
above examples of the BFKL equation and the Low—Nussinov pomeron, we may assume
that the interaction between the hadrons is accomplished though an exchange of one or
several particles, so that the cross section grows as some positive power A of the energy:
o ~ s®. At the same time the strength of the interaction should fall off as we increase b:
the slowest physically possible fall off is the exponential e=2"?, where m,, is the mass of
the lightest QCD bound state, the pion.” (As the pion has negative parity, the exchange of
a single pion cannot contribute to the total cross section, hence we need to exchange two
pions, one in the amplitude and the other in the complex-conjugate amplitude.) We thus
have a probability p of interaction that scales with energy and impact parameter as follows:

p ~ she b, (3.113)

The interaction gets strong when the probability is of order 1. In fact, for p of order 1
the black-disk-limit behavior should begin to set in. Thus the upper limit on the radius
of the black disk can be determined by requiring that p ~ 1, which, as we can see from
Eq. (3.113), occurs at impact parameter b* defined by

she™2mab = 1, (3.114)

which gives

R=0b"~

Ins. (3.115)

2m
Since b* is the upper bound on the black-disk radius, the total cross section, dominated by
the black-disk contribution, is then limited by 27 R? = 2 b*?, yielding eventually

7 A2

In’s. (3.116)

b

We conclude that the total cross section in QCD cannot grow faster than the logarithm of
energy squared. Equation (3.116) is known at the Froissart—Martin bound and was first
rigorously proven by Froissart (1961) and Martin (1969) (see also Lukaszuk and Martin
(1967)).

7 As discussed by Nussinov (2008), it is possible that for realistic estimates the pion mass in this exponential should in
fact be replaced by the mass of the lightest glueball (a QCD bound state having no valence quarks) since, as we have
seen above, gluons dominate in high energy interactions.

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

3.3 The BFKL evolution equation 109

As we saw above (see e.g. Eq. (3.87)), the BFKL equation in the diffusion approximation
implies that the total cross section grows as a power of the energy,

oK~ s, (3.117)

which clearly violates the Froissart—Martin bound (3.116). Things do not get much better
in the double logarithmic limit of the BFKL equation, which, according to Eq. (3.91), gives

o PEA BFKL . exp {2 @ InsIn(l? /13 } , (3.118)

where /| and !’ are the momentum scales at the two ends of the BFKL ladder, with
[, > I’ in the DLA. The energy growth of the cross section in Eq. (3.118) is exponential
in +/In s, and, as such, is much faster than any power of Ins: therefore, DLA BFKL also
violates the Froissart—-Martin bound. Note that since DLA BFKL is equivalent to DLA
DGLAP, the DGLAP evolution also violates unitarity, making this an inherent problem
of standard perturbative QCD: no matter how high the larger perturbative scale /; is, at
sufficiently high energy s, unitarity will still be violated, as follows from Eq. (3.118).
We thus conclude that unitarity violation happens at perturbatively large momentum scales,
where perturbative QCD is still applicable. Thus, it is natural to expect that the resolution of
this problem should also happen through a QCD perturbative mechanism. We will discuss
shortly how a nonlinear evolution equation was proposed by Gribov, Levin, and Ryskin
(GLR) to remedy this problem of the BFKL evolution (Gribov, Levin, and Ryskin 1983).

One may indeed argue that in deriving the Froissart—Martin bound above we have used
the fact that QCD is a confining theory with bound states such as pions, which one certainly
does not see in the perturbative calculations leading to the BFKL equation. Therefore, since
the QCD mass gap m; is not present in perturbation theory (which has a zero mass gap), one
should not expect BFKL evolution to satisfy the Froissart—-Martin bound. This argument is
indeed correct; however, as we will show below, the BFKL equation can also be written in
impact parameter space. As we argue in Appendix B, in impact parameter space the high
energy cross sections are given by

Gror = 2/d2b [1 —Re S(s,l;l)], (3.119a)
N 2

Oyl =/d2b ‘1 —S(s,bL)) , (3.119b)

Ginci =/d2b [1 - |S(s,l;l)|2], (3.119¢)

with S(s, b 1) the forward matrix element of the scattering S-matrix. Since at high energy
S — 0 we see that doy,, /d>b, < 2, which is equivalent to the black-disk limit (3.112). The
BFKL-dominated total cross section at a fixed impact parameter b grows as a power of
the energy s, eventually violating the bound doy,,/d*b; < 2 at very high energy. Thus the
BFKL equation violates unitarity not only through the fast growth of the black-disk radius
but also by the fact that the cross section at each impact parameter becomes larger than the
black-disk bound do,,/d*b, < 2. While the former problem cannot be remedied in QCD
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110 Energy evolution and leading logarithm-1/x approximation in QCD

- o
G<kLa ZJJ y)

Fig. 3.18. The BFKL ladder, with a 7-channel gluon with momentum k | singled out for
study of its momentum distribution. The vertical soild line denotes a cut.

perturbation theory, one may hope to remedy the latter problem; as we will see below it is
cured by the use of nonlinear evolution equations.

We conclude that the BFKL equation violates unitarity (or, more precisely, the black-
disk limit). Therefore one would expect it to be modified at very high energies, in order to
satisfy those bounds. This is the first problem of BFKL evolution.

Diffusion into the infrared

The second problem of BFKL evolution becomes apparent if we look “inside” the BFKL
ladder. To do this, let us pick a particular gluon in the ladder sufficiently far from the
ends of the ladder. This is illustrated in Fig. 3.18, where we are considering the transverse
momentum distribution of a #-channel gluon with momentum k) and rapidity y (of adjacent
rungs) inside the BFKL ladder. The ladder can be split into two sub-ladders, each of which
is a BFKL ladder in its own right, as indicated by the right-hand square brackets in Fig. 3.18.
The BFKL Green function (3.80) can correspondingly be written as a convolution of two
BFKL Green functions,

G(zl, I, Y) - fdszG(ll,la, Y — y) G(iﬁ, I, y) , (3.120)

where the net rapidity interval is ¥ and the transverse momenta at the ends of the original
ladder are [, and [ .

Let us assume that all the transverse momenta involved are comparable, [} ~ 1| ~k,,
so that we can use the diffusion approximation (3.85). As follows from Eq. (3.120), the
k, -distribution dn/d*k, for the t-channel gluon in Fig. 3.18 is given by the product of the
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Fig. 3.19. The In k -distribution of the momentum of a ¢-channel gluon inside the BFKL
ladder (shaded oval). For a large enough rapidity interval Y the In k, -distribution overlaps
with the nonperturbative region k; < Agcp (the shaded rectangle). A color version of this
figure is available online at www.cambridge.org/9780521112574.

two BFKL Green functions and, in the diffusion approximation (3.85), it is proportional to

dn

m :kiG(ll,lzl,Y —y)G(l;J_,ll/,y)

2 2 !
Nexp{ (1, /k.) _ln(ki/h)}, (3.121)

C143)as(Y —y)  142(3)a,y

We see that the distribution in Ink7 is Gaussian. The width of the distribution depends
on the rapidity, reaching a maximum at y = Y /2. As we increase the total energy (or,
equivalently, the net rapidity interval Y), the In k7 -distribution at y & Y /2 gets broader: the
values of k deviate more and more from the original momenta /, and [/, at the ends of the
ladder. This feature of BFKL evolution is potentially dangerous in QCD, for the following
reason. Suppose that to justify the use of perturbative QCD we choose | ~ I’ > Agcp.
As we increase the net rapidity interval Y the transverse momentum in the ladder diffuses
away from [ ~ [, fluctuating both into the UV and IR, so that at y = ¥/2 we have

lle—conslxm ,S k. 5 lleconstx\/m. (3.122)

(We have assumed for simplicity that /;, =] and that const=/(7/2){(3)&, in
Eq. (3.122).) Clearly, for large enough energies or rapidities Y, the lower limit of the
ki -range in Eq. (3.122) may reach Agcp, invalidating the applicability of perturbative
QCD to the problem (Bartels 1993b, Bartels, Lotter, and Vogt 1996). The In ki-distribution
is plotted in Fig. 3.19; owing to its cigar-like shape, it is sometimes referred to as the Bartels
cigar (Bartels 1993b).

The problem of BFKL evolution becoming nonperturbative at high Y values implies
that we cannot use the BFKL equation at arbitrarily high energies: its applicability is thus
limited. Therefore, either the true high energy asymptotics of QCD is nonperturbative and
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112 Energy evolution and leading logarithm-1/x approximation in QCD

cannot be described by perturbative QCD or it may still be perturbative and described by a
different evolution equation that does not have the same IR problem as the BFKL equation.
We will show in the next chapter that the latter option is in fact the case.

3.4 The nonlinear Gribov-Levin—Ryskin and
Mueller-Qiu evolution equation

3.4.1 The physical picture of parton saturation

In order to understand how the BFKL unitarity problem can be addressed, let us first
determine the kinematic region where unitarity is violated by BFKL evolution. Consider
onium—onium scattering mediated by the BFKL ladder exchange studied above. The expres-
sion for the total onium—onium scattering cross section can be obtained by substituting the
LLA Green function (3.85) into Eq. (3.26). At the moment we are not interested in the
exact result (see Exercise 3.5 at the end of the chapter) and will only note that in Eq. (3.26)
the typical momenta are /; ~ 1/x;; and !, = 1/x;, . The total cross section is then

onium ++onium 2 (ap—1)Y (3.123)

[oF ~ X Xy €

tot

where we have kept only the most physically important factors, those depending on the total
rapidity ¥ and on the sizes of the onia. We know, however, that the cross section should be
bounded from above by the black-disk limit, o 27um+onium < 27 R2 While the radius of the
black disk R grows logarithmically with energy, as shown in Eq. (3.115), for the moment
we will forget about this growth since it is much slower than the power-of-energy growth of
the total cross section in Eq. (3.123), and will fix R to be of the order of a typical hadronic
radius, R = ry,. In fact let us assume that our onium—onium scattering models a DIS event,
in which the first onium comes from the decay of a virtual photon and the other mimics the
proton (we will present this dipole picture of DIS in more detail in the next chapter). Then
X1 ~rpand x;; ~ 1/0Q, with Q the virtuality of the photon (the only scale at the photon
end of the ladder). Imposing the black-disk limit on Eq. (3.123) yields

a2 g@r=DY < 972, (3.124)

The equality is reached at the saturation scale Q = Qj given by

1 ap—1
Qs ~ OthQCDe(aP_I)Y = Ol?AQCD (;) . (3125)

where, for simplicity, we have replaced the typical hadronic size r;, with 1/Agcp: the two
scales differ only by a constant coefficient, irrelevant for our rough estimates. The saturation
momentum Q; is a new dimensional scale in the problem (Gribov, Levin, and Ryskin 1983,
Mueller and Qiu 1986, McLerran and Venugopalan 1994a).

We conclude that a violation of unitarity occurs for O < Q. Note that for very small
Bjorken x (large Y) the saturation scale can be much larger than the confinement scale,
Qs > Aocp. This implies that the violation of unitarity starts at short distances of the
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Fig. 3.20. The BFKL evolution of Fig. 3.13 shown here as a time-ordered gluon cascade in
the proton wave function, in the IMF/Bjorken or Breit frames.

order of 1/ Qy, still in the domain of validity of perturbative QCD. Therefore, the unitarity
problem of BFKL evolution has to be solved in the framework of perturbative QCD.

To address this unitarity problem we first need to understand what goes wrong with
BFKL evolution. This is easier to do if we absorb the BFKL ladder into the wave function
of a hadron in DIS in the Breit frame, as for the DGLAP evolution in the previous chapter.
(Formally, the BFKL light cone wave function is constructed in the next chapter.) The small-
x evolution then appears as a cascade in the proton’s wave function, shown in Fig. 3.20
(compare with Figs. 2.25 and 2.10). The fast proton will decay into a system of partons
long before the interaction with the virtual photon, which is at rest. The time ordering of
emissions is given by Eq. (2.156) in the DLA DGLAP case (the proton is moving in the
light cone plus direction)

R R A (3.126)

and this would still be valid: in the general BFKL case the DGLAP ordering of transverse
momenta (2.149) is replaced by the comparability of all transverse momenta, as given by
Eq. (3.60b), with the ordering (2.150) of longitudinal momenta from DLA DGLAP still in
place (see Eq. (3.60a)). The latter fact insures that the typical lifetimes of gluon fluctuations,
given by x;" ~ k;"/ k%, are still ordered as in Eq. (3.126) and as shown in Fig. 3.20. Thus,
in terms of time-ordering, the BFKL cascade is quite similar to the DGLAP cascade.
During the long time of parton-cascade evolution a large number of “wee” partons
(gluons) are created in the proton’s wave function, as in Fig. 3.20, of order (1/x)*~! for
BFKL evolution. Each gluon in the cascade is emitted from a pre-existing (larger-x) gluon
in the proton’s wave function. Each such “wee” parton interacts with the virtual photon over
a very short time. This interaction destroys the coherence of the partons (which are mostly
gluons at low x). The further fate of the partons is not important to us since any possible
interaction in the final state will not change the total cross section of the deep inelastic
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Fig. 3.21. Parton cascade in the Breit frame for DIS (see Sec. 2.3 for the definition of this
frame). Both quarks and gluons are denoted by straight lines for simplicity. At the end of
the cascade, just before interaction with a virtual photon of wavelength 1/¢., the quarks
have momentum ¢, /2 along the collision axis. A color version of this figure is available
online at www.cambridge.org/9780521112574.

process. A space—time picture of the QCD evolution that we have just outlined is given
in Fig. 3.21; here the straight lines denote both quarks and gluons. The QCD evolution
(both DGLAP and BFKL) leads to an increase in the number of “wee” partons with energy.
This is a very natural result since both the DGLAP and BFKL equations take into account
the emission of partons (along with the virtual corrections). Each emission increases the
number of partons at lower energy (i.e., at lower x).

The BFKL evolution creates partons of roughly the same transverse size, as indicated in
Fig. 3.16 and discussed in Sec. 3.3.4. As we decrease x the parton density grows. However,
at some very small (critical) x = x,,, where

1/(@p—1)
Xer ~ (L) , (3.127)

Ol?AQCD

corresponding to Qg (x.) = O, the density of partons in the transverse plane becomes so
large that the wave functions of the partons start to overlap, as shown in Fig. 3.21. For such
a densely populated system we need to take into account interactions between the partons
(Gribov, Levin, and Ryskin 1983).

We conclude that for Q% < Q? we should write down a new evolution equation that
includes interactions between the partons. This new evolution should slow down and finally
stop (saturate) the increase in the number of “wee” partons, leading to the saturation of
the parton density (Gribov, Levin, and Ryskin 1983). We want to stress again that, since
02> AZQCD, the value of the QCD coupling is small and therefore we can apply perturbative
QCD methods in the region where unitarity corrections become important.

Our discussion of parton densities is summarized in Fig. 3.22, in our first attempt at
constructing a map of high-energy QCD. Figure 3.22 displays the distributions of partons
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Fig. 3.22. The parton distribution in the transverse plane as a function of In 1/x and In Q.
The bold curve gives the saturation scale Q;(x).

in the proton’s transverse plane as a function of Q2 and x, with the saturation scale (3.125)
shown by the bold curve. One can see that this saturation momentum curve divides the
entire kinematic region in two parts: the region of perturbative QCD with linear evolution
for the parton densities (DGLAP, BFKL) and the saturation domain, in which the parton
density is large but the running QCD coupling is still small («;(Q?) < 1). Therefore we
need to develop a theoretical description for a system of partons that interact with each
other weakly but whose number is so large that we cannot apply the regular methods of
perturbative QCD with linear evolution for the parton densities to describe them.

3.4.2 The GLR-MQ equation

To tackle the BFKL unitarity problem and to understand how the growth of the gluon
distribution can be tamed, Gribov, Levin, and Ryskin (1983) (GLR) considered the gluon
distribution functions of a “dense” proton or a nucleus. By a “dense” proton we mean
a proton filled with various sources of color charge (sea quarks and gluons) that were
pre-created in the proton’s wave function by some nonperturbative mechanism. Gribov,
Levin, and Ryskin argued that for such systems multiple BFKL ladder exchanges may
become important; indeed, as we saw in Eq. (3.124), the BFKL equation violates unitarity
when the cross section per unit impact parameter, do /d*b, becomes of order 1. Hence the
contribution of double BFKL ladder exchange at this point should be comparable with that
of single BFKL ladder exchange. Moreover, owing to the high density of partons, ladder
mergers should also be possible as they evolve away from the proton or nucleus in rapidity.
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Fig. 3.23. An example of a “fan” diagram resummed by the GLR-MQ equation.

Owing to the large number of partons in the proton or nucleus, the ladders can all connect
to different sources of color charge and interact with the proton or nucleus independently.
(It may be instructive to mention that in the case of a nuclear target this assumption can
be proven to be correct (Schwimmer 1975, Kovchegov 1999, 2000) since the nucleus has
a parameter, the atomic number A, allowing one to justify the independent-interaction
approximation.) Since we are interested in the gluon distribution, which is a correlation
function for two gluon fields, these multiple ladders should all merge in the end into a
single ladder, leading to the so-called “fan” diagrams. An example of a fan diagram is
shown in Fig. 3.23. There, multiple BFKL ladders start from different quarks and gluons in
the proton or nucleus; these are shown by straight lines at the bottom of Fig. 3.23. Owing
to the high density of the gluon fields, the ladders cannot stay independent for long. As the
energy increases so does the gluon density, eventually leading to merging of the ladders, as
shown in Fig. 3.23.

Indeed, BFKL ladders can also first split and then recombine, leading to the so-called
pomeron loop diagrams, one of which is shown in Fig. 3.24. In a purely perturbative picture
of the process, such corrections are not enhanced by large parton densities in the proton or
nucleus and are therefore subleading. In the original GLR work it was argued that, since the
amplitude of a pomeron loop increases with the rapidity interval covered by the loop, the
dominant contribution of the pomeron loop diagram as pictured in Fig. 3.24 comes from a
loop covering the whole interval in rapidity. It was then argued that in such a contribution
the pomeron recombination vertex would be close to the proton in rapidity and, if the proton
is nonperturbatively strongly coupled, the vertex can then be effectively absorbed into the
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Fig. 3.24. A pomeron loop diagram.

proton. This would make the resulting diagram into a pomeron “fan” diagram, with some
complicated nonperturbative interaction with the proton. The latter interaction would then
be modeled by independent scatterings of pomeron ladders on different constituents in the
proton. We will present the physical parameters justifying the fan diagram approximation
in a more systematic way in the next chapter.

Ladder recombination in fan diagrams is described by effective ladder merger vertices,
denoted by the ovals in Fig. 3.23. These vertices are called triple pomeron vertices, since
they connect three different ladders (BFKL pomerons). For their calculation we refer the
reader to Bartels and Wusthoff (1995) and Bartels and Kutak (2008) and references therein.
If one views the DIS process in the infinite momentum frame described above, the ladder
mergers appear to be exactly the partonic interactions that enter when the gluon density
becomes high. It turns out that such interactions are not simple individual parton mergers
but are, in fact, of a more collective nature, as they consist of ladder mergers, i.e., mergers
of different linear parton evolutions.

Note that the diagram in Fig. 3.23 contains only triple pomeron vertices, i.e., 2 — 1
ladder mergers. In the next chapter we will argue that while all higher-order 3 — 1,4 — 1,
etc.) mergers exist, in the LLA they are suppressed by powers of N2 and can therefore be
neglected in the large-N, (fixed-oyN,.) limit (Bartels and Wusthoff 1995, Braun 2000a).
Before those results became known, in their original work Gribov, Levin, and Ryskin (1983)
had suggested that, before the energy becomes sufficiently high for all nonlinear effects to
become important, there could be an intermediate energy region where the physics of gluon
distributions is dominated by 2 — 1 ladder recombination. This recombination would bring
in a quadratic correction to the linear BFKL equation for the unintegrated gluon distribution
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118 Energy evolution and leading logarithm-1/x approximation in QCD

(3.94), leading to the GLR evolution equation (Gribov, Levin, and Ryskin 1983)

dp(x, k1)
aln(1/x) 2c S

with the LO BFKL kernel defined in Eq. (3.62). In writing down Eq. (3.128), for simplicity
we have assumed that the proton or nucleus has the shape of a cylinder oriented along
the beam axis with cross sectional area S; = 7 R?; however, the GLR equation (3.128)
can be generalized easily to any shape of proton or nucleus, as the impact parameter (b, )
integration can be carried out separately for each ladder (Gribov, Levin, and Ryskin 1983).
As expected, the linear term in Eq. (3.128) is equivalent to the BFKL equation (3.94), while
the quadratic term, responsible for ladder mergers, introduces damping and thus slows
down the growth of the gluon distributions with energy. This phenomenon became known
as the saturation of parton distributions. A more quantitative discussion of the role of the
damping term on small-x evolution will be presented in the next chapter.

The GLR equation (3.128) was rederived by Mueller and Qiu (1986) in the double
leading-logarithmic approximation (DLA) for the integrated gluon distribution function
related to the unintegrated distribution by (cf. Eq. (3.93))

N,
2 / &l Kok, D $(x, K2) — = [p(x, kTP, (3.128)

2

xG(x, Q%) = / di3 (x, k7). (3.129)

Employing the DLA and analyzing diagrams with two merging DGLAP ladders, Mueller
and Qiu arrived at the following evolution equation (again written here for a cylindrical
proton or nucleus):

3%xG(x, Q%) oy N,

= (add _ 2\12
d1In(1/x)d In(Q2/A%) [xG(x, Q9)°, (3.130)

2CS Q2

xGlx, Q%) — =

which is known as the GLR-MQ equation.
Equation (3.130) is easily rewritten in terms of the density of gluons (with transverse
size 1/Q) in the transverse plane,

xG(x, Q%)

pglue(x: Qz) = S—; (3131)
1
we obtain
82,0 ue ach oy N T
g = R e = S e (3.132)
d1In(1/x)d In(Q*/A?) T 2CrQ

This equation has a simple probabilistic interpretation, given in Fig. 3.25. There we
show several BFKL gluon cascades in the amplitude, each the same as in Fig. 3.20 but
drawn in a time-ordered way (cf. Fig. 2.25) in the IMF/Bjorken or Breit frames. The proton
or nucleus is envisioned as being at the top of each diagram though not shown explicitly.
The first term on the right of Eq. (3.132) clearly describes the emission of an extra gluon
at rapidity ¥ = In 1/x (see the left-hand panel in Fig. 3.25), which leads to an increase in
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vertex of gluon
emission

Fig. 3.25. Probabilistic interpretation of the two terms on the right-hand side of the GLR—
MQ equation (3.130). The horizontal dashed lines denote one step AY of the evolution in
rapidity.

the number of s-channel gluons. The gluon can be emitted from any of the three cascades
in this panel.

The second term on the right-hand side of Eq. (3.132) corresponds to a process in which
two gluon cascades merge together, reducing the number of cascades to two, as shown in
the right-hand panel of Fig. 3.25. The s-channel gluon emitted after the merger can only be
produced by the two remaining cascades. Thus the cascade merger leads to a decrease in
the rate of new gluon production; therefore, it should enter Eq. (3.132) with a minus sign.
Since in this process two (#-channel) gluons meet to interact, its contribution is proportional
to ,ogm and to the cross section of the GG — GG process (see the right-hand panel in
Fig. 3.25), which, on dimensional and power-counting grounds, should be proportional
too ~ ozf / Q7. This is exactly what goes into the second term on the right-hand side of
Eq. (3.132). In the next chapter we will put this probabilistic interpretation on a more
rigorous basis.

Equation (3.130) allows one to estimate more precisely the saturation scale Qf at which
the nonlinear saturation effects become important. To do that we have to equate the linear
and quadratic terms on the right-hand side of Eq. (3.130). This gives

2
2 AT 2
= G(x, Q7). 3.133
0} = 5 55-%G0. 0D (3.133)
The gluon distribution near the saturation region grows as a power of 1/x at small x (see
(3.97)):
1\
xG ~ (—) , (3.134)
X

with & > 0 to be specified in the next chapter in a more detailed estimate. (This behavior
of the gluon distribution is supported by experimental data.) Note that for a nucleus con-
sisting of A nucleons we have to multiply this distribution function by the factor A. Using
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120 Energy evolution and leading logarithm-1/x approximation in QCD

Eq. (3.134), multiplied by A, in Eq. (3.133) yields

A (1) 1\
Q§~—(—) ~ A3 (-) , (3.135)
’ S \x X

in qualitative agreement with Eq. (3.125). An important additional feature of Eq. (3.135)
is that it contains a power of the atomic number A. (In deriving the rightmost expression in
Eq. (3.135) we have used the fact that for a nucleus S, ~ R> ~ A%3, since R ~ A'/3.) This
factor A/ is important: it means that the saturation scale not only grows with decreasing x
(increasing energy) but also that it is large for large nuclei. Since nonlinear saturation effects
are important for all Q < Qy, we observe that the saturation region is actually broader for
DIS on a nucleus. Also, for the same value of Bjorken x the saturation scale for DIS on a
nucleus is larger than that for DIS on a proton, providing a stronger justification for the use
of perturbative QCD approach in the former case.

It is instructive to rewrite the saturation condition (3.133) in terms of the transverse
gluon density defined in Eq. (3.131). The condition (3.133) implies that

1 o1
o Pgiue(x, QF) ~ o (3.136)

s

i.e., that the number of gluons in an element of the transverse area comparable with the
typical size of the gluon (which is the number of gluons on top of each other in the transverse
plane) needs to be of order 1/« for nonlinear effects to become important. Remembering
that xG ~ (A, A,), we see from Eq. (3.136) that this implies that the corresponding gluon
field should be

1
Ay~ = (3.137)
g

At small coupling this is the strongest that a gluon field can be: the regime of (3.137)
sets in when the interaction terms in the QCD Lagrangian (1.1) become parametrically
comparable to the kinetic (free) term, as one can see from Eq. (1.4). We have obtained
another interpretation of the saturation physics: saturation occurs because the gluon field
gets as strong as it can possibly be, leading to the saturation of the gluon field strength and
the parton distribution functions. A careful reader might also notice that a strong field of
the type (3.137) usually occurs in classical problems, where one is looking for a classical
gluon field (e.g. instantons). We will return to this observation and its implications below
(McLerran and Venugopalan 1994a, b, c).

When the GLR-MQ equation was originally derived, the quadratic damping term that
occurs in both Egs. (3.128) and (3.130) was believed to be important only near the border
of the saturation region, for Q ~ Qj, where nonlinear effects were only starting to become
important (Gribov, Levin, and Ryskin 1983, Mueller and Qiu 1986). It was expected that
higher-order nonlinear corrections would show up as one goes deeper into the saturation
region towards Q < Q. For instance, a nonlinear AGL evolution equation was proposed
by Ayala, Gay Ducati, and Levin (1996, 1997, 1998) that included the suggestion that
there should be corrections at all orders in ¢ on the right-hand side of Eq. (3.128). In the
next chapter we will present a systematic way of unitarizing the BFKL evolution equation
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Exercises 121

by including it in the light cone wave function, similarly to how we derived the DGLAP
evolution above.

Further reading

For a more detailed and extensive discussion of the pre-QCD pomeron and its phenomenol-
ogy see Collins (1977), Forshaw and Ross (1997), Barone and Predazzi (2002), and
Donnachie, Dosch, and Landshoft (2005).

For readers interested in finding out more details on the BFKL equation and its solution
we recommend the article by Del Duca (1995). We also recommend the review of Lipatov
(1997), which summarizes everything that was then known about the solution to this linear
equation. We believe that any difficulty in reading this paper will be compensated by the
beauty of the problem. A very nice and detailed presentation of BFKL physics, gluon
reggeization and the bootstrap equation, and higher-order corrections to BFKL evolution
can be found in the book by Ioffe, Fadin, and Lipatov (2010).

The triple BFKL pomeron vertex has been extensively studied also. We recommend
the paper by Bartels and Kutak (2008) and references therein. One can learn a lot from
this paper about the classification and summation of Feynman diagrams in high energy
scattering.

Exercises

3.1 Find the quark—quark scattering cross section do,,_. 4, /dt at the Born level (order ?),
expressing the answer in terms of the Mandelstam variables s and ¢. (For simplicity
assume that quarks are massless.) Take the limit of high energy s keeping ¢ fixed and
demonstrate that the expression obtained reduces to the cross section found in Sec. 3.2
above. Explain why the diagram in Fig. 3.3 dominates at high energy.

Repeat the above for the Born-level quark—antiquark scattering cross section
doyg—qg/dt.

3.2 (a) Derive Eq. (3.24) starting from Eq. (3.18).
(b) Average Eq. (3.24) over the directions of X;; and X, and integrate it over [ to
obtain Eq. (3.25).

3.3 Consider onium—onium scattering at fixed impact parameter b 1.
(a) Generalize Eq. (3.24) to the fixed impact parameter case. You should obtain the
following cross section per impact parameter:

d(%l(:]rtzium-}—onium _ O‘SCF dzlidzlj_l: iii'(EL+)?1L/2) _ e”l'@L*ﬁLﬂ)]
d?b 272N, 1317

% [e—iz}fm/z B eiz}x—u/z] |:efil/L~(bL+J?u/2) _ efill-(blffru/Z)]

XP@M&_[ﬂ%ﬂ} (3.138)
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122 Energy evolution and leading logarithm-1/x approximation in QCD

Make sure that integrating Eq. (3.138) over the impact parameter reduces it back
to Eq. (3.24).
(b) With the help of Eq. (A.9) integrate Eq. (3.138) over /; and /] to obtain

. . 7 1= 1=
A onium-onium 2 ‘bj_ + 35X+ 5X21
s 2920, R

d2b N.

(3.139)

3.4 Show that the azimuthally symmetric eigenfunction x (0, v) of the BFKL kernel from
Eq. (3.81) reduces to

x(0,v) = (3.140)

1+ 402
if we extract only the leading twist contributions to the BFKL Green function in
Eq. (3.82) forboth [} > I’ andl, < /I',.

3.5 Use Eq. (3.82) in Eq. (3.26) to find the total onium—onium scattering cross section due
to a BFKL pomeron exchange (neglecting the light cone wave functions of the onia).
(a) First the integration over [, and /. You may find formulas (A.16) and (A.19)
handy.
(b) Use the expansion around the saddle point given in (3.84) to perform the remaining
v-integral using the steepest descent method. You should obtain

G onim-onium. 160, Cr (;;CF XX T ey c (731) —
¢ s

_ In?(x1y /x21)
14203) &, Y

3.6 Verify explicitly that the BFKL Green function (3.80) satisfies the property (3.120).

X exp {(oep — 1Y (3.141)
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4
Dipole approach to high parton density QCD

We are now ready to present more recent developments in high energy QCD. We will
consider DIS in the rest frame of a proton or a nucleus. In this frame a virtual photon
fluctuates into a quark—antiquark pair, which, in turn, hits the proton or nuclear target.
We argue that quark—antiquark dipoles are convenient degrees of freedom for high energy
scattering in QCD. We will present a simple model of DIS on a nucleus, due to Glauber,
Gribov, and Mueller, in which the ¢gg dipole rescatters multiple times on a nuclear target
consisting of independent nucleons. We then include quantum corrections to this multiple-
rescattering picture: we argue that the initial gg dipole may develop a cascade of gluons
before hitting the target nucleus. In the large- N, limit the cascade is described by Mueller’s
dipole model. When applied to DIS the dipole cascade resummation leads to the Balitsky—
Kovchegov (BK) nonlinear evolution equation. We describe approximate analytical and
exact numerical solutions of the BK equation and show that it resolves both problems of
BFKL evolution: BK evolution is unitary and has no diffusion into the IR. It generates a
saturation scale Q; that grows with energy, justifying the use of perturbative QCD. We
conclude the chapter by presenting the Bartels—Kwiecinski—Praszalowicz (BKP) evolution
equation for multiple reggeon exchanges, along with the evolution equation for (C-odd)
odderon exchange.

4.1 Dipole picture of DIS

Let us begin by considering DIS in the rest frame of the proton or nucleus. While many
conclusions in this chapter may also apply to proton DIS, in the strict sense our results
would be justified only for DIS on a large nucleus since such a nucleus has a large atomic
number parameter A allowing us to make the approximations we will need below. We will
therefore only talk about DIS on a nuclear target.

Without any loss of generality we can choose a coordinate axis such that the momentum
of the virtual photon is given by

2
q" = <q+, _qQ_+’0J_> A.1)

in the (4, —, L) light cone notation. The light cone momentum of the virtual photon g is
very large (since the (high) photon—nucleus center-of-mass energy is § = mg™), so that its

123
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124 Dipole approach to high parton density QCD

Fig. 4.1. Forward scattering amplitude for DIS on a proton or nuclear target in the rest
frame of the target: the virtual photon splits into a ¢g pair which then interacts with the
target. The interaction is depicted by the vertical oval. For simplicity the electron that emits
the virtual photon is not shown.

coherence length in the longitudinal plus direction (see Sec. 2.3),

xt 2 E, 4.2)
lg=1  ©Q?

is much larger than the size of the nucleus. If the virtual photon fluctuates into a quark—
antiquark pair, the typical lifetime of such a g4 fluctuation would also be much longer
than the nuclear diameter. Therefore, a DIS process in the nuclear rest frame occurs when
a virtual photon fluctuates into a ¢4 pair (which we will also refer to as a color dipole or
simply a dipole); the g4 pair proceeds to interact with the target (Gribov 1970, Bjorken
and Kogut 1973, Frankfurt and Strikman 1988). The forward scattering amplitude for the
process is pictured in Fig. 4.1, with the ¢g dipole—nucleus interaction represented by the
vertical oval. This is the dipole picture of DIS (Kopeliovich, Lapidus, and Zamolodchikov
1981, Bertsch et al. 1981, Mueller 1990, Nikolaev and Zakharov 1991). Note that while
the topology of the DIS diagram in Fig. 4.1 is the same as for DIS in the IMF, shown in
Fig. 2.2, the time-ordering of the interactions is different in the two figures.

The interaction of a virtual photon with a nucleus can be viewed as a two-stage process:
the virtual photon decays into a colorless dipole consisting of a quark and an antiquark
and the colorless dipole travels through the nucleus. However, this separation between the
time scale for the photon to decay into the g4 pair and the interaction time is not the
only advantage of the dipole picture. Another important simplification comes from the fact
that in high energy scattering a colorless dipole, with transverse size x, , does not change
its size during the interaction and therefore the S-matrix of the interaction is diagonal
with respect to the transverse dipole size (Zamolodchikov, Kopeliovich, and Lapidus 1981,
Levin and Ryskin 1987, Mueller 1990, Brodsky et al. 1994). Indeed, while the colorless
dipole is traversing the target, the distance x; between the quark and antiquark can only
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4.1 Dipole picture of DIS 125

vary by an amount

Ax, ~ R 4.3)
X ~ E .

where E ~ ¢° denotes the energy of the dipole in the laboratory frame (the target rest
frame), R is the longitudinal size of the target, and k is the relative transverse momentum
of the gg pair acquired through interaction with the target. In Eq. (4.3) k, /E is the relative
transverse velocity of the quark with respect to the antiquark. From Eq. (4.3) we can see
already that the change in the dipole size is suppressed by a power of the energy E and is
therefore small. To quantify this better let us first remember the definition of Bjorken x,
given in (2.2):
2 2 2

=2 2 L2 (4.4)

2P-q mg*t 2mE

Using Eq. (4.4) in Eq. (4.3) along with the uncertainty principle Q ~ k; ~ 1/x, yields

Ax 4R
L~ 2mxR =
X1 coh

< 1, 4.5)

where [.,;, = 2/(mx) is the coherence length of the dipole fluctuation (see Eq. (2.56)).
We thus see that at small x <« 1/(mR), when the dipole interacts with the whole nucleus
coherently in the longitudinal direction, the transverse recoil of the quark and the antiquark
are negligible compared with the size of the dipole. Therefore the transverse size of the
dipole is invariant in high energy interactions, as indicated in Fig. 4.1.

We conclude that in calculating the total DIS cross section, along with other high
energy QCD observables, it is convenient to work in transverse coordinate space. We will
therefore adopt a mixed representation: we will use longitudinal momentum space along
with transverse coordinate space. Light cone perturbation theory (LCPT) is a very useful
tool here again. Using LCPT to calculate the total DIS y*A cross section we can factorize
the diagram in Fig. 4.1 into the square of the light cone wave function W %9 (X, z) for
the splitting of a virtual photon into a ¢g dipole and the total cross section for the scattering
of a dipole on a target nucleus G,Z?A()? 1,7Y), so that

1
2
o (x, 1) = f d4xL f i et Gl Y. @6
T ) z(1—2)
0

Here z = k™ /g™, with k™ the light cone momentum of the quark in the ¢g pair. In gen-
eral the dipole—nucleus cross section will depend on z too; however, in the eikonal and
LLA approximations that we mainly consider below, a,‘f,;“ is independent of z. The net
rapidity interval for the dipole-nucleus scattering is given by ¥ = In(§x7) ~ In1/x for
x, ~1/0.

The reader may have other doubts about the factorization (4.6): after all, the LCPT rules
presented in Sec. 1.3 require us to subtract the light cone energy of the incoming state in
the energy denominator from each intermediate state’s energy. Since the light cone energy
of the incoming virtual photon is g~ = —Q? /g™, it seems that each intermediate state that
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126 Dipole approach to high parton density QCD

we have absorbed into U,Z‘,?A()? 1, Y) should “know” about the photon’s energy. However,
in the rest frame of the nucleus, ¢~ is equal to —Q?/g* ~ 1/§ and is therefore negligibly
small compared with the typical minus components of momenta involved in dipole—nucleus
interactions. The same would be true for dipole—nucleus scattering: the incoming dipole
state would have a negligibly small light cone energy compared with the energies involved
in the interaction. Therefore, in our eikonal approximation (up to corrections of order 1/5),
we can interchange the negligible light cone energy ¢~ for the light cone energy of the
dipole without changing the answer, thus justifying the factorization of Eq. (4.6). (Note
that in calculating the light cone wave function W” ~99(X |, z) we cannot neglect the light
cone energies of the virtual photon and the gg dipole, since they are the only terms entering
the energy denominator.) Another important assumption is that the light cone energy of the
target is not modified until the interaction with the dipole: one can show that the time scale
of target fluctuations is much shorter than the lifetime of the dipole. Hence the target does
not affect the virtual photon’s wave function, since in constructing the latter the same light
cone energy of the target enters into both the energies of the intermediate states and the
initial-state energy, thus canceling in the energy denominators.

The factorization of Eq. (4.6) is very convenient: it allows us to separate the simple
y* — qg QED process from the strong interaction dynamics contained in a,?,tq_A()? 1, 7).

Note that the virtual photon may have either transverse or longitudinal polarization.
Requiring that the photon polarization satisfies € - ¢ = 0 and imposing €7 = —1 for trans-
verse polarization and €7 = 1 for the longitudinal polarization, we obtain for ¢*, Eq. (4.1),
the following polarizations:

€7 =(0,0,€), (4.7a)
+
gt 0 =
€L = (E, e OJ_) ) (4.7b)

with €} as given in Eq. (1.54). The polarization vectors (4.7) form a complete basis in
the space of possible polarizations, so that the numerator of the photon propagator in the
Landau gauge can be decomposed in terms of them as

9.9
- ZZU == Z G;:/LG;:TJ + ELMGZ\;‘ (48)
A==+

8uv

Using the polarizations (4.7) along with Egs. (2.13) and (2.16) one can separate the total
DIS cross section into transverse (7') and longitudinal (L) components (see Halzen and
Martin 1984):

. 4r? 1 4m®
ol A OZOEM weo L 6%6% _ #Wl (4.9a)
q 2= 1
N 47’ 47’ 2
A EM v * EM -
O’Z = TW“ €Lu€r, = q—o |:—W1 + <1 + 2>W2] s (49b)

with v as defined in Eq. (2.5) and a gy, the fine structure constant. Employing Eqgs. (2.18a)
and (2.18b), we can rewrite Egs. (4.9) in the high energy v > Q limit as expressions for
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4.1 Dipole picture of DIS 127

Fig. 4.2. Light cone wave function for a virtual photon fluctuating into a quark—antiquark
pair (a dipole). The dotted line denotes the intermediate state.

the dimensionless structure functions:

F 2N QZ y*A _ Q2 y*A y*A 4 10
6, 09 = ool = o (of " o)), (4.100)
0’ .
2P (x, Q) = ——of " (4.10b)
4 OEM

Itis useful to also define the longitudinal structure function F; , which measures the violation
of the Callan—Gross relation (2.44):
Q2 y*A

Fi(x, 0% = F(x, 0*) — 2xFi(x, 0%) = pr - ol . 4.11)

Equations (4.10) and (4.11) allow us to find the DIS structure functions using the transverse
and longitudinal cross sections, which, with the help of Eq. (4.6), can be found from the
dipole—nucleus scattering via

1
. d*x dz *gd - GA -
UTV,LA(x,Qz)=/ 4;/—41 — WY G D ol E L ). (4.12)
0

We have defined the transverse, \Ilfﬁqq (X1, 2), and longitudinal, \I/}L’*ﬁqq()? 1, 2), light cone
wave functions, which differ by the polarization vector of the incoming virtual photon.
Let us now calculate the light cone wave functions \I/%; 99(x,, z) for the quark—
antiquark fluctuations of a virtual photon. The diagram is shown in Fig. 4.2, in which the
vertical dotted line denotes the intermediate state. Using the LCPT rules from Secs. 1.3 and
1.4, we write for the wave functions in momentum space (cf. the calculation in Sec. 2.4.2)

Z(l — Z)aij

\I/y*ﬁqq(l_(l, Z) = €Zf =
T.L ’ ki _{_m? + QZZ(I -2

ity (k)y - €7, vr(qg — k), (4.13)

where o and o' are the quark and antiquark helicities, i, j are their colors, m ¢ is the mass
of a quark with flavor f, and Z is the quark’s electric charge in units of the electron charge
e. (Note that g# is given in Eq. (4.1).) As mentioned above, we define z = k™ /g™ as the
fraction of the photon’s light cone momentum carried by the quark.
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128 Dipole approach to high parton density QCD

Starting with the transverse polarization we substitute the polarization vector from
Eq. (4.7a) into Eq. (4.13) and evaluate the Dirac matrix element using Appendix A.l,
obtaining

\I};*—ﬂq(/_c'l, Z) = er Z(l - Z) 8[/

(1 = 85508 -k (1 =22 — GA) + Sgom (1 + 1) /2
X .

= (4.14)
ki +m5 + 0% —2)

In arriving at Eq. (4.14) we have also used the fact that in two transverse dimensions
e x ky = —ir& -k for the & from Eq. (1.54).

Since we are interested in using the virtual photon’s wave function in transverse coordi-
nate space in Eq. (4.12), we perform a Fourier transform of Eq. (4.14):

d’k,

ik Fg Y ad g
me \IIT.L (kL, Z) (415)

W) =

and employ Eq. (A.11) along with K((z) = —K(z) to obtain

*gd o e/ . €h X
wy "‘f(n,z>=2—7f z(l—z)aij[(l—awo(l—zz—omaf = L Ki(xay)
1

+ sw,’"—;(l ¥ mKo(xlaf)], (4.16)

7

where
a} = Q*2(1 — 2) + m}. 4.17)

The square of the absolute value of the transverse wave function (4.16), summed over all the
outgoing quantum numbers and averaged over the possible polarizations of the incoming
transverse photon is (Bjorken, Kogut, and Soper 1971, Nikolaev and Zakharov 1991) given
by

(XEMZ%

(W7 TG P = 2N Y
f

x {2 [Kiiap) 12+ (1 = 92+ w3 [Koerap ). @18)

z(1 —2)

To calculate the longitudinal wave function \IJZ*%M (X1, z) we repeat the above steps,
now using the longitudinal polarization vector (4.7b) in Eq. (4.13). The transverse momen-
tum space longitudinal wave function is

eZylz(1 =212 8;; 201 = 8541)
K +mk+0%(1-2

WE L ) = (4.19)

In arriving at Eq. (4.19) we have neglected a term that would have given us a delta
function, §2(X_ ), in the transverse coordinate-space wave function; as we will shortly see,
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4.2 GGM multiple-rescatterings formula 129

zero-transverse-size dipoles do not interact with the nucleus (they have zero scattering cross
section) and so such configurations do not contribute to the DIS structure functions.
Fourier-transforming Eq. (4.19) into transverse coordinate space yields

LN N e/
W TR 7) = z—nf[za — P 8;;20(1 — 8,50 Ko(x1ay), (4.20)

so that the longitudinal wave function squared, again with all summations performed, is
(Bjorken, Kogut, and Soper 1971, Nikolaev and Zakharov 1991)

f g OlEMZ2
TG R = 2N, ) 40 - ' [Koteiap] (4.21)
f

To obtain the phase-space integral in Egs. (4.6) or (4.12) we remember that the two-
particle momentum phase space given in Eq. (1.82) is (remembering that in our case the
quarks are not identical)

d d’k
/ _ & 4R (4.22)
2z(1 —2) 2m)3
After Fourier-transforming the wave function into transverse coordinate space the integral
becomes
dz  d?
/ & £ (4.23)
2z(1 —z) 2x

in agreement with Eqgs. (4.6) and (4.12).

We have now completed the calculation of the QED part of DIS in the dipole picture.
Equations (4.18) and (4.21), when used in Eq. (4.12), give us the transverse and longitudinal
DIS cross sections, which, in turn, when used in Eqgs. (4.10) and (4.11) give us the structure
functions. The interesting physics of strong interactions is contained in the dipole—nucleus
scattering cross section O;Z)?A()-é 1, Y): most of this chapter is dedicated to calculating this
quantity.

4.2 Glauber-Gribov—Mueller multiple-rescatterings formula

We begin by employing Eq. (3.119a) to rewrite the total dipole—nucleus scattering cross
section as

1TAE, ) =2 / &b NG LB, Y), 424)

where N (X, by, Y) is the imaginary part of the forward scattering amplitude for a
dipole of transverse size X, interacting with the nucleus at impact parameter b 1 and
with net rapidity interval Y. Hence to find the cross section o;,’,?A we need to calculate
NGy, by, Y).

To find N(X, b 1, Y) let us consider the following (Glauber) model. Assume that the
nucleus is very large and dilute and is made out of A >> 1 independent nucleons, where A is
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130 Dipole approach to high parton density QCD

IRl

Fig. 4.3. The four diagrams contributing to dipole interaction with a single nucleon at the
lowest nontrivial (two-gluon) order in the high energy approximation and an abbreviated
notation for their sum.

the atomic number of the nucleus.! Any correlations between the nucleons are suppressed
by powers of the large parameter A: hence our approximation corresponds to summing
the leading powers of A. In evaluating the forward dipole—nucleus scattering amplitude
N(xy, b 1,Y) we will follow the strategy originally outlined by Glauber and by Gribov
(Glauber 1955, Franco and Glauber 1966, Gribov 1969b, Glauber and Matthiae 1970,
Gribov 1970) and implemented in QCD by Mueller (1990).

4.2.1 Scattering on one nucleon

First we consider the case when the dipole interacts with only one nucleon in the nucleus.
Assuming that the interaction is entirely perturbative, we see that the lowest-order contri-
bution to the forward high energy scattering amplitude comes from a two-gluon exchange.
The relevant diagrams are shown in Fig. 4.3. This lowest-order scattering process was
calculated in Sec. 3.2. Employing the results of that section (see Eq. (3.25)) we can write
down the total dipole—nucleon cross section as

O'qu ~

2 Othp 2 1
In . 4.25

N, Az 25
In arriving at Eq. (4.25) we have assumed that the dipole is perturbatively small, x; <
1/A ocp, and that the nucleon can be modeled as another dipole of transverse size 1/A >
x1, with A some soft QCD scale of order A ycp. We have also assumed that the nucleus
is sufficiently large that the cross section does not depend on the dipole’s orientation in the
transverse plane, over which we therefore average.

At the same two-gluon order the unintegrated gluon distribution function of the nucleon
can be found using Eq. (3.92) with the lowest-order BFKL Green function (3.59). This
gives
Uy CF 2
K’
where we have assumed that k; >> A. The factor 2 on the right-hand side of Eq. (4.26)
simply counts the number of quarks in the dipole representing the nucleon. It should be

$1o" (x. k1) =

(4.26)

! Strictly speaking A is called the mass number of the nucleus; nevertheless, we will follow the standard jargon in the
high energy field and refer to it as the atomic number.
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4.2 GGM multiple-rescatterings formula 131

replaced by N, if one wanted to model the nucleon more realistically, as consisting of N,
valence quarks. Using Eq. (3.93) the corresponding lowest-order gluon distribution of an
onium (a nucleon) turns out to be

onlum C Q2
xGom (x, Q%) = 5 4.27)
Comparing Eq. (4.27) and Eq. (4.25), we can rewrite the latter as
Y 2 1
o949V ~ Qs xleN ( —2> , (4.28)
c x|

where xG y is the gluon distribution in the nucleon (presently modeled as an onium).
Equation (4.28) has an advantage over Eq. (4.25): it is valid for any nonperturbative gluon
distribution in the nucleon and is therefore more general. We will use these equations
interchangeably, though.

To find the dipole—nucleus scattering cross section at a given impact parameter we
need to average the dipole—nucleon scattering amplitude over all possible positions of the
nucleon inside the nucleus and to sum over the A nucleons in the nucleus, all of which may
participate in the interaction. We have

do1dN

qqA
4oL a0
dp' -’

4.29
7h (4.29)

= f dbsd®b' palb, — b, bY)
where dbgdzb’l = d’b is the three-dimensional volume element and py4 (5 1, b3) is the
nucleon number density, with b 1 = (b1, bp). In a simplified model, the nucleus has a
constant nucleon number density p4 = A/V, where V is the volume of the nucleus in its
rest frame. In the general case py (l; 1, b3) is given by the Woods—Saxon parametrization of
the nuclear density (Woods and Saxon 1954).

Equation (4.29) gives the cross section for a dlpole at impact parameter b | scattering
on a nucleon at impact parameter b 11— b/ (where b is its transverse distance from the
dipole), convoluted with the nucleon density p, Wh1ch, in turn, is proportional to the
probability of finding a nucleon at b 1= l;j_ (see Fig. 4.4). To simplify Eq. (4.29) we note
that the perturbative scattering cross section falls off as do9" /d*b’ ~ 1/ b/j_1 at large impact
parameter, as can be seen for instance from Eq. (3.139) in Exercise 3.3 (after averaging
over the azimuthal orientations of one dipole; this mimics an unpolarized nucleon, without
any preferred direction). At nonperturbatively large impact parameter ', 2 1/A gcp one
expects an even steeper falloff, do 77" /d*b’ ~ exp(—2m b)) (cf. Eq. (3.113)). Hence the
cross section do99V/d?b’ is localized at small impact parameters b, < 1/Agcp.-

In the large- A approximation that we are employing, one assumes that the nuclear wave
function and hence the density p A(Z; 1, b3) does not change significantly over distances of
order 1/A ocp, which is small compared with the size of the nucleus, so that the nucleon
has an approximately equal probability of being anywhere within this transverse range.

2 We would like to stress here that in order to conform to the standard notation we write the gluon distribution with
Bjorken x in its argument, but throughout this section the gluon distribution is taken at the lowest (two-gluon) order
and is therefore x-independent.

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

132 Dipole approach to high parton density QCD

b -1
nucleon

nucleus

Fig. 4.4. The geometry of dipole—nucleus scattering in the transverse coordinate plane. To
illustrate the notation of Eq. (4.29) the dipole is placed far from the nucleon; in reality
b, S 1/Agep.

Therefore, for large nuclei we can approximate pg4 (l; L — l;j_, by)as pa (l; 1, b)) and recast
Eq. (4.29) by integrating over b/, as
dang
d*b

= T(b,)o 1V, (4.30)

where we have defined the nuclear profile function T(l; 1) by
00
160 = [ dbipabe b (431)
For a spherical nucleus of radius R with constant nucleon number density po = A/V one
has T(b,) = 2pay/ R? — b2
Comparing Eq. (4.30) with Eq. (4.24) and employing Eq. (4.28) we obtain

NioGL.b..Y) OWzT(B) 2:G !
X, s = XX X, —=
ro(xi,by 3N, 1)x7xGy 2
7TO[%CF - 1
= - - T(bJ_) _XJZ_ In _xJ_A , (432)

where in the last line we have modeled the nucleon by a single quark with gluon distribution

Ay CF Q2
In =.

A2

We now have the forward dipole—nucleus scattering amplitude for the case when only
one nucleon in the nucleus interacts with the dipole. This case has a problem akin to that
of linear BFKL evolution: if we increase the dipole size x, in Eq. (4.32), at some point we

get Npo > 1, violating the black-disk limit, which states that

xG(x, 0%) =

NG b, Y) <1 (4.33)

(see Eq. (B.37) in Appendix B).
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4.2 GGM multiple-rescatterings formula 133

4
g 9 g g v g 9

Fig. 4.5. Dipole-nucleus scattering in the Glauber—Gribov—Mueller approximation in the
Feynman gauge. The disconnected gluon lines at the top denote the sum over all possible
connections of the gluon lines to the dipole, as depicted in Fig. 4.3.

Let us stress again here that the transverse dipole size x| is preserved in high energy
interactions. This makes the S-matrix diagonal not only in the impact parameter b 1, as
we saw in Egs. (3.119) and also in Appendix B, but also in the dipole size X, . Therefore,
the relations (3.119) between the cross sections and the S-matrix can also be written down
for dipole-nucleus scattering with a fixed dipole size X, . The unitarity conditions (the
optical theorem), which in momentum space are written as complicated convolutions (see
e.g. Eq. (B.19)), become simple products of the amplitudes in (X, b 1 )-space (see e.g.
Eq. (B.30)). For this reason we think of color dipoles (or any other objects in the transverse
coordinate representation) as the correct degrees of freedom for high energy scattering.

4.2.2 Scattering on many nucleons

When the probability of interaction with one nucleon becomes large, interactions with
multiple nucleons also becomes likely and should be taken into account. Now we will
see how multiple rescatterings of the dipole on different nucleons cure the problem of
black-disk-limit violation by Eq. (4.32).

Let us consider the case when any number of nucleons can interact, restricting the
interaction with each nucleon to the lowest nontrivial order. For this calculation we will
be working in the standard Feynman perturbation theory using the Lorenz 9,A" =0
(Feynman) gauge. (Once we have separated the DIS cross section into the light cone wave
function squared and the dipole—nucleus cross section, we can calculate the latter using any
technique that is convenient.) We start by stating the diagrammatic answer for the many-
nucleon interaction case: in the Feynman gauge, the dipole—nucleus interaction becomes a
series of successive independent dipole—nucleon rescatterings, as shown in Fig. 4.5. There
each nucleon (denoted by an oval at the bottom, just as in Fig. 4.3) interacts with the dipole
via a two-gluon exchange: the disconnected gluon lines at the top of the diagram denote all
possible connections to the quark and the antiquark lines in the dipole, as defined in Fig. 4.3.

The diagram in Fig. 4.5 implies that in the covariant gauge there is no direct “cross-talk”
between the nucleons and that all the nucleons interact sequentially in the order in which
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134 Dipole approach to high parton density QCD

k k—1l+gq

Fig. 4.6. Examples of diagrams that can be neglected for dipole—nucleus scattering in the
covariant (Feynman) gauge.

H K l%% " q

pRptligp+li—gq P p+l—q |

i P+ =4

Fig. 4.7. Diagrammatic illustration that for a color-singlet object such as a nucleon, the
coupling of two gluons to a single quark line is equivalent to the coupling of each gluon
to a quark line that is on mass shell both before and after the quark—gluon interaction. The
solid vertical line in the rightmost graph indicates an effective cut.

the dipole encounters them, i.e., according to their ordering along the x *-axis. The dipole—
nucleon interactions in the covariant gauge of Fig. 4.5 are localized inside the nucleons,
on distance scales much shorter than the nuclear radius. While for a large dilute nucleus
these assertions seem natural, we still need to prove them. To do so, it is convenient to
change the frame slightly by giving the nucleus a slight boost, so that it moves along the
light cone in the minus direction with a large P~ momentum. At the same time the boost
preserves the virtual photon’s motion along the plus light cone, with four-momentum as
shown in Eq. (4.1). Thus both the dipole and nucleus in this new frame move along their
respective light cones, as shown in Fig. 4.8. In the calculations below we will assume that
the gluon—nucleon coupling is perturbatively small.

To illustrate why the graphs in Fig. 4.5 dominate the scattering, let us show that the
diagrams in Fig. 4.6, demonstrating “cross-talk” (A) and the violation of x*-ordering (B),
are suppressed and can be neglected. Before we do that, let us carry out a simple exercise
elucidating the nature of the coupling of two gluons to a nucleon. Consider two gluons
coupling to a quark line in a nucleon, as shown in Fig. 4.7. This can be a part of any diagram
in Figs. 4.6 and 4.5. Note that one has to include a crossed diagram, as illustrated in Fig. 4.7.
Since the nucleon is a color singlet, the color factors of the two graphs on the left in Fig. 4.7
are identical (say, owing to a color trace), so that the difference between the two diagrams
is only in the propagators for the internal quark line. Adding the two propagators (using the
momentum labels from Fig. 4.7) and remembering that p~ is the largest momentum in the
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v, K A at

o]

X nucleus
dipole

Fig. 4.8. Space—time picture of the dipole—nucleus scattering.

problem, we obtain

i(p+1+my) i(p—q+my)
(p+D*—ml+ie (p—q)P—ml+ie

~ip (p_l+1+ > + _p_ql+ n ie) = —ip27is(p~Ih). (4.34)
We have used the fact that the outgoing quark is on mass shell, (p + 1 — ¢)* = mé, so that
gt = It with eikonal accuracy (see Sec. 3.2 for similar estimates). We conclude that (with
eikonal accuracy) [T = ¢ = 0. The §-function in Eq. (4.34) puts the internal quark line
in the leftmost diagram of Fig. 4.7 on mass shell. The result (4.34) can be summarized
by replacing the internal quark line by the cut line, as shown in the rightmost graph of
Fig. 4.7: the cut enforces [T = 0. What is essential to us is that neither gluon carries any
plus momentum.

Now we are ready to evaluate the diagrams in Fig. 4.6. Note that, owing to the large size
of the nucleus we are considering, even after the boost the nucleus is still somewhat spread
out in the x"-direction, as demonstrated in Fig. 4.8, where different nucleons correspond
to different straight lines parallel to the x~ light cone. Hence each nucleon in the nucleus
is located at a different x coordinate. We thus need to Fourier-transform the diagrams in
Fig. 4.6 into coordinate x*-space by integrating over [ .

Starting with Fig. 4.6A we see that the /~-dependence can be contained only in the
propagator of the gluon carrying momentum / that is exchanged between the nucleons
there. However, as we have just shown when considering the diagrams in Fig. 4.7, [t = 0
with eikonal accuracy, so that the diagram in Fig. 4.6A is proportional to

< e*il’AxJr < e*il’AxJr
a-~ a0 (4.35)
12+ e _[i

—00 —00

4
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136 Dipole approach to high parton density QCD

k k+1
l—ql

Fig. 4.9. Forward amplitude for a dipole scattering on two nucleons.

for nonzero light cone separations between the two nucleons, i.e., Ax " # 0. Hence diagram
A is negligible in the covariant gauge in which we are working.® Let us stress that in arriving
at the result (4.35) we have restricted ourselves to [~ < p~: if we relaxed this constraint
then the integral in Eq. (4.35) would be nonzero, though it would still be suppressed for
large atomic numbers A (Kovchegov 1997).

Similarly, in Fig. 4.6B one has [T = g1 = 0, so that the /~-dependence can be contained
only in the quark propagator of the (k — [ + g)-line. Since the light cone momentum of the
quark k™ is large, we see that the diagram in Fig. 4.6B is proportional to

o0 o]

e*il’AxJr e*il’Ax+
/‘dl*fwfdl’ — =0
(k—1+4+q)*+ie kt(k=—1=4+q ) —(ky — 1L +q.)* +ie
—00 —00
(4.36)

for Ax™ > 0, as the pole of the propagator is in the upper half-plane while the contour
needs to be closed in the lower half-plane. For Ax* < 0 the integral in Eq. (4.36) is not
zero, but then we would obtain zero from the integral over the minus momentum carried
by the other pair of #-channel gluon lines. We thus can neglect diagram B as well.

The arguments used in proving that diagrams A and B in Fig. 4.6 are zero can be gener-
alized to more complicated diagrams in the same general categories. We have succeeded in
demonstrating that in the covariant gauge and in the approximation of two gluon exchanges
per nucleon the dipole—nucleus interaction is given by the graphs in Fig. 4.5. We now need
to resum these diagrams. To do this, we first consider dipole scattering on two nucleons
ordered in x ™, as shown in Fig. 4.9. Unlike the diagram in Fig. 4.6B, the graph in Fig. 4.9
has the correct x -ordering of the nucleons. Instead of giving zero it yields (note that k~ is
very small for a quark on a plus light cone)

o0 . 00 .
/ di= iemilaxt / dl~ jeil A" 1
~ - _ - = — 4.37)
; ; >
2w (k+1)? +ie 2w k- —(k +1,)2+ie Kkt
—00 —00
3 Note that the diagram in Fig. 4.6A is nonzero in the A~ = 0 light cone gauge even in the eikonal approximation.
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4.2 GGM multiple-rescatterings formula 137

Fig. 4.10. Diagrammatic representation of Eq. (4.40) resumming all the diagrams
from Fig. 4.5.

where at the end of the calculation we have neglected the phase of the exponential since it is
proportional to Ax™/k™ ~ 1/(k™ p™), which is suppressed by the center-of-mass energy.
It is important to note that in picking up the pole in Eq. (4.37) we put the propagator of
the quark carrying momentum k + / on mass shell. Therefore, the diagram factorizes into a
product of two independent dipole—nucleon scatterings; the quark and the antiquark in the
dipole effectively go on shell between the scatterings. (The factor 1/k™ left in Eq. (4.37)
serves to normalize the dipole—nucleon cross section for the nucleon on the right.) The
numerator of the quark propagator can be absorbed into two separate scattering amplitudes
using the property that (neglecting the quark mass) ¥ +/ = > uy(k + Diiy(k 4 ): the
factor u, (k + ) is absorbed into one amplitude, while i, (k + /) is absorbed into the other.
Comparing this result with the standard normalization factor for the 2 — 2 cross section
at high energy (see Eqs. (B.22) and (B.23)), we conclude that to resum the diagrams in
Fig. 4.5 we simply need to iterate the dipole—nucleus cross section.

Define the forward matrix element of the S-matrix for the dipole—nucleus scattering by
(cf. Eq. (B.34))

SGEi, b, Y)=1—=N@GE., by, Y). (4.38)

Suppressing the arguments b, and Y, we can define the S-matrix (the “propagator’™)
s(¥1, b™)foradipole to travel through the nucleus up to apoint ™, so that S(X, ) = s(x, L)
with b* € (0, L), which defines the extent of the nucleus along the x* axis. Going to
transverse momentum space we have

5k, bt = / Px e R g7 phy, (4.39)

with k | the relative transverse momentum of the quark and the antiquark in the dipole. As
we demonstrated above, all the integrations over the minus momenta in the diagrams in
Fig. 4.5 are done straightforwardly. Hence the b™-evolution of 5(12 1, b™T) is also clear: in
one step in b™ the dipole may interact with one nucleon. Denoting 5(12 1, b™) by a circle,
we illustrate this statement in Fig. 4.10.
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138 Dipole approach to high parton density QCD

Summing over all possible connections of the #-channel gluons to the dipole in Fig. 4.10
we obtain the following equation (Mueller (1990), see also Baier et al. (1997)):

05(ky, b*) _ pAau,b*) / Ay do)y g,
b+ Qn)?  d?l

x [2 E(I?l, bty — 5k, — 1. bY) — 5k, +1,. b*)] , (4.40)

where the minus signs outside the last two terms come from the coupling of one gluon
to the quark and the other to the antiquark. The differential cross section do q q_) p q/dzl
is the momentum-space expression for the two-gluon exchange cross section in quark—
quark scattering, as given in Eq. (3.18), and the factor 1/2 is needed to convert it to the
forward amplitude. (Again we are modeling the nucleons as single valence quarks.) The
nucleon density factor py4 (l; 1, b™) (now, in the boosted-nucleus frame, equal to the number
of nucleons per unit volume element db*d>b ) gives the probability of finding a nucleon
at a given location in the nucleus. Again we assume p4 (l; 1, b™) to be constant on the
perturbatively short transverse distance scales relevant to Eq. (4.40). The overall minus
sign in Eq. (4.40) reflects the fact that we are calculating a variation of the S-matrix that
differs from the variation of the forward amplitude by a sign, as follows from Eq. (4.38).
Fourier-transforming Eq. (4.40) into transverse coordinate space we obtain

0L b)  palbib®)
bt 2

c¥Ns(X,, bh), (4.41)

v _ [ Pl 4% g
QR di

(2 el ot (4.42)

exactly the dipole—nucleus cross section of Eqs. (4.25) and (4.28). (The factor 2 difference
in comparison to Eq. (4.25) is due to the fact that in Eq. (4.25) the nucleon is modeled as a
dipole whereas in our present calculation it is taken to be a single quark for simplicity.)

One can readily see from Eq. (4.41) that in transverse coordinate space Eq. (4.40)
becomes trivial. An important consequence of this triviality is that, for the first time, we see
explicitly that the transverse size of the dipole x; does not change in the interactions with
the nucleons (and the nucleus). This demonstrates the argument presented in Sec. 4.1.

Equation (4.41) has the following simple physical meaning: as the dipole propagates
through the nucleus it may encounter nucleons, with the probability of interaction per
unit path length db™ given by the product of the nucleon density p, and the interaction
probability 099" from Eq. (4.28), with another factor one-half inserted owing to the optical
theorem (B.23). The initial condition for Eq. (4.41) is given by a freely propagating dipole
without interactions, for which s(¥,,b" = 0) = 1. Solving Eq. (4.41) with this initial
condition yields

bt

. b, bty
s(x, by =exp{— / db’*%aw . (4.43)
0
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4.2 GGM multiple-rescatterings formula 139

Going back to the nuclear rest frame and remembering that S(X,) = s(X,, L), we obtain

qqN

S, by, Y =0)=exp {— T(I;L)} . (4.44)
Note that 077V does not depend on the energy of the collision (and therefore on its net
rapidity): to underscore this we have put Y = 0in the argument of the S-matrix in Eq. (4.44).
This will delineate this expression from the energy-dependent version that results from
incorporating small-x evolution into this picture.

Using Eq. (4.44) along with Eq. (4.28) in Eq. (4.38), the imaginary part of the forward
scattering amplitude in the Glauber—Gribov—Mueller (GGM) model (Mueller 1990) is
given by

- ot o, 1
NXx,,b,,Y =0)=1—exp {— N T )x xGy <x, —2>} . (4.45)
X

¢ 1

This is the GGM multiple-rescattering formula. Note again that the nucleon’s gluon
distribution function xG y in Eq. (4.45) is taken at the lowest, two-gluon, level and is thus
independent of x, so that the amplitude N in Eq. (4.45) is independent of energy.
Equation (4.45) has a remarkable property: one can see that it implies N < 1 for all (per-
turbative) x . This means that the resulting forward scattering amplitude obeys the black-
disk limit constraint (4.33), correcting the problem of the single rescattering amplitude
from Eq. (4.32). We see that multiple rescatterings unitarize the scattering cross section,
preserving the black-disk limit. The lesson we learn from the Glauber—Gribov—Mueller
model is that to unitarize a cross section it is important to include multiple rescatterings!
Equation (4.45) allows us to determine the parameter corresponding to resummation of
the diagrams like that shown in Fig. 4.5. Using the gluon distribution from Eq. (4.27) in
Eq. (4.45), and noting that for large nuclei the profile function T'(b, ) scales as A3, we
conclude that the resummation parameter of multiple rescatterings is (Kovchegov 1997)

a?A'S, (4.46)

The physical meaning of the parameter «? A/ is rather straightforward: at a given impact
parameter the dipole interacts with ~ A'/3 nucleons, exchanging two gluons with each.
Since two-gluon exchange is parametrically of order o> we obtain «?A!/? as the resumma-
tion parameter.

4.2.3 Saturation picture from the GGM formula

Multiple nucleon interactions become important in Eq. (4.45) when the dipole size becomes
of order x; ~ 1/Qj, where the saturation scale Q; is defined by the following implicit
equation (cf. Eq. (3.133)):

2
0%b1) = 2 T(b)xGy(x, 0. (4.47)

o
2N,

Note that for a cylindrical nucleus, as considered in Sec. 3.4.2, one has T (l; 1)=A/S,
so that, taking into account that the nuclear gluon distribution is xG4 = AxGy (which is
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140 Dipole approach to high parton density QCD

Fig. 4.11. The imaginary part of the forward amplitude of the dipole-nucleus scattering
N plotted as a function of the transverse separation between the quark and the anti-
quark in a dipole x, , using Eq. (4.51). (Reprinted from Jalilian-Marian and Kovchegov
(2006), with permission from Elsevier.) A color version of this figure is available online at
www.cambridge.org/9780521112574.

true at the two-gluon level considered here), one can recast Eq. (4.47) in almost the exact
form of Eq. (3.133). The difference N./Cr between the saturation scales in (4.47) and in
(3.133) is due to the fact that the saturation scale (4.47) we have just found is that for a quark
dipole, whereas the saturation scale in Eq. (3.133) was obtained solely for gluons. If we
were to replace the quark dipole in Fig. 4.5 with a gluon dipole, we would need to modify
the exponent in Eq. (4.45) by the ratio of the adjoint and fundamental Casimir operators
N./Cp, putting Eq. (4.47) in exact agreement with Eq. (3.133). With this proviso, we see
that, at least at the lowest order considered, Eq. (4.47) gives the same saturation scale as
what follows from the GLR-MQ equation.
Inserting the lowest-order single-quark gluon distribution function,

uark aXCF Q2
xGI9" (x, Q1) = — -5, (4.48)
into Eq. (4.45), we can rewrite it as
NGELb,Y=0)=1 o Crn T(5,)x? In — (4.49)
X1,b,Y=0)=1—expj— x7In——¢ . .
B P N, YA

Defining the quark saturation scale (note the factor 4 difference compared with Eq. (4.47)
and the absence of a gluon distribution in this definition),

47'[0[3CF

Qb)) = T(by), (4.50)

c

we rewrite Eq. (4.49) as

(4.51)

> 2 0%} |
N@LJ&,Y:O):1—exp{_lex( L)ln }

4 .XJ_A

The dipole amplitude N from Eq. (4.51) is plotted schematically in Fig. 4.11 as a function of
X, . One can see that, at small x| ,i.e.,x; < 1/Q;, we have N ~ xi so that the amplitude
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4.3 Mueller’s dipole model 141

is zero for zero dipole size. This result is natural, since in a zero-size dipole the color
charges of the quark and the antiquark cancel each other, leading to the disappearance
of interactions with the target. This effect is known as color transparency (Kopeliovich,
Lapidus, and Zamolodchikov 1981, Nikolaev and Zakharov 1991, Heiselberg ef al. 1991,
Blaettel et al. 1993, Frankfurt, Miller, and Strikman 1993).

The amplitude (4.51) is a rising function of x, at small dipole size. However, at large
dipole size x; = 1/Qy, growth stops and the amplitude levels off (saturates) at N = 1.
As mentioned earlier, this regime corresponds to the black-disk limit for dipole—nucleus
scattering: for large dipoles the nucleus appears as a black disk. The transition from N ~ x7
to the black disk-like (N = 1) behavior in Fig. 4.11 occurs at around x; ~ 1/Q;. For dipole
sizes x; = 1/Q; the amplitude N saturates to a constant. This translates into saturation of
the quark distribution functions in the nucleus, since xg + xg ~ F, (see Eq. (2.46)) and
the saturation of N implies the saturation of F5, as follows from Eqs. (4.10a), (4.12), and
(4.24). Thus the saturation of N can be identified with parton saturation, justifying the
name saturation scale for Q;, Eq. (4.50).

Note that since T'(b,) ~ A'/3 the saturation scale grows as

02~ A'S (4.52)

with atomic number A. If A is large enough, Q; becomes perturbatively large, Qs > A gcp,
justifying the use of perturbation theory. The scaling in Eq. (4.52) is consistent with
Eq. (3.135), which we obtained from analyzing the GLR equation.

4.3 Mueller’s dipole model

The amplitude N given by the Glauber—Gribov—Mueller formula (4.51) is independent of the
energy of the collision (see also Eq. (4.49)) and therefore cannot be the final answer for the
high energy scattering problem at hand. It turns out that the energy dependence comes into
the dipole—nucleus scattering amplitude through quantum evolution corrections, much as the
two-gluon exchange amplitude in the onium—onium scattering in Sec. 3.2 acquires energy
dependence through the BFKL evolution of Sec. 3.3. To incorporate small-x evolution into
dipole—nucleus scattering we begin by rewriting the evolution in the language of LCPT, in
which it can be completely absorbed into the light cone wave function, with the help of
Mueller’s dipole model (Mueller 1994, 1995, Mueller and Patel 1994).

4.3.1 Dipole wave function and generating functional

Let us consider the light cone wave function of an ultrarelativistic meson consisting of a
heavy quark and antiquark (an onium), with no sea quarks and gluons present before the
small-x evolution, as shown in Fig. 4.12. We can safely apply perturbative QCD to the
onium wave function since here typical transverse distance x is about 1/m ¢, where mg
is the large mass of the heavy quark; the strong coupling constant is clearly small at such
distances.

We will denote the “bare” onium light cone wave function by \IJ((,(E,(I; 1, 2), where k L8
the relative transverse momentum of the ¢ pair, z = k*/p™ is the fraction of the light
cone momentum p* of the whole onium carried by the quark, while o and o’ are the
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142 Dipole approach to high parton density QCD

o 1
Fig. 4.12. The onium light cone wave function before small-x evolution.

polarizations of the quark and the antiquark (see Fig. 4.12). The onium is moving in the
light cone plus direction. As usual we suppress the color and flavor indices, assuming that
they will be properly summed over when necessary. As we will shortly see, the transverse
size of the dipole remains invariant during the small-x evolution: therefore we will work in
a mixed representation where we use the transverse coordinates and longitudinal momenta
to describe dipoles. We thus Fourier-transform the onium wave function, using

d’k;

e Yo (kL 2), (4.53)

W) (F10.2) =
where X1, = ¥, — Xo. is the transverse size of dipole, the quark being located at X;; and
the antiquark at Xo, (see Fig. 4.12).

As the initial onium state contains only the gg pair its normalization is (cf. Egs. (1.70)
and (1.82))

1
dz dk, o 7 2
| 55/ 3 D] =1 -
0 0,0

which, in transverse coordinate space becomes

d X10 0 2
/z(l—z)/ ;“I’()("w’z)\ =L (4.55)

We are interested in modifications to this wave function under small-x evolution in the
LLA approximation; thus we need to resum the terms containing o, In 1/x corrections.
Throughout this section we will work in the A* = 0 light cone gauge. As for the DGLAP
evolution of Sec. 2.4.2, one step of LLA small-x evolution consists of the appearance of a
single gluon in the wave function: the gluon can be emitted either from the quark line or
from the antiquark line, as shown in Fig. 4.13. (Just as in the case of BFKL evolution, quark
loops and the emission of ¢g pairs are beyond the LLA, contributing subleading corrections
of order a?In 1/x.) The corresponding modification of the onium wave function due to
the gluon emissions in Fig. 4.13 is easier to calculate than in the DGLAP case. We assume
that the light cone momentum &5 of the emitted gluon is small, k5” < k|, p™ — k; (see
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Fig. 4.13. One step of small-x evolution in the onium wave function. The dotted lines
denote the intermediate states.

Fig. 4.13 for the explanation of the momentum and coordinate labeling). At the same
time we impose no ordering on the transverse momenta of the quarks and the gluon.
The kinematics is different from the DGLAP case (cf. Sec. 2.4.2): here the longitudinal
momenta are ordered while in the DGLAP case the transverse momenta were ordered.
In analogy with Eq. (2.68), we can write down the following expression for the ¢gG
(one-gluon) contribution to the onium light cone wave function in the A" = 0 gauge at
order g:

\I’((flg/(lzu_, iézj_, 21, ZZ)
_ gt0(ky)
ky +ki +(p—ki —k)~ —p~

iy (k))y - €5 (ky)ugr(ky + ko)
ap> [ K k]

W?L@u +kots 21422)
o'=%xl1
_ U (p —k)y - €(ka)vo(p — ki — k2)

pt =k

v (K, zl)] . (4.56)

Here a is the gluon color index, o, ¢, and o” are the quark and antiquark polarizations,
and X is the gluon polarization, while z» = k5 /p* and z; = k" /p*.

To simplify Eq. (4.56) we first remember that we have assumed that k; <k, pt— ka
(thatis zp < z1, 1 — z;1) and that all the transverse momenta are comparable. In this kine-
matics the light cone energy of the gluon, k, = k3, /k;, dominates the energy denominator,
just as in the DGLAP case (cf. Eq. (2.69)), only now this is due to longitudinal momentum
ordering. We can write

1 1k
— — — — ~ - = T (457)
ky +ki +(p—ki—ky)~ —p k; k5,

To evaluate the Dirac matrix elements in Eq. (4.56) we use Table A.1 along with Eq. (A.2),
again keeping in mind that k; < k7, p* — k. For instance, the first matrix element in the
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square brackets of Eq. (4.56) simplifies to

1
o (k)y - € (kugn(ky + ky) ~ Eﬁa(kl)y+ua”(k1 + ko) e, (ko)*

e kyy e kyy
= 2850m/ ki (kT + K) ik+ wzawkrlk—+.
2
(4.58)

Performing a similar approximation for the second matrix element in Eq. (4.56) and insert-
ing the result along with Egs. (4.57) and (4.58) back into Eq. (4.56) yields

o -
\IJ((];/(ku_, kzj_, 21, ZZ)

kT
€V ka1 7 > 0,7
~ 2100 e (Wi ki + o) — )] @59)
21
where we have also neglected z, in comparison with z; in the argument of one wave
function.
In the transverse coordinate space representation, Eq. (4.59) has the form

M= = ki d’ko1 otk gD 7T
W (X10, X20, 21, 22) = W W ki, kot 21, 22)
.8t ) o X1 X20
=i—V, (Xi0,z0) €] | 5= — = | (4.60)
T X1 X

where Xy0 = X2 — Xo1, X21 = X2, — X11, and x;; = |X;;| as defined after Eq. (1.87). The
gluon has transverse coordinate X, | , as illustrated in Fig. 4.13. We have used Eq. (A.10) to
obtain Eq. (4.60) from Eq. (4.59).

Squaring the coordinate-space one-gluon wave function from Eq. (4.60) and summing
over the quark and gluon polarizations and colors yields

3 ‘\y(” 4%CF xm Z“I’(m :
oo’ oo’
o,0',\a 'x20'x21 0.0’

4.61)

To calculate the probability of finding one extra gluon in the onium wave function we have
to integrate Eq. (4.61) over the gluon’s phase space, which, in the 7z, < z1, 1 —z; K 1
approximation, is (cf. Eq. (4.23))*

min{zy, -z}

d d?
/ dz [dx2 4.62)
22 47T

20

where z is some lower cutoff on the z;-integral, imposed to make the integration finite;
the exact value of zy depends on the physical process incorporating to the wave function
we are constructing. The order-«; contribution to the probability of finding one gluon in

4 One may ask why, if our calculation is valid for z, < z;, 1 — z;, we can extend the z,-integral all the way up to z; or
1 — z;. While indeed our approximation breaks down for z, close to z; or 1 — z;, putting z; or 1 — z; as the upper
integration limit gives the correct leading-logarithmic contribution.
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4.3 Mueller’s dipole model 145

Fig. 4.14. Virtual contribution to small-x evolution in the onium wave function. The quark
transverse coordinates in the onium are not changed by the corrections.

=
S Kot Bl
- - -

the onium wave function is then (Mueller 1994)

min{z;,1—z;} min{z;, -z}

/ de / d X2 Z ’\II(I) / de d2 CYSCF xlo Z‘\IJ(O)

o,0',\a 2 0)C21 o0’

20

(4.63)

Note that the modified wave function in Eq. (4.63) contains a power of «; and a logarithmic
integral over z,, which would give us finally In 1 /x. We see that the modification we have
calculated brings in a factor a, In 1/x. Another feature of Eq. (4.63) is that the X, -integral
in it contains UV divergences at x;p ~ 0 and x,; =~ 0. For now we will regulate these
divergences by a UV cutoff p, such that xy9, x2; > p: in the end no physical quantity
depends on the value of this cutoff.

Before we proceed let us point out that, as for the Glauber—Gribov—Mueller model (see
e.g. Eq. (4.41)), the expression (4.63) completely factorizes transverse coordinate space
into the square of the “bare” onium wave function times the probability of emission of the
extra gluon. The emission of an extra gluon does not change the coordinates of the initial
quark and the antiquark, yet again illustrating our above argument about the convenience of
the transverse coordinate representation. This property also gives Eq. (4.61) a very simple
physical meaning, resulting from the probabilistic interpretation of the light cone wave
functions: the contribution to the onium wave function due to the emission of an extra
gluon is equal to the product of the probability of finding a dipole with size x;¢ inside the
onium (~ |\Ilc(f(2, |?) multiplied by the probability that the dipole emits a gluon at X, .

The one-gluon corrections to the dipole wave function need not be limited to the “real”
gluon shown in Fig. 4.13; they should also include virtual corrections, where the gluon
is both emitted and absorbed in the onium wave function, again like in the DGLAP case
in Sec. 2.4.2. The virtual diagrams giving the LLA contributions are shown in Fig. 4.14,
where, in accordance with the LCPT rules introduced in Sec. 1.3, the crossed lines denote
instantaneous terms. From the sheer number of graphs in Fig. 4.14 one can see that direct
calculation of all the virtual corrections can be a daunting task (see Chen and Mueller
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Fig.4.15. Large- N, limit in the onium wave function (top two panels) and the wave function
squared (bottom panel). The curly brackets in the top panel denote the daughter dipoles
generated by the gluon emission. The right-hand brace in the middle panel denotes the
parent dipole remaining intact after a virtual correction. The thin vertical line in the bottom
panel separates the wave function from its complex conjugate.

J/

(1995) for an outline of the calculation). Instead we will follow Mueller (1994) and use
the unitarity argument presented in Sec. 2.4.2 (see Eq. (2.86)) to write down the following
expression for the order-o virtual correction to the onium wave function:

min{z;,1—z;

}
1 dz a,Cp X2
0) ,— 2 2 sCF 10 0) ,—
ly((,g)r(xmv 21) = ) / — | d°x 2 2.2 "ch(r;’(xlo’ 21)
O(ay) J 2 T X30%0 0
min{z;,1—2z1}
20,Cr . X1 dzn N
=y — WY (F0. 21) (4.64)
T p 22 O(f)

20

The integral over X, is carried out in appendix section A.3 with o the UV regulator
introduced above.

Having obtained the one-gluon corrections we would now like to derive an equation
resumming the higher-order gluon emissions and virtual gluon corrections that bring powers
of o In 1 /x into the wave function. (Remember that quark loops do not contribute leading
logarithms of x.) This turns out to be a rather difficult problem. A major simplification
occurs if we consider the onium wave function in the 't Hooft large-N, limit ("t Hooft
1974), taking N, to be very large while keeping o, N, constant. In the large-N, limit the
single gluon line is replaced by a double line, corresponding to replacing the gluon by a
quark—antiquark pair in the color-octet configuration. This is illustrated in Fig. 4.15. In the
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Fig. 4.16. Two steps of small-x evolution in the onium wave function squared (left) and their
large- N, limits (right). The top panel shows a nonplanar diagram, which is N2-suppressed
compared with the leading- N, planar diagram shown in the bottom panel.

large-N, limit it is convenient to talk about color dipoles instead of gluons. The original
onium is a color dipole consisting of a quark at ¥, and an antiquark at X, . The emission
of a gluon in the onium wave function, taken in the large-N, limit, corresponds to the
splitting of the original dipole with size xj¢ into two dipoles with sizes xj, and x;¢: the
dipole the size x|, consists of the original quark at X;; and the antiquark part of the gluon
line at X, , while the quark part of the gluon line at X, along with the original antiquark at
Xo. form the dipole with size x»g (see the top and bottom panels of Fig. 4.15). The virtual
gluon corrections leave the original dipole intact, as can be seen in the middle panel of
Fig. 4.15.

Another important feature of the large- N, limit is that only planar diagrams contribute;
the nonplanar diagrams are suppressed by powers of N, for fixed a;N.. This means that
different color dipoles generated by gluon emissions do not “talk” to each other: subsequent
emissions happen independently in each dipole. This is illustrated in Fig. 4.16, where in
the top panel we show an example of a diagram where a gluon emitted in one dipole in
the amplitude connects to another dipole in the complex conjugate amplitude. As can be
seen from the upper panel of Fig. 4.16, such a diagram is indeed nonplanar; hence, it is
1/ N2-suppressed (as can be checked explicitly) and can be neglected in the large-N, limit.
At the same time, the diagram in the lower panel of Fig. 4.16, while of the same order in
oy In1/x, is also planar: in it the gluon from one dipole does not interact with the other
dipole, remaining instead in its own dipole. This second diagram in Fig. 4.16 is of leading
order in N, and has to be resummed by large- N, dipole evolution. (Strictly speaking, the
diagram in the lower left panel of Fig. 4.16, when written in double-line notation, also
contains a nonplanar subleading- N, correction, in which the quark line in the longer gluon
interacts with the quark of the original dipole: this correction is not shown in Fig. 4.16.)

Note that, in order to obtain the leading-In 1/x contribution to the wave function, the
softer gluons (those with smaller z) have to be emitted later (to the right in our LCPT
diagrams) than the harder gluons, with larger values of z. For instance, let us consider an
onium wave function with two gluon emissions, as shown in Fig. 4.17. Assume further
that the gluon emitted earlier is softer than the gluon emitted later, i.e., that z3 < z»,
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Fig. 4.17. Two gluons emitted in the onium wave function: if one assumes that the gluon

emitted earlier is softer, z3 < z,, then the square of this diagram will not give a leading-
In 1/x contribution.

where, as usual,

&
i = —-

pt

A simple calculation of the wave function in Fig. 4.17, in the z3 < z, approximation, car-
ried out along the steps outlined above for a single emission would yield a wave function
proportional to z3/z, as far as the longitudinal momentum dependence is concerned. Squar-
ing this wave function and integrating the result over z, and z3 with z; > 20 > 73 > 20
yields an answer proportional to

21 22
dzs dz; 72 1 21
af/ — [ =3 ~-a/ln =. (4.66)
2 2325 2 20
20 20

(4.65)

We see that we have only one longitudinal logarithm per two powers of the coupling «;:
this is not a leading logarithmic contribution. Hence the square of the diagram in Fig. 4.17
is subleading in In 1/x and does not contribute to the leading-In 1/x evolution we are
considering here. It does contribute when one attempts to calculate the NLO corrections to
the evolution we are about to construct (see Chapter 6). Using similar arguments, one can
show that the diagram in Fig. 4.17 does not contribute to the LLA, even when we take its
overlap with the wave function resulting when gluon 3 is emitted after gluon 2. In fact one
can also show that no diagram with inverse time-ordering like that in Fig. 4.17 contributes
in the LLA approximation. We thus come to another important conclusion: to obtain LLA
evolution in the wave function, the gluon emissions with

2> > (4.67)

must be ordered in time, with the harder (larger-z) gluons emitted before the softer (small-z)
gluons.

Now the structure of the small-x light cone wave function becomes manifest: in one
step of evolution a gluon is emitted. It can be a real gluon, like those in the top and bottom
panels of Fig. 4.15, which would split the initial (parent) dipole 10 (“one-zero”) into two
new (daughter) dipoles 12 and 20. The subsequent o In 1 /x evolution is driven by further
gluon emission: this would happen independently (and in parallel) in both daughter dipoles.
An example of two-gluon emission is shown in the second panel of Fig. 4.16. Alternatively,
the emission in the initial dipole can be virtual, as shown in the middle panel of Fig. 4.15;
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Fig. 4.18. Definition of an abbreviated notation for the sum of all large-N,. diagrams
contributing to the real-gluon emission in the square of an onium wave function.

then the initial dipole remains intact, any subsequent evolution occurring within the initial
dipole at later times.

As we can see from Eqs. (4.63) and (4.64), in the mixed representation in which we
are working, each step of the evolution factorizes from the previous one, simplifying
the construction of the gluon wave function. To illustrate this, let us consider two steps
of small-x evolution due to two consecutive real-gluon emissions, including all possible
LLA diagrams. It is convenient to introduce the shorthand diagram notation presented
in Fig. 4.18, where the sum of all four (large-N,) diagrams corresponding to real-gluon
emission in the onium wave function comprises one diagram, that in the upper left of the
figure. The diagrams in Fig. 4.18 give us the correction to the dipole wave function in
Eq. (4.63). The kernel of this correction can be decomposed as follows:

2 - -

OZXCF X10 i (XXCF ( 1 2)(21 + X20 1 >
2 .2 .2 2 2 2 .2 2 )

T X30%0 T X271 X21%20 X20

(4.68)

where the first and the last terms on the right-hand side of Eq. (4.68) correspond to the
last two graphs in Fig. 4.18, while the first two (interference) diagrams on the right of
Fig. 4.18 give the second term on the right of Eq. (4.68). The very first diagram in Fig. 4.18
corresponds to the full emission kernel on the left of Eq. (4.68).

Using the notation of Fig. 4.18, the square of the large- N, onium wave function with two
real gluons in it in the LLA approximation can be represented simply by the two diagrams
depicted in Fig. 4.19, with the gluons ordered in longitudinal momenta such that z, > z3.
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Fig. 4.19. Two real gluons in the LLA approximation and in the large- N, limit contributing
to the square of an onium wave function. The length of the lines is driven by light cone
time-ordering.

According to the rules outlined above, the gluon carrying momentum fraction z, has to be
emitted before the gluon carrying z3, as shown in Fig. 4.19. The emission of gluon 2 splits
the original dipole 10 into two dipoles. The subsequent emission of gluon 3 can occur either
in dipole 12 (Fig. 4.19A) or in dipole 20 (Fig. 4.19B). (Note that gluon 3 is emitted from
gluon 2 via a three-gluon vertex.) Iterating Eq. (4.63) twice, we see that the sum of the graphs
A and B in Fig. 4.19 brings into the onium wave function squared the following factor:

dzy [ dz3 ) a;Cp x120 Xt X5
f / /dx d°x 2 2.2 st 33 (4.69)
X20%21 \X31X3  X3pX30

(For simplicity of notation we have put z; as the upper cutoff of the z,-integration,
since at LLA accuracy one cannot see any significant difference between z; and 1 — z;.)
Equation (4.69) demonstrates that the small-x evolution in the onium wave function
consists of consecutive emissions ordered in rapidity and light cone time, with the
transverse dynamics included in a factorized way.

To describe the onium wave function formally including o, In1/x corrections to all
orders it is convenient to define the dipole generating functional Z (31, 130 1, Y;u) by

Z(Eo. bor. Yiu) Y W) (Fro. 20)I

oo’

0(01?)
= /dzr1d2b1|‘1’[l](7u,l;u, Y)[Pu(r L, Eu)
1 . o . N
C o / Pr1d A2l WGy By P Ba, V)

X u(Fry, by )u(Far, byy) + - -

I
Mg

1 N N N N
L / Prd®, - Pradby WG By T B, V)P
n

n=I1

X u(Fii, biy) - u(Far, byy). (4.70)
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4.3 Mueller’s dipole model 151

We have defined the rapidity variable ¥ = In(z;/z0), where now zy is the smallest momen-
tum fraction carried by a gluon in the wave function. In Eq. (4.70) the light cone wave

functions W7 |, l;u, e Tl BM, Y) correspond to the onium state consisting of n
dipoles with sizes 71 1, ..., ;. whose centers (in the transverse plane) are located at impact
parameters by, ..., b,y (e.g.bor = (1/2)(X11 + Xo.)). The rapidity interval between these

daughter dipoles and the original parent dipole 1 0 is less than or equal to Y, i.e., the wave
functions squared |W!"|? are implicitly integrated over dipole rapidities from 0 to Y. Sum-
mation over all appropriate quantum numbers is implied in the square of the wave function
Wl Note that \IJ((,(Z()_E 10, Z1) taken at order a? is the bare wave function of the onium before
any emissions have taken place. In going from gluons to color dipoles we have changed
the notation for the wave functions: while W denotes a wave function with n real gluons
in it, W["! is a wave function with n dipoles (note the use of square brackets rather than
parentheses). Since we always have at least one dipole (the original onium), the sum over
nin Eq. (4.70) starts atn = 1.

The dummy functions u(7,, , l;,l 1) are introduced so that one can extract the squares
of different multi-dipole onium wave functions from the generating functional Z,
using

- o - jnd 2 0 - 2
(WG L By, Far b VP =) W (Rro. 20))
oo

O(y)

" L -
X ———— ——=——Z(X10, bo1, Y;u)
Su(riy, by) - -du(ryy, by1)

)

u=0
4.71)

where §/8u(7,, b 1) is a functional derivative. As usual this derivative is defined such that
(see e.g. Peskin and Schroeder (1995) for details)

d -7 - -7 7 77
— UGB =82 (F — ) 5? (bL —b L) , 4.72)
Su(ry,by)
which leads to
3 ’ YA ST - 7
ﬁfdzr d*b fE L0 )u@ b)) = f(ri,by) (4.73)
du(ry,by)

for an arbitrary function f(r,, bl).

Since |W!"|? gives the probability of having n dipoles in the onium wave function in
a given transverse space configuration, and since the sum over probabilities of having any
number of dipoles in all transverse configurations is 1, we conclude that (see Eq. (1.70))

Z@G0.bor Yiu=1)= 1. (4.74)

We want to write down an evolution equation for the generating functional Z summing
all powers of «; Y. Before we do so, let us set up the initial condition for such an evolution.
When Y = 0 we have no evolution and no gluon emissions (neither real nor virtual). Hence
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Fig. 4.20. An abbreviated notation for the sum of all large- N, diagrams contributing to the
virtual gluon correction to the onium wave function.
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Fig. 4.21. Diagrammatic representation for the evolution equation of the generating func-
tional Z (denoted by a shaded circle).

+

e

=

0 0

[w=1(y = 0)]> = 0 and
S - F . - F .
\WHFE by, Y = 0)) =62 (bu + % —xu> 8* (bu - % _XOL> . (475)
such that

Z (%10, bos, Y = 0su) = u(Xy0, boy). (4.76)

Now that we have the initial conditions for Z-evolution, it is straightforward to write
down an evolution equation for Z. The main principle was stated several pages ago: in one
step of evolution a gluon is emitted in the dipole wave function: the gluon may be real,
splitting the parent dipole into two daughter dipoles, or it may be virtual, leaving the parent
dipole intact. In the former case the subsequent evolution continues independently in the
two daughter dipoles, while in the latter case evolution continues in the parent dipole. This
statement is illustrated diagrammatically in Fig. 4.21, where the generating functional Z
is represented by a shaded circle. The first graph on the right of Fig. 4.21 corresponds
to real-gluon emission, while the remaining two graphs represent the sum of all virtual
corrections, as shown in Fig. 4.20.

Guided by Fig. 4.21, and employing Egs. (4.63) and (4.64) while replacing Cr by N./2
in the large- N, limit, we can write down the following evolution equation for the generating
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4.3 Mueller’s dipole model 153

functional Z (Mueller 1994, 1995):

0 SR
37 Z(x10,boy1, Y;u)
N 2
s V¢ 2, X10
= 255
2 2 2
2 X50%3]

.= X20 I Xo1 . =
X [Z (x12» by, + - Y;M> z (xzo, by, + - Y;M) — Z(x10, by, Y;M)i| .
“4.77)

The first term on the right-hand side of Eq. (4.77) corresponds to the first term on the right
of Fig. 4.21, while the last two terms in Fig. 4.21 give rise to the second term on the right
of Eq. (4.77). The minus sign in this second term is due to the minus sign in the virtual
correction in Eq. (4.64).

Equation (4.77) is a nonlinear evolution equation whose initial condition is given in
Eq. (4.76). Solving this evolution equation would allow one to construct the squares of
the multi-dipole onium wave functions using Eq. (4.71). Unfortunately the exact analytical
solution of Eq. (4.77) is not known. So, let us first connect Eq. (4.77) with results that are
already familiar to the reader, such as the BFKL equation.

4.3.2 The BFKL equation in transverse coordinate space

Consider the following functional derivative taken at u = 1:

§Z(x l; Yiu “ n
( 10. bo. ) :Zde2r2d2b2 ...... d*r,d%b,
Su(ri,br) =1 oM
WG by ot boty e Fats bus, V)2
[WY(r L, by, a1, bay wl>bnt, Yl 4.78)
wa |\I'((7(2,()?10, Zl)|2
0(a?)

If instead the value of the derivative had been taken at u = 0, the physical meaning of the
above object would have been clear from Eq. (4.71): it would have been the single-dipole
wave function squared, divided by the original onium’s wave function. To understand the
physical meaning of the actual object in Eq. (4.78) we note that the probability of having n
dipoles in the onium wave function (for an onium of given size X1y and quark momentum
fraction z;) is given by

1 \IJ[”] r 9 E 90 _’rl 9 5’1 9 Y 2
P(Y) = — / Prid®by - dPrydh, 1Y D Tl Dol VI o)
n! N
oo W G, 20
O(a?)

where the factorial is a symmetry factor removing the multiple counting of identical dipole

configurations, and where n > 0. The condition (4.74) translates into > -, P,(Y) = 1.
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154 Dipole approach to high parton density QCD

The average number of dipoles (at rapidities up to Y') in the onium wave function is

(n(Y)) = " nPy(Y). (4.80)
n=I
The series (4.80) is very similar to that in Eq. (4.78), except that in Eq. (4.78) we are
keeping the transverse size and impact parameter of one dipole fixed. We have thus arrived
at the physical meaning of the object in Eq. (4.78): it is the number of dipoles of size 7
at impact parameter b, and with rapidities between 0 and Y located in the onium wave
function. We denote this object by (X9, 71, b, — by, Y), so that

8Z(¥10, boL. Y u)
Su(Fi, by)

ni(Gi, Froby — by, Y) = (4.81)

u=1

To construct an equation for n(Xg, 71 , b L — Eo 1, Y) we simply have to differentiate
Eq. (4.77) with respect to u, putting u = 1 at the end using Eq. (4.74). This yields an
equation that we will shortly show to be equivalent to the BFKL equation (Mueller 1994,
Mueller and Patel 1994, Mueller 1995, Nikolaev, Zakharov, and Zoller (1994))°

0 agN xi > - 7 X20
—ni(F10, 71, b1, ¥) = — - /d2 X |:n1<x12,’l,b¢— - Y>
Y 2 X20%21 2”

- _x N N -
+my (Xzo, ri,by — % Y) —ni(Xi0, 71, b1, Y)] . (4.82)

We have relabeled b L= l;() 1 simply as b 1, which therefore now has the meaning of the
transverse space distance between the centers of the original dipole 10 and the dipole
of interest, of size 7. The initial condition for Eq. (4.82) is obtained by differentiating
Eq. (4.76) with respect to u(r, b 1) and afterwards putting u = 1:

ni (10,71, by, Y = 0) = 8%(F10 — ﬂ)&z(l_ﬁ) . (4.83)

The distribution of pairs of dipoles in the onium wave function can be defined as a
second derivative of the generating functional:

82Z (%10, bo, Y u)

Su(FiL, by )Su(Fas, byy)

(10, P10, biy — boy, Fary oy —boy, ¥) = (4.84)

u=1
Equation (4.84) glves the number of pairs of dipoles with sizes 7;; and 7,, located at
impact parameters b1 L and b2 1 and in the rapidity interval [0, Y]. The equation for n;
is constructed in analogy to that for n; by the double differentiation of Eq. (4.77) with
respect to u(7, b1 1) and u(iy, bz 1), putting u = 1 at the end. The main difference

3 Nikolaev and Zakharov (1994) and Nikolaev, Zakharov, and Zoller (1994) were very close to solving these problems.
Nikolaev and Zakharov (1994) rewrote the DLA DGLAP evolution in terms of color dipoles. Nikolaev, Zakharov,
and Zoller (1994) obtained the BFKL equation in the dipole formulation, though several months later than Mueller
(1994). Lipatov (1986) was the first to notice that the BFKL equation has a particularly elegant form in the transverse
coordinate representation but his approach lacked the idea of using color dipoles instead of the transverse coordinates
of the gluons.
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Fig. 4.22. Onium—onium scattering in the BFKL approximation in the dipole model, with
the lower onium 1’0" at rest.

comes in the initial conditions: the second derivative of Eq. (4.76) with respect to u gives
15(F10, F1L, biosTat, by, Y = 0) = 0. The equation for n, is also a linear differential
equation, though it also contains powers of n;. We will not write down this equation
explicitly and instead refer the reader to the papers by Mueller (1995) and Mueller and
Patel (1994). Higher derivatives of the generating functional Z give the number distributions
of dipole triplets, quadruplets, etc. The nth-order derivative of Z with respect to u gives the
distribution of n dipoles in the onium wave function.

While dipole number distributions are interesting quantities in themselves, they also
allow one to calculate scattering cross sections in a physically intuitive way. Consider
onium—onium scattering at high energies, where the small-x evolution is important. This
is the kinematics in which we studied the BFKL evolution in Sec. 3.3. Let us now try to
reproduce the BFKL result in the dipole language. Consider a frame in which one onium
is at rest while the other is incident on it at high energy. The total onium—onium scattering
cross section per unit impact parameter can then be written as a convolution of the number
of dipoles in the incident onium wave function and the scattering cross section of each
dipole on the onium when at rest:

A onium—onium

> - 7 2 2 s s 7 7 (Fi, Xro)
n(xi0, Xro, b, Y) = /d rd*b'ny(X10, 71, b — by, Y)—<& Py :

(4.85)

Here the two colliding onia have transverse sizes Xjo and Xy (the latter is at rest), b
is the impact parameter, Y is the net rapidity interval for the onium—onium scattering,
and dgprium=onium(y, 7 )/d%b is the cross section for the scattering of two onia with
sizes 7| and 7| mediated by a two-gluon exchange, as calculated in Exercise 3.3 (see
Eq. (3.139)). Equation (4.85) is illustrated in Fig. 4.22, where dipole evolution in the onium
10 creates a dipole of size 7, , which then interacts with the onium 1’0’ via a two-gluon
exchange.

Note that the dipole number density 7, counts all dipoles with rapidities between 0 and
Y (with respect to the dipole 10): any of these dipoles (if it has size 7| , over which we will
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156 Dipole approach to high parton density QCD

integrate) can interact with the dipole 1’0’. The quantity n; is, therefore, integrated over
the dipole rapidities. Such an integration is justified at the wave function level because the
Born-level cross section 2%m—onium i energy independent and cannot affect the result of
the integration.

It is important to stress that, while the dipole number distribution n; in Eq. (4.85) is a
function of oy N, (see Eq. (4.82)) and is thus of order NC0 in the ’t Hooft large- N, limit,
the two-gluon exchange cross section &2num=onium g of order a> ~ (etyN.)?/N? ~ 1/N?,
so that the whole onium—onium scattering cross section is N.-suppressed. This is indeed in
agreement with the well-known result that any interaction cross section is N -suppressed
at large N, (see e.g. Witten (1979)). The essential feature of the interactions in the dipole
model is the factorization into light cone wave function(s) and elementary scattering cross
sections. As the scattering cross sections are always N.-suppressed, to capture the dominant
contribution to the scattering one has to use the leading-N, wave functions constructed
above. The factorization presented in Fig. 4.22 is not unique: in a different reference frame,
say the center-of-mass frame, the dipole wave functions of both onia contain small-x
evolution; a dipole from one wave function exchanges two gluons with a dipole in another
wave function (Mueller and Patel 1994). Such a factorization gives the same answer as the
one we will obtain below for Fig. 4.22.

To find the scattering cross section per unit impact parameter,

daguium—oniun (3, 3y, ¥)
d*b ’
one can first solve Eq. (4.82) and then use the solution in Eq. (4.85) along with the cross

section from Eq. (3.139). Alternatively, one may note that the cross sectionn(X9, Xy, E, Y)
itself satisfies Eq. (4.82):

n(xXy0, Xy, b1, Y) =

(4.86)

_n()-c)l()a )-51’0’7 bla Y)

Y
_alNe f o X
272 2x§0x§1
R ) .. Xy e .z
X [” <X12, Xyo, by — - Y) +n (xzo, Xyo, bl — - Y) —n(X10, Xro, by, Y)i|
(4.87)
with initial condition (cf. Eq. (3.139))
. R N da.onium—onium()—c’lo’ )‘51/0,)
S Xy, b, Y =0)= &
n(xio, Xvo, b1 ) b
202C ' Xory
— SO e Tt (4.88)
N, X10Xor

Equation (4.87) can be solved exactly: the solution is somewhat involved and will be left
for the next section. Instead, we will consider here the simplified case where a cross section
is integrated over all impact parameters b.. In momentum space this corresponds to the
t = 0 case, of zero momentum transfer. On top of that we will average over the directions
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4.3 Mueller’s dipole model 157

of Xy the resulting cross section does not depend on the directions of X either, since
there is no preferred direction left in the transverse space. Defining

2
dpry . _ -
n(xyo, xXro, ¥Y) = /dzb/ ;510 n(xi, Xro, b1, Y), (4.89)
s
0

we see that this new quantity satisfies

9 o N, x?

2 10
——nx, xr0,Y) = -— | dx0—5—
Y 2 X50%3)

x [n(x2, xro, ¥Y) +n(x0, Xyo, ¥Y) — n(xp, xpo, ¥Y)I - (4.90)
with initial condition (cf. Eq. (3.25))

4ralC -
(10, x10, ¥ = 0) = %ﬁ <ln R 1) , 4.91)
where x. (<) = max (min){|Xol, |X1o]}-
The solution of Eq. (4.90) can be found by noticing that in the angular-averaged case
the eigenfunctions of the integral kernel are simple powers of the dipole size,

1/2+iv
()" (4.92)
with eigenvalues
aSNC
x(0,v), (4.93)
T
where (cf. Eqgs. (3.81), (3.74))
1 1
x (0, v)=21/f(1)—w<§—|—iv)—1ﬂ<§—iv). (4.94)
To prove this we need to evaluate the following integral:
X2 1/2+iv 1/2+iv 1/2+iv
[T () ) - ) ] @)
X20%21

This can be done by noticing that the integral (4.95) is equivalent to that in Eq. (3.64) with
n = 0. Alternatively, one can use the trick presented in appendix section A.3; in order to
make each term in Eq. (4.95) finite we insert a UV regulator p. After that, with the help of
Egs. (A.18), (A.21), (A.24), and (A.29) one can rewrite Eq. (4.95) as

o0

ri+iv . 2 . 2
(3 )xfo f dkk=2" <1n p + ¢(1)> Jo(kx10) — x1#" In %} (4.96)
0

Integrating over k in Eq. (4.96) using Eq. (A.18) yields

27_[ |:21+2iv

27 x5 % (0, v), (4.97)

as desired.
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158 Dipole approach to high parton density QCD

We see that, as for to the BFKL equation (3.58), the eigenfunctions of Eq. (4.90)
are powers (though of the transverse dipole size instead of the transverse momentum),
with exactly the same eigenvalues, (4.93) as in that case.® We conclude that Eq. (4.90) is
equivalent to the BFKL equation!

In fact, the substitution (Levin and Ryskin 1987)

N
n(x10, x10, ¥) = / 4’k (1 — e'erw) k0. Y) (4.98)
1

turns Eq. (4.90) into the BFKL equation (3.58) for the function f (Kovchegov and Weigert
2007b). Verification of this statement is left as an exercise for the reader.

Using the eigenfunctions and the eigenvalues of the integral kernel in Eq. (4.90), we can
write down the solution of Eq. (4.90) as

n(x1, Xro, ¥) = /dv Co(xpg)x g 2 e x O, (4.99)

—00

where the coefficient C, (x} ) is fixed by the initial conditions (4.91) as follows:

16a2Cr 1 =i
C,(xyg) = - o 4.100
(xro) N. a +4v2)2x10 ( )
The general solution of Eq. (4.90) is then

160[ch r X10 2y eaSX(O’U)Y
CxXpy,Y) = ——— o | dv|— _ 4.101
n(x0, o, ¥) N X10 X170 / v (xm/ T ( )

—0Q0

For x19 & x1/ we can use the diffusion approximation from Sec. 3.3.4: expanding x (0, v)
around v = 0 using Eq. (3.84) and integrating over v we obtain

16a2Cp T
s " Y =5 "y _— 4102
n(xi0, Xro, Y) N, X10X10, / 4230y ( )

B lﬂz(xlo/xl/o')i|

X exp [(ap — 1Y 1420) 5, Y

Readers who performed Exercise 3.5 will recognize Eq. (4.102) as the answer for the
onium—onium scattering cross section obtained there using the standard Feynman diagram
approach. Now we see that a calculation based on LCPT wave functions gives the same
result. Note that the single-dipole distribution n; is only one component of the onium wave
function. This wave function also contains multi-dipole distributions n,, n3, etc. Hence, as
we will shortly see, the dipole approach, while in a certain limit equivalent to BFKL, in
fact contains more information.

© We have verified this statement so far only in the case where the angular dependence has been integrated out: we will
consider the general angular-dependent case in the next section.
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4.3 Mueller’s dipole model 159

4.3.3 The general solution of the coordinate-space BFKL equation*

Let us now construct the solution of the BFKL equation (4.87) without making any sim-
plifying assumptions. The goal now is to construct the most general eigenfunctions of the
kernel of Eq. (4.87). This kernel operates in the transverse plane: it is convenient to think
of this plane as a complex plane, replacing the two-component vectors X;; by complex
numbers p;, namely

pi =Xxin+ixips  pl=xi1 —ixio, (4.103)

where the indices 1, 2 denote two transverse axes. In the same way as in the vector notation
we define p;; = p; — pj and ,ol.*j =p/ — p}“, along with the absolute value squared | p;; |> =
Pij ,ol.*j and the integration measure d’p = dpdp*. Using the above complex notation it is
straightforward to check that the kernel of Eq. (4.87), written as

2
/ &2 p, P10l (4.104)

2 2
|,020| |p21|

is conformally invariant: it is clearly invariant under rotations, translations, scale transfor-
mations, and reflections in the complex plane. It is also invariant under the inversion
1 1

. P = (4.105)
O; Pi

Pi =

Thus the kernel is invariant under all Mobius transformations

az+b
4.106
ey ( )
for arbitrary complex a, b, ¢, and d with ad — bc # 0. When ad — bc =1 the group
reduces to SL(2, C).
Consider the functions (Lipatov 1986)
(14n)/2+iv * (1—n)/2+iv
v 14 p
E™ (pia. p2a) = ( = ) (— 12 ) : (4.107)
PlaP2a P14P2q

where p, is an arbitrary point in the complex (transverse) plane, with p;, = p; — p, as
before; n is integer and v is real. It is easy to check by direct differentiation that the functions
E™" are the eigenfunctions of the Casimir operators M? and M*? of the conformal Mdbius
group (Lipatov 1986, Lipatov 1989, Bartels, Lipatov, and Vacca 2005):

M*E™ (014, 2a) = P12 E™" (P14, p2a) = —h(h — DE™" (P14, p2a),  (4.108a)
M*E™ (P14, p2a) = p130705 E™" (14, p2a) = —h(h — DE™" (P14, p2a),  (4.108b)
where 0; = 9/9p;, 3F = 0/9p;, and

1 -
h=%+iv, h=—"

+iv. (4.109)
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160 Dipole approach to high parton density QCD

The functions E™" are orthonormal (Lipatov 1986)

d’pd’py "
/1—4E’ (P1a> P2)E™ " (015, p2b)
lo12]
= Cln,VSnm(S(V - M)Sz(pab) + bn,vlpab|_2_4iv (%) (anfma(\} + /.L), (4110)
ab
where
4 2 b ; 2

4y = — /2__ lnsl (4.111a)

24 n2/4 272

T (=iv+ 1@ r(iv+1
o = o2 ¥ 5 aalll) (”}J”"f') . (4.111b)
T (iv+3(1+nD) T(1—iv+ 3lnl)

(Note that E™" and E~"> " are not orthogonal.) The functions E™" also form a complete
basis (Lipatov 1986), so that

16(v2 + 1n?)
205 o ) = Y / av [ @, i
n=—00_" |1012| |101/2’|
X En’”(ﬂla, p2a)En7v*(101/a’ pZ’a)‘ (4112)

The delta functions on the left of Eq. (4.112) should be understood as acting on the space
of well-behaved functions of p;, p2, p1/, and py that go to zero in the limits p; = p, and
P = P2.

Since the kernel of Eq. (4.87) is invariant under Mobius transformations, the functions
E™V are its eigenfunctions. To see this explicitly we need to find

2
|;0]0|

[En’v(pla» p2a) + E™’ (pZa» ;OOa) - Enqv(plu, pOa)]~
|,0%0||p§1|

(4.113)

1(po, 1, Pa) = /d292

Performing the inversion transformation and also reflection with respect to p,, i.e., p; —
1/pia, yields

lpo1

h _xh h _xh h _xh
———— (P03 T+ PPY — PP ) 4.114)
o2 pral? ( 20020 12012 10P10

1(1/po, 1//)1,00):_/612/)2

The integral now becomes equivalent to that in Eq. (3.64), the answer to which is given by
Egs. (3.68) and (3.74). Using those results and reversing the p; — 1/p;, transformation,
we write

I(po, p1, pa) = 27 x (1, VIE™ (P14, Poa)s (4.115)

with x(n, v) given by Eq. (3.81).
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4.3 Mueller’s dipole model 161

Since the E™" are the eigenfunctions of the dipole kernel and form a complete orthonor-
mal basis, we can write the general solution of Eq. (4.87) as

n(Xio, Xvo, b1, Y) = n(p1, po; prs po Y)

n=—00

00 00
= Z fdv/dzpaeaXX(n’U)ch.uEn'v(plm pOa)En’U*(pl’aa ,OO’a)’
00
(4.116)

with the coefficients C, , fixed by the initial condition (4.88), which in the complex plane
can be written as

P11’ Pov

2&3CF ]n2
P10 Pov

N.

n(pt, po; prs pos ¥ =0) = (4.117)

To find the C,,, we need to decompose the (Mobius-invariant) logarithm squared into a
series over the E™V:

P11’ Poo
P10 Po1’

In?

= / dv / d*pa Dy ™ (p1a. poa) ™ (Pras poa). (4.118)

n

The coefficients D, , can be found if we first note that

2
Ko ox P11 Pov /4
|p10l*910} 000 In® : = —lpwl*lorol* [52(,011')52(,000') + 52(,010')52(,001/)] .
P10 Por’ 2
(4.119)
Using Eq. (4.112) along with the following property of the E™" functions,
E"Y(p1a: p2a) = (=1)"E"™"(p2a, p1a); (4.120)
yields
1 oo
*a A P11 Pov 2 219
1013197 3035 In® == [ v [dp et
PR oo | T w2 e;ﬂ ( )
—00
X E”’V(I?Oa, pla)En,v*(pO’a’ ,Ol’a), (4121)

where the sum runs over all integer even n. However, using Eqgs. (4.108) and (4.118) we get

P11 Po0’

|p10]*8197 80 In?
P10 Po1

= > /dv/dzpau,,,vh(h— Dh(h — 1)

X En’v(plas POa)En’V*(Pl’a, IOO/u)~ (4122)

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

162 Dipole approach to high parton density QCD

Comparing Eqs. (4.122) and (4.121) we can read off D, ,, and substituting it back into
Eq. (4.118) we obtain

1.2
v+4n

d dza
Z/ U/ P [V2+ 1+ D2 V2 + 1 — 1)?]

evenn__

P11 Po0
P10 LPo1

In?

X E""(poar P1a)E™ " (00as Pra)- (4.123)

Equations (4.123) and (4.117), when compared with Eq. (4.116), allow us to write for even
n
_ 202Cy v+ qn?
"N [+ Yo+ D2 v+ L - 1]
with C,,,, = 0 for odd n.

Equations (4.116) and (4.124) give us the most general solution of Eq. (4.87) with initial
condition (4.88) (cf. Lipatov 1986):

(4.124)

n(p1, po; P1» P03 Y)

20{ CF Z / dv e%x(n V)Y

C evenn_-

2., 1.2
v+4n

[t Lo+ [+t — 1]

/dzlann’u(pOav ,Ola)En’U*(PO/a, pl’a)'
(4.125)
The integral over p, in Eq. (4.125) can be carried out analytically (Lipatov 1997,

Navelet and Peschanski 1997), yielding a somewhat simplified expression in terms of
hypergeometric functions:

n(p1, po; P17, Pys Y)
V2 4+ %nz

Ol CF
dy & xmvY
Z / v [v2+ 500+ D] [v? 4§00 — 1)?]

evenn__

x [bn,_vwhw*ﬁF(h,h;zh;w)F(E,ﬁ;zﬁ;w*)

+ bpyw W E( = b1 = ;20 = h);w)F(1 =k, 1 — h;2(1 — h); w*)],
(4.126)

where

_ ,001,00’1/’ 4.127)
Loo P11/
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4.4 The BK equation 163

so that

P11’ Loo’
P10 P01’

In? =1n’|1 — wl. (4.128)

4.4 The Balitsky—Kovchegov equation

We now return to the DIS process in the dipole picture of Sec. 4.1. As follows from
Eqgs. (4.12) and (4.24), in order to find the DIS structure function all one needs is to
find the imaginary part of the dipole-nucleus forward scattering amplitude N (X, by, Y).
In Sec. 4.2 we constructed such an amplitude in the Glauber—Gribov—Mueller multiple
rescattering approximation. The resulting forward amplitude has no energy dependence,
as one can see from Eq. (4.49), and therefore cannot be a realistic description of the
high energy asymptotics of dipole—nucleus scattering. At the same time, the approach of
Sec. 4.2 is valid only when the small-x evolution emissions are not important, that is, only
for oY < 1. At higher energies, corresponding to rapidities Y satisfying oY 2 1, small-x
evolution becomes important and can no longer be neglected.

We see that we need to resum the LLA corrections to the dipole—nucleus scattering
amplitude (4.49). As usual we are interested in quantum evolution corrections that resum
the powers of og In 1/x ~ oY .7 Just as in Sec. 4.2 we will be working in the rest frame
of the nucleus, but this time we choose to work in the light cone gauge of the projectile
dipole, AT = 0, if it is moving in the light cone plus direction. One can show by explicit
calculation that for the multiple rescatterings in Fig. 4.5 this gauge is equivalent to the
covariant gauge (9, A" = 0, see Sec. 3.3.1); therefore, our discussion in Sec. 4.2 remains
valid in this new gauge. As in Sec. 4.2 we will be working either in the nucleus rest frame
or in the frame in which the dipole is moving in the light cone plus direction while the
target nucleus is moving in the minus direction.

We need to identify radiative corrections that bring in powers of «;Y. As we saw in
Sec. 4.2, multiple rescatterings bring in only powers of «; not enhanced by factors of Y (but
enhanced by powers of A; the resummation parameter was o> A'/3). Therefore, additional
t-channel gluon exchanges with new nucleons would not generate any powers of Y but
would bring in only extra factors of «,. These are not the corrections we are trying to
resum now. Other possible corrections in the light cone gauge of the projectile dipole are
modifications of the dipole wave function. The incoming dipole may have some gluons
(and “sea” quarks) present in its wave function. For instance, the dipole may emit a gluon
before interacting with the target; then the whole system of quark, antiquark, and gluon
would rescatter in the nucleus, as shown in the upper panel of Fig. 4.23. The dipole may
emit two gluons, which would then interact with the nucleus, along with the original gg
pair, as shown in the lower panel of Fig. 4.23. In principle there could be many extra
gluon emissions, as well as the generation of extra ¢g pairs in the incoming dipole’s wave
function. As we will shortly see, these gluonic fluctuations from Fig. 4.23 actually do bring

7 Quantum evolution is defined as the variation of a physical quantity, with Q? and/or x, resulting from quantum
emissions and absorptions.
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164 Dipole approach to high parton density QCD

< 2R >

Fig. 4.23. Quantum evolution corrections to dipole—nucleus scattering due to one-gluon
(upper panel) and two-gluon (lower panel) emissions. The lower panel also shows the
coherence time scale for gluon emission x., and the nuclear size 2R. At high energy
x5, > 2R: the figure does not fully reflect this scale difference.

the factors of oy enhanced by powers of rapidity Y, i.e., they do generate leading logarithmic
corrections. Just as with the BFKL evolution, fluctuations leading to the formation of ¢4
pairs actually enter at the subleading logarithmic level, bringing in powers of Y, and are
not important for the leading logarithmic approximation used in this chapter.

Several times above (see the discussion around Egs. (2.156), (3.126), and (4.2)), we
have used the fact that owing to the uncertainty principle, for an incoming dipole moving
in the light cone plus direction a gluon with momentum k* in its wave function would have
coherence length

kT
Xy~ — (4.129)

ki
along the xT-axis. Note straight away that 7-channel gluon exchanges between the dipole
and the nucleons in the nucleus, in the Glauber—Gribov—Mueller approximation of Sec. 4.2,
have k* = 0 with eikonal accuracy (i.e., up to corrections suppressed by powers of the
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k
p p—l—lM

p+lik
% é]z I—q|

Fig. 4.24. A diagram with a gluon emission between the dipole interactions with two
nucleons.

energy). Thus these 7-channel gluons have x7, = 0 and are instantaneous in the x™ “time”

direction in our eikonal picture. These are the instantaneous or Coulomb gluons. The
instantaneous nature of these gluons explains why the dipole rescatters on the nucleons
sequentially: as the nucleons are assumed to be separated in x ", the dipole interacts with
a nucleon as it crosses the latter’s xT-range, with interactions that are out of order, like
that in Fig. 4.6B, not allowed by causality. The nucleons span the whole nucleus; thus the
xt-time interval filled with the instantaneous interactions of Fig. 4.5 is of the order of the
nuclear radius R in the nuclear rest frame.

Consider now the gluon modifications to the incoming dipole’s wave function shown
in Fig. 4.23. If a gluon’s k™ is large enough, as is the case at high energy, the coherence
lengths of these gluons would be much larger than the nuclear radius, xj;h > R, so that
each gluon would coherently rescatter on the nucleons in the nucleus, just like the original
dipole in Fig. 4.5. This is indeed what is shown in Fig. 4.23.

Note that gluons are emitted by the incoming dipole only before the multiple rescattering
interaction (and absorbed back, after the interaction, into the forward amplitude). Emissions
during the interaction are suppressed by the inverse powers of the center-of-mass energy
of the scattering system. This can be checked via an explicit calculation in the covariant
Feynman perturbation theory. Imagine a diagram with the gluon emitted or absorbed
between the rescatterings, as shown in Fig. 4.24. As in our analysis of the graph in Fig. 4.9
above, we concentrate on the contribution of quark propagators to the /~-integral. We see
that the diagram is proportional to

[e¢]

/ ﬂ e—ilAx*
2 [(p+D?+iell(p+1—k)? +iel

o0

dl~ e—il™Ax"
~ | 5= 4.130
f 21 [ptl—— L2 +iell(pt —k)(k~ +17)— L7 +ie] ( )

—00

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

166 Dipole approach to high parton density QCD

(ﬁ)dd J Jd
JdJ J4d J Jd

Fig. 4.25. Forward amplitude for dipole-nucleus scattering including small-x evolution:
the incoming dipole develops a cascade of daughter dipoles, each of which interacts with
the nucleus independently.

where L and 1’ denote the appropriate transverse momenta, whose exact values are not
important to us here. We have used the fact that /™ = 0 and assumed for simplicity that
p~ = 0. We also changed the frame to that where the nucleus is moving along the negative
light cone. Closing the integration contour in the lower half-plane we obtain

—i 1 N 4(%4%)&#
pr(pt — kN k= + L2/pt — 12)(p+ — k+)[ e ' ]
i U

where we have used the fact that p™ > k™ and, more importantly, Ax™ ~ 1/p'~ with p’~
the large light cone momentum of a nucleon in the nucleus (such that s = p™p’~ is the
dipole—nucleon center-of-mass energy squared). This allowed us to expand the exponential
in the second line of Eq. (4.131). Comparing with the rescatterings without gluon emission
given in Eq. (4.37) (identifying k™ in (4.37) with p™ here), we see that gluon emission
between rescatterings brings in suppression by a power of the energy squared s and can
thus be neglected.

Alternatively we can consider this calculation in light cone perturbation theory. In this
case, the emission of a gluon is allowed and is equally probable at any point throughout the
coherence length of the parent dipole xcqf; =pt/ pf_, with p the momentum of the dipole
and p* very large. The probability of emission of a gluon inside the nucleus (in the nuclear
rest frame) is then proportional to R/xcqfh+ ~ 1/p* ~ 1/s;i.e., again, just as in Eq. (4.131)
it is suppressed by a power of the center-of-mass energy squared s compared with emission
outside the nucleus and can be neglected in the eikonal approximation considered here.

Our goal, therefore, is to resum the cascade of long-lived gluons that the dipole in
Fig. 4.23 develops before interacting with the nucleus and then to convolute this cascade
with the interaction amplitudes of the gluons with the nucleus. To resum the cascade we
will assume the large-N, limit and use Mueller’s dipole model, presented in Sec. 4.3. In
the large- N, limit the gluon cascade translates into a dipole cascade, examples of which
are shown in Figs. 4.19 and 4.22. As we have seen above, in the LLA gluon emissions do
not change the transverse coordinates of the quark and antiquark lines in the parent dipole.
Therefore, the color dipoles have the same transverse coordinates throughout the whole
process: once they are created their transverse coordinates do not change. Resummation
of the dipole cascade reduces to the set of diagrams represented in Fig. 4.25, which is
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4.4 The BK equation 167

a generalization of Fig. 4.5 to the case of quantum evolution corrections. The incoming
dipole develops a cascade of daughter dipoles through evolution according to Mueller
dipole model.

The evolved system of dipoles interacts with the nucleus. The interaction is brief and
does not change the transverse coordinates of the dipoles. In the large- N, limit no dipole
interacts with any other dipole during the evolution that generates all the dipoles. For a
large nucleus the daughter dipole—nucleus interaction was calculated above in the GGM
approximation and is given by Eq. (4.51). That result resums powers of o> A'/3. Analyzing
the diagrams for the interaction of several dipoles with the nucleus we see that the GGM
interaction of, say, two dipoles with a single nucleon is suppressed by extra powers of o
not enhanced by A'/? and is therefore subleading and can be neglected. The interaction of
two dipoles with two nucleons in the large- N, limit is dominated by diagrams where each
dipole interacts with only one nucleon (assuming both dipoles interact). In general one can
argue that, in the large- NV, limit and at the leading order in A (or, equivalently, resumming
powers of «?A'/3), the interaction of any number of dipoles with the nucleus is dominated
by the independent interactions of each dipole with a different set of nucleons in the nucleus
through multiple rescatterings of the type in Fig. 4.5. This is depicted in Fig. 4.25: when
the dipole wave function hits the nucleus, each dipole present in the wave function may
interact with different nucleons in the nucleus by the exchange of pairs of gluons. (It
can be shown that only some dipoles thus interact.) Therefore, the dipoles are completely
mutually noninteracting: they do not exchange gluons in the process of evolution, since
those corrections would be suppressed by powers of N, and they interact with different
nucleons in the nucleus; the last statement is correct at leading order in A (Kovchegov
1999).

Summation of the dipole cascade of Fig. 4.25 now becomes straightforward. Instead
of calculating the forward dipole—nucleus scattering amplitude N (X, b 1, Y) we start with
the S-matrix S(x, b 1, Y), which is related to N via Eq. (4.38). We write it here again for
completeness:

SG. b, Y)=1—N@E.,by,Y). (4.132)

As follows from the above discussion, S(x1o, Zo L, Y) can be written as a convolution of the
dipole cascade and the dipole interactions with the target, as shown in Fig. 4.25. Namely, it is
a sum of the probability of finding one daughter dipole in the parent dipole, convoluted with
the S-matrix for dipole—nucleus scattering in the GGM approximation, and the probability
of finding two dipoles, convoluted with their multiple rescattering interactions with the
nucleus, etc. We write (Kovchegov 1999)

o0
L o 1
S(X10.b1,Y) = } ];/dzrldzbl o dPrdby
k=1 "

SKZ(%10. by, Yiu)

x _ -
du(riy, by)---du(ris, ber) lu=o

so(F1L, bro) -+ so(Frt, brr).

(4.133)
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e S)szjca s
2 TR O T

1

Fig. 4.26. Diagrammatic representation for the evolution equation of the S-matrix for
dipole—nucleus scattering, denoted by a shaded circle. The vertical dashed lines denote the
interaction with the target.

Here

Sk Z(R10. b1, Yiu)

Su(Fry, biy) - Su(Fey, biy)

(4.134)

u=0
gives the probability of finding exactly k daughter dipoles in the parent dipole wave function
(cf. Eq. (4.71)), and

ﬁgﬁhhnl
4 XJ_A

mﬂﬁnzﬂaﬁhY=m=m4— }, (4.135)

as follows from Egs. (4.51) and (4.132).
Summing the series in Eq. (4.133) yields (see Eq. (4.70))

S(Fi0. b1, Y)=Z (5510, b, Yiu= So) (4.136)

(Kovchegov 1999). This relation shows that both the dipole-nucleus S-matrix and the
generating functional Z obey the same nonlinear evolution equation. The initial condition
for Z in (4.76) is replaced by Eq. (4.135).

We see that the evolution of S(x |, b 1, Y) is the same as the evolution of the generation
functional Z in Sec. 4.3: it is illustrated in Fig. 4.26 (cf. Fig. 4.21). The dipole cascade and
its interaction with the target are denoted by a shaded circle. In one step of the evolution
in energy (or rapidity) a soft gluon is emitted in the dipole. If the gluon is real then the
original dipole is split into two dipoles, as shown at top right of Fig. 4.26; these dipoles
proceed to evolve and interact (or not) independently with the target (the S-matrix includes
the noninteraction term, the “1” in Eq. (4.132)). Virtual corrections, given by the two lower
diagrams in Fig. 4.26, lead only to the parent dipole’s subsequent evolution and interaction
with the target. We obtain an evolution equation for the S-matrix (Balitsky 1996, Kovchegov

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

4.4 The BK equation 169
1999):

0 N
— S(X0,b1,Y
37 (X10, b1, 7Y)

2
asNe 2. 1o
= o2 d°x2—5—
T X30%21

X |:S (212, by + x_;o’ Y) N (220, by + x_;]’ Y) — S0, b Y)i| . (4137)
The initial condition for this evolution equation is given by S(X1o, bi,Y = 0)in Eq. (4.135).
Asusual b, = (¥, + Xo1)/2.

Using Eq. (4.132) in Eq. (4.137) we derive an evolution equation for the imaginary part
of the forward dipole—nucleus scattering amplitude N (Balitsky 1996, Kovchegov 1999):

0 IR o N, x?
NG, b, ¥) = 2= / & xy 1%
oY 272 X50X5,

> X . - X L -
X [N (x121bj_+%,y) +N<Xzo,bl+%,Y> — N(X10,b1,7Y)
- N ()?12,[%_ + %, Y) N (fgo,gl + %, Y> :| (4.138)

This is the Balitsky—Kovchegov (BK) evolution equation. The initial condition for the BK
evolution is given by Eq. (4.51):

(4.139)

- 7 202 (B {
N(xj_,bl,Y:O):1_exp{_xJ_Qs()( L)ln ’

4 XLA

where we have replaced Qf(l; 1) from Eq. (4.51) by QAZ,O(I; L) to underscore that this is
the saturation scale in the initial condition for the evolution. (As we will see shortly,
the saturation scale is modified by the nonlinear BK evolution equation: in particular it
becomes dependent on the rapidity Y.) Equation (4.138) resums all powers of the multiple
rescattering parameter a>A!/3, along with the leading logarithms of energy in the large-N,
limit given by powers of oy N.Y.

Below we will sometimes use a more compact notation for the dipole—nucleus amplitude,

N1, %L, Y) = N(Fi0, b1, Y). (4.140)

Using this notation, we can rewrite Eq. (4.138) as

I agN, X2
— NG L Kol Y) = —— /dZXZ‘z "
oY 22 X50X3

X |:N(fu, X1, Y)+ N2, X0, Y) — N(X11, X1, Y)

—N(fu,fu,Y)N(fzi,J?OL,Y)}- (4.141)
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Fig. 4.27. Diagrammatic representation of the BK evolution equation for the forward
dipole—nucleus scattering amplitude N, denoted by a shaded circle. Only one virtual term
is shown, for brevity.

The BK equation is represented diagrammatically in Fig. 4.27. Balitsky—Kovchegov
evolution has a simple physical meaning. At fixed rapidity a colorless dipole with size x;¢
decays into two dipoles with sizes xj» and x,¢. Either one dipole proceeds to evolve and
interact with the target while the other dipole remains a spectator (the first two, linear,
terms after the equals sign in Fig. 4.27) or both dipoles evolve and interact with the target
(the nonlinear term in Fig. 4.27). The minus sign in front of the nonlinear term reflects
the fact that taking into account two independent interactions overestimates the result.
The nonlinear term corresponds to the shadowing corrections in the GGM approach: for
instance, expanding Eq. (4.45) in powers of interactions with the nucleons we see that the
quadratic term enters with a minus sign. The reason for that minus sign is the same as
the reason for the minus sign in the last term of Eq. (4.138).

Equation (4.138) was originally derived by Balitsky (1996) in the framework of the
effective theory of high energy interactions and, independently, by one of the present
authors (Kovchegov 1999) using the formalism of Mueller’s dipole model (Mueller 1994,
1995). It was rederived by Braun (2000a) using the large-N, limit of the expression for
the triple pomeron vertex from Bartels and Wusthoff (1995) in a resummation of the fan
diagrams in Fig. 3.23.

Comparing the linear part of the BK equation (the first three terms on the right of
Eq. (4.138)) with Eq. (4.87), we see that the linear terms in the BK equation give the
coordinate-space BFKL equation. As already mentioned, the nonlinear term can be obtained
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4.4 The BK equation 171

from the triple-pomeron vertex in the large- N, limit (Braun 2000a). Hence Eq. (4.138) has
the overall structure of the GLR equation and corresponds to fan diagram resummation in
the conventional Feynman perturbation theory. It is natural to expect that the BK evolution
leads to the same physical effects as the GLR equation: for a given fixed dipole size, the
dipole amplitude N would start out growing with rapidity owing to BFKL evolution (see
Eq. (4.102)); the nonlinear term would become important at higher rapidity and lead to
saturation and slowdown of the energy growth. In the next section we will see that this is
indeed the case.

In solving the BK equatlon (4.138) one often (but not always) assumes that the variation
in the amplitude N (1o, b 1, Y) with the impact parameter b | 1s small when b | varies over
distance scales comparable with the dipole size |X;o|. This is indeed true for scattering on a
very large nucleus far away from its edges. This assumption allows one to neglect the shifts
in the impact parameter on the right-hand side of Eq. (4.138). Moreover, assuming that the
nucleus is isotropic we may neglect the angular dependence of X;9. We thus may replace
N(X10, I;L, Y) approximately by N(xo, Y) in Eq. (4.138), obtaining

9 oy N, x?
— N0, Y) = - /d2X2 o

Y 2 X50X5)

X [N (x12, Y) + N (x20, ¥) — N(x10, ¥Y) — N (x12, Y) N (x20, Y)]

(4.142)
Performing the Fourier transformation
2 d’k ikLXL R
Nx,,Y)=x] € LTUNKL,Y), (4.143)
b4
we write (Kovchegov 2000)
ON(k,,Y) i a - _ o
—_— = 0,-1(1 Nky,Y)—a;N<(k,,Y). 4.144
57 aSX|: 2<+8lnkl>:| (kp,Y)—agN“(k.,Y) ( )

This equation is useful for obtaining approximate solutions for the BK evolution that we
will present below. Also, note that making the identification

P(x, k7)) = Ne SL N(kL, =1Inl/x) (4.145)

in Eq. (4.144) reduces it to the GLR equation (3.128). This is indeed remarkable: however,
there exists no physical justification for the Fourier transformation (4.143). At the lowest,
two-gluon-exchange, order the relation between the dipole amplitude N and the uninte-
grated gluon distribution ¢ should be of the form of Eq. (4.98) (with f there proportional
to ¢). In the region where multiple rescatterings and quantum evolution are important, the
exact relation between N and ¢ is not clear.
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172 Dipole approach to high parton density QCD

4.5 Solution of the Balitsky—Kovchegov equation

To date there is no exact analytical solution of the BK equation. Below we will present
several approximate analytical solutions, along with some numerical results. One of the
main conclusions can be derived right away, without doing any work, if we notice that
N = 1is the fixed point of BK evolution: for N = 1, corresponding to the black-disk limit,
the right-hand side of Eq. (4.138) vanishes and the growth of N with rapidity stops. Hence
the BK equation does not violate the black-disk limit.

4.5.1 Solution outside the saturation region; extended geometric scaling

Let us begin analyzing BK evolution when the forward amplitude is small, N < 1. In
the multiple rescatterings (GGM) approximation (see Eq. (4.139)) we know that for small
dipoles with x; < 1/Q;o the amplitude N is also small, and saturation and unitarization
effects are not very important yet. The fact that the forward amplitude N goes to zero as
x, — 0is based on a fundamental physical principle of color transparency, which is valid
beyond the multiple-rescattering approximation. This allows us to conclude that N < 1 for
small dipole sizes x| even when small-x evolution is included. For N < 1 we can linearize
the BK equation; as we observed earlier, this gives us the coordinate-space BFKL equation.
With the approximation used in Eq. (4.142) we can write

Y T 2n 2 2

N (x19, Y s 2
w = Ol_ / d2x2 Yo |:N(X12, Y) + N(XQ(), Y) — N()Clo, Y)j| (4]46)
X20%21

This is exactly Eq. (4.90), whose solution we can write as (cf. Eq. (4.101))

oo

Nix,.,Y)= / dv C, exp{a;x(0,v)Y 4+ (1 4+ 2iv)In(x1 Qs0)}, (4.147)

—0Q0

where we use Qo as the typical transverse scale characterizing the target nucleus. In the
b 1 -independent approximation that we are employing, Qo is not a function of bi. As
usual, C,, is a constant fixed by the initial conditions. Just as in the case of BFKL evolution,
the integral (4.147) can be evaluated either in the DLA or in the diffusion approximation
depending on the kinematics of the problem.

Double logarithmic approximation

Consider the case of very small dipole size, x; Qs < 1, such that transverse logarithms
like In(x | Q50) become important, leading to a new resummation parameter oY In(x; Qo).
This is the DLA we considered before. Approximating x (0, v) as follows,

x(0,v) ~ (4.148)

1—2iv’
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4.5 Solution of the BK equation 173

PR R R .. S 4.149
A G ey & R

Using Eq. (4.148) in Eq. (4.147) and performing the integration over v in the saddle point
approximation yields

we find a saddle point at

¥

JT —
= (xLQSO)ZCVZLAT(Z&SY)l/4 In~34 ——

N(xL,Y) ¥ 0w

X1 050Kl

X exp [2\/2&SY n1/(x, QSO)} . (4.150)

We see that, as for the GGM multiple-rescatterings case (see Eq. (4.139)), the amplitude
N(x1,Y)in the DLA regime grows quadratically with the dipole size x, though this rise
receives a correction owing to the exponential in Eq. (4.150). On top of that, as is typical
for the DLA case, the amplitude also grows with rapidity Y.

Extended geometric scaling region

Now let us study the region where the dipole size is still small, but not much smaller than
the inverse saturation scale: x; Q50 < 1. In this region, evolution is still linear and one
would still expect Eq. (4.147) to give us the solution. We begin by evaluating the v-integral
in Eq. (4.147) in the saddle-point approximation. The location of the saddle point vy, is
determined by the standard condition

& x'(0, v5,)Y +2i1n x; Qg0 = 0, (4.151)

which gives the saddle point vy, as a function of x; and Y: vy, = v,,(x1, Y). (The prime
in Eq. (4.151) indicates a derivative with respect to v, x'(0, v) = dx(0, v)/dv.) Crudely
approximating the v-integral in Eq. (4.147) by the value of the integrand at v = vy, we
obtain

N(x1,Y) o (x1 Qo) T2 2O vl (4.152)

The amplitude given by Eq. (4.152) grows with energy and with the dipole size x .
When it becomes of order 1, say N & 1/2, the approximation in which this solution is
derived breaks down and one has to go back to solving the nonlinear BK equation (4.142).
Let us estimate where this breakdown of the linear regime occurs. We want to find a line
in the (x, Y)-plane along which N is an order 1 constant: this will give us the saturation
scale.

The saturation scale Q;(Y) (which now is a function of rapidity) is therefore defined by
the condition

N(x, =1/Q4(),Y) = const, (4.153)
where the constant is of order 1. Using Eq. (4.152) in Eq. (4.153) yields
s x(0,v0)Y + (1 + 2ivy) In(Qy0/ Qs(Y)) = 0, (4.154)
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174 Dipole approach to high parton density QCD

where vy = v, (x = 1/04(Y), Y). Taking the saddle point condition (4.151) along the
saturation line we get

ax'(0, vo)Y + 2i In(Qy0/ Qs(Y)) = 0. (4.155)

Solving Eqgs. (4.154) and (4.155) yields (Gribov, Levin, and Ryskin 1983, Tancu, Itakura,
and McLerran 2002, Mueller and Triantafyllopoulos 2002)

_ _ x(0, vo)
0;(Y) = Os0exp {a‘y T2 Y} (4.156)
with
X Ovo) 2 (4.157)

x(0,v9) 14 2ivy

It follows from Eq. (4.157), which one can solve numerically using Eq. (3.81), that v is
simply a number (Gribov, Levin, and Ryskin 1983),

v ~ —0.1275i. (4.158)
Using this value of vy in Eq. (4.156) we get
0,(Y) ~ Qy0 4T, (4.159)

We have obtained a very important result: as follows from Egs. (4.156) and (4.159), the
saturation scale grows as an exponential of the rapidity. Since ¥ = In 1/x this is indeed
consistent with the power-of-1/x growth in Eq. (3.135) obtained on general physical
grounds in discussing GLR evolution. We now have the same qualitative result, with the
exact exponent of the growth now specified by the slightly more detailed calculation that
we have performed. Note that since Qyo ~ A0 (see Eq. (4.52)), we have Q(Y) ~ Al/0
as well. This result can be understood as follows: the initial conditions for BK evolution
(4.139) contain only one dimensionful scale Qo (we neglect the logarithm as a slowly
varying function). The BK equation is conformally invariant; hence the scales resulting
from this evolution, such as Q(Y), should all be proportional to Oy, and have the same A-
scaling (see e.g. Kharzeev, Levin, and McLerran (2003)). It is also important to stress that the
small-x evolution does not preserve the GGM formula (4.45) by simply including x- and A-
dependence in the lowest-order nuclear gluon distribution, defined by xG4 = AxG y; this
would lead to a different scaling of Q(Y) with A. In fact evolution corrections completely
destroy the GGM form of N.

The region with momentum Q < Q,(Y) (corresponding to x; > 1/Q,(Y)), where the
nonlinear term in the BK equation becomes important, is the saturation region.

Eliminating the rapidity dependence from Eq. (4.152), to absorb all the Y-dependence
into Q,(Y), yields with the help of Eq. (4.156)

Q (Y) (142iv9) x (0, v5p)/ x (0. v0)
s
QsO ) '

With the accuracy of our crude version of the saddle point approximation, we write Vs, & Vg
in the vicinity of the saturation scale. Substituting this into Eq. (4.160) we obtain (Iancu,

N(x1,Y) o (x) Qg0) T20 ( (4.160)
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4.5 Solution of the BK equation 175

Itakura, and McLerran 2002, Mueller and Triantafyllopoulos 2002)
N1, Y) oc [xr Qu(¥)] . (4.161)

The dipole amplitude still grows with both x; and Y, just as in the DLA regime.
However, the growth with x, is slower than the quadratic DLA scaling of Eq. (4.150).
Conversely, the growth in N with rapidity appears to be stronger in Eq. (4.161) than in the
DLA case (4.150).

We have another important result in Eq. (4.161): the dipole scattering amplitude
N(x,,Y), which, in general, can be a function of two independent variables x; and Y, is
here a function of a single variable, x, Q;(Y). This result is known as geometric scaling.
Geometric scaling has been demonstrated (and the term coined) in an analysis of the HERA
DIS data by Stasto, Golec-Biernat, and Kwiecinski (2001) (see also Kwiecinski and Stasto
2002) presenting one of the strongest arguments for the observation of saturation phenom-
ena at HERA (see Fig. 9.1). Theoretically it was first observed as a property of GLR-type
equations by Bartels and Levin (1992). For the BK equation, geometric scaling was first
demonstrated deep inside the saturation region by Levin and Tuchin (2000): this result will
be derived below. As we will see shortly, the expression (4.161) that we have obtained is
valid outside the saturation region, but not too far from the saturation boundary, i.e., for
x1 Qs(Y) < 1. The fact that geometric scaling is valid outside the saturation region was
first observed by Iancu, Itakura, and McLerran (2002). This scaling phenomenon outside
the saturation region is referred to as extended geometric scaling.

Note that the (absolute) value of vy found in Eq. (4.158) is not very large. In fact, one
can check explicitly that x (0, vy) is still well described by Eq. (3.84), which was used in the
diffusion approximation presented in Sec. 3.3.4. The result (4.161) is valid as long as vy, is
not too far from vy (cf. (4.160)). If we decrease the dipole size x| then we would eventually
end up in the DLA region, where the saddle point is close to v = —i/2 (cf. Eq. (4.149)).
Clearly Eq. (4.150) cannot be written as a function of a single variable x; QO (Y) and thus
violates geometric scaling. We conclude that the extended geometric scaling of Eq. (4.161)
is valid only as long as x (0, vy,) is described better by the diffusion formula (3.84) than
by the DLA approximation (4.148). By equating the two approximations we see that the

transition occurs near v§,”" = —0.22i, which, owing to Eq. (4.151), corresponds to

1

In —5—
geom
X Q.YO

~ 5.75 ayY, (4.162)

so that the border (upper limit) of the extended geometric scaling region is defined by the
geom

scale kg0 = 1/x7 " given by (cf. Iancu, Itakura, and McLerran (2002))

) (Y
kgeom = QsOeSJS%Y = 0(Y) (%) . (4.163)
s0
Therefore, the extended geometric scaling is valid up to
1
ki =— < kgeom~ (4164)
X1
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176 Dipole approach to high parton density QCD

Since kgeom > Q4(Y), the region of extended geometric scaling is parametrically broad and
can be quite large at large Y. For k| > kg, the solution maps back onto the DLA regime
of Eq. (4.150).

Our current analytical knowledge of the saturation scale at high energy extends well
beyond the approximation derived in Eq. (4.156). In fact we know that

5 XO.v) 3

s¥)= 0, . g - —— In @,Y t
0,(Y) QOexP{al—i—szo 2(1+2w0)na + cons

0 27 tof! (4.165)
(14 2iv)?\ —asx"(0, vo)Y Y) ) )

One can show that the expression in the exponent of Eq. (4.165) is universal, in the sense that
it is independent of the initial conditions for BK evolution with the exception of the constant
term, which may depend on the initial conditions. As mentioned above, the first term in this
expression was derived by Gribov, Levin, and Ryskin (1983) when analyzing GLR evolution
and by lancu, Itakura, and McLerran (2002) for the BK equation. The second term in the
exponent of Eq. (4.165) was found by Mueller and Triantafyllopoulos (2002) and by Munier
and Peschanski (2004a). The derivation of Mueller and Triantafyllopoulos (2002) is close
to that presented above: however, they obtained the correct value of the second term on
the right of Eq. (4.165) by modeling the saturation boundary as an absorptive barrier in
the (x, Y)-plane. The derivation of Munier and Peschanski (2004a) employed a traveling
wave solution of the BK equation. The third nontrivial (O(1/ JY )) term in the exponent
was also calculated by Munier and Peschanski (2004b). The traveling wave approach is
very close in spirit and in letter to the method of characteristics used to solve differential
equations: we will present both solutions below. For a comprehensive up-to-date summary
of the results on the high energy behavior of the saturation scale we recommend a recent
paper by Beuf (2010).

4.5.2 Solution inside the saturation region; geometric scaling

Let us now analyze the behavior of the solution of Eq. (4.138) deep inside the saturation
region, where nonlinear effects are very important. Deep inside the saturation region,
when the dipole size x| becomes large, x| > 1/Q,(Y) (but we still have x| < 1/Agcp),
the quasi-classical GGM amplitude from Eq. (4.51) approaches 1. As mentioned at the
beginning of this section, analyzing Eq. (4.138) we can easily see that N =1 is also a
stationary solution of that equation. Therefore we conclude that, for large dipole sizes, BK
evolution would not change the amplitude

NGELBLY)=1, x> 1/0,Y), (4.166)

which has reached the black-disk limit (BDL) (cf. Eq. (4.33)) and will remain there. Now
let us determine the asymptotic approach to the black-disk limit (4.166). To do this we
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4.5 Solution of the BK equation 177

employ Eq. (4.137). As follows from Eq. (4.132), the S-matrix is small near the BDL,
where N = 1. Keeping only terms linear in S in Eq. (4.137) yields

3SGi0,b.,Y) a, N, x2 Lo
Do = Py S(Fie, b V). (4.167)
Y 2 X50%3]

where the integral over dipole sizes goes over xp2, X2 > 1/Q,(Y). To perform the integral
we replace the ultraviolet (UV) cutoff p in Eq. (A.20) (see also Eq. (4.64)) with 1/Q4(Y)
and use Eq. (A.29) to obtain

3SGi0, b1, Y o
% = —2a, In[x10Q;(Y)] SG10, b1, ). (4.168)

Defining the scaling variable
£=In[x] Q; (V)] (4.169)
with (cf. Eq. (4.156))

x©) o 98 _ Aln[xioin] (4.170)
14 2iv Y Y

we can rewrite Eq. (4.168) as

S 14 2iy

9 2x0,v)
The solution of Eq. (4.171) can be written straightforwardly as (Levin and Tuchin 2000)

(4.171)

14 2i
S(&) = Spexp {——+ il 2} 4.172)
2x(0, vo)
with Sy < 1 a constant. The corresponding dipole amplitude N is given by
14 2i
N() — 11— Spexp {_M 2} @.173)
X 1/0,(Y) 2x(0, vo)

Equation (4.173) is known as the Levin—Tuchin formula (Levin and Tuchin 2000).

Note that the S-matrix and the amplitude N for dipole-nucleus scattering given by
Eqgs. (4.172) and (4.173) are functions of a single variable &, or, more precisely, of the
combination x| Q,(Y). This is indeed the geometric scaling found above: while before we
obtained the scaling outside the saturation region, now we see that geometric scaling is also
valid inside the saturation region.

Equations (4.173), (4.161), and (4.150) give us a good idea of the amplitude N(x,, Y)
given by the solution of the BK equation as a function of rapidity Y and dipole size x .
We see that N(x,, Y) grows with x but at very large x, saturates to 1: thus the black-
disk limit is not violated. Hence, at the qualitative level the overall shape of N(x,,Y)
given by the GGM formula and shown in Fig. 4.11 is preserved. The amplitude N(x_, Y)
also grows with rapidity Y though at larger x,; the growth slows down, eventually stop-
ping at the black-disk limit. The saturation scale increases with rapidity; this means that
the GGM curve from Fig. 4.11 starts moving to the left on that plot. We will illustrate
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178 Dipole approach to high parton density QCD

these conclusions with explicit plots when we discuss the numerical solution of BK
evolution.

4.5.3 Semiclassical solution

We now present another powerful approach to solving the BK equation, which allows us to
reproduce the results obtained above while providing new insight.
Defining (cf. Eq. (3.74))

x)=2¢1) =¥ (y) —vd —p), (4.174)
with y related to v via Eq. (3.79), we rewrite Eq. (4.144) as
dyN(p,Y)=a,x(—=3,)N(p,Y)—aN*(p, Y), (4.175)
where dy = d/9dY and

ki
p=In—=. (4.176)

s0

Let us now look for the solution of Eq. (4.175) using a semiclassical approximation. We
write

N(p,Y) = D) 4.177)

and assume that Q(p, Y) is a slowly varying function of its arguments, such that Q,y <
Q,Qy, Q,, K Qf,, Qyy < 92, with similar relations for the higher-order derivatives: the
nth-order derivative is always much smaller than the nth power of the first derivative. (Here
Q, =0Q/0p, Qy = 0R/9Y, etc.)

Substituting Eq. (4.177) into Eq. (4.175) and employing the semiclassical approxima-
tions just outlined yields

Iy Q= ax(—9,Q) — ae. (4.178)

We will study Eq. (4.178) using the method of characteristics (see e.g. Courant and
Hilbert 1953), following Gribov, Levin, and Ryskin (1983), Collins and Kwiecinski (1990),
Bartels, Schuler, and Blumlein (1991), and Levin and Tuchin (2001). Defining partial
derivatives

-y =Q,, o=Qy, (4.179)
we can rewrite Eq. (4.178) as

F=w-—ax(y)+ae?=0. (4.180)
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4.5 Solution of the BK equation 179

The characteristics of Eq. (4.178) can then be found by solving the following set of ordinary
differential equations:

dp _dx(y)

—=F,=a,——, 4.181
ar T T Ty (+1812)
g -1 (4.181b)
dt - w — 9 .
r__r Fo =aye” 4.181
E—_p_(_y)ﬁ—asyey (4.181c¢)
d

d—c;) = —Fy — oFg = —a,we”, (4.1814d)
dQ _ o dx(y)

dr =(—Y)F., + ok, = _as)/W + w. (4.181e)

Equation (4.181b) gives Y = ¢. In addition we can use Eq. (4.180) to eliminate w from
Egs. (4.181). The remaining equations are

dp _ dx(y)

& _ g, , 4.182
vy~ ay (4.1822)
d

% — a,ye® (4.182b)
e _ dx(y) o

L s, _ — 2. 4.182
7 ¢ [X(y) 4 dy e ( c)

These equations are still difficult to solve in the general case. One may construct approx-
imations of x(y) and solve the resulting equations exactly (see Levin and Tuchin (2001)).
Instead of following this path we will keep x(y) exact and will again explore the linear
regime. If N = ¢ « 1 then we can recast Eq. (4.182c) as

as2 dx(y)
dy dy |’

A [X(V) -y (4.183)
We see that there exists a critical characteristic trajectory of constant Q (and hence N),
defined by d€2/dY = 0, which leads to the following equation for y = y,, (Gribov, Levin,
and Ryskin 1983):

dx(ver)

Yer

This is exactly equivalent to Eq. (4.157). Equation (4.184) gives y., ~ 0.6275, which is
consistent with Eq. (4.158) (see Eq. (3.79)). The critical line in the (p, Y)-plane follows
from Eq. (4.182a):

d s cr
Ps _ g Xer) (4.185)
day Yer

Since we have defined the critical line as a line of constant N, the definition is analogous
to that of Eq. (4.153) and therefore defines the saturation scale. Solving Eq. (4.185) with
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180 Dipole approach to high parton density QCD

the initial condition ps(Y = 0) = 0 yields

oY) = @, X (Ver)

Y, (4.186)
ycr
which is equivalent to Eq. (4.156) if we write pg(Y) = In Q*(Y)/ Q?,.

Note that one can verify the ¢ « 1 approximation made in arriving at Eq. (4.183):
substituting y = y,, back into Eq. (4.182c) and using the relation (4.184) one can solve the
resulting equation to show that the value of €2 along the critical trajectory (£2,) is indeed
large and negative, Q. &~ —Ina,Y.

Finally, near the critical (saturation) line we can expand (for fixed Y) as follows:

Q~ Qe+ Qp (0 — ps) = Qe — Yer(p — P5)- (4.187)

We have also used Eq. (4.179) in arriving at Eq. (4.187). Note that Q2. & —In@,Y is
independent of p and is a slowly varying function of Y: therefore, it carries little dynamical
information and can be treated as a constant in our approximation. Employing Eq. (4.186)
to define Qf(Y) = Qfoepf, we obtain

(4.188)

N7 2 Y Yer
N(p,Y) = e o e 7rp=p) — (Qs( )) ’

Kt
which again is in perfect agreement with Eq. (4.161) (if we replace x; with 1/k; in the
latter). Thus we have rederived the extended geometric scaling behavior of the dipole—
nucleus scattering amplitude, this time working in momentum space.

It is interesting to notice that the critical line has a very transparent physical meaning.
The solution for €2, given by Eq. (4.187), can be written as

QR Qi — Verp + @0 Y, (4.189)

with w., = &, x (y.r). This is similar to the phase of a traveling wave packet moving along
the p-axis with time Y, having wave number y,, and frequency w,,. (The profile of the
wave packet would be determined by a prefactor to Eq. (4.188), which is not given by
our approximate solution.) Such a wave packet has two characteristic velocities: the phase
velocity v, (the velocity of a line with constant phase €2) and the group velocity v, (the
velocity of the maximum of the packet). Using Eq. (4.180) but dropping the e® term, we
can easily calculate these two velocities, obtaining

9 d

Vgr = @ = X(y)» (4190)
dy dy

V= = = 2, L) (4.191)
y y

One can see that the critical line corresponds to the unique trajectory on which v, = v,
(Gribov, Levin, and Ryskin 1983, Munier and Peschanski 2004a).

The characteristics trajectories of BK evolution are shown in Fig. 4.28. They cannot
cross each other, and the critical trajectory plays the role of a divider between two groups
of trajectories, as shown in Fig. 4.28. This figure illustrates the special and essential role of
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4.5 Solution of the BK equation 181

Saturation region
Y X Transition
region

pQCD (DGLAP evolution)

p=In(k7/Q%)
Fig. 4.28. The characteristics for Eq. (4.178) plotted in the (p, Y)-plane.

the critical (saturation) trajectory as a divider between pQCD (DGLAP) physics, possibly
modified by small corrections due to the interactions of partons, and the saturation domain.
The parton interactions are responsible for the characteristic phenomena in the latter region,
in particular for the saturation of the parton density. The trajectories to the right of the critical
line are very close to the trajectories of the linear (BFKL) evolution equation except in the
region close to the critical line, when the effect of the critical (saturation) trajectory becomes
important. This is illustrated by the “separating trajectory” also shown in Fig. 4.28, which
separates the characteristics which are not affected by the saturation region, located to the
right of that line, from those located to the left of the line. The unaffected characteristics
are those of the DLA DGLAP. The trajectories to the left of the separating trajectory but
to the right of the critical trajectory do not resemble the trajectories of the linear equation,
and their behavior indicates that the linearized semiclassical approach is not applicable in
this region.

4.5.4 Traveling wave solution

There is another elegant method of reproducing (and improving upon) the above results
for geometric scaling and the critical anomalous dimension. We start with Eq. (4.175) and
expand its kernel around y,,, defined in Eq. (4.184):

X(_ap) = X(Vcr) + (_ap - ycr)X/(Vcr) + %(_8,0 - J/cr)2X”(7/cr) + - (4192)

Truncating the expansion at the quadratic level of course limits the applicability of the
approach we are about to develop. Certainly this approximation would not work in the
DLA region. Equation (4.175) becomes

Wy N, Y)=as [x(er) = N(p. )] N(p, Y) = & x'(Ver) (35 + ver) N (p, ¥)
+ Lax" ver) @, + ver)*N(p, ). (4.193)
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182 Dipole approach to high parton density QCD

Redefining the variables and the unknown function N (Munier and Peschanski 2003),

t=1a,x" (ve)vaY, (4.194a)
X =Y p+ & [X Ve )Ve — xer)] Y, (4.194b)
2 N
u(t, x) = ————=N(p. Y), (4.194¢)
X" Ver)Vs

and employing Eq. (4.184) brings Eq. (4.193) into the form
du(t, x) = d2u(t, x) + u(t, x)[1 — u(t, x)]. (4.195)

This equation was first studied by Fisher (1937) and by Kolmogorov, Petrovsky, and
Piskunov (1937) and is referred to in the mathematical community as the F-KPP equation.
(For a review see van Saarloos (2003).)

The initial condition for Eq. (4.195) can be constructed by first finding the initial
condition for Eq. (4.144). Inverting Eq. (4.143) we write

_ d? = . N Y
N(kL,Y)Z/‘%eﬂerL#. (4.196)
T .XJ_

Dropping the b-dependence in Eq. (4.139) and using the result in Eq. (4.196) we obtain

2 L 2 12
B Y = 0) = f %eikmé [1 —exp {_)@4& In X%AH S 4197

While the exact analytic integration in Eq. (4.197) does not lead to a compact answer, we

can find the asymptotics of the initial conditions from it. At large k; (small x, ), expanding

the exponential in Eq. (4.197) to the first nontrivial order and integrating using Eq. (A.9)

yields

2

~ =30 (4.198)

Ny, Y =0)
ki/Qs0>1 4ki

Atsmall k; (large x ), dropping the exponential and integrating over x; with 1/Q; as the
IR cutoff we get
~n 20 (4.199)

Nk, Y =0)
kL /0wl kg

For u(t = 0, x) these initial conditions imply

te™ /v x > 4oo,

u(t = 0, x) 0o

. (4.200)

2Yer’

X — —0OQ.

It was proven that the F-KPP equation admits traveling wave solutions at late times ¢
if the initial condition u(0, x) decreases monotonically from 1 to 0 as x varies from —oo
to 400, falling off exponentially with x as x — 400 (Bramson 1983). While the initial
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4.5 Solution of the BK equation 183

condition giving u(0, x) in Eq. (4.200) violates this condition at x — —oo, following
Munier and Peschanski (2003) we assume that the high energy asymptotics of the solution
outside the saturation region will not change significantly if we simply “freeze” u(0, x)
at u = 1 inside the saturation region. According to the theory of the F-KPP equation the
asymptotic traveling wave solution depends on the speed of the exponential falloff e =¥/«
at x — 400 in the initial condition for the equation: for 1/y,, ~ 1.5936 > 1 the traveling
wave solution is

u(t, x) ~f(x=2t+3Inr+0(), (4.201)

for some function f. We see that u(z, x) and, owing to Eq. (4.194), N(p, Y) are functions
of a single variable,

k2
x —2t+321nt =y, In —=— + const, (4.202)
2 0,(Y)?
where
cr 3
0,(Y)* = 0% exp {oz X&)y ——n axy} . (4.203)
J/cr Vcr

This is indeed geometric scaling. The saturation scale in Eq. (4.203) is identical to that in
Eq. (4.165) up to the first two terms in the exponent.

Dropping the nonlinear term in Eq. (4.195) we see that u(t, x) = ¢ is clearly a
solution of the resulting linearized equation, giving (Munier and Peschanski 2004a)

Q?(Y))”‘*

ki

—x+2t

N(p,Y) x ( (4.204)

in agreement with Eqgs. (4.161) and (4.188).

Owing to the approximations we have made, in expanding y(y) in order to arrive at
Eq. (4.193) and in neglecting the fact that Eq. (4.200) violates the condition stated by
Bramson (1983) for the existence of a traveling wave solution, we can conclude that the
reduction of the BK equation to the F-KPP equation is valid only for k; values in the vicinity
of the saturation scale. In particular, Eq. (4.193) does not give the solution (4.173) deep
inside the saturation region. Interestingly, the traveling wave (geometric scaling) pattern
itself appears to be more universal than the F-KPP reduction: for instance, Eq. (4.173)
also has a traveling wave form. The traveling wave structure is also preserved in other
models of the dipole BFKL kernel. For example, if we simplify the kernel of Eq. (4.138)
by resumming only the transverse logarithms (such as In xi Q?(y) and In xiAzQCD), thus
taking into account only the leading twist contributions to the full BFKL kernel, the BK
equation can be reduced to a wave equation (Levin and Tuchin 2000, 2001) for which one
also has a traveling wave solution (Polyanin and Zaitsev 2004, formula 3.4.1).

The existence of traveling wave solutions indicates that, at very high energy, N(p, Y)
behaves like a wave with a fixed coordinate (p) profile, which travels with increasing Y
toward larger values of p without a change in profile. This is an important physical result
from the traveling wave approach.
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184 Dipole approach to high parton density QCD
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Fig. 4.29. Dipole amplitude N(x,, Y) plotted as a function of x ; the curves right to left
correspond to increasing values of «, Y, as shown in the legend. (We thank Javier Albacete
for providing us with this figure.)

4.5.5 Numerical solutions

There are a number of numerical solutions of the BK equation. We are not going to give a
comprehensive overview of these solutions here but will merely show some results.

A numerical solution of the BK equation (4.142) without impact parameter dependence,
giving the amplitude N (x, , Y) as a function of x | , is shown in Fig. 4.29 for several values of
the rescaled rapidity «; Y. The initial condition is specified at Y = 0 by a slight modification
of the GGM formula (4.51),

()

Nxp,Y)=1—expyi——————In|[ — +e¢ (4.205)
4 X LA

with Q50 =1 GeV and A = 0.2 GeV, and is represented by the dashed line in Fig. 4.29.

(Since the exponent of Eq. (4.51) is written in the x; A < 1 approximation, e has been

added in Eq. (4.205) to keep N positive for x; A > 1.)

We see from Fig. 4.29 that the nonlinear small-x evolution pushes the dipole amplitude
N(x,,Y) towards lower values of x, as Y increases. This is indeed in agreement with our
analytical results: as Q;(Y) grows with rapidity, 1/Q,(Y) decreases, moving the curve to
the left along the x -axis. The growth in the saturation scale with rapidity Y is shown in
Fig. 4.30. Here, the saturation scale is defined by requiring that N(x; = 1/0,(Y),Y) =
1/2; it is plotted in Fig. 4.30 as a function of ;Y. Again we see qualitative agreement with
the above analytical results: the saturation scale grows with rapidity. At large ¥ we see
that In Q(Y) grows linearly with oY, in agreement with Eq. (4.165); the slope of about
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Fig. 4.30. The saturation scale Q(Y) given by a numerical solution of the BK evolution
equation, plotted as a function of the rescaled rapidity «; Y. (We thank Javier Albacete for
providing us with this figure.)

2.1 is close to the analytical estimate, 2.44N,./m = 2.33, in Eq. (4.159). (Note that for a
more detailed comparison of Fig. 4.30 with the analytical results one also needs to take into
account the logarithmic correction in the exponent of Eq. (4.165).)

The numerical solutions also exhibit the property of geometric scaling. This is demon-
strated in Fig. 4.31, which shows the curves from Fig. 4.29 plotted as functions of the
scaling variable

T =x1 0,(Y), (4.206)

for the same set of oy Y values as in Fig. 4.29. One can see the onset of the geometric scaling
behavior both inside and outside the saturation region: as the rapidity Y increases, all the
curves approach a universal scaling curve. (Indeed, at very large transverse momenta or
very small x, the geometric scaling in Fig. 4.31 would be violated owing to the onset of
the DLA DGLAP asymptotics; this is not shown in the figure because of its limited range
inx; Qs(Y).)

For another quantitative comparison of the analytic results and the numerical solutions
we show in Fig. 4.32 a plot of the coordinate-space dipole amplitude N (x, Y) as a function
of the scaling variable t over a broader range in 7, both for fixed-coupling (the dashed
line) and running-coupling (the solid line) BK evolution (Albacete and Kovchegov 2007b).
(The running-coupling BK evolution is given by the BK equation with running-coupling
corrections included (rcBK). We will discuss rcBK in Chapter 6 (see Eq. (6.9) with kernels
given either by Eq. (6.12) or Eq. (6.14)).) In the fixed-coupling case, comparing the power
of 0.6 in Fig. 4.32 with Eq. (4.161) or Eq. (4.188) we see that it is consistent with the
theoretical prediction of 0.6275 from, say, Eq. (4.184).
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Fig.4.31. The dipole amplitude N (x|, Y) as a function of the scaling variable T = x, Q,(Y);
the curves (in clockwise order in relation to the crossing point) correspond to the same values
of o, Y as in Fig. 4.29. (We thank Javier Albacete for providing us with this figure.) A color
version of this figure is available online at www.cambridge.org/9780521112574.

N(t
( 1)0—1 Y= 40
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3
10 N
of ~T2x08
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~ 72x0.85
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10° 10* 10° 10° O

Fig. 4.32. Asymptotic solutions (Y = 40) of the evolution equation for running coupling
(solid line) and fixed coupling with oy = 0.2 (dashed line). A fit to a power-law function
at? in the region T € [107%, 1072] yields y ~ 0.85 for the running-coupling solution and
y = 0.6 for the fixed-coupling solution. (Reprinted with permission from Albacete and
Kovchegov (2007b). Copyright 2007 by the American Physical Society.) A color version
of this figure is available online at www.cambridge.org/9780521112574.
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Fig. 4.33. A contour plot of the numerical solutions (~k N (E 1,7Y)) of the BFKL and
BK evolution equations in momentum space, as functions of the transverse momen-
tum k; and the rescaled rapidity oY = o Inl/x. (We thank Anna Stasto for pro-
viding us with this figure.) A color version of this figure is available online at
www.cambridge.org/9780521112574.

In Sec. 3.3.6 we discussed the two main problems of BFKL evolution unitarity violation
and diffusion into the IR. From Fig. 4.29, along with the analytical calculations presented
above in Sec. 4.5.2, we see that for the BK solution one always has N < 1, so that we
can conclude that BK evolution does not violate the black-disk limit hence resolving this
issue of the BFKL evolution. We see that a resolution of BDL violation still occurs in the
perturbative domain, owing to the large value of saturation scale Q,(Y) there.

To answer the question regarding diffusion into the IR, represented by the Bartels cigar
of Fig. 3.19, we will present one more result, from the numerical solution of the fixed-
coupling BK equation of Golec-Biernat, Motyka, and Stasto (2002). Figure 4.33 depicts
the lines of constant value for the numerical solution for k| N(k, ¥) of the BFKL and BK
equations in momentum space. Namely, Fig. 4.33 contains contour plots of k; N(k,, Y) as
a function of transverse momentum k; and rapidity ¥ = In 1/x. To illustrate the point, the
initial conditions for both the BFKL and BK equations were chosen to be delta functions in
the transverse momenta, 8(k;, — ko, ) with kg, = 1 GeV. One can see that the solutions
of the BFKL equation (the dotted lines in Fig. 4.33) spread out as the rapidity increases.
This is the diffusion discussed in Sec. 3.3.6, which is dangerous because it generates
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Fig. 4.34. Our understanding of high energy QCD interactions plotted in the plane of
rapidity ¥ = In1/x and In Q?. (Reprinted from Jalilian-Marian and Kovchegov (2006),
with permission from Elsevier.) A color version of this figure is available online at
www.cambridge.org/9780521112574.

nonperturbative low-k; gluons, for which our small-coupling treatment would not apply.
Figure 4.33 shows that nonlinear BK evolution (shown by the solid lines in Fig. 4.33) avoids
this problem. The nonlinear term in Eq. (4.138) leads to two main effects: (i) it drives the
constant-value lines of the solution towards higher momenta, which is consistent with the
increase in the saturation scale in Eq. (4.156), and (ii) it virtually eliminates the spread
of the solution: as one can see from Fig. 4.33 the width of the k -distribution of the BK
solution is roughly independent of rapidity. This solves the IR diffusion problem of the

BFKL equation.

4.5.6 Map of high energy QCD

We summarize the results obtained in this Chapter in Fig. 4.34. This is a “map of high
energy QCD”, which may be compared with Fig. 4.28 and Fig. 3.22. Figure 4.34 represents
the action of the evolution equations we have discussed, plotted in the (Q2,Y =In1/x)-
plane. The region with Q% < AZQCD is nonperturbative: there o is large and so we cannot
use perturbation theory. The DGLAP evolution applies at large Q? and not very small x,
as indicated by the horizontal arrows denoting evolution in Q2. The BFKL equation is
responsible for the evolution in x: it is represented by the short vertical arrows. At small
enough x the linear BFKL evolution breaks down and nonlinear saturation effects set in.
The transition to the saturation region is denoted by the saturation line Q = Q,(Y) (cf. the
critical line in Fig. 4.28), and the saturation region is located above this line. The gener-
alization of the BFKL evolution in x to include the saturation physics is accomplished by
BK evolution in the large- N, limit. Outside the large- N, limit the nonlinear small-x evo-
lution is described by the Jalilian-Marian—-Iancu—McLerran—Weigert—Leonidov—Kovner
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4.6 The BKP equation* 189

Fig. 4.35. Diagrams contributing to the BKP evolution. The vertical gluon lines are
reggeized gluons, while the large solid circles denote Lipatov vertices.

(JIMWLK) evolution equation, which is a functional evolution equation to be presented in
the next chapter (Jalilian-Marian ef al. 1997b, 1999a, b, lancu, Leonidov, and McLerran
2001a, b, Weigert 2002, Ferreiro et al. 2002). Both the BK and JIMWLK evolutions are
shown by long vertical arrows. As shown above, geometric scaling works inside the satura-
tion region. We have also indicated the lower boundary of the extended geometric scaling
region by kg, from Eq. (4.163).

The saturation region is also called the the color glass condensate, as indicated in
Fig. 4.34: this term will be explained below. It is important to stress once more that
all the nonlinear dynamics driving the saturation phenomena takes place for Q; = Q >
Agcp, i.e., in the perturbative region where the strong coupling constant is small and our
perturbative calculations are justified.

4.6 The Bartels—Kwiecinski-Praszalowicz equation*

One may wonder whether the dipole evolution presented above should receive some poten-
tially important subleading- N, corrections. The problem is easier to address when formu-
lated in terms of the standard BFKL approach. The BFKL equation of Sec. 3.3 gives the
evolution for two reggeized gluons in the 7-channel. Now imagine the case of an arbitrary
number of 7-channel reggeized gluons. Their small-x evolution is shown in Fig. 4.35.

To write down an evolution equation for n-reggeized gluon exchange, as in the
BFKL case one has to define the Green function of the exchange, G(El Lyenns
l;,, L;/;i Lo l;,; 1Y), corresponding to a “rectangle” like that in Fig. 3.5, with n gluon
legs attached to it from above and n more attached from below, as shown on the left of
Fig. 4.36. Moreover, we only account for the discontinuities (the imaginary parts) of the
Green function between all consecutive 7-channel gluon exchanges, as shown by the cuts
in Fig. 4.36. The scattering amplitude without such cuts can be reconstructed from the
BKP Green function by the repeated use of dispersion relations, as in the case of gluon
reggeization considered in Sec. 3.3.5.
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Ky ko kn k1o K kj ky, k1 k; ke
0
Y g = ¢ + % ¢

ky kb K

Fig. 4.36. Diagrammatic representation of the BKP evolution equation for the 2n-point
Green function. All momenta flow up in the diagrams and the vertical straight lines denote
cuts.

One can write down an evolution equation for this Green function by applying the
BFKL kernel to any pair of the reggeized gluons shown in Fig. 4.36. One obtains the
Bartels—Kwiecinski—Praszalowicz (BKP) equation,

aYG(]_élJ_v~-~al_énJ_;]_€iJ_v--~7]_(>;,J_;Y)

=}:wdEuG@uw.”aLihp.”aLﬂv+xmm§:/d%ﬂ%j

i=1 i<j

X Kjvjp(];iia /_éjL;ZiL, ZjL)G(/_élL, U A ,iji» ce /_éni;]_é;l’ ce /;,,u; Y),
(4.207)

where K;'JFUE,-L, I_éjl; ZL, l_;‘l) is the nonforward BFKL kernel, given by (cf. Eq. (3.103))
ij 7 7 7 g ach T 7 7 7
Kyplkis ki3l 1) = gy 8Os +kjL — L —151)

X klzJ‘ — + kJZJ— _ _ (l_éij_‘i‘]_éjj_)z ‘
T R T R

(4.208)

The coefficient A, depends on the color-SU(3) representation of the two gluons that
interact, namely

Msingter =1, Asg =hg, =2, A=A =0, Ay= —% (4.209)

where 8g, 84, 10, 10, 27 denote the representations of the SU(3) color group (the sub-
scripts S, A denote the symmetric and antisymmetric representations). For n = 2 in the
color-singlet case Eq. (4.207) reduces to the BFKL equation (3.58) and in the color-octet
case Eq. (4.207) becomes the equation (3.102) leading to the bootstrap equation (3.107).
The general proof of Eq. (4.207) can be found in the papers of Bartels (1980) and
Kwiecinski and Praszalowicz (1980) (see also Jaroszewicz 1980). A review of this approach
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4.6 The BKP equation* 191

Table 4.1. The intercepts of
multi-reggeized gluon states as found in
Korchemsky, Kotanski, and Manashov

(2002)

Number of reggeized gluons Intercept
n=2 2.77a;
n=4 0.67a;
n==6 0.39a,

was given by Lipatov (1999). (See also the papers of Korchemsky, Kotanski, and Manashov
(2004) and Lipatov (2009) and references therein for recent developments.)

The contribution of multi-reggeized gluon states to the onium—onium scattering cross
section is N -suppressed compared with that of single-BFKL-pomeron exchange. To see
this suppression for a four-reggeized gluon state (with all four gluons in a net color-singlet
state) one has to first subtract from it the color configurations corresponding to single- and
double-BFKL-ladder exchanges (which are included in the four-gluon evolution, owing to
the bootstrap property of Sec. 3.3.5), along with the three-reggeized gluon configurations.
The remaining quantity would contribute to the onium—onium cross section at order 1/N?#
(for oy N, fixed); this is suppressed in comparison with single-BFKL-ladder exchange,
which is of order 1/N, CZ, (4.102), and is comparable with double-BFKL-pomeron exchange,
also of order 1/N?. The dipole model presented above does not contain such contributions:
in fact one has to augment the dipole model with color quadrupoles to reproduce the
evolution of the four-gluon BKP state (Chen and Mueller 1995).

While the coupling of the four-gluon BKP state, and of the states with higher numbers of
gluons, to the onia is N2-suppressed, their evolution (4.207) clearly contains a leading-N,
contribution.® One may, therefore, be concerned that the solutions of Eq. (4.207) could lead
to these multi-reggeized gluon states giving contributions to the cross section that grow
with rapidity faster than the multi-BFKL-pomeron exchanges at the same order in N?2-
suppression and thus become order-1 corrections to the dipole model (or even dominating
the cross section). For instance, the four-gluon state, after all subtractions, might grow with
energy faster than the two-BFKL-pomeron exchange contribution. Such worries have been
put to rest by an explicit solution of the large- N, version of the BKP equation, performed by
Korchemsky, Kotanski, and Manashov (2002), whose results (for even n) are summarized
in Table 4.1. One can see, for instance, that the intercept of the n = 4 state, equal to 0.67&;,
is significantly smaller than the effective intercept due to two BFKL ladder exchanges,
which is 2(«p — 1) = 8&, In2 =~ 5.55&, and can be safely neglected. More importantly, it
follows from Table 4.1 that the higher-n states actually have intercepts that decrease with n,
thus becoming progressively less important than the n-pomeron contribution with intercept
n(ap — 1), growing linearly with n. States with odd n are also unimportant for the total

8 For a general SU(N,) group the decomposition of N. ® N, contains another representation, denoted R7, with AR, =
1/N,. The evolution of two gluons in this representation, along with that in representation 27 (A7 = —1/N,) is
N.-suppressed. (See Kovner and Lublinsky (2007) for a detailed presentation of group factors.)
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192 Dipole approach to high parton density QCD

cross section: their intercepts are less than or equal to zero. In the next section we will work
out the case of an odderon, which corresponds to three gluons in the #-channel.

4.7 The odderon*

Consider a scattering amplitude mediated by a z-channel exchange of a C-odd object, all of
whose other quantum numbers are those of a pomeron (or QCD vacuum). Such a process is
important phenomenologically for the exclusive production of some C-odd vector mesons,
such as pions, J /¥, n¢, etc. The exchanged object with vacuum quantum numbers except
for C = —1is called the odderon (by analogy with the definition of the pomeron in Sec. 3.2).
Its existence in QCD was first suggested by Lukaszuk and Nicolescu (1973).

Let us determine the odderon contribution to onium—onium scattering. We start by con-
sidering the general scattering amplitude for an onium on a target. The charge conjugation
operation interchanges the quark and the antiquark:

C: )?u_ <> ;()J_, z<1— Z, (4210)

where as usual the quark in the onium is located at X;; while the antiquark is at Xy, , and z
is the longitudinal momentum fraction carried by the quark. In the GGM or LLA approxi-
mations the z-dependence can be neglected: we will discard it here. The odderon-exchange
amplitude, by definition, corresponds to an elastic amplitude that is anti-symmetric under
the operation (4.210):

O(X11, %01, Y) = -0, %11, Y). (4.211)

We can relate the elastic odderon amplitude O to the S-matrix S(X1,,Xo.,Y) (in the
notation of Eq. (4.140)) by

. 1 O, .
O(X11, X1, ¥) = % [SGiL, Xor, ¥) — S(FoL, X1, V)] (4.212)
In the eikonal and LLA approximations we have S(¥o,, X11) = ST(¥;1, X1 ), so that

- - 1 - - - -
O(x11, %01, ¥Y) = % [SGiL. KoL, ¥) — STE L Ko, V)]

=1ImS(X 1, X1, Y) (4.213)

(Hatta et al. 2005a). We see that the odderon amplitude is equal to the imaginary part of the
S-matrix and hence, to the real part of the 7-matrix. We can thus generalize Eq. (4.132) to

S(X11, %01, Y)=1—=N& i1, X1, Y)+iOX 1, Xo1, Y). (4.214)

Now let us return to onium—onium scattering. The lowest-order C-odd onium—onium
scattering amplitude is given by the three-gluon exchange diagrams depicted in Fig. 4.37.
The gluons in Fig. 4.37 couple only to the quarks and antiquarks in the onia: contributions
with gluons coupling to each other are either C-even or zero, by color algebra considerations.
In general, three gluons can be either in the f¢*¢ or d**¢ color configuration, where d**¢ =
2Tr[t*{t?, t}] is an absolutely symmetric object, the braces denoting an anticommutator.
We are interested in the part of the diagram in Fig. 4.37 (in the eikonal approximation)
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0
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Fig. 4.37. The lowest order odderon exchange diagram in onium—onium scattering. As usual,
the disconnected gluon lines imply sums over all couplings to the quark and antiquark lines.
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Fig. 4.38. Odderon evolution in the large- N, approximation: a dipole cascade convoluted
with triple-gluon exchange.

contributing to the odderon onium—onium amplitude O(X;, X, :X|,.X,,,Y). One can
show, using Eq. (4.212), that only the d**¢ configuration contributes to O. By analogy with
Eq. (4.117) we write, switching to the complex-variable notation of Sec. 4.3.3,

P11’ Pov
P10 Po1’

O(p1, po; pr» pos Y = 0) = co ot In’ (4.215)

with ¢y some constant (dependent on N.), whose exact value is not important for us.
Clearly the exchange in Eq. (4.215) is C-odd, as it changes sign under either the 1 <> 0 or
the 1’ <> 0 interchange.

Equation (4.215) can be used as the initial condition of the LLA small-x evolution in the
large- N, limit, which we would like to construct for the odderon amplitude O(X1 1, Xo1, Y).
Above, in constructing the dipole model cascade we did not make any assumptions about
the C-parity of the scattering amplitude: hence the dipole evolution should apply to the
odderon case. Working in the rest frame of one of the colliding onia we present the
odderon evolution in Fig. 4.38, constructed by analogy with Fig. 4.22. The incoming
onium develops a dipole cascade, with one dipole exchanging three 7-channel gluons
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194 Dipole approach to high parton density QCD

with the lower onium at rest. Note that the triple-gluon exchange of Fig. 4.37 can only
couple to a single dipole in the onium wave function, since a single gluon cannot couple
to a color dipole in an elastic process. Hence the evolution for the odderon amplitude
should be described by the same dipole BFKL equation, with different initial condition
(4.215).

By analogy with Eq. (4.87) we write (Kovchegov, Szymanowski, and Wallon (2004))

- > o o
oy O(X11, X0LsX11 X0 Y)

2
_ o Ne 2 *1o

= 2
2 2 2
2 X50%3]

x [O@ L, X213 %], X5, Y) + O, Xor 3 X1y, X3 Y) — OG L, Xous X1y, X3 V)]
(4.216)
This is the linear evolution equation for the odderon amplitude; Eq. (4.215) provides its
initial conditions. While Eq. (4.216) is derived here in the large- N, limit it is also valid for
any N, as shown by Hatta et al. (2005a).
Since Eq. (4.216) is simply the BFKL equation, we know how to find its solution.
Decomposing the initial condition (4.215) over the eigenfunctions of the Mobius group,
we write

O(p1, p2; pr» p2; Y = 0)
o0
3 6 2
= COO‘SF Z dv | d°p,
nddn_Do
v+ %nz

Il D[+ L - 12

]x(n, VE"" (P14, 020)E"" (pra, Pra)
(4.217)

and, using Eq. (4.115), we obtain the general solution of Eq. (4.216) for the odderon
amplitude:

O(p1, p2; o1, P23 Y)
6 o0
3 2 Qs W)Y
:COaSPZde/d Da % x(nV)
oddn_oo
V2 + élln2

. [V2+ 1+ D] V24 2 — 1)

]X(ns v)En'U(pla» PZa)En’U*(,Ol’a, p2’a)'
(4.218)

Owing to the property (4.120) of the functions E™" this amplitude is indeed C-odd. Note
that the solution (4.125) of the BFKL equation for the forward amplitude is C-even as
it contains a sum over even n, while the odderon solution (4.218) has a sum over odd n
and is therefore C-odd. We see from Eq. (4.216) that in dipole language the odderon and
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Further reading 195

the pomeron evolutions are given by the same dipole BFKL equation; the different initial
conditions project out different contributions.

The solution (4.218), constructed in this form by Kovchegov, Szymanowski, and Wallon
(2004), is analogous to that found in momentum space earlier by Bartels, Lipatov, and
Vacca (2000), which is known as the BLV solution. The latter was obtained by solving
the BKP equation (4.207) for three gluons in the d**¢ color state. We can now find the
intercept of the three-gluon BKP d**“-state. The leading high energy asymptotics of the
BFKL solution (4.125) is given by the n = 0O term in the series, since it carries the largest
intercept. In the case of Eq. (4.218) the n = 0 term is no longer included in the sum, and the
largest intercept comes from the n = =1 terms, giving, in the saddle-point approximation
around v = 0O (Bartels, Lipatov, and Vacca 2000),

Opgd — 1 = @sx(n = +1,v =0)=0. (4.219)

We see that the odderon amplitude does not grow with energy, even when small-x evolution
isincluded! This is an interesting result, which may be the reason for the lack of experimental
observation of the odderon.

The odderon amplitude also receives saturation corrections due to nonlinear evolution.
Consider dipole—nucleus scattering. The nonlinear evolution equation for the C-odd ampli-
tude O(X,, Xo1, Y) in the large-N,. approximation can be found by inserting Eq. (4.214)
into Eq. (4.137) and taking the imaginary part of the resulting expression, keeping in mind
that both N and O are real quantities. This gives (Kovchegov, Szymanowski, and Wallon
2004, Hatta et al. 2005a)

2
- - ag N, 2 X01

Iy O, Xo1, ¥) = —— 25>

2 X50%X3]

X [OGL, 21, Y) + Oy, Xor, Y) — O(F1L, Xou, V)]

2

agN, 2., o1
_ s , 0L
2 2 2
2 X50%X3)

X [OGL. X2 YINFor, Xor, ¥) 4+ N(EiL. %o, Y)OG L, Xor. V)]
(4.220)

We conclude that saturation simply suppresses the odderon amplitude O further, by making
itdecrease with energy. This can be readily seen from Eq. (4.220) by, for instance, substitut-
ing N = linitfor xy9, x2; > 1/0Q,(Y), corresponding to the saturated total dipole—nucleus
cross section. One would then get the S-matrix version of the Levin—Tuchin formula,
Eq. (4.172), but now for the odderon amplitude O, indicating that it falls off steeply with
increasing energy or rapidity in the presence of saturation.

Further reading

More details on some aspects of the GGM multiple-rescattering formula and on BK evo-
lution, with its solution, can be found in the reviews by lancu and Venugopalan (2003),

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

196 Dipole approach to high parton density QCD

Weigert (2005), and Jalilian-Marian and Kovchegov (2006). Further information on the
semiclassical approximation for the solution of the BK equation can be found in Levin
and Tuchin (2000, 2001) (see also Diaz Saez and Levin (2011) and references therein).
A comprehensive summary of the current status and achievements of the traveling wave
approach can be found in Beuf (2010). The most recent status of the saturation bound-
ary approaches to solving the BK equation at higher orders is discussed in Avsar et
al. (2011) and references therein. The consequences of the conformal symmetry of the
fixed-coupling BK evolution for its solution have been recently explored by Gubser
(2011).

The solution of the BKP equation, especially for the odderon case, has been widely
discussed, and we consider that the review and paper of Lipatov (1999, 2009) together
with the paper of Korchemsky, Kotanski, and Manashov (2004) can bring the reader to the
current understanding of this problem. A comprehensive review of the theory of odderon
evolution and the status of experimental searches for the odderon was given by Ewerz
(2003).

Exercises

4.1 By summing all possible connections of the ¢-channel gluons to the dipole in
Fig. 4.10, derive Eq. (4.40) explicitly.

4.2** Find the virtual correction to the onium wave function in Eq. (4.64) by an explicit
calculation of diagrams. One may directly sum the LCPT diagrams in Fig. 4.14 (Chen
and Mueller 1995). Alternatively, one may start with a momentum-space expression
for each distinct contributing Feynman diagram, Fourier-transform it into coordinate
space in x—, regulate the x ~-integrals, and integrate over the x ~-coordinates of the
quark—gluon vertices from —oo to 0. Fourier-transforming the obtained expression
into transverse coordinate space should yield (4.64).

4.3 Follow the steps outlined in the text to find the eigenvalues of the kernel of Eq. (4.90).
Namely, starting with Eq. (4.95) reduce it to Eq. (4.97).

4.4 Starting with Eq. (4.90) use the substitution (4.98) to obtain the BFKL equation
(3.58) for the function f. You may find Eqgs. (A.9) and (A.10) handy.

4.5 (a) Solve the following zero-transverse-dimensional equation for the generating
functional Z(Y, u) (cf. Eq. (4.77)):

WZ=oa,2*—27) (4.221)

with initial condition Z(Y = 0, u) = 0. Using Eq. (4.81) find the number of
dipoles in this “wave function”.
(b) Perform a similar exercise for a toy model of the BK equation (4.138): solve

dyN = a;N — a,N?, (4.222)
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Exercises 197

with N(Y = 0) = Ny < 1 as the initial condition; Ny > 0 is a constant. Show
that N(Y) —> las Y — oc.

4.6 Suppose that the dipole—nucleus scattering amplitude in the linear regime outside
the saturation region is given by the following approximation of the DLA formula
(4.150) (forx; Q50 < 1)

NG Y) = (000 exp f2Va Y IT/G Qo] (4223)

(a) Find the energy-dependent saturation scale Q(Y) by requiring that
Nxp =1/0,Y),Y) =1 (4.224)

(b) Show that for 1/Q§'(Y) >x > 1/kgeomaWith kgeom - Q%(y)/QY()? (Cf
Eq. (4.163)), Eq. (4.223) can be rewritten as

N(xy, Y)~ x1 Qs(Y), (4.225)

i.e., as a function of a single variable x; Q,(Y) instead of the two variables x|
and Y (cf. Eq. (4.161)). This is a simplified derivation of the extended geometric
scaling (Iancu, Itakura, and McLerran 2002).

4.7* Derive Eq. (4.217) with O(p1, p2; p1, p2; Y =0) as given in Eq. (4.215).

4.8 Determine the high energy asymptotics of the F, structure function (and 0,’,/,: A). At
very small x we have Q; > Q. Argue that in such a case the x -integral in (4.12) is
dominated by 1/Q; < x; < 1/Q. Approximating the dipole—nucleus interaction
by a black disk of radius R, so that N(x,,b,,Y) =~ 6(R — b, ), and expanding the
Bessel functions in Egs. (4.18) and (4.21), show using Eq. (4.10a) that

F~ol,* ~R2In§ ~ In’5; (4.226)
the last conclusion results from the substitution R = Ry + a In §, reflecting the dif-
fusion of the black-disk radius (3.115). Equation (4.226) sets an upper limit on o, A
known as the Gribov bound (Gribov 1970).
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5

Classical gluon fields and the color glass condensate

In the previous chapter we developed a two-step approach to DIS: one first sums the mul-
tiple rescatterings, leading to the GGM formula resumming powers of a>A!/3, and then
one includes the small-x evolution effects, which enter via s-channel gluon emissions and
absorptions, by resumming powers of «,Y. Here we generalize this two-step approach,
making it applicable to other high energy scattering processes. We show that the GGM
approximation is equivalent to treating the gluon field in the nucleus classically, according
to the prescription of the McLerran—Venugopalan (MV) model. Quantum evolution cor-
rections to the MV model come in through the Jalilian-Marian—Iancu—McLerran—Weigert—
Leonidov—Kovner (JIMWLK) evolution equation, which, in particular, provides an all-N,
generalization of the dipole approach. The color glass condensate (CGC) is introduced.

5.1 Strong classical gluon fields: the McLerran—Venugopalan model
5.1.1 The key idea of the approach

Letus consider a large ultrarelativistic nucleus in the infinite-momentum frame. The nucleus
is taken as being described by the Glauber model of Sec. 4.2. We are interested in the small-
x tail of the gluon wave function in the nucleus. As follows from Eq. (2.56), in the rest
frame of the nucleus the small-x gluons have a coherence length of order

Leon ™~ L, (5.1
myXx

where m y is the mass of a nucleon. If the Bjorken-x variable is sufficiently small then the
coherence length may become very large, much larger than the size of the nucleus. Such
small-x gluons would be produced by the whole nucleus coherently in the longitudinal
direction. An example of this interaction is shown in the left-hand panel of Fig. 5.1. There
the small-x gluon (denoted by the wavy line) interacts coherently with several Lorentz-
contracted nucleons. Indeed the nucleons, and the nucleus as a whole, are color-neutral and
one might think that a coherent gluon would simply not “see” them. However, the gluon
is coherent only in the longitudinal direction: in the transverse direction it is localized on
the scale x; ~ 1/ky, with k7 = k the transverse momentum of the gluon. If k7 >> Apcp,
which is a necessary condition for using gluon degrees of freedom, the transverse extent of
the gluon is much smaller than the sizes of the nucleons. Because of this the gluon interacts

198
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~ 4" nucleons S

e

Fig.5.1. Left-hand panel: a small-x gluon sees the whole nucleus coherently in the longitudi-
nal direction and interacts with several different nucleons in it. Right-hand panel: the effec-
tive color charge seen by the gluon in the IMF as a result of a random walk in color space.
(Reprinted from Jalilian-Marian and Kovchegov (2006), with permission from Elsevier.) A
color version of this figure is available online at www.cambridge.org/9780521112574.

with only part of each nucleon in the transverse direction, as shown in the left-hand panel
of Fig. 5.1. The color charge in the segment of a nucleon that the gluon is traversing does
not have to be zero: the gluon may run into, say, a single valence quark. As a result of such
interactions, the gluon “feels” some effective color charge in all the nucleons’ segments that
it traverses. In our Glauber approximation we assume that all the nucleons are independent,
so that interactions with parts of different nucleons are similar to a random walk in color
space. If each individual nucleon’s segment has a typical color charge g, then, owing to
the random walk nature of the process, the total color charge seen by the gluon at a fixed
impact parameter is g./n, where n ~ A'/3 is the number of nucleons at a fixed transverse
coordinate of the gluon.

In the infinite-momentum frame, owing to Lorentz contraction all the nucleons appear
to be squeezed into a thin “pancake” of Lorentz-contracted nucleus, as shown at the right
in Fig. 5.1. One may then define the effective color charge density seen by a gluon in
the transverse plane of the nucleus (McLerran and Venugopalan 1994a, b, c). The typical
magnitude of these color charge density fluctuations is given by the color charge squared
divided by the transverse area of the nucleus, (g+/n)*/S, = g*n/S, . The number of color
charge sources in the whole nucleus is proportional to the number of nucleons in the
nucleus, n ~ A. The typical color charge density fluctuations are, therefore, characterized
by the momentum scale

2
A
12~ gsT ~ AhepA', (5.2)

It is important to notice that the momentum scale in Eq. (5.2) grows with A as A'/3,
similarly to the saturation scale in the GGM model (4.50) (see also (4.52)). The important
conclusion we can draw from Eq. (5.2) is that for sufficiently large nuclei their small-x
wave functions are characterized by a hard momentum scale p that is much larger than
Agcp. It is likely that the large scale wu determines the running of the strong-coupling
constant, oy = ar;(112), allowing for a small-coupling o, description of the process. Field
theories with small coupling are usually dominated by classical fields, with the quantum
corrections suppressed by extra powers of the small coupling constant «;. Therefore the
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200 Classical gluon fields and the color glass condensate

dominant small-x gluon field of a large nucleus is classical and given by the solution
of the classical Yang—Mills equations of motion. This is the essential key idea of the
McLerran—Venugopalan model (McLerran and Venugopalan (1994a, b, c).

Another way to reach this conclusion about the dominance of the classical fields is to
argue that the gluon density in the transverse plane is (see Eq. (3.131))

)CGA

5 (5.3)

Pglue =
For a dilute nucleus xG4 = AxGy ~ A, so that pg,e ~ A3 and is therefore large for
a nucleus with A > 1, resulting in the high occupation number of gluons. Such a high
occupation number implies the dominance of the classical physics: hence the gluon field
should be classical (McLerran and Venugopalan 1994a). Moreover, pgy,. has the dimensions
of mass squared, giving us a new momentum scale u?> ~ Palues Which is consistent with
that in Eq. (5.2). The strongest gluon field possible in the QCD Lagrangian (1.1) at small
coupling g is of order some momentum scale times 1/g, as can be inferred by equating
the linear and nonlinear terms in the field strength tensor (1.4). Hence the resulting strong
gluon field should be of order A, ~ 1/g (cf. Eq. (3.137)), which is characteristic of classical
gluon fields (e.g. instanton fields).
We see that the MV model is based on the observation that the larger-x partons (such
as the valence quarks in the nucleons) in a large nucleus serve as classical sources for the
smaller-x gluons. We now are going to find this classical gluon field.

5.1.2 Classical gluon field of a single nucleus

According to the prescription of the MV model, we need to solve the classical Yang—Mills
equations

D, F" = J", (5.4)

with an ultrarelativistic nucleus providing the source current JV, so that in the infinite-
momentum frame

J'=8"p(x7, X0), (5.5
where p(x~, X ) is the color charge density.! The adjoint covariant derivative is defined by
D, F" =0, F" —ig[A, F*"] (5.6)

in the standard convention.

The classical gluon field of a nucleus is easier to find in the covariant 9, A* = 0 gauge.
To do this we will assume, for simplicity, that all the relevant large-x color charge in
the nucleus is carried by the valence quarks. Furthermore, we will specifically choose to
consider a nucleus with “mesonic” nucleons made out of g4 pairs instead of three valence

! Unlike in the previous chapter, where the nucleus was either at rest or moving along the x~ light cone, in this chapter
we take the nucleus to be moving along the x™ light cone direction, in order for the notation to agree with the majority
of the literature on the subjects discussed here. A simple + <> — substitution relates the results of the two chapters.
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QUARK
ANTIQUARK

"NUCLEON"

Fig. 5.2. The model for a nucleus where the “nucleons” are quark—antiquark pairs.
(Reprinted with permission from Kovchegov (1996). Copyright 1996 by the American
Physical Society.)

quarks (Kovchegov 1996). (This latter assumption merely simplifies the calculations; the
conclusions are easy to generalize to the case of real nuclei.) Our model of the nucleus is
depicted in Fig. 5.2. Considering the nucleus to be moving ultrarelativistically in the light
cone plus direction, we label “valence” quark and antiquark coordinates by X;, x; and
X/ |, x” in accordance with their position along the x~-axis, so that

- - - - Y
XX <Xy, Xy < cor <Xy, X, (5.7)

In the recoilless eikonal approximation considered here, neither coordinate in a quark-
antiquark pair changes due to the emission of gluon fields.

In our theoretical nucleus a nucleon consists of a ¢g pair, where the quark and antiquark
move as free particles inside the nucleon but are not able to leave the nucleon due to
confinement. Similarly, in the Glauber model of the nucleus the nucleons can be anywhere
within the nucleus with equal probability. As we will see shortly, in the IMF and in the
covariant 9, A* = 0 gauge the gluon field of, say, quark i located at x; is proportional to
d(x~ — x;7). Since the quarks (and anti-quarks) in the model have different x;” -coordinates,
the fields of the individual quarks (anti-quarks) cannot overlap and we can construct the
gluon field of the nucleus as a sum of the fields of the quarks and anti-quarks. We first will
find this sum in the covariant gauge, and after that we will transform the total field to the
AT = 0 light cone gauge, which is more convenient for calculating the gluon distribution

function.
Starting from a nucleus at rest in the covariant gauge, we write the color charge density
as
N2-1
Peor(¥) = D 1908, (%), (5.8)
a=1
with
A
Pl () =g Y (OIS E — %) — (¢ — X))] (5.9)

i=1

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

202 Classical gluon fields and the color glass condensate

where X; is the location of the quark in the ith nucleon, X/ is the location of the antiquark,
and the (#{") are SU(N,) generators acting in the color space of the ith nucleon. The subscript
cov denotes the covariant 9, A" = 0 gauge.

Boosting into the IMF we obtain

A
Pl 70 = 28 D B0 — X )SPEL — Fir) — 8 — x{)EL — F].
i=1 (5.10)

where now pe,,(x~, x1) is the plus component of the current J*, in accordance with
Eq. (5.5). As one can readily verify, the solution of the Yang—Mills equations (5.4) with the
source given in (5.5), (5.10) is

A
AL = f Z Z W [8(x™ — x7)In(IF L — % |A)—8(x™ — x/ ) In(|% . — %/, |A)],

L =0, AL =0, (5.11)

cov

where A is some infrared cutoff. The only nonzero component of the field strength in the
covariant gauge is then

“m

A = > 2> nd4
g _ o XL — XL _ -y XL X
FJ'+—— N d(xT —x; ) =———— — S(x — X —— . (5.12
o = g ; <,)[ (7 =)y — 80T — ) —xm} (5.12)
The gluon field in Eq. (5.11) is itself a solution of the classical Yang—Mills equa-
tions. However, as we mentioned before, the field in the AT = 0 light cone gauge is
needed to find the gluon distribution resulting from classical physics. We have to gauge-
transform the field from Eq. (5.11) into the light cone gauge. The field in the new
gauge is

ALE = gAcovs! ;7(3#5)5*‘. (5.13)

Requiring the new gauge to be the light cone gauge, A} = 0, we solve for S to obtain’

—00

S(x~,%.) = Pexp %/dx"AZ,U(x ot (5.14)

X

where, as usual, the symbol P denotes path-ordering of the operators in the integral. The
matrix of the gauge transformation is given by a Wilson line (Wilson 1974) along the x~
light cone. (The choice of the contour of the Wilson line in Eq. (5.14) is not unique: the
freedom to choose the contour is directly related to the residual gauge freedom within the

2 The factor 1/2 in Eq. (5.14) is due to our definition of the light cone components in Sec. 1.3.
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5.1 Strong classical gluon fields: the MV model 203

AT = 0 gauge.) The gluon field in the AT = 0 light cone gauge is

- N 1 y -~ .
Aic(x_,xL)zgfdx’ Flo(x'=, %)
—00

X

1 _ _
Z/dx S, XOFT T, XS, R, (5.15)

cov

—00

with A} = 0. Since the fields do not depend on x* we have suppressed x* in all the
arguments.
Substituting Eq. (5.12) into Eq. (5.15) we obtain the classical gluon field for an ultrarel-
ativistic nucleus in its light cone gauge (Kovchegov 1996, Jalilian-Marian et al. 1997a):
N2—1 A )_C.
AL 3 = Z > af )[S<x, ST ,xL)r—ie(x* —x;)

2
—X
== XL — Xyl

—S(x L X thS” l(xl ,xl)ﬁe(x —x ):|
¥ —X

(5.16)

An explicit expression for S(x~, X, ) can be obtained by substituting the covariant-gauge
field (5.11) into Eq. (5.14) and integrating over the delta-functions. This yields

A . ZNCZ—I |-> > |
_ - g X1 —XiL _ _
S(x7,x) = exp 4y — E t“(ti“)lnfe(x —xi) s (5.17)
E 2 i X1 — X/, |

where the terms in the product are ordered from left to right with increasing index i. In
arriving at Eq. (5.17) we have coarse-grained our treatment of the nucleus, assuming that
the coordinate x~ is either larger or smaller than the position of the nucleon on the light
cone, taken now to be approximately equal to x; . Hence we do not have situations where
only one quark in a nucleon contributes to S(x~, X, ). Individual nucleon contributions
are suppressed by powers of A, hence neglecting one of them is justified in our Glauber,
A > 1, approximation for the nucleus.

The calculation of the Wilson line (5.14), which led to Eq. (5.17), also allows us to
determine the region of applicability of the classical approximation used in the MV model.
Note that the covariant-gauge field (5.11) is of order g; hence, in terms of the Feynman
diagrams it corresponds to the emission of a gluon by the valence (anti)quarks (see also
Exercise 5.1). The Wilson line (5.14) is then given by gluon exchanges between valence
quarks and the path of the Wilson line, as shown in Fig. 5.3A. In fact the product in
Eq. (5.17) consists of one-gluon exchanges in the exponents, each term corresponding to
a given nucleon. It seems that if we expand the exponentials in the product (5.17) we can
have as many gluon exchanges with each nucleon as we like. Formally, this is indeed the
case: nonetheless, we claim that, to keep the classical approximation under control we
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204 Classical gluon fields and the color glass condensate

11N

Fig. 5.3. Diagrams contributing to the Wilson line (5.14) in the validity domain of the
classical approximation (A) and beyond (B).

Fig. 5.4. Diagrammatic representation of the non-Abelian Weizsiacker—Williams field of a
nucleus. The cross denotes the location x* where the field is measured.

cannot exceed more than two gluons per nucleon, as shown in Fig. 5.3A (which means
expanding each exponential in Eq. (5.17) up to order g*). Indeed, one would be tempted
to go beyond this limit and include a three-gluon exchange diagram by expanding the
exponentials to order g°, as depicted on the left of Fig. 5.3B. However, at order g°, in
calculating the Wilson line in the full perturbative QCD theory we should also include the
diagram on the right of Fig. 5.3B. Such a diagram contains a gluon self-energy correction
and is essentially nonclassical, as it cannot be evaluated by classical methods. Therefore we
would lose control over the diagram calculation if we tried to use classical methods at order
g°. Hence the classical approximation is only valid in QCD as long as we do not exceed
the two-gluon per nucleon limit (Kovchegov 1997). This conclusion is similar to what we
saw in the GGM approximation: the resulting resummation parameter for the classical MV
approach is again a2 A'/3, just as in the GGM case (4.46). Even the diagram in Fig. 5.3A is
similar to the GGM diagram in Fig. 4.5. We see that the GGM formula can be thought of
as having been obtained in the classical approximation.

Equation (5.16) gives the solution of the classical equations of motion for a given
configuration of valence quarks (and antiquarks in our model) inside the nucleons and
of nucleons inside the nucleus. We will refer to the field in Eq. (5.16) as the non-
Abelian Weizsacker—Williams field, since this is a non-Abelian analogue of the well-
known Weizsacker—Williams field in electrodynamics. A diagram corresponding to the
non-Abelian Weizsacker—Williams field of a nucleus is shown in Fig. 5.4 (Kovchegov
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5.1 Strong classical gluon fields: the MV model 205

1997). Diagrams corresponding to the classical gluon field are tree level, in accordance
with the conventional understanding of classical dynamics. (The apparent loop in Fig. 5.4
is not a quantum loop, as, together with a diagram in which the gluon couplings to the
quark line are interchanged, it contributes as if the intermediate quark line were on mass
shell (cf. Fig. 4.7) and thus is equivalent to two independent quark—gluon interactions.)

The classical gluon field (5.16) in the MV model can alternatively be found using a
description of the valence quark distribution in the nucleus by a continuous light cone
color charge density pyc(x~, X1 ) related to the covariant-gauge density (5.10) by a gauge
rotation:

pre(x™,X1) = S, X 1) Peo(x T, XS (x T, %)) (5.18)

(McLerran and Venugopalan 1994a, b, ¢, Jalilian-Marian et al. 1997a). In such a description
one does not have to specify a model for the point valence charges, such as that in Fig. 5.2,
though the dilute nucleus approximation is employed.

In the point-charge approach presented above, in order to calculate a physically observ-
able quantity one has to average over all possible positions of quarks and anti-quarks in
the nucleons and of nucleons in the nucleus, which, in this classical approximation, would
correspond to averaging over many scattering events. In the continuous density approach
this would correspond to integrating the observable over all charge densities prc(x ™, X1)
with some weight functional W[p,¢]. The weight functional for a group of independent
valence quarks has to be Gaussian, so that the integral would be of the form (McLerran and
Venugopalan 1994a, Jalilian-Marian et al. 1997a)

/DPLCW[,OLC] /DPLC exp /d X1 / dx~ trlpicl XL)] . (5.19)

D

Here p%(x~, X)) is some function of the coordinates: it is a measure of the color-charge
fluctuations and is a generalization of x from Eq. (5.2). (The Gaussian form of Eq. (5.19)
can be verified explicitly and u?(x~, ¥, ) can be found in the point-charge approach pre-
sented above: this was done in Kovchegov (1997).) The expectation value of some density-
dependent operator Op would then be given by

[ Dprc0,Wlprcl
[ DprcWlpLcl

(0,) = (5.20)

5.1.3 Classical gluon distribution

Using Eq. (5.16) we can derive a formula for the distribution of gluons in the nucleus.
First we need to derive an expression for the gluon distribution as a function of the
gluon field operator. Working in the A" = 0 light cone gauge, we expand the gluon field
operator in terms of creation and annihilation operators in the form (see e.g. Lepage and
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206 Classical gluon fields and the color glass condensate

Brodsky 1980)

R d?k, dk*
a + R ~ +\2h —th aT +\2A lkx
A (xF =0,x, %)) = WZ{ 9K, KHE (ko kHEret],
>0 A=kl
(5.21)
where
a8k, k), alt (k' k)] = 2kt Qr ) sk — kK+)82(ky — K )88 (5.22)

Using these creation and annihilation operators we can write the number of gluons with
transverse momentum k; and light cone momentum k* (per unit transverse momen-
tum squared dk? and per unit rapidity dk*/kT) as the Weizscicker—Williams distribution
function,

N2-1

> Alay ke, kag ko, k)|A), (5.23)

r=%x1 a=1

ww
oM (x kD) = 2(27[)3
where |A) is a state of the nucleus and, as usual, x = k*/p™ with p™ the large light cone
momentum of the nucleons in the nucleus. We have implicitly assumed that the gluon
distribution does not depend on the direction of the gluon transverse momentum and have
replaced d’k; by mdk?. The quantity "W (x, k7) is the unintegrated gluon distribution
of the nucleus (cf. Eq. (3.92)). The standard (integrated) gluon distribution is related to
¢V (x, k%) by Eq. (3.93).
Solving Eq. (5.21) for & and &;T and using the result in Eq. (5.23) yields

(k*)?
8m2

(4

To perform the Fourier transformations over x~ and y~ note that the non-Abelian WW
field of Eq. (5.16) is essentially a theta function in x~, i.e., 6(x ™), since the x ~-extent of
the ultrarelativistic nucleus moving in the x*-direction is negligibly small. Writing

00
¢WW( kJ_) /dZXJ_dZyJ_elkL (X1 —¥1) / dx—dy_e_ikJr(xf_y,)/z
—00

tr [Aic(o, x7 X)) - ARG, v, m] ‘A>. (5.24)

ALC0, x7, %) ~ 0(x )ALC(0, x = +o0, ¥1) = 0(x HALC(F)), (5.25)

we reduce Eq. (5.24) to
1 L I N
O (x0) = o [ rady T (u[AG AGL]) s29)

where, for brevity, we denote the averaging in the state |A) simply by angle brackets.
For the classical gluon field (5.16), averaging in the state |A) implies averaging over the
positions of the valence quarks in the nucleons and of the nucleons in the nucleus, along
with averaging over the quark colors. For the field found as a function of the charge density
prc(x™, X1), the averaging is the same as that defined in Eq. (5.20). One can also show
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5.1 Strong classical gluon fields: the MV model 207

that the definition of the unintegrated gluon distribution (5.26), after integration over k 1,
can be recast into a form consistent with the standard definition of the integrated gluon
distribution, which can be found in Sterman (1993).

Substituting the classical gluon field (5.16) into the expression for the unintegrated gluon
distribution (5.26) we obtain

¢’WW(X kJ.)

dz.X'J_dzyJ_elkL (X — U_) Z

i,j=1

2 3

x <(r;')(r§’) tr [ SO, Ere ST L RDSG TS TG )

J?L —??ii }’L -
XL =X 1> 1y — x,le

+ a.c. > (5.27)

where summation over repeated color indices is implied and a.c., the antiquark contribu-
tions, stands for three more terms, involving antiquarks.

In the spirit of the Glauber large-nucleus approximation, we assume that the contribution
of the ith nucleon is not contained in S(x;, X ) (the same for the jth nucleonin S (xj_, y1)):
this means that averaging over the color space of the quarks in the ith and the jth nucleons
can be carried out separately, giving (1/N)tr;[(¢/)] = 0 and (1/N)tr; [(tf’)] = 0 unless
i = j, in which case we get (1/N)tr; [(tl.“)(tib)] = [1/(2Nc)]8“b. This simplifies Eq. (5.27)

to
¢WW(X kj_ gN /dsz_dZy elkL(XL yl)z
x (tr [SC, XS~ o, X10)S(x; h)t“s—l(x;, yol)
T(%: X — Xi v, —
« |:/d2x,- (xi1) iu fi Vi 2+aci| (5.28)
A XL —X1? YL — Xyl

We have now written out the averaging over X;; explicitly, but neglecting the difference
between the location of a nucleon and the location of a quark in the nucleon. We have
also neglected the difference between x;” and xi’* in the arguments of S, since, as we have
assumed, the ith nucleon does not contribute to S. The nuclear profile function T(l; 1) was
defined in Eq. (4.31): the ratio T(l; 1)/A is the transverse-plane probability density for
finding a nucleon at impact parameter b 1.

To simplify Eq. (5.28) further we will use the following group theory identity, which we
will formulate in general terms for future use. Define a fundamental Wilson line along an
arbitrary (not necessarily closed) contour C by

V =Pexp igfdx-A , (5.29)
c
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208 Classical gluon fields and the color glass condensate

where, as usual, A, = Za t“AZ and the ¢ are the SU(N,) generators in the fundamental
representation. Similarly, define the adjoint Wilson line along the same contour C by

U =Pexp ig/dx-A (5.30)
c

where now A, =), T“AZ with (7). = —if“bc the SU(NV,) generators in the adjoint

representation. As can be verified explicitly, the following identity relates these two Wilson
lines:

Upt® = Vi, (5.31)
This relation also leads to another useful formula:
Uy = 2t [t"VT*V]. (5.32)
Note also that, since the adjoint SU(N,) generators 7 are purely imaginary,
Uy = Ul = U} . (5.33)
Using Eq. (5.31) with V = S~ = ST we write
SG XS o, ¥ = UL (7, B (5.34)

where (cf. Egs. (5.14) and (5.17))

—00
U(x~,x1)=Pexp %/a’x/_fﬁ x'7,x1)

cov

X

A .2 -
—Texp {’ZiT”(t;*)ln Py =il - xi)} . (5.35)
JT
i=1

|£L - i,’ﬂ
We now can rewrite the term in the second line of Eq. (5.28) as

- 2 yag—lo,.— 2 - 3 yag—lo.— 3 1 Trv— 2 - =
(tr[S(xi LXOST (e, x )8, y ST (x; ,yQ]) = §<Tr[U x; , x DU (x; ,yl)])
(5.36)
where the trace Tr is over the adjoint indices.

Employing Eq. (5.35) and expanding the contribution of the (i — 1)th nucleon up
to order g*, in accordance with the two-gluons-per-nucleon limitation of the classical
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5.1 Strong classical gluon fields: the MV model 209
approach, we get

Tr UG, 50U Gy, %0)]

o2 - = -
- i LR R — 7
=Tr{U(xi_l,yl)[1+%Tc(tic_l)l Iy = X |lxe — x|

[y —X/_ u_||x¢ — Xi—11|

o lIX —

g TT(e )@ ) In? 5. - Sl +0(g6)}UT(x xi)}
2(2m)? ! ! 1y — X 1% — X1 -

(5.37)

Averaging over the color space of the (i — 1)th nucleon we obtain

(Tr[UG;, yOUT7 X0]) = (Tr[UG, yOU Ty, %))

Vi — X1 XL — X}
x [1—a§<1n2 Ve~ xioil J‘u|>]. (5.38)
|yJ_ - xi—lL| X1 —Xi—11]

The logarithm in the second line of Eq. (5.38) looks like that arising from the two-gluon-
exchange high energy interaction of an onium X, y, with an onium X,_;,,x/_,, as can
be seen from comparing Eq. (5.38) with Eq. (3.139). Indeed this is natural, since the result
arises from the expansion of up to two gluons per nucleon shown in Fig. 5.3 (except that
here we have two adjoint Wilson lines instead of the single fundamental Wilson line in
Fig. 5.3). The result of averaging this term over the impact parameter and over angular
orientations of the nucleon can be obtained by comparing Eq. (3.139) with its averaged
version (3.25). We are assuming that our nucleus is very large; hence, averaging over all
impact parameter values up to infinity is applicable here.

We now assume that X, and ¥, are perturbatively close to each other, so that |X; — | <
1/Aocp and is much smaller than the nucleon size. In the nucleus, when averaging the
logarithm-squared term in Eq. (5.38) we also have to multlply the transverse integral by the
probability density for finding the nucleon at bi.ie., by T(b 1)/A (cf. Eq. (5.28)). In our
coarse-grained picture of the nucleus we will assume that both coordinates are located at
the same impact parameter b 1 = (X1 + ¥1)/2 as far as the nuclear profile function T(l; 1)
is concerned. Then we can rewrite Eq. (5.38) as

(Tr[UG;, OUTGT X0]) = (Tr[UG,, yOU T, %0)])

, T (b 1) o 0 1
1-27 - In —— |, (5.39
|: " (XL —Y1) n|XJ__yJ_|A (5.39)
where we have neglected the term 1 in comparison with the logarithm in Eq. (3.25),
since |X; — Y| < 1/A. Asusual A ~ Agcp is an IR cutoff, with 1/A approximately the
nucleon size. Equation (5.39) has the contribution of the (i — 1)th nucleon factorized from
the rest of the expression.
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210 Classical gluon fields and the color glass condensate

Iterating the above steps for all the other nucleons we end up with

(tr[U G, 5OU e, 7))

N i—1
QZG(bL) - - 2
=(N>-D|1 -2, — n——
(N; )|: A4 (X1 —y1) nIM—yLIA
i—10%k) . .
~ (N2 -1 2 -y In——— 1, 5.40
(N )exp! R IR L E ey (5.40)
where in the last step we have used the fact that A > 1. The gluon saturation scale,
Q%;(by) = 8malT (by), (5.41)

can be obtained from the quark saturation scale Eq. (4.50) if one replaces Cr by N, in
the latter and multiplies the result by 2. This factor 2 is due to the fact that in arriving
at Eq. (4.50) we modeled each nucleon by a quark, while now nucleons are modeled as
quarkonia.

Before we continue, let us pause to stress the importance of the result obtained in
Eq. (5.40).

On Wilson lines and the S-matrix

Equation (5.40), which is necessary for our calculation of the WW gluon distribution, is in
fact a very important result in itself. As the nucleons are ordered along the x ~-axis we can
make the replacement

i—1
A

i (5.42)
- = .
L b

with L the net x ~-extent of the nucleus as defined in Sec. 4.2 (up to a + <> — interchange).
The exponent in Eq. (5.40) then becomes equivalent to Eq. (4.43) if in the latter we note
that p, is independent of the longitudinal coordinate (inside the nucleus), use 077" from
Eq. (4.25), replace Cr by N, in Eq. (4.43), and interchange the + and — coordinates in
order to work in the same coordinate frame. The only real difference, Cr versus N, is due
to quark degrees of freedom versus gluon degrees of freedom. We see that, in the covariant
gauge, the S-matrix of a dipole scattering on a nucleus is equivalent to the correlator
of the two Wilson lines. Namely, U(x~, y,) describes a gluon propagating from x~ to
—o0 along the x~-axis with the transverse coordinate fixed at ¥, . Similarly, U T(x’, X1)
describes a gluon at X propagating along the x~-axis from —oo to x~. The fact that the
transverse coordinates of the gluons are invariant is the same property of eikonal scattering
as we saw in the GGM and dipole models. (In the classical field correlator (5.28), no
actual gluon propagates: it just so happens that the correlator is related to an average
of two adjoint Wilson lines, which, in turn, is equivalent to a gluon dipole scattering
matrix.)
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A fast quark =0, 7
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nucleus/hadron
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—

Fig. 5.5. The Wilson lines for (A) a fast quark and (B) a fast gluon scattering in the field of
the target nucleus.

Generalizing this conclusion, we see that the propagator of an eikonal quark moving
along the light cone x ~-axis can be replaced by the Wilson line
. oo
Vi = Pexp % / dx~ ATt =0,x, %)) (5.43)
—00
and the propagator of the eikonal antiquark can be replaced by the conjugate Wilson line
+ . . . .
V; . The propagator of an eikonal gluon moving along the light cone x~-axis can be
replaced by the adjoint Wilson line
ig C oy - >
Uz, = Pexp > dx " AT(x"=0,x",Xx1)¢ . (5.44)

The Wilson lines defined in Egs. (5.43) and (5.44) are illustrated schematically in
Figs. 5.5A and B, respectively, as propagators of the eikonal quark and gluon moving along
the x ~-axis and interacting with the gluon field of the nucleus.

The Wilson line correlator (5.40) and the correspondence between such a correlator and
the S-matrix were derived in the 9, A* = 0 covariant gauge: the same results are true in
the light cone gauge of the projectile, A~ = 0. For the light cone gauge of the nucleus,
AT =0, the Wilson line correlator has to be augmented by gauge links at x~ = 400,
making it a closed gauge-invariant Wilson loop: the links do not contribute in the A~ =0
and 9, A" = 0 gauges but are important in the A* = 0 gauge.

The S-matrix for a quark dipole scattering on a nuclear target, defined in Eq. (4.38)
(in the notation of Eq. (4.140) and/or Eq. (4.214)) can be rewritten in terms of the
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212 Classical gluon fields and the color glass condensate

Wilson lines as

- o 1
SGiuFor ¥) = (te[ve. vl ) (5.45)
with the factor of 1/N, inserted to average over the colors of the quarks (up to the 4+ < —
convention difference). Similarly, for a gluon dipole the S-matrix is

L 1
So(i oL V) = <Tr [U,;ILU;MD. (5.46)

As we have just observed, using the result (5.40) in Eq. (5.46) would lead to the gluon
S-matrix in the GGM model. We see that, for high energy scattering in the covariant and
A~ = 0 gauges, diagrammatic calculations are equivalent to calculations of Wilson lines.
Below we will see that Wilson lines can be conveniently used to construct S-matrices for
the scattering of other objects, more complicated than a dipole, on a nuclear target.

With the help of Egs. (5.40) and (5.36) we can rewrite the WW gluon distribution (5.28)

as
ww 2 a;Cr 20 g2 ik - i—1r} Q?G(Bl) 1
¢ (x,kL)zm/dderleLL;exp!— 2 4 lanA}
<5 U T Rl a'c} ’ 04D
where

.. e X4V
FL=X —y., b = lT (5.48)
and we have assumed that for a large nucleus T'(X; ) ~ T(I; 1). The integration over X; |
in Eq. (5.47) can now be carried out using the Fourier decomposition from Eq. (A.10) and
employing Eq. (A.9) and is left as an exercise for the reader. It yields

T TR T 1
fd%c,- e . T m— (5.49)
XL = Xitl® [yL — Xl XL —yLlA

The antiquark contribution in Eq. (5.47) contains a term depending simply on x; , which
simply doubles the contribution in Eq. (5.49), while the terms depending on both x;; and
x!, simply modify the IR cutoff in Eq. (5.49) by a multiplicative constant that we can
neglect. In the end the contents of the square brackets in the last line of Eq. (5.47) give us
only twice the contribution in Eq. (5.49).

Summing over the index i in Eq. (5.47) and remembering yet again that A >> 1 we at
last obtain the non-Abelian WW gluon distribution for a large nucleus (Jalilian-Marian
etal. 1997a)

Cr
2730

P | I
"V (x, k1) = / d*byd’r e —Ng(FL, by, Y =0), (5.50)
r

1L
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5.1 Strong classical gluon fields: the MV model 213

Fig. 5.6. Diagrammatic representation of the non-Abelian Weizsacker—Williams distribution
function ¢"" from Eq. (5.50).

where, by analogy with Eq. (4.51), we have defined the forward amplitude for a gluon
dipole scattering on a nucleus

. o 202.(b 1
Ng(FiL, by, Y =0)=1 —exp{—rlQ"G( L) In } (5.51)
4 FJ_A
As expected,
NG, b1, Y)=1—S6(L, by, Y); (5.52)

the gluon S-matrix Sg was defined in Eq. (5.46).

The result in Egs. (5.50) and (5.51) is insensitive to the details of the nuclear model and
can be obtained using a continuous color-charge density description (Jalilian-Marian et al.
1997a). To put it in line with the GGM result for the saturation scale (4.50), we note that
for a model in which nucleons are replaced by single valence quarks we have

0%;(b1) = 4w aT(b)). (5.53)

The only difference between (5.53) and (4.50) is the Casimir operator replacement Cr —
N, associated with going from the quark to the gluon degrees of freedom.

Equation (5.50) is the central result of the McLerran—Venugopalan model for a single
nucleus. It is represented diagrammatically in Fig. 5.6 in analogy with the gluon distribution
in Fig. 2.12. Let us now describe its main properties. While exact analytic integration over
ry in Eq. (5.50) appears to be a rather unwieldy task, we can still study the limiting cases
of large and small k, analytically.

For k; > Qs we expand the exponential in Eq. (5.51) to the lowest nontrivial order
and integrate over r |, obtaining

¢WW(x7ki) Cr 1

S e ] Tty 5.54
k1> 056 47'[2as ki leG( 1) ( )

For a nucleus with “nucleons” each consisting of a single valence quark we use Eq. (5.53)

along with Eq. (4.31) to derive
Cr 1
"V (x, K3) ~ADEE

k1> 056 4 ki

(5.55)
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214 Classical gluon fields and the color glass condensate

This result is consistent with Eq. (4.26) and with both Egs. (4.48) and (4.27) if we remember
that the unintegrated gluon distribution is connected to the standard integrated one, x G, via
Eq. (3.93). Equation (5.55) demonstrates that at large k; the gluon distribution ¢"" (x, ki)
maps onto the standard leading-order perturbative gluon distribution. Equation (5.55) also
shows that outside the saturation region, where nonlinear multiple-rescatterings effects
are not important, the gluon distribution of A nucleons is equal to A times the gluon
distributions of individual nucleons.

The leading-order perturbative distribution has a problem: it scales as 1/k2, so that at
low k, it will diverge, leading to an infinite number of gluons. Moreover, the corresponding
integrated gluon distribution x G, obtained by integrating ¢"V over k7 , is also IR divergent;
thus, in the absence of a cutoff, the net number of gluons would still be infinite.

The full distribution ¢"" in Eq. (5.50) is actually free of such a problem, as can be seen
by studying the opposite limit, deep inside the saturation region, where k; < Qy¢. There
we see that r; ~ 1/k; > 1/Q;¢, so that we can neglect the exponential in Eq. (5.51).
Putting Ng = 1 in Eq. (5.50) and integrating over r;, > 1/Q¢ yields

~ CF / d*b, In Qﬁ(bi) (5.56)

WW (. 2
¢ X,k
(x, k1) <O agm? i

We see that the power-law divergence of Eq. (5.55) is softened down to a logarithmic
divergence. While some IR divergence still remains, when Eq. (5.56) is integrated over k.
the number of gluons xG is now finite. We conclude that the effect of saturation in the MV
model is to soften the IR divergence, resulting in a finite net number of gluons.

Note also that in Eq. (5.56), deep inside the saturation region, "W ~ 1/a,. Remember-
ing the relation between the unintegrated gluon distribution and the classical gluon fields
in Eq. (5.26) we see that

ALC ~ l, (5.57)
8
as expected for classical gluon fields. This is as strong as a gluon field can be at weak
coupling g: we see that the occupation numbers of the classical gluons in the nuclear wave
function are very high, on the one hand justifying the classical approximation while on the
other hand demonstrating an interesting phenomenon, that the virtual gluons in the small-x
wave function form a very dense system.

The unintegrated gluon distribution ¢"" multiplied by the two-dimensional phase-
space factor k is plotted schematically in Fig. 5.7 as a function of transverse momentum
kr = k. (In the plot we have assumed for simplicity that the nucleus is a cylinder with its
axis along the z-axis, so that Q¢ does not depend on b, and the b , -integral in Eq. (5.50)
can be carried out simply by multiplying the integrand by the transverse area.) The quantity
kr¢"™W is the number of gluons with a given kr (as opposed to ¢" % (x, k7.), which counts
the gluons with a given k7). The dashed curve in Fig. 5.7 represents the leading-order result
(5.55) with k7¢"W ~ 1/ky, which indeed is IR divergent. The solid curve represents the
full result: one can see from Eq. (5.56) that kr¢"W in fact goes to zero as ky — 0. The
distribution k7¢"W peaks around the saturation scale, which means that most gluons in
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Fig. 5.7. Phase-space distribution of gluons in transverse momentum space. (Reprinted from
Jalilian-Marian and Kovchegov (2006), with permission from Elsevier.) A color version of
this figure is available online at www.cambridge.org/9780521112574.

the WW wave functions have k;y ~ Q,¢, and the wave function is indeed describable by
perturbative small-coupling methods.

5.2 The Jalilian-Marian-Iancu—McLerran—-Weigert—
Leonidov-Kovner evolution equation

5.2.1 The color glass condensate (CGC)

Let us now find the quantum corrections to the classical MV model due to nonlinear small-x
evolution in the LLA. Small-x evolution can be included either in the wave function of a
projectile, as in Chapter 4, or in the wave function of the target. The Jalilian-Marian—
Tancu—McLerran—Weigert-Leonidov—Kovner (JIMWLK) evolution equation, which we
will derive here, accomplishes the latter. It generalizes the Gaussian weight functional
Wlprc] from Eq. (5.19) to a rapidity-dependent functional Wy[py ], which is no longer
of Gaussian form and instead has to be determined from the JIMWLK functional equation
for evolution in the rapidity Y. The averaging prescription (5.20) still holds, generating
rapidity dependence for the expectation values of operators:

(0,)y = [ DprcO,WylpLc]
! J DprcWylprcl

The original JIMWLK equation was derived by including quantum corrections in the
classical MV wave function of a large nucleus (Jalilian-Marian et al. 1997b, 1999a, b,
Iancu et al. 2001a, b). The main principle of the JIMWLK derivation comes from the
MYV model: one has to separate the partons into those with large x and those with small
x; the large-x partons serve as classical sources for the small-x partons. As we build up
small-x evolution and go to lower x by making steps in rapidity ¥ — Y + dY, the gluons
at rapidity ¥ become large-x gluons, and are incorporated into a source of classical fields.
Clearly, as we have already seen in Mueller’s dipole model, the larger-x gluons have a

(5.58)
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216 Classical gluon fields and the color glass condensate

much longer wavelength and lifetime than the smaller-x gluons: it is natural, then, that the
larger-x gluons appear to the smaller-x gluons as “frozen” sources moving along light cone
straight lines. Hence JIMWLK evolution consists of the successive emission of classical
gluon fields, which in turn become the sources of further gluon fields, etc.

The small-x wave function of the ultrarelativistic nucleus given by the MV model with
JIMWLK evolution is referred to as the color glass condensate (Iancu, Leonidov, and
McLerran 2001a, b), abbreviated as CGC. The word “color” refers to the (adjoint) gluon
colors; the word “condensate” refers to the high occupation number of those gluons, leading
to the strongest possible gluon field, like that in Eq. (5.57): while the small-x gluons do
not form a condensate in, say, the Bose—Einstein sense, one can draw a loose analogy
based on the high occupation numbers in both cases. Another loose analogy can be drawn
between the small-x evolution, as a sequence of classical gluon emissions from stationary
sources, and spin glasses, which also have a separation of degrees of freedom according to
a multitude of time scales; this is the origin of the word “glass” in CGC.

Here we will rederive the IMWLK equation following Mueller (2001). The main idea
for deriving the JIMWLK equation suggested by Mueller is to treat the small increase in
energy (or rapidity) in two different, but equivalent, ways. In the first, one incorporates the
modifications due to the increase in energy into the nuclear wave function (the CGC), which
will then change (evolve); this was done in the original JIMWLK derivation. In the second,
which we have already seen in Mueller’s dipole model, this energy increase is incorporated
into the projectile wave function. Then the projectile will emit one gluon per step of LLA
evolution, and such an emission can be treated perturbatively in a rather simple manner.
Equating these two ways of including high energy corrections, one obtains the JIMWLK
evolution equation for the CGC nuclear wave function.

5.2.2 Derivation of JIMWLK evolution

Just as in the rest of this chapter we will work in the frame where the nucleus is moving
along the x*-axis while the projectile is moving along the x ~-axis. We will use the A~ = 0
light cone gauge of the projectile. One can show that for the nucleus this gauge is equivalent
to the covariant gauge: clearly the field (5.11) both solves the Yang-Mills equations (5.4)
and satisfies the A~ = 0 gauge condition. To make our notation more compact, we define

a(x T, X)) =ATxT =0,x7, %)), (5.59)

with A* the fundamental-representation gluon field in the A~ = 0 gauge. The Yang-Mills
equations give

Oa(x™,X1) = p(x~, X)), (5.60)

where p is also taken in the A~ = 0 gauge and [J = 9,,0"*. We see that the two functions
a(x~,x;) and p(x~, X ) are straightforwardly connected, with the latter also related to
prc (see Eq. (5.18)): therefore we can replace the integration over p, ¢ in Eq. (5.58) by
integration over «. Defining a weight functional Wy[«] we can rewrite the averaged values
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5.2 The JIMWLK evolution equation 217

of operators as (cf. (5.58))

(Ou)y = fDaéaWy[a]. 5.61)

where we agree that the normalization of Wy[«] is such that

/ DaWyla] = 1. (5.62)

Indeed, the functional Wy[«] is formally different from Wy[pc], though the two are of
course related: we use the same letter W for both only to simplify the notation. Since in
this section we will be working solely with the field a(x~, X ) this recycling of symbols
should not cause confusion.

Our goal is to construct an evolution equation for Wy[«]. Our strategy is first to derive
an evolution equation for the expectation value of some (arbitrary chosen) test operator O,
obtaining on the one hand

Iy (Og)y = (Ko ® Oy)y = /Da(ica ® OuWylal, (5.63)

where K, is the kernel of the equation and may be a function of the field a(x~, X, ); the
symbol ® denotes its action. The rightmost expression in Eq. (5.63) was obtained using
the definition of averaging in Eq. (5.61). On the other hand, differentiating Eq. (5.61) with
respect to ¥ we get

Ay (Oy)y = fpaéaaywy[a]. (5.64)

Equating the right-hand sides of Egs. (5.63) and (5.64), and arranging for the kernel in
Eq. (5.63) to act on Wy[«] (by employing integration by parts), we arrive at an evolution
equation for Wy [«].

To construct the test operator we define the Wilson lines in accordance with Egs. (5.43)
and (5.44). The fundamental Wilson line is defined by

o0
Vi, =Pexp % / dx t'a"(x",X1) ¢, (5.65)
—0Q
while the adjoint Wilson line is
o0
ig - -
Uz, =Pexp > dx T a“(x",x1) ¢ . (5.66)
—00

Following Mueller (2001) we choose the trial operator to be

05,1 70, = Ve, ® V]

XoL®

(5.67)

This is almost the dipole S-matrix of Eq. (5.45): the operator Oz, , 3,, consists of the quark
propagator (Wilson line) Vz, at X;, and the antiquark propagator V;:[JL at Xo, . What is
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218 Classical gluon fields and the color glass condensate

013

Fig. 5.8. Abbreviated notation for the GGM multiple-rescatterings interaction of a projectile
with a nuclear target.

missing is the trace and the average over colors: the symbol ® in Eq. (5.67) underscores
the fact that the color indices of V and V1 are fixed (and not summed over):
Vi, @ VI = (Va), (vgu)kl . (5.68)

We want to derive an evolution equation for Oz, 3, . Its construction is analogous to
that of the BK equation. The evolution is given by the long-lived s-channel gluons, which
interact with the target over a relatively short period of time. To represent it diagrammatically
we first define an abbreviated notation, in Fig. 5.8. As discussed in Sec. 4.4, the lifetime
of the s-channel gluons, which in our coordinates is x_, =k~ / kf_, is much longer than
the duration of the GGM multiple-rescatterings interaction of the gluon system with the
nucleus, which is of order 1/p™, with p™ the large light cone momentum of the nucleons.
This should be clear from Fig. 4.23. We now employ this result to define the abbreviated
notation in Fig. 5.8. Since the GGM multiple rescatterings occur over a relatively short time
(compared with the time needed for the development of quantum evolution), we can, for the
purpose of the evolution calculations, include them all in one “instantaneous” interaction
at x~ = 0, denoted by the vertical dashed line on the right in Fig. 5.8. Interactions with the
target are summed over for any gluon or quark line crossing the dashed line. We also include
the no-interaction contribution in the sum (the n = 0 term in Fig. 5.8). Note that below we
will sometimes use this dashed-line notation to include successive evolution emissions as
well: owing to the ordering of the s-channel gluons in k= (in the LLA), the lifetimes of the
smaller-k~ gluons are shorter and hence they may also appear as instantaneous events to
the larger-k~ gluons, which are emitted much earlier and absorbed much later.

Using the notation introduced in Fig. 5.8 we can draw diagrams generating one step of
the evolution of the operator in Eq. (5.67), as shown in Figs. 5.9 and 5.10. Note again that
the dashed line denotes the interaction with the target for any propagator line that it crosses.
Hence diagrams A, B, H, and K in Figs. 5.9 and 5.10 are real, in the sense that in them
the gluon interacts with the target, while the rest of the diagrams are virtual corrections.
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Fig. 5.9. One step of a small-x evolution for the operator Vi, ® VEL with the s-channel
gluon interacting both with the quark and the antiquark Wilson lines.
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Fig. 5.10. One step of a small-x evolution for the operator V;  ® V;L; here an s-channel
gluon is emitted and absorbed solely by either the quark or the antiquark Wilson lines.

The diagrams are grouped into those where the gluon is emitted by the quark and absorbed
by the antiquark or vice versa (Fig. 5.9), and those where the gluon is both emitted and
absorbed only by the quark or only by the antiquark (Fig. 5.10).

We start by analyzing diagrams E and F in Fig. 5.9. The gluon in these graphs does
not interact with the target: hence it has the same color throughout its propagation. The
contribution of these diagrams can be obtained using LCPT methods, similarly to how we
performed the calculations for Mueller’s dipole model. We get

E+F=2 / Prrdy 20 ey @ vl (5.69)

7 X31%50
The minus sign due to the coupling to the antiquark, is canceled by the minus sign arising
because the graph is virtual (cf. Eq. (4.64)). The main difference between this result and
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220 Classical gluon fields and the color glass condensate

that for dipole evolution is that now our operator is not a dipole, itis Vy,, ® Va without a
color trace: this is why our color matrices ¢ generated by gluon emission do not multiply
each other and are present explicitly in Eq. (5.69). The placing of the ¢ comes from the x~
ordering of gluon emission and absorption, taking into account that quark—gluon vertices
must be at x~ > 0 since the gluon exchange happens after the quarks scatter at the nucleus.
We also have an integral over the rapidity ¥ = p'~/k~ in Eq. (5.69), with p'~ the large
light cone momentum of the quark—antiquark system.

Next let us study diagram A in Fig. 5.9. Its contribution is a little more involved, and
can be written as

A:—— d2x deﬂU‘fc AN (5.70)
x21 o

Xo Xu_
xzo

The expression in Eq. (5.70) consists of the same emission kernel as in Eq. (5.69) and can
be obtained using LCPT. The main difference between (5.70) and (5.69) is due to the fact
that in diagram A the gluon interacts with the target: this is described by the adjoint Wilson
line U ;fzi The gluon colors at the times of emission and absorption do not have to be the
same in this diagram and are labeled ¢ and d, bringing in the color factors ¢ and #¢. Finally,
diagram A is “real” (that is, it contains a gluon interacting with the target, of Fig. 4.13) and
hence is different by a minus sign from diagrams E and F.

For reasons that will soon become apparent we would like to cast Eq. (5.70) into the
form of Eq. (5.69). To do so, we use Eq. (5.31) with Eq. (5.33) to write

vievt =ul (5.71)
so that

V-

le

= Ul“tV;, . (5.72)

This, along with Eq. (5.33), allows us to rewrite Eq. (5.70) as

_ 2 X21 - X20
A=- [ @xay .U,

Uz Ul ] Vi, ® Vi1, (5.73)
x21x20

where the subscript or superscript positions of the color indices a, b are chosen for conve-
nience only; however, the ordering of the indices is important.

The rest of the calculation is now clear: using Egs. (5.31), (5.71), and (5.33) we can
write down expressions for the remaining diagrams in Fig. 5.9:

B = iy dy 20 (Un, UL ] v, @ Vi, (5.74a)
w2 X3x3
cip_% / oy 21 [UMUJM] Vi, @ Vi, (5.74b)
lexzo
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5.2 The JIMWLK evolution equation 221

The sum of all the graphs in Fig. 5.9 is
A+B+C+D+E+F
Xa1 - X20

2 2
X21%20

d’xydY

[1 Uz Ul — Uz Ul —i—U;uU;M] Vi, @ Vi A, (5.75)

XL ™ X,

where 1,, = 5,45.
Now we turn our attention to the diagrams in Fig. 5.10. Using the same group-theoretical
identities, (5.31), (5.71), and (5.33), we obtain

d2
G+H+1= / ay U;]LUJ - 1] P1Vz, @ Vi (5.76a)
o d2x2 "
J+k+L=" [ SRay [U ul - 1] Ve, ® Vi 1. (5.76b)
T x20 -

To cast our results into a more compact form suitable for deriving JIMWLK evolution
we need to introduce the derivative with respect to the function «®(x~, X ), with @ = ra“.
We note that

1)
—V;, = a2(xl—yL>UT”"[oo y 1V, (5.77)
St (y=, y1)
where
o0
_ ig ety — -
U;j,[0o,y ] =Pexp E/dx T@“(x",y1) ¢ (5.78)

¥
so that Uy, = Uy, [00, —oo]. The Wilson lines in our setup are only nontrivial because of
interactions with the target at x~ = 0, as shown in Fig. 5.8 in the GGM approximation.
As already mentioned, the same is true for successive small-x evolution, which generates
gluons with much shorter lifetimes than those of the gluon that we are considering at this
evolution step. Hence, if y~ > 0 then U5, [0c0, y~] =1 and

8 ig 5 - -\ a _
m‘/}@_ Z?SZ(XL—yL)t V}J_, y > 0. (579)
Taking the hermitian conjugate of this result we obtain
1) ig - - p _
mv}{ = _552 G- Vi vy >0 (5.80)

Using Eqgs. (5.79) and (5.80) we can rewrite Eq. (5.75) as

5 (V;,l ® Vi )

XoL

A+ - +F=2= 5 /dzndz 1dYneb.

—, 5.81
T S (x—, X )8 (yT, Y1) ©.81)
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222 Classical gluon fields and the color glass condensate

with
a_ A [ poBn gt Cu vt s ot 17 s
ﬂxuxu—gzjﬂ X2 x%lxzo [ —Yxi Vi, X2 }Ol—i_ X1L }M:I ( )

for x~, y~ > 0. Note that one of the two functional derivatives on the right-hand side of
Eq. (5.81) acts on V and the other acts on V. Naively one might expect that to obtain
diagrams G through L one has to generalize Eq. (5.81) by allowing that both derivatives
can act on V or that both can act on V. This is almost correct. However, performing a
detailed calculation one gets

82V
2 2 X1 T
_/d xid )’J_dyrlnyl [Sa”(x,xl)&xb(y,ﬁl)} Vi,
o d*x
— ;/ ~ 2av[ivs, Ul +lus, Ul —1] v, @ VI (5.83)
21

which is different from Eq. (5.76a) by

d XQ
271'2 W UL — Uz, UL ) Ve, @V
o d*x, a 4
=-73 = ——dYTr[T U;,LU« Jevs, @ vy (5.84)

where we have used Eq. (5.33) along with the definition of the adjoint generators 7.
Defining

. dz
v = ﬁT T9U: UL |, (5.85)
X1L gnz x21 L= X

we can write the contribution of diagrams G, H, and I in Eq. (5.76a) as

52
G+H+1=2 [ &x d?y dy e K
+ + / X4y nxiyL |:6ot“(x, xL)Sab(yia yl):| ® XoL

8Vi
+ ozs/dle dayvg [W%] ® V);L. (5.86)

Similarly, diagrams J, K, and L from Eq. (5.76b) give

ZV;
Itk L=7 ./ dand ldYnnyl Y @ |:8oz“(x‘ EL)S;L”()’_ ﬁ):|
bl
OlS/dZXJ_ dYU Xu ® W‘OL;) s (587)
9 L

with x~, y~ > 0 throughout.
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5.2 The JIMWLK evolution equation 223

Combining Egs. (5.81), (5.86), and (5.87) we derive an evolution equation for the
operator (5.67) in the LLA:

N o 8205
(0z,, 5 )y == [ d*x.d?
Onaur =5 [, ”<’7m et F0aP (- yu>
305, 5
+ o:S/d%cL pd e ) (5.88)
Lot (x—, x,) y
where nx |7, and v are given by Eqs. (5.82) and (5.85) respectively.

We have obtained Eq. (5.63) in an explicit form for the test operator Oy, 7, . Using
Eq. (5.64) and integrating by parts, we can recast Eq. (5.88) as

/ DOy, ..y Wyla]

82
Da Oy, ; &x, d? _ (e w
/ o Uz |, (u{ / Xia'y, oz“(x—,xl)c%th(y‘,yL)(n“yL Y[a])

-« / dx— (V¢ Wyla]) } (5.89)
s Sad(x—, X))

Equation (5.89) is valid for any operator 0 %, .5, Witharbitrary transverse positions X1, XoL
and for any quark colors. Following the above steps, one may derive the same equation
for an operator constructed from two adjoint Wilson lines. This derivation can be repeated
for an operator constructed from an arbitrary number of fundamental and adjoint Wilson
lines, resulting again in Eq. (5.89). We see that the equation is valid for a broad class of
test operators. We can therefore equate the integrands on both sides of (5.89) to obtain the
Jalilian-Marian—Iancu—McLerran—Weigert—Leonidov—Kovner JIMWLK) evolution equa-
tion (Jalilian-Marian et al. 1997b, 1999a, b, Iancu, Leonidov, and McLerran 2001a, b,
Weigert 2002, Ferreiro et al. 2002):

52
Sat(x, X1)8a(y=, y1)

oy Wyle] == / d*x,d’y, (5, Wyle)

)
_ 2, 7 (e
as/d X S XD) (vxl Wy[()t]). (5.90)

This is a differential equation for the weight functional Wy[«], the Gaussian form of the
functional (5.19) serving as its initial condition. This equation resums all powers of oY
and the Gaussian initial condition resums all classical physic effects (powers of a2A!/3).
(As before we have x 7, y~ > 0.)

Owing to its complexity, no analytic solution of the JIMWLK equation exists. Its solution
has been obtained only numerically, using lattice gauge theory methods (Rummukainen
and Weigert 2004).

Returning to operators O constructed from the fundamental and/or adjoint Wilson lines
(5.65) and (5.66), we see that the IMWLK evolution for the expectation value of any such
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224 Classical gluon fields and the color glass condensate

operator reduces to Eq. (5.88):
A o 8%0
W (0)y == | d®x1d®y. (n%; = =
Y( )Y ) [ X1 yJ_<nXL)L8aa(x_’xL)8ab(y_’yL) ,

+ o;S/dzxL e L . (5.91)
Llat(x—, X)) ,

The diagrammatic representation of the JIMWLK operator evolution (5.91) is again given

by diagrams of the types shown in Figs. 5.9 and 5.10, with s-channel gluon emissions from

all the Wilson lines involved; thus we see that the JIMWLK evolution is driven by the same

physics as the dipole BK evolution but provides an all-N, generalization of the large-N,

BK equation. We will show how to obtain BK from JIMWLK in the next section.
Equation (5.91) can be recast in a more compact form if one notices that

1 8 ab
28a0(x—, 5y

which reduces Eq. (5.91) to the Fokker—Planck form (Weigert 2002)

N o 1) 1) A
ay(O)y = ?S / dledzyl <5aa(x’ ;L)n%fﬁ (Sab(y*’ ij_) O>Y . (5.93)
The IMWLK equation for operators, in the form (5.91) or (5.93), allows one to construct the
usual integro-differential evolution equation for any operator consisting of Wilson lines.
This is a great strength of the JIMWLK approach: one can construct small-x evolution
equations, bypassing diagrammatic analysis, and simply differentiate the operators with
respect to o“.

=8°(XL — yul, (5.92)

5.2.3 Obtaining BK from JIMWLK and the Balitsky hierarchy

In this section we are going to show that the Balitsky—Kovchegov equation is obtained
by the CGC (JIMWLK) approach in the limit of a large number of colors (N, > 1). As
demonstrated above (see Eq. (5.45)), the S-matrix for dipole—nucleus scattering is closely
related to the operator O of Eq. (5.67). Define the S-matrix operator

X1LsX0L

A

1
S50 = FC tr [V}u V;M] (5.94)
with V defined in Eq. (5.65). The S-matrix (5.45) is then given by

SGri, Xor, Y) = (S5, 5, )y (5.95)

Substituting the operator (5.94) into Eq. (5.91) involves a considerable amount of algebra,
which can be navigated by employing Eqs. (5.31) and (5.71), along with the Fierz identities

u B 1 1
)it = 3 <5iz3jk - E&‘j&d) , (5.96)
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5.2 The JIMWLK evolution equation 225

which imply that
1 1
e[t Myt My = — e My tr M, — tr[M, M>], (5.97a)
2 2N,
4 a 1 1
e[t My | 1" M) = 3 tr[M, M>] — N tr Mitr Ms, (5.97b)
for any N, x N, matrices M, M. In the end one obtains
A Oy 5 xlzo A A A
8Y<S75u,§0i>y ZE d X2 x%oxgl [<S£1L,f21S;2Ls/€OL)Y - (Siu,ioi>y] ’ (598)

which looks very similar to the BK equation (4.137). The difference is in the first (nonlinear)
term on the right-hand side of Eq. (5.98): to transform Eq. (5.98) into Eq. (4.137) one has
to make the replacement

A A N A

(855,85 50 )y — (S5 )y (S50 50, )y (5.99)

Such a replacement is only justified in the large-N, limit: clearly each § is a single-trace
operator and corresponds to a quark loop (a dipole). Cross talk between the loops (dipoles)
corresponds to nonplanar diagrams and, therefore, is N -suppressed at large N.. Hence, for
large-N,, Eq. (5.98) reduces to the BK equation (4.137) (Weigert 2002, Kovner, Milhano,
and Weigert 2000).

Since in the linearized regime the BK equation reduces to the BFKL equation, we can
also conclude that BFKL evolution is obtained from JIMWLK in the linear regime outside
the saturation region.

Outside the large-N, limit Eq. (5.98) is not a closed equation, i.e., its right-hand side
contains a quantity (S, 1,, S5, %, )y and we do not know how to express this in terms of
(8%,, 7. )y- This quantity (St :,, Sz, 5, )y is a new four-Wilson-line operator, for which
one has to write down a separate evolution equation, again using Eq. (5.91). This evolution
equation in turn contains on its right-hand side an operator with six fundamental Wilson
lines, which would require its own evolution equation, etc. The result of applying the
JIMWLK evolution (5.91) to all these operators would be an infinite set of evolution equa-
tions, in each of which the evolution of the n-Wilson-line operator would be driven by an
(n + 2)-Wilson-line operator. This infinite system of equations is called the Balitsky hier-
archy (Balitsky 1996, 1999a, b). The large- N, limit truncates the Balitsky hierarchy at the
lowest order, making Eq. (5.98) a closed (BK) equation. Other, perhaps less parametrically
justified, truncations have been proposed (see Weigert 2005). While, just as for IMWLK,
no analytical solution of the Balitsky hierarchy of equations exists, numerical studies of
JIMWLK in principle allow one to determine the evolution of these multi-Wilson-line
operators with rapidity.

An interesting question concerns the importance of the 1/N, corrections to BK evolu-
tion. Their size can be found by comparing the expectation value of the S-matrix oper-

PN

ator (S%,, 5, )y obtained from the numerical solution of the full IMWLK equation with
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226 Classical gluon fields and the color glass condensate

Fig. 5.11. The gluon field due to one ultrarelativistic quark.

that for the S-matrix resulting from solving the BK equation for the same initial condi-
tions. We know that for gluon-driven dynamics the 1/N, corrections are usually of order
1/N? ~ 11%. However, saturation effects tend to play an important role in suppressing
the 1/N, corrections. It has been shown by explicit numerical solution of IMWLK that
the corrections to (S5, . %)y as compared with those for the BK case are actually close to
0.1% (Rummukainen and Weigert 2004, Kovchegov et al. 2009), which is two orders of
magnitude smaller than the naive estimate above.

We wish to finish this chapter with a general remark: the color glass condensate gives us a
beautiful example of how one can develop an effective theory starting from only a handful
of physical assumptions. This theory is rather complex but it leads to new fundamental
insights about our microscopic theory, QCD, in high energy scattering.

Further reading

In our presentation in this chapter we have tried to give the simplest possible derivations
of the main results of the CGC formalism. We hope that the reader who wants to learn
more on this subject will be able to read the original papers after reading this chapter.
Many aspects of both CGC physics and the relevant derivations have been discussed in
the reviews by McLerran (2005, 2008, 2009b), Iancu and Venugopalan (2003), Weigert
(2005), Jalilian-Marian and Kovchegov (2006), and Gelis et al. (2010). In these reviews the
theoretical topics are discussed together with practical applications and some challenges for
further thinking are given. The relationship between JIMWLK evolution written in terms
of derivatives with respect to the field o as opposed to the originally used color charge
density p was explored by Kovner and Milhano (2000). For extended versions of the CGC
formalism we recommend four papers of Kovner and Lublinsky (2005a—d) and the paper
of Hatta et al. (2006).

Exercises

5.1 (a) Construct diagrammatically the gluon field of a single ultrarelativistic quark in
the 9, A" = 0 covariant gauge, which contributed to Eq. (5.11). Begin with the
diagram in Fig. 5.11, where the gluon line is off mass shell. Show that the field in
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Exercises 227

momentum space is’

. _lg Vo v
A% (k) = —zg(tf)ﬁu(;(p — k)Y us (p)2m)s (p — k). (5.100)
where the delta function insures that the outgoing quark is on mass shell (the quark
is assumed to be massless). Simplify Eq. (5.100) using the fact that p* is very
large and employing Table A.1.

(b) Fourier-transform the result of part (a) into coordinate space using

Ad _ d4k —ik-(x—xi)Aa 101
w(x) = We u(K). (5.101)
You should obtain (suppressing the quark polarization indices)

cov

At = S5~ — x7)In(|FL — %1 |A) (5.102)
T

as the only nonzero field component. (You may find Eq. (A.9) useful.)
(¢) Repeat the calculation from parts (a) and (b) in the AT = 0 light cone gauge.

5.2 Prove Eq. (5.31).
5.3 Using Egs. (A.10) and (A.9) prove Eq. (5.49).

5.4 Neglecting the logarithm in the exponent of Eq. (5.51), integrate Eq. (5.50) over 7|
exactly to obtain an approximate expression for the unintegrated WW gluon distribution
¢"W. Simplify the answer further by assuming that the nucleus is a cylinder oriented
along the z-axis, so that ng(g 1) = Qs60(R — b) and the b | -integration is trivial.
Plot the expression obtained for kr¢"W as a function of kr / Qs and compare the
curve with Fig. 5.7.

5.5 Prove Eq. (5.92) by direct differentiation.

5.6 Substitute Eq. (5.94) into Eq. (5.91) and take the functional derivatives to show explic-
itly that one arrives at Eq. (5.98).

3 The extra minus sign is due to the fact that the current in Eq. (5.4) is given by J = —g¥y,t“y, which can be seen by
comparing it with the QCD Lagrangian (1.1).
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6

Corrections to nonlinear evolution equations

In this chapter we describe developments at the very forefront of research on nonlinear
evolution equations. We first outline the calculation of running-coupling corrections to the
BFKL, BK, and JIMWLK evolution equations. Such corrections slow down the growth of
the saturation scale with energy, putting the predictions of saturation physics more in line
with the experimental data. We then discuss the next-to-leading order (NLO) corrections
to the BFKL and BK evolutions, which resum the subleading logarithms of energy, i.e.,
powers of & Y. The NLO BFKL corrections are rather large numerically; we present a
proposal for resumming these large corrections to all orders that results in a reduction in
their net effect on the LO calculation. Owing to the highly technical nature of many of
the results presented, in most topics considered in this chapter we will merely outline the
main points of the derivation. Interested readers can find the calculational details in the
references supplied.

6.1 Why we need higher-order corrections

There are several reasons to study higher-order corrections to the BFKL, BK, and IMWLK
evolution equations presented in the previous chapters. Some reasons are theoretical, some
are phenomenological, and some are both.

On the phenomenological side, the LO BFKL approach encounters a very simple prob-
lem. The BFKL pomeron intercept given by Eq. (3.86) is

ap — 1 ~ 277, 6.1)

which, for a phenomenologically reasonable value of the strong coupling «, say 0.3, gives
ap — 1~ 0.79, which is too large to describe any existing data in DIS, proton—proton, or
nuclear collisions. One would therefore hope that higher-order corrections would lower this
result, pushing the theory closer to the data.

On the more theoretical side we note that the BFKL, BK, and IMWLK equations were
derived in earlier chapters for fixed coupling constant. A question arises concerning the
value of the coupling constant that should be used; this is important, since the validity of
the whole saturation approach depends on whether the coupling is small. Theoretically we
cannot answer this question from fixed-coupling calculations; one has to perform higher-
order calculations to fix the scale of the running-coupling constant. This question about the

228
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6.2 Running-coupling corrections to the BFKL, BK, and JIMWLK evolutions 229

scale of the coupling also has phenomenological importance, since one has to know which
values of the coupling to use in comparing the small-x evolution with experiment.

The BK equation derived earlier contains powers of oy N, Y resummed through large- N,
LLA evolution along with powers of a>A!/? resummed by the GGM initial conditions.
Generalizing BK to JIMWLK relaxes the large- N, approximation: the JIMWLK equation
resums powers of «;Y and afAl/ 3. Both the LO BK and LO JIMWLK evolutions are
valid as long as the NLO corrections are small, i.e., for aSZY <« 1, which means Y <«
1 /af. Therefore, the problem of calculating the NLO correction to the BFKL, BK, and
JIMWLK kernels is very important for understanding the region of applicability of the
high density QCD theory in the form that has been developed above and for further
extension of this region. Corrections to the initial conditions for the evolution equations
(for instance, terms containing powers of af A!/3) are also important, both theoretically
and phenomenologically; however, attempts to calculate those have not reached the level
required for coherent presentation in a book and will not be described here.

From a purely theoretical standpoint it is also important to understand whether the
expansion in logarithms of 1/x is stable, that is, whether one can calculate corrections to
the LO result and whether such corrections are finite (after all the standard field-theoretical
divergences have been taken into consideration). Again, this question is, in the end, related
to the first, purely phenomenological, one: what are the size and the sign of the NLO
corrections?

The presentation below attempts to answer many of the above questions.

6.2 Running-coupling corrections to the BFKL, BK, and
JIMWLK evolutions

We begin by calculating the scale of the running-coupling constant in the BFKL, BK,
and JIMWLK evolution equations. The running-coupling corrections to small-x evolution
are calculated following the Brodsky-Lepage—Mackenzie (BLM) scale-setting procedure
(Brodsky, Lepage, and Mackenzie 1983). Working in the setting we used for the derivation
of the JIMWLK and BK evolutions, below we will first resum the contributions of all
quark-loop corrections to the LLA kernel. Each quark-loop correction brings in a power of
a, Ny, with Ny the number of quark flavors (see Sec. 1.5) and o, = oy (11?) the physical
coupling at some arbitrary renormalization scale w. Inspired by Abelian gauge theories,
Brodsky, Lepage, and Mackenzie (1983) argued that the powers of «,, N; come mainly
from the powers of the one-loop QCD beta function, that is, from the powers of «, S,
where B, is given in Eq. (1.89). Following the BLM prescription, we will then complete
N to the full coefficient of the one-loop beta function by means of the replacement

Ny — —67mp, (6.2)

in the expression obtained by including quark-loop corrections in the BK and JIMWLK
kernels. After this, the powers of «;, 8> should combine to give the physical running coupling
o (Q?) defined in Eq. (1.88) at the various momentum scales Q that would follow from
this calculation.
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230 Corrections to nonlinear evolution equations

Fig. 6.1. Diagrams with quark-loop corrections to the BK and IMWLK evolution kernels.
The iteration of quark-loop insertions to all orders is implied in each graph on the right.

The original BLM prescription did not address the diagrams with gluon—gluon interac-
tions. Here we will assume that the prescription is still valid for diagrams with triple-gluon
vertices. This statement has not been rigorously proven, though in small-x physics it was
explicitly verified in the NLO BK calculation by Balitsky and Chirilli (2008). A com-
plementary way of thinking about a running-coupling calculation is by defining it as a
resummation of o N s-corrections to the LO BFKL, BK, and JIMWLK kernels, the com-
pletion of Ny to the full beta function using (6.2) being an intelligent guess at the size of
the gluon contribution, explicitly confirmed at NLO.

6.2.1 An outline of the running-coupling calculation

The main types of diagrams containing quark-loop corrections to the LO BK and JIMWLK
evolution kernels are shown in Fig. 6.1 using the notation of Figs. 5.8, 5.9, and 5.10. The
vertical dashed line again denotes the interaction with the target (or the subsequent evolution
along with the interaction with the target). On the left of Fig. 6.1 we show one virtual (A)
and one real (B) diagram contributing to one step of the LO BK or JIMWLK evolutions (cf.
Fig.5.9). All other real and virtual diagrams in the evolution kernel generated by connecting
the gluon line to the quark and antiquark lines in all possible ways (see Figs. 5.9 and 5.10)
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6.2 Running-coupling corrections to the BFKL, BK, and JIMWLK evolutions 231

should be included in the calculation; they are not shown explicitly. For LCPT diagrams,
instantaneous terms like those shown in Fig. 4.14 need to be included as well.

The running-coupling corrections for the BK and JIMWLK kernels are obtained by
inserting all-order quark bubbles into the gluon propagator in all possible ways. On the
right of Fig. 6.1 we show the quark-loop-corrected diagrams corresponding to the fixed-
coupling graphs on the left. The virtual correction (in the upper-left panel, labeled A) gives
rise only to one class of diagrams, with quark loops iterated on the gluon propagator to all
orders, shown in panel C. Working in momentum space, it is clear that the quark bubbles
in this case form a geometric series, which is resummed to give

Ay
1+ a,ps In(g? /2’

where we have used the replacement (6.2) to complete N to the full beta function, and
the factor ¢, in the numerator comes from the coupling of the gluon to the parent dipole.
We see how physical running coupling emerges for the virtual diagrams. The coupling runs
with the transverse momentum of the gluon line ¢, ; this can be found by calculating the
diagram in panel C of Fig. 6.1 in, say, LCPT (Kovchegov and Weigert 2007a).

The real-emission diagram B generates two classes of quark-loop corrections, as shown
in the lower two panels on the right of Fig. 6.1, labeled D and E. The first class of corrections,
shown in panel D, corresponds to the case when it is the gluon that interacts with the target.
This is to be compared to the other class of corrections, where the gluon fluctuates into a
qq pair, which is still in the wave function at the time it enters the nucleus, so that now
the quark and antiquark in the pair interact with the nucleons, as depicted in panel E of
Fig. 6.1.

The momenta of the gluon line to the left and to the right of the interaction with the
target are different in general: we label them ¢ and ¢’ respectively, as shown in panel
B of Fig. 6.1. Note that the running-coupling corrections to the interaction of the gluon
(and now ¢g) cascade with the target factorize from the running-coupling corrections to
the small-x evolution and are included separately (Balitsky 2007, Kovchegov and Weigert
2007b). Concentrating on the evolution, we see that the quark bubbles in the diagrams like
that in panel D of Fig. 6.1 give us two separate geometric series, one to the left and one to
the right of the interaction with the target. We thus get

(6.3)

as(q]) =

[14a.B: In(g?/u®)] [1+ auB In(g?/u?)] ap
where again we have used Eq. (6.2) to complete N to the full beta function and the factor
a,, stems from the coupling of the gluon to the dipole. We can see a problem with Eq. (6.4):
using Eq. (1.88) we cannot rewrite it as a product of powers of the running coupling only,
as we did in Eq. (6.3). One factor o, would still remain, as shown on the right of Eq. (6.4).
Hence diagrams in the class represented by panel D cannot be expressed in terms of the
running couplings only.

To resolve the issue we have to include the diagram in panel E as well. At first glance,
the diagrams in this class, just as in the panel D class, would seem to have two geometric

o _agDasq?) 64)
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232 Corrections to nonlinear evolution equations

series but now with a factor of ozi in the numerator; the extra coupling arises from the
coupling of gluons to the quark bubble that interacts with the target (which is slightly larger
than the other bubbles in panel E). This would give

2

Xy _ 2 2
[1 + o, pa ln(qi/,uﬁ)] [] +a,b ln(qf/,uz)] = a,(q1) as(g)). (6.5)

However, this cannot be the complete answer. For one thing, it seems absurd that one
power of the fixed coupling, corresponding to the gluon emission and absorption, has been
replaced by two powers of the running coupling, making the evolution kernel contribution
of order o?. Analyzing the matter further, one realizes that the quark loop that interacts with
the target also brings in a factor Ny that should be completed to 8, and, more importantly,
that the integration over momentum in the loop leads to a UV divergence, i.e., generates
a Inu? term. Keeping this logarithmically divergent term, we write the contribution of
diagram E in Fig. 6.1 to the running of the coupling as

o By In(Q%/11?) ,
[14 .8 In(g3 /ud)] [1 + eufa In(g2/ud)]’

(6.6)

the scale Q is determined by an explicit calculation. Adding Egs. (6.4) and (6.6) we see
that diagrams D and E combine to give

oy [1 +oupo ln(Qz/l’Lz)] - aS(qi)aS(Qf . (6.7)

[1+ . In(g?/ud)] [1+ aups In(g'2/1?)] a,(0?)

We see that now the answer for the real graphs is expressible in term of factors of the
running coupling only. Note the unexpected structure of the result (6.7): in the BK and
JIMWLK evolution kernels, one factor of the fixed coupling «; in the LO evolution kernel
is replaced by three running couplings, two in the numerator and one in the denominator,

as(g) as(g?

W — o (6.8)

so that the answer is still order «. This structure is sometimes referred to as a triumvirate
of couplings. It was first postulated for the running-coupling corrections to the BFKL
evolution by Braun (1995) and Levin (1995). It was explicitly derived for the BFKL, BK,
and JIMWLK evolution equations by Balitsky (2007) and by Kovchegov and Weigert
(2007a).

The detailed calculation of the scale Q with explicit demonstrations that ¢; and ¢’
set the scales for the other two couplings in (6.7), along with the Fourier transform of the
answer into transverse coordinate space, are too technically involved to be presented here
in any detail. We refer the interested reader to the papers Balitsky (2007), Kovchegov and
Weigert (2007a, b), and Gardi et al. (2007). We simply quote here the final answer for the
running-coupling BK equation.
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Writing the BK evolution equation (4.137) as

Ay S(X11, %01, Y) = /dzxz K (X1, X1, %21)

X [S(iL, X201, Y) S(Rar, Xor, ¥) — SGiL, Xor. V)], (6.9)
we note that the LO dipole kernel is
5 o o agNe.  x3
Kro(xi1,XoL1,X21) = —; 2102 . (6.10)
27 X50%3,

The form of the running-coupling kernel depends on how one extracts the scale QO shown
in Egs. (6.6)—(6.8); while In u? in In(Q? / u?) is identified unambiguously, it is less clear
how to define uniquely the scale Q. The problem originates in the fact that the contribution
to the evolution kernel coming from diagram E in Fig. 6.1 cannot even be cast into the
form (6.9). In the large- N, limit this diagram has two dipoles interacting with the target:
the dipole 13, consisting of the original quark and antiquark of the ¢g pair fluctuation of
the gluon, and the dipole 40, consisting of the quark in the pair and the antiquark in the
parent dipole (the coordinates are defined in Fig. 6.1E). The two dipoles do not have a
common transverse coordinate, therefore their contribution is not of the form (6.9) and
actually includes integrals over both X3, and X4 , with the kernel dependent on four points
in the transverse plane, X1, Xo1, X31, X41. The UV divergence that we need stems from
the region between X3, and X4, and can be extracted either by integrating over X3, while
keeping ¥4, fixed (the Balitsky (2007) prescription) or by integrating over x3; and X4
keeping the gluon position X, (see Fig. 6.1E) fixed (the Kovchegov and Weigert (2007a)
prescription). The gluon position is related to X3, and X4, via the following expression (cf.
Eq. (1.87) along with the discussion after it, as well as Fig. 1.4):

Xa1 = 23X31 + (1 — 23)X40 (6.11)

with z3 the fraction of the gluon’s light cone momentum carried by quark 3. (Indeed, other
extractions of the UV divergence are also possible but calculations have been done only for
the two cases mentioned.)

The kernel of the running-coupling BK evolution (rcBK) in the Balitsky prescription is

(Balitsky 2007)
als o o Neas(xi) [ xf, 1 (o5(x3)
KB (X1, Ko, Xo1) = o2 1 |: 5 102 + —io) -1
XXy Xy \os(xg
1 o(x2
+ = <“ (xzzl) _ 1)] (6.12)
x5; \os ()
where we have used the abbreviated notation
5 4675/372)/5
ag(x]) = o (—2) (6.13)
X7

and the coupling on the right is defined by Eq. (1.88) in the MS renormalization scheme.
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234 Corrections to nonlinear evolution equations

In the Kovchegov—Weigert prescription the rcBK kernel is (Kovchegov and Weigert
2007a)

KW, - - -
K, " (X1, Xo1, X21)

N, 1 o (x30) g (x3;) X0 - Xag 1
2 5(X50) & (X7 2
= Cz [“s(xzo)_z -2— ; —— T as(xy)— |, (6.14)
2 X5 o (R?) X5 X3 X3
with the scale R? given by
i\ E
R* = x 12 <£> , (6.15)
X20
where
2 2 2 2
g S0t 5 XXy 1
= 2 2 = = B 7
X320 — X33 X20 - X21 X5 = X3

The two prescriptions (6.12) and (6.15) neglect different contributions of the diagram in
Fig. 6.1E; as was shown by Albacete and Kovchegov (2007b), when the neglected terms
are put back in, the two calculations agree with each other. It was also shown by an explicit
numerical evaluation that the Balitsky prescription, when used in the BK evolution, gives
a result that is closer to the full answer obtained by using the full diagram in Fig. 6.1E
in the kernel of the small-x evolution (Albacete and Kovchegov 2007b). This is probably
related to the fact that in the Balitsky prescription one obtains the linear (BFKL) part of the
equation exactly: it gives the contribution correctly when only one dipole in Fig. 6.1E (either
13 or 40) interacts with the target. In Sec. 4.5.1 we saw that a good approximation to the
solution of the fixed-coupling BK equation can be constructed by solving the linear BFKL
equation with a saturation boundary in the IR (Gribov, Levin, and Ryskin 1983, Mueller
and Triantafyllopoulos 2002). Most probably the same is true in the running-coupling case
(see Gribov, Levin, and Ryskin (1983), Section 2.3.2), justifying the fact that the Balitsky
prescription gives the full answer more accurately.

The evolution kernel of the running-coupling JIMWLK (rcJIMWLK) equation has been
calculated only using the Kovchegov—Weigert prescription and can be found in Kovchegov
and Weigert (2007a).

Once one has the running-coupling corrections to the nonlinear evolution equations, it is
possible to obtain the running-coupling version of the BFKL equation. We first define the
unintegrated gluon distribution ¢ (k| , Y), using the dipole amplitude N, by (cf. Egs. (3.92),
(4.98))

/d% NGB vy =" fdsz (1 _ ek) (k) bk, Y) (6.16)
N, K2
(Levin and Ryskin 1987). This connection between ¢ and N follows from the two-gluon
exchange depicted in Fig. 6.2 (in the notation of Fig. 4.3), and, while its validity in the
nonlinear saturation regime may be questioned, it is valid in the linear regime in which we
want to apply it.
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00000000,
[00[0/0[00[0/0)

Fig. 6.2. The lowest-order diagram contributing to the relation between the dipole amplitude
N and the unintegrated gluon distribution ¢.

Using Eq. (6.16) in Eq. (6.9) with the kernel given by Balitsky prescription Eq. (6.12)
(for which, in momentum space, 0% = ki), linearizing the result, and Fourier-transforming
it into momentum space, one obtains the running-coupling BFKL (rcBFKL) equation for
the unintegrated gluon distribution (Kovchegov and Weigert 2007b):

N, d?
dyp(k,. V) = —< / 1

w2 )k —g. )
o (q7) as ((lﬂ - ch)2>
o (ki)

> R K2
x| (€= 20) dan 1 - o p(k., Y)

6.17)

This equation was originally conjectured by Braun (1995) and Levin (1995) by requiring
that the bootstrap property of BFKL is preserved after running-coupling corrections are
included. Equation (6.17) can be compared with the fixed-coupling BFKL evolution of
Eq. (3.94). One sees that, for the real term (the first term on the right-hand side of Eq. (6.17)),
the coupling constant runs with the momentum in the rung (the s-channel gluon) of the
BFKL ladder while in the virtual term (the second term on the right) a triumvirate structure
arises for the three momenta involved in the color-octet gluon reggeization diagrams (see
e.g. Fig. 3.11).

6.2.2 Impact of running coupling on small-x evolution

The effects of the running-coupling corrections on the small-x evolution can be summarized
as follows.

(i) They slow down the evolution, by reducing the growth rates of the amplitude N(x, ¥)
and of the saturation scale Q(Y) with energy or rapidity.
(i) They preserve geometric scaling in the vicinity of the saturation scale (x; ~ 1/Q(Y))
while changing the profile of the dipole amplitude N (x, Y) as a function of x| Q(Y).
(iii) They make the saturation scale Q, independent of the atomic number A at very
small x, thus eliminating the nuclear enhancement that we saw in the GGM model
(Eq. (4.52)) and in the fixed-coupling small-x evolution (Eq. (4.156)).

These properties can be derived from a numerical solution of the rcBK equation or
by analytical methods. The numerical solution of the rcBK equation with the kernel from
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Fig. 6.3. The dipole amplitude N(x,, Y) as a function of the dipole size x,, plotted for
several rapidities Y generated by fixed-coupling BK evolution with «; = 0.4 (solid lines)
and by running-coupling evolution (dashed lines) for the same initial condition (thick
dashed line). (We thank Javier Albacete for providing us with this figure.) A color version
of this figure is available online at www.cambridge.org/9780521112574.)

Eq. (6.12) (and with the strong coupling “frozen” in the IR at ¢y = 1) is shown in Fig. 6.3 by
the dashed lines. It may be compared with the fixed-coupling BK evolution with oy = 0.4
(the solid lines) for the same initial condition from Eq. (4.205). The figure depicts the
dipole scattering amplitude N plotted as a function of the dipole size x, for several
different rapidities. It is clear that the fixed-coupling evolution, shown by the solid lines, is
faster than the running-coupling evolution, shown by the dashed lines: the fixed-coupling
curves grow faster with rapidity and the saturation scale corresponding to the fixed-coupling
curves is clearly larger than that for the running coupling. Thus Fig. 6.3 illustrates property
(i) in the above list.

Property (ii) is partially demonstrated in Fig. 4.32, where one can see that the two
geometric scaling functions, for running and for fixed coupling, are in fact different in
shape. Property (iii) is derived analytically below along with properties (i) and (ii).

Many qualitative and some quantitative features of the solution for rcBK evolution
can be obtained analytically using an approximation in which a simple running of the
coupling with the parent-dipole size, o (xlzo), is used in the kernel (6.10) instead of the
more complicated exact results seen in Eqs. (6.12) and (6.14). In an impact-parameter-
independent approximation we can write the BK equation, by analogy with Eq. (4.175),
as

WN(p,Y)=a(p)x(=d,)N(p, Y) — a;N*(p, Y), (6.18)

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


http://www.cambridge.org/9780521112574
https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

6.2 Running-coupling corrections to the BFKL, BK, and JIMWLK evolutions 237

where now
k2
p=In—= (6.19)
AQCD
and
A NC NC NC
& (p) = 2O _ e _ A (6.20)
T hap g7)) ln(kl/AQCD)

Let us analyze Eq. (6.18) using the semiclassical approximation of Sec. 4.5.3. Writing
N = ¢ and neglecting the derivatives of 2 of second order and higher, we rewrite Eq. (6.18)
as (cf. Eq. (4.178))

Ay Q2 = a,(p)x(—d,Q) — ase®. (6.21)
Defining —y = Q, and o = Qy we get
F=ow—ap)xy)+ai(p)e? =0. (6.22)

The equations for the characteristics are:

dp _ o dx(y)
L _F —a, , 6.23
7 y = &(p) dy (6.23a)
dy

—F, =1, (6.23b)
dt
dy da,(p) _ das(p)] o
& F —(—y)Fo = , - , 6.23
ar p — (=y)Fa dp x(y)+ [a‘ (py dp e (6.23¢)
d
d—‘t" — —Fy — 0Fq = —&(p)we®, (6.23d)
dQ _ dx(y)
T (=Y)F_, + wF, = —a,(p)y 4y + w. (6.23e)

Again, Y = ¢ results from Eq. (6.23b). Eliminating o using Eq. (6.22) and noticing that
das(p)/dp = —as(p)/p yields

dp  _dx(y)

97 = as(p) dy (6.242)
- .

Z—; = —aé(p)x(y) + a5(p) <)f + —) e?, (6.24b)
o)
ase dx(y) g

77 = a,(p) [x()/) V—dy e ] (6.24¢)

Working in the linearized regime, we can neglect * in Eq. (6.24c) and obtain the critical
trajectory along which € & const, with the critical value of the anomalous dimension y
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238 Corrections to nonlinear evolution equations
specified by

dx(Yer)
X Ver) = Yor === -, (6.25)
Yer

so that y,, & 0.6275, just as in the fixed-coupling case.
Solving Eq. (6.24a) along the critical (saturation) trajectory yields

2Ne X (Ver)
pe(Y) = pj+ == Y, (6.26)
7[/32 Yer
where we have imposed the initial condition
Qh _
ps(Y = 0) = In —— = po. (6.27)
Agep

Since ps(Y) = ln(Qf(Y )/AZQCD), we obtain the saturation scale in the running-coupling
case (Gribov, Levin, and Ryskin 1983):

2N¢ x(Ver) Q2
2 2 C 2 s0
(Y) = Appex Y +1n* =2 . (6.28)
0; ocp EXp {\/ B 7o 2

Comparing this result with the fixed-coupling saturation scale in Eq. (4.156) we see that
the saturation scale in the running-coupling case grows more slowly with rapidity Y,
confirming property (i) above stating that the running-coupling corrections slow down
small-x evolution. This property of the running-coupling solution is very important: as the
reader may remember, the fixed-coupling BFKL intercept (6.1) is too large to describe
any data. The slower growth of the running-coupling solution makes phenomenological
applications of rcBK and rcJIMWLK much more successful.

Equation (6.28) has another important property: at very large rapidity we can neglect the
rapidity-independent logarithm squared under the square root, since it eventually becomes
small compared with the term linear in Y. This gives

(6.29)

2 Ne x(er)
T[:BZ Yer

Qf(Y) ~ AZ)CD exp {

We see that all the Qo-dependence has disappeared. Since the dependence of the saturation
scale on the atomic number A comes in only through Q% ~ A'/3, we conclude that at very
large rapidity the running-coupling saturation scale becomes independent of A (Levin
and Ryskin 1987, Mueller 2003). This demonstrates property (iii) above. Therefore, at
extremely high energies the parton densities in the proton and in the nucleus will be the
same. While this conclusion may be somewhat disappointing, note that our analysis applies
to asymptotic energies: for the energies available in modern experiments the nuclei still
provide a strong enhancement of the saturation scale.
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A more careful evaluation of the high energy asymptotics of the saturation scale in the
running-coupling case yields

2Nexe)y 3. [ Neo X' J]7°
QX(Y) = A% pex { Y+ Z¢ [ Ly
ocp P nﬂZ Yer 4 ! 27[,32 Vch(J/cr)

+ const+ O (Y~'/%) } (6.30)

where & &~ —2.338 is the first zero of the Airy function Ai(§). The first term in the
exponent of Eq. (6.30) was calculated by Gribov, Levin, and Ryskin (1983) (see also lancu,
Itakura, and McLerran (2002) and Mueller and Triantafyllopoulos (2002)), while the second
term was found by Mueller and Triantafyllopoulos (2002) and by Munier and Peschanski
(2004a). All the terms shown explicitly in Eq. (6.30) are universal (except for the constant):
they do not depend on the initial conditions for the evolution. Several new higher-order
universal terms in the expansion (6.30) were found recently by Beuf (2010).

For the constant y = y,, to be a solution of Eq. (6.24b) we need to require that the
right-hand side of this equation is zero, which gives

o2 Xer) o xWer)
osMver +1  ps(Y)yer

6.31)

This is indeed a small quantity at high energy, when p,(Y) is large, justifying the linearized
approximation used in deriving the above results. Since p,(Y) ~ /Y we see that ¢% is a
slowly varying function of Y, validating our treatment of it as a constant.

Finally, just as we did to obtain Eq. (4.187), we can expand €2 near the saturation
trajectory keeping Y fixed, to get

Q~ Qe+ st(p — 05) = Qecr — Yer(p — ps) (6.32)
so that
B 2 Y Yer
N(p. V) = % ox Vo0 — (%) , (6.33)
1

where now Q2(Y) is given by Eq. (6.28). We see that the geometric scaling property of the
solution persists when running-coupling corrections are included. This affirms part of the
claim in property (ii) above. The anomalous dimension y,, obtained in the semiclassical
approximation for the running-coupling coupling case is the same as for the fixed-coupling
evolution: hence the dependence of N on k in Eq. (6.33) is the same as in Eq. (4.188). This
appears to contradict the difference in &k -dependence of the running- and fixed-coupling
BK evolution observed in the numerical simulation in Fig. 4.32. (This discrepancy was
first observed by Albacete et al. (2005).) We believe that the accuracy of the semiclassical
approximation is insufficient to detect this difference. Presumably more precise analytical
solution techniques are needed to explain the difference.
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240 Corrections to nonlinear evolution equations

6.2.3 Nonperturbative effects and renormalons*

Nonperturbative effects in the framework of perturbative QCD stem from the asymptotic
nature of the perturbation series

> Cual (6.34)

and from the fact that the coefficients C, of this series increase as n! for large n. To date
there are three known sources of this n! behavior of the perturbation-series coefficients in
QCD: infrared (IR) and ultraviolet (UV) renormalons and instantons (see the review "t Hooft
(1979) and the paper Mueller (1992)). A running QCD coupling generates renormalons.
Since we now know how to include a running coupling in the BFKL, BK, and JIMWLK
equations, we should be able to find the renormalon contribution to small-x evolution
and estimate the contribution of nonperturbative QCD to small-x physics. Clearly the
nonperturbative contribution stems from the IR renormalons, since the long distances (low
momenta) corresponding to this case determine the nonperturbative corrections. Therefore
we will concentrate on the IR renormalons in this section.

Since it is in line with the goal of this chapter to keep the calculations simple, let
us illustrate the role of IR renormalons in saturation physics by the following toy-model
example. We start with the relation between the dipole amplitude N and the unintegrated
gluon distribution ¢ in Eq. (6.16). Assume that it is valid in the saturation region, where one
can show that ¢ oc k7 / Q2. Then the contribution of dipole amplitude in the saturation region
with k; < Qj to the dipole amplitude outside the saturation region, i.e., for x; < 1/Qs,
is proportional to

Q2
dzkl lkL X1
/ a (1B ) a2 )Qz' (6.35)

Inthe k; < Qs, x; K 1/Q; regime we have k; x; < 1, and the exponential in Eq. (6.35)
can be expanded to yield after angular integration

QZ
L / dik? k2 a(k2), (6.36)

where, for simplicity, we ignore overall constants.

Writing
o
a (k) = - (6.37)
ST T aup i /)
we substitute this into Eq. (6.36) and expand in powers of «,,, obtaining
0;
n n ki
Qzaﬂ Z( @, B) / dk* k> In e (6.38)
n=0 0
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Defining ¢ = In(u?/ k%) we rewrite Eq. (6.38) as

2 o0 <

X _

—Qé wWha Y (0 pa)! / degte™ . (6.39)
' =0 In:2/ Q)

For large enough n, the integral in Eq. (6.39) is dominated by ¢ &~ n/2, so that its lower
limit becomes irrelevant and can be set equal to zero. After that the ¢-integration can be
easily performed, yielding

2 00 n
;—Qi%u“aﬂ 3 <““2ﬂ2> n!, (6.40)
: n>1
which is a divergent perturbation series with coefficients proportional to n!. This is the
effect of the IR QCD renormalons. If we define the applicability of the perturbation theory
by the order n at which the (n + 1)th term in the series is comparable with the nth term,
we can conclude that perturbation theory breaks down for n ~ ng = 2/(c,,8>). Thus the
series (6.40) but terminating at n = ny would be perturbation theory’s best guess at the
exact answer.

We can also try to evaluate the series in Eq. (6.40) using the Borel resummation proce-

dure. Namely, we rewrite the series as

2 o0 o0 n
X1 4 —b/a, Z Bab
s o

n>1

where b is a dummy integration variable. Assuming that the series starts at » = 0, we resum
it to obtain

) o0
2 xi

T / dbe b/ ;. (6.42)
B2 20? b—2/p

0

The pole at b = 2/, is known as the IR renormalon pole in the complex-b Borel plane. The
b-integral in Eq. (6.42) is divergent because of this renormalon pole along the integration
contour: the series is not Borel-summable. While different +ie regularizations of the
pole can be proposed, it is not clear which such regularization would be correct. Instead
the consensus in the community is that the difference between the various regularization
prescriptions gives us an estimate of the uncertainty due to the renormalon singularity.
Therefore, to evaluate the size of this uncertainty we simply need to take the residue of the
renormalon pole, which gives

NXJZ_ ’u4672/(01,1/32) — x_ JZ— (\4 (6 43)
— p— QCD. -

The fact that the result is proportional to A“QCD indicates the nonperturbative origin of
the uncertainty. The physical meaning of this phenomenon is well known (see Mueller
(1985) and Zakharov (1992)). Indeed, the typical value of the momentum in the integral in
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242 Corrections to nonlinear evolution equations

Eq. (6.38) is
k3~ ple (6.44)

and, regardless of the value of the renormalization scale p, at sufficiently large n this
momentum will become very small, so small that we would not be able to use perturbative
QCD in our calculations (k| ~ A gcp). Of course we cannot trust our calculation for the low
momenta of Eq. (6.44): instead we consider this equation as an indication that perturbation
theory is breaking down and we should examine nonperturbative contributions to the
observable.

The uncertainty (6.43) of our perturbative estimate should be compared with the per-
turbative estimate itself. If we forget the contribution of the Landau pole at k; = Apcp in
Eq. (6.36) (since, effectively, we have estimated the size of that contribution in Eq. (6.43)),
the rest of the integral is clearly dominated by the upper limit of integration, giving an
answer proportional to

~x1 Q2 (0?). (6.45)

Comparing Eq. (6.43) with Eq. (6.45) we see that the relative contribution of the nonper-
turbative IR renormalon corrections is of order

4
Nocp

03

< 1. (6.46)

We conclude that saturation effects tend to suppress the renormalon contribution. Equa-
tion (6.46) is analogous to the conclusion by Mueller (1985) and Zakharov (1992) that the
renormalon contribution in e e~ annihilation is of order AZCD /0% i.e., itis a higher-twist
effect. In our case IR renormalons are also higher twist and, importantly, they are not
enhanced by powers of A'/3 or powers of 1/x and are therefore subleading compared with
the perturbative saturation effects.

The qualitative conclusions of our toy model presented above are substantiated by more
detailed calculations. The interested reader is referred to the papers by Levin (1995) and
by Gardi et al. (2007) for much more detailed analytical and numerical investigations on

the subject.

6.3 The next-to-leading order BFKL and BK equations

The NLO (order-af) corrections to the kernels of the BFKL and BK equations are now
known. The NLO BFKL kernel was found by Fadin and Lipatov (1998) and Ciafaloni and
Camici (1998), while the NLO BK equation was constructed by Balitsky and Chirilli (2008).
Here we will briefly outline the calculational strategy and the main physical conclusions
stemming from these calculations.
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6.3 The NLO BFKL and BK equations 243

A B C

Fig. 6.4. Examples of diagrams contributing next-to-leading order corrections to the BFKL
kernel. The bold lines denote reggeized gluons, and the circles denote regular QCD vertices.
The vertical solid straight lines represent cuts.

6.3.1 Short summary of NLO calculations

It took almost a decade from the first papers on the subject (Fadin and Lipatov 1989,
Ciafaloni 1988) to the last (Fadin and Lipatov 1998, Ciafaloni and Camici 1998) to solve
the problem of finding the NLO BFKL kernel. As discussed above, the LO BFKL is a
sum of ladder diagrams with Lipatov effective vertices and with reggeized gluons in the
t-channel. The NLO corrections to this ladder include the running-coupling corrections
to the vertices in the ladder (see for example Fig. 6.4C) and also processes involving
the emission of two gluons with comparable rapidities in a single rung (see Fig. 6.4A).
One also needs to calculate the quark—antiquark pair production (see Fig. 6.4B) and to
find the reggeized gluon trajectory in the NLO approximation. (Of course one also has to
prove that we can still use the reggeized gluon in the NLO approximation: this turns out
to be the case.) The relative simplicity of the LO BFKL equation originates in part from
the fact that in the LLA one can easily separate the longitudinal and transverse degrees of
freedom. In the NLO approximation one has to take into account the fact that the limits of
integration over longitudinal momenta depend also on the transverse momenta. The large
number of extra diagrams, a tiny subset of which is shown in Fig. 6.4, along with the more
sophisticated diagram evaluation required in a beyond-LLA approximation, are the two
main reasons why it took so long to find the NLO BFKL kernel.

The exact NLO BFKL kernel is too cumbersome to be presented here. It can be found
in the papers of Fadin and Lipatov (1998) and Ciafaloni and Camici (1998). The results
of these calculations yielded some new features and new questions. The NLO corrections
to the LO BFKL intercept turned out to be negative. Such negative corrections had been
expected, since the LO BFKL intercept given in Eq. (6.1) is too large: this is why the LO
BFKL evolution overestimates the rise of the DIS structure functions with energy as well
as the size of the Bjorken scaling violation d F>/d In Q% in comparison with the HERA
experimental data. However, the size of the negative NLO corrections turned out to be too
large. The BFKL pomeron intercept in the saddle point approximation for the LO and NLO
orders is equal to (cf. the LO BFKL intercept in Eq. (3.86))

ap — 1 ~4a,m2(1 —6.7a,). (6.47)
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A B C

Fig. 6.5. Examples of diagrams contributing NLO corrections to the BK and JIMWLK
kernels.

Equation (6.47) leads to a negative intercept for &, > 1/6.7 ~ 0.15, which means that the
NLO BFKL pomeron leads to structure functions that fall off with energy at all virtualities
up to Q% & 10> GeV?. This result points toward an instability of the NLO BFKL pomeron,
and this is confirmed by the oscillatory behavior of the resulting NLO gluon density. (The
reader is also referred to Ross (1998), where it is shown that, in the cross section mediated
by NLO BFKL pomeron exchange in the diffusion approximation, the logarithm squared
term in the exponent (see Eq. (3.85)) enters with a plus sign, indicating an instability of the
solution due to the enhancement of transverse momentum fluctuations.)

The NLO BFKL kernel appears to lead to a number of serious questions, which may
be resolved by the calculation of the higher-order corrections. Unfortunately, owing to the
apparent complexity of the NNLO calculations, it looks unreasonable to expect the result
soon. Fortunately, it turns out that the most numerically essential contribution in the NLO
BFKL kernel comes from collinear singularities, which are resummed by the DGLAP
evolution. The resummation of collinear corrections to the BFKL kernel appears to cure
the instability of the NLO BFKL pomeron, as we will discuss in the next section.

It is also possible that some problems of NLO BFKL would be cured by a consideration
of saturation effects. To check this, one has to study the nonlinear BK and JIMWLK
evolution equations at NLO. The NLO BK equation was calculated by Balitsky and Chirilli
(2008) (see also Balitsky and Belitsky (2002) for a calculation of part of the kernel). A
small subset of the diagrams that one has to calculate in order to find the NLO BK kernel is
shown in Fig. 6.5. In one step of NLO evolution one has to emit two s-channel gluons with
comparable rapidities. The diagrams can be classified by the number of gluons interacting
with the target: there may be zero, one, or two gluons, as shown in Figs. 6.5C, B, A
respectively. Indeed, one should also include one-loop quark corrections, illustrated by the
lowest-order (one-loop) case of the diagrams in Fig. 6.1. Note that, in the large-N, limit,
diagrams of the type shown in Fig. 6.5A imply that the parent dipole will split into three
daughter dipoles, resulting in an evolution equation which is cubic in N (or §) (Balitsky
and Belitsky 2002). Hence the quadratic structure of the LO BK evolution does not survive
at higher orders.

Asin the BFKL case, the calculation of the NLO BK evolution is too technically involved
to be presented here; we refer the reader to the paper by Balitsky and Chirilli (2008) for
details. In the linearized limit, the NLO BK evolution indeed reduces to the NLO BFKL
evolution. Unfortunately, at this time the physical implications of NLO BK evolution are
not completely understood.
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6.3.2 Renormalization-group-improved NLO approach*

Let us now present a strategy to cure the problems of the NLO BFKL kernel by performing
the resummation of collinear singularities to all orders. This procedure was suggested in
the works of Salam (1998, 1999) and Ciafaloni, Colferai, and Salam (1999a). The key
idea is based on the observation that the large NLO corrections to the BFKL kernel stem
mostly from collinearly enhanced physical contributions. At the same time we know that
the collinear singularities can be resummed with the help of the renormalization group
(RG) and have been taken into account in the DGLAP evolution. The idea of finding a
combined description that includes the BFKL anomalous dimension with the anomalous
dimension of the DGLAP evolution equation has a history ranging from the first attempt by
Gribov, Levin, and Ryskin, where the DGLAP anomalous dimension was simply added to
the BFKL anomalous dimension, to the Catani, Ciafaloni, Fiorani and Marchesini (CCFM)
evolution equation, in which a correct treatment of the coherence effect in the collinear
kinematics was introduced. In the renormalization-group-improved NLO approach this
problem was solved, and we will follow the paper of Ciafaloni, Colferai, and Salam (1999a)
in our discussion of the theoretical approach. We will also present the next-to-leading-order
resummed BFKL kernel in the simple form given in the paper of Khoze et al. (2004) to
illustrate the numerical importance of the corrections that were introduced.

The starting point is the expression for the azimuthally symmetric Green function of
the BFKL pomeron in the double Mellin representation, namely (cf. Egs. (3.78) and (3.80)

with n = 0)
1 a+iood 1/2+iood © :
G (k. ko, ¥) = — / do / A ()L eas)
k2 27 272 \ kkg w—k(y,w)
a—ioo 1/2—ico

where k and ko with k > kg are the transverse momentum scales at the ends of the ladder,
with &€ = In(k? /k(z)), and the integration contour over w in Eq. (6.48) lies to the right of
all the singularities of the integrand. We have also replaced the rapidity Y by In(s/(kko)).
For the LO BFKL the function « (y, w) reduces to «ro (¥, w) = ax(y), with the latter
given by Eq. (4.174). In the LO case, integrating over w in Eq. (6.48) yields Eq. (3.80) with
n=0.

It is clear from Eq. (6.48) that the traditional DGLAP moment-space representation (see
Sec. 2.4.5) can be achieved after the integration over y by closing the contour to pick up
the singularity at y = y (&, w), which is the solution of the equation

w=Kk(y, o). (6.49)
The result of the calculation of the NLO BFKL equation allows one to write
Ky, ) = ax(y) + & xi(y, )+ (6.50)

where the exact form of the NLO correction x;(y, @) is unimportant for our purposes. We
only need to know that an inspection of the explicit form of x(y, w) shows that numerically
large contributions stem from the regions y — 0 and y — 1, where x;(y, @) o< 1/y? and
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246 Corrections to nonlinear evolution equations

1/(1 — y)? respectively. These are the regions of y where the DGLAP equation governs the
energy and transverse momentum evolution of the parton densities, which will be utilized
shortly.

Another large contribution originates from the dependence of the QCD coupling on the
transverse momenta. This contribution can be incorporated in the framework of the RG
approach if we first integrate over y in Eq. (6.48); then, solving Eq. (6.49) to find the pole
at y (&, w) and, for k > ko, making the replacement

3
Y (@), 0)E — / de'y (@, (). ) 6.51)
0

in the exponent of Eq. (6.48) would give us the answer as a single integral over o with the
running-coupling corrections included.

Our aim is to find a function « (y, ) that describes both the LO and NLO BFKL
kernels and DGLAP evolution for k* > kZ (or k3 > k*). A comparison of Eq. (6.48) with
the DGLAP equation shows that since the latter is written in terms of the distribution
functions, the definition of Bjorken x (and consequently of the rapidity ¥ = In 1/x) in the
DGLAP picture is given by x = k?/s for k* >> k3 and by x = k3 /s for k* < kJ; these
expressions are different from those for an up—down symmetric (for a vertically drawn
ladder) variable x = e~" = (kok)/s used in Eq. (6.48). Indeed, in the LLA small-x evolution
such differences were outside the approximation’s control and were not important: now they
are crucial for matching NLO BFKL onto DGLAP evolution. Changing the momentum
scale in the definition of rapidity and Bjorken x leads to the shift y — y + w/2:

a+ioco 1/24i00
G (k, ko, Y) = 1 / d_w / dy. (i)“’e<y+w/2>s 1
k2 2mi 272 \k2 o —k(y, »)
a-ioo 1/2%i00
a+ioo 1/2+ioc0 »
_ L f do / Ay (5N Ja-vroms ! C(652)
K3 27 272 \ k3 o —Kk(y,w)
a—ioo 1/2—ico

where we have defined & = In(k3/k?) to replace & in the case ko > k. We see that one
effect of DGLAP evolution would be to replace y by y + »/2 near the singularity y = 0
and y by y — /2 near the singularity y = 1.

The LO BFKL kernel has singularities for all integer values of y, corresponding to
different powers of k?/kZ in the Green function G, that is, to different twists. Singling out
the leading-twist singularities at y = 0 and y = 1 we write the LO BFKL kernel as a sum
of the leading-twist contribution and the higher-twist terms:

1 1
x)=—4+——+x"T ) (6.53)
y l—vy

where the higher-twist part is given by

1) =29() — (A +y) — ¥ (2 — ). (6.54)
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6.3 The NLO BFKL and BK equations 247

The two terms of the leading-twist part of x(y) describe two different branches of the
leading-twist evolution: the 1/y term corresponds to a DGLAP evolution from low kq to
high k& with ordering in the transverse momenta of emitted partons ky <K kj; < - <K
kii < --- < k,while the 1/(1 — y) term leads to an evolution from low k to high ky with
the opposite ordering, k < --- K k;j; < --- < kj1 < kg. The higher-twist contributions
play a significant role in the LO BFKL evolution: for example, they change the leading-twist
value of the pomeron intercept from [1/y + 1/(1 — y)],=1p =4tox(y =1/2) =4In2 =
2.8. However, the DGLAP evolution or, in other words, the anomalous dimensions of the
operators giving rise to the higher-twist contributions are entirely unknown. Fortunately,
on scrutinizing the NLO BFKL kernel one can see that the large problematic contribution
does not come from these higher-twist terms and so we can concentrate on the leading-twist
terms alone.

The next step is to replace the residue 1 in the first term in Eq. (6.53) by the full DGLAP
gluon—gluon anomalous dimension yg¢(w) from Eq. (2.121d), in order to incorporate the
DGLAP effects at finite w:

Qg Qs wyGG(w)
e e
Y 2N. v
Performing the same replacement for the term 1/(1 — y) in Eq. (6.53) and using the shifts
in y incorporated into Eq. (6.52), we obtain the RG-improved BFKL kernel (Ciafaloni,

Colferai, and Salam 1999a):

(6.55)

_ @ [ oyse(w) wYG6(w)
KRG (V» (L)) -

s ¥, HT 6.56
N7t w2 1_y+w/2]+ax (y)+ (6.56)

where the ellipsis stand for order-o? terms that are nonsingular at y = 0 and y = 1. The
expansion of Eq. (6.56) in powers of @ would give us the correct collinear singularities
(1/y? and 1/(1 — y)? terms) at the NLO at order w, while higher orders in  capture the
collinear singularities of the higher-order BFKL kernels.

The kernel in Eq. (6.56) contains the full LO and NLO BFKL kernels, with the leading-
twist parts of the LO BFKL kernel enhanced by DGLAP evolution, which resums all the
leading (transverse) logarithmic collinear singularities to all orders.

To impose energy conservation one has to make sure that the kernel (6.56) vanishes
at w = 1 (see Exercise 2.3). This can be achieved in a crude way by simply multiplying
x7(y) and other terms in Eq. (6.56) that are a priori nonvanishing at ® =1 by 1 —
(Ellis, Kunszt, and Levin 1994). The expression that results from this procedure, after the
terms denoted by the ellipses in Eq. (6.56) have been discarded,

_ @ | wyse(w) wY6G(®)
KRG(V’ a)) -

N, |y +0/2  1—y+w/2

was used by Khoze er al. (2004), who showed that Eq. (6.57) describes the full RG-
resummed NLO BFKL kernel (6.56) within 7% accuracy. The most interesting aspect of the
result is that even such a simple modification of the NLO BFKL kernel leads to a stable result
for the Green function, and for the resulting amplitudes and cross sections, and considerably
reduces the value of the NLO corrections. The kernel (6.56) has a minimum at y = 1/2, at

] + (1 —w) ax" (), (6.57)
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248 Corrections to nonlinear evolution equations

which the value of the BFKL pomeron intercept is about 0.25 for &, = 0.15. The diffusion
logarithm squared term (similar to Eq. (3.85)) again has a negative coefficient, so that the
instability of transverse momentum fluctuations is now avoided. In the region y < 1/2
the NLO kernel (6.57) is very close to the DGLAP kernel. For a detailed comparison of
the modified BFKL kernel with the experimental data as well as with other approaches we
recommend the paper Ciafaloni (2005).

We have demonstrated that our knowledge of DGLAP evolution allows us to understand
the sources of the large NLO contributions to the BFKL equation and allows us to formulate
a more stable approach to higher-order corrections for small-x evolution.

The effect of the NLO corrections on the value of the saturation scale was considered by
Gotsman et al. (2005); not unexpectedly, their conclusion was that the NLO corrections,
while lowering the value of the BFKL intercept, also slow down the growth in the saturation
scale with energy, leading to lower values of the saturation scale than those given by the
fixed-coupling evolution.

Further reading

The first attempts to include the running QCD coupling in the BFKL equation by resumming
powers of a; Ny were made by Braun (1995) and Levin (1995) and were based on the
bootstrap equation (see Sec. 3.3.5) at next-to-leading order, obtaining the triumvirate of
running couplings for the first time. Their original conjecture was proved at NLO by Fadin
and Fiore (1998). The direct calculations in the BK/JIMWLK formalism discussed above
were performed by Balitsky (2007) and by Kovchegov and Weigert (2007a).

For more information on the nonperturbative corrections to BFKL, BK, and JIMWLK
evolution coming from the IR renormalons, we refer the reader to Gardi et al. (2007) and
Levin (1995). Some aspects of the nonperturbative effects due to instantons in the CGC
were studied by Kharzeev, Kovchegov, and Levin (2002). The possibility that the BFKL
pomeron could reach the nonperturbative region of small momenta through “tunneling”
was suggested by Ciafaloni et al. (2003b). Whether the nonlinear evolution can withstand
this type of nonperturbative correction and remain perturbative is still an open question.

The NLO BFKL kernel has been calculated by two groups: Fadin, Lipatov, and their
collaborators and Camici, Ciafaloni, and their collaborators. All references for these works
can be found in the papers with the final results: Fadin and Lipatov (1998) and Ciafaloni
and Camici (1998). The NLO BK equation was found by Balitsky and Chirilli (2008).

In our presentation of the RG-improved BFKL kernel we described the key ideas pro-
posed by Salam (1998, 1999) and by Ciafaloni, Colferai, and Salam (1999a). We dis-
cussed the simplest possible example of a resummed kernel, that from the paper of Khoze
et al. (2004). More recent developments in this area can be found in the papers by Ciafaloni
et al. (2003a) and by Altarelli, Ball, and Forte (2006). We need to remember that we have no
information on the anomalous dimensions of the higher-twist contributions and, therefore,
the NLO corrections to the part of the BFKL kernel that is responsible for the higher-
twist corrections cannot be improved on the basis of the existing renormalization group.
This problem is not for further reading but rather for further research. Alternatives to the
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Exercises 249

RG-improved BFKL kernel can be found in the papers by Brodsky et al. (1999) and by
Schmidt (1999). For a description of the experimental DIS data in the NLO BFKL approx-
imation we refer the reader to the papers White and Thorne (2007), Ciafaloni (2005), and
Peschanski, Royon, and Schoeffel (2005). The effect of the NLO BFKL kernel on the
saturation scale was studied by Khoze et al. (2004). The impact of NLO corrections on the
solution of the BK equation was studied by Gotsman et al. (2004). The large contribution
of the NLO correction to the saturation scale possibly calls for a generalization of the
nonlinear equation and could be a good subject for further investigations.

Exercises

6.1 Using Eq. (6.56) (dropping the ellipses) with the gluon—gluon splitting function yg¢
given by Eq. (2.121d), calculate the correction to the intercept of the BFKL pomeron,
as follows.

(a) Solve

w = Krg(y, ) (6.58)

for w by assuming that w = O(@,) and expanding the right-hand side to the
quadratic order in w.

(b) Find the saddle point of the resulting expression for w(y ); the value of w(y) at the
saddle point yields the new BFKL pomeron intercept.

(¢) Find the Green function (6.48) in the diffusion approximation using the results
of parts (a) and (b). Show that the diffusion term is negative and, therefore, the
solution is stable.

6.2 Consider the analogue of the series from Eq. (6.40) in QED:

i (—O‘é’f—n’”)" n!. (6.59)

n=»

Resum the series using the Borel resummation procedure outlined in Sec. 6.2.3. Com-
ment on the analyticity of the function of « gy, that is obtained.

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

7
Diffraction at high energy

The observables discussed in this book so far have been limited to total cross sections
and the related structure functions. To calculate these quantities one does not need to
impose any constraints on the final state. We now present a small-x calculation of a more
exclusive quantity, the cross section for diffractive dissociation, where one requires that
the final state has at least one rapidity gap, i.e., a region of rapidity where no particles
are produced. We again tackle the problem using the two-step formalism of Chapters 4
and 5: we first calculate the cross sections for quasi-elastic processes using the classical
MV/GGM approximation and then include small-x evolution corrections in the resulting
expression. For diffractive dissociation where the produced hadrons have large invariant
mass, we develop a nonlinear evolution equation that describes the process.

7.1 General concepts
7.1.1 Diffraction in optics

Diffraction is a typical process in which we can see the wave nature of particles. When
thinking of diffraction one usually pictures the diffraction of light, when a plane wave is
incident on an aperture or an obstacle (see Fig. 7.1) and forms a diffraction pattern on the
screen behind. The diffraction pattern consists of a bright spot in the middle and a series of
maxima and minima of light intensity around it, as shown schematically in Fig. 7.1. The
positions of these maxima and minima depend on the size R of the obstacle or aperture
(the target), the distance d between the target and the screen (the detector), and the light
wavelength A. Depending on the values of these three parameters one usually distinguishes
three types of diffraction, as follows.

(i) Fraunhofer diffraction, when R> /(A d) < 1, which corresponds to the scattering at
very small angles;
(i) Fresnel diffraction, when R? /(A d) =~ 1, which corresponds to the scattering at small
(but not very small) angles;
(iii) geometrical optics, when R?/(Ad) > 1 and we recover the light-ray picture.

Keeping A and R fixed, one can see that when the screen is close to the obstacle or aperture
(i.e., at small d) we have geometrical optics. As we move the screen further away from the
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k
—
diffraction
pattern
obstacle
1 or aperture
plane P
wave (size =R) screen
(detector)
distance d

Fig. 7.1. The diffraction pattern for the scattering of light.

Fig. 7.2. The diffraction of a plane wave with momentum (wave vector) k by a circular
aperture of radius R in a plane screen at z = 0. We observe the diffraction pattern on another
plane screen at z = d.

target we go through a region of Fresnel diffraction, and, far away from the target, we enter
the region of Fraunhofer diffraction. As our goal here is to build an optical analogy to the
high energy scattering of particles, when the detector is far from the target (compared with
the particle size and wavelength), we see that we need to study Fraunhofer diffraction.

To be more specific, consider diffraction on a circular aperture in an infinite plane screen,
with the detector also an infinite plane screen, as shown in Fig. 7.2. We are interested in
the shape of the diffraction pattern on the screen. Our calculation is going to be rather
brief, as we assume that the reader is familiar with the theory of diffraction in optics.
For a more detailed theoretical discussion of the diffraction of light we refer the reader
to the book of Jackson (1998) (Sections 10.5-10.11). For simplicity we also imagine that
instead of electromagnetic light we have some massless scalar field ¢(z, 7). The plane
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252 Diffraction at high energy

wave is incident along the z-axis and is described by ¢;,.(t,7) = etttk g, where @
is the frequency and k = 27 /A is the wave number. According to the Huygens—Fresnel
principle, the field at the detector screen located at z = d, is given by the sum of the
spherlcal waves exp(ik|F — b|) /@ |F — bI) commg from every point in the aperture. Here
7 — b is the distance vector connecting point b in the aperture and point 7 on the screen
(see Fig. 7.2). For d > A the field at the screen (the scattered field) can be written in terms
of a generalized Kirchhoff integral as

Lk eMFbl (7 — b), -
)= / b, Ty (B2 =0), .1)
% 2 YEChon ? (e2=0)

aperture

where the integral is over the two-dimensional surface of the aperture located at z = 0 and
s (2, ?) = e_iwtqbsc(?)- .

For Fraunhofer diffraction we can expand the exponent of Eq. (7.1) to give |[F — b| =
r —bsin@ + O(b?/r), where 6 is the angle between 7 and the z-axis, r = |F|, and b = |b|.
Using this expansion along with (¥ — E)Z /|7 — l;| ~ 1 we can rewrite the Kirchhoff integral
of Eq. (7.1) in the form

= ket 21 —ikbsin®
¢sc (r) = % - d ble ‘ ¢0
aperture
k eikr o ikr R
= — / d*bye Ty = 1@, (7.2)
2wi 1 r
aperture

where ¢ = k' — k is the recoil momentum (wave vector) and k' is the wave vector of the
scattered spherical wave with magnitude equal to k and direction parallel to 7. Note that
b = (b, z =0). The function f(q) is defined as

- k —igb
1@ =5 [ dbieiign 13)
2mi
aperture
and corresponds to the scattering amplitude.
The (time-averaged) energy densities in the incident and scattered waves are given by
214 12 242 2 2 2
P i R i A CO LGS
2 2 2 2 r2

Defining the differential scattering cross section as the ratio of the outgoing energy in an
infinitesimal solid angle d€2 and the flux of energy in the incoming wave we obtain

Lo r?dQ 2
do = 25— = | {@)PdQ. (7.5)
For the circular aperture of radius R in Fig. 7.2 we have
R
- k 2 —id-b . .kR
flg) = o d“b e 0 (R — b) = —ik | dbbJy(bg) = —i—Ji (gR), (7.6)
l q
0
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7.1 General concepts 253

where ¢ = |g| and b = |l;l|. Using this result in Eq. (7.5) and writing d2 = 2w d cos6
with sinf & 6 ~ ¢ /k leads to the cross section

do _ o JE (VITIR)

i , 7.7
dt d t] 7.7)

where we have introduced the Mandelstam variable ¢ = —¢ ? in direct analogy with the
scattering of particles.

From Eq. (7.7) one can see that the differential cross section has a series of minima
(zeroes) at R\/]t] = Rq = Rksinf = x,,, where xy, are the zeroes of J;(z), and a series
of maxima between the minima. These minima and maxima give the diffraction pattern
shown in Fig. 7.1. In ¢-space the positions of the minima and maxima are determined solely
by the target size R.

Diffraction in the context of optics, as discussed here, demonstrates that the diffraction
is a direct consequence of the wave nature of light and has the characteristic structure
of a differential cross section do/dt as a function of ¢, with minima and maxima whose
positions depend only on the inverse size of the target.

Certainly this introduction to the subject of light diffraction is rather short, and the
analogy between optics and particle scattering is much richer and more instructive than has
been demonstrated here. For the interested reader we recommend the book of Barone and
Predazzi (2002), which presents the fascinating history of diffraction in optics along with
discussions of optical diffraction in a framework that corresponds to particle scattering.

7.1.2 Elastic scattering and inelastic diffraction

Now we return to high energy scattering in QCD. Let us begin by considering the scattering
of a projectile such as a color dipole on a nuclear target. The elastic, inelastic, and total
scattering cross sections for the process can be found using Egs. (3.119) if one knows the
S-matrix for the process in impact parameter space. Equation (3.119b) can be rewritten as

dO’ez - |2 - |2
<5 = ‘1 —S(s,bL)’ = ‘T(s,bu‘ ; (7.8)
where T is the T-matrix. Going into momentum space we obtain
2 ’q s -
T(S,lu)=/(2n)ze‘“ T(s,q1) (7.9)
and, noticing that t = —qi, one can readily derive that
dow 1 - _ o 1 N ia - P
=— T, = — d“be 'L T (s, b . 7.10
7 e |T(s,q0) s V e (s,b1) (7.10)

Now consider the scattering on a target that is circular with radius R in the impact
parameter plane. Moreover, assume that the black-disk limit has been reached for all impact
parameters inside the target, i.e., for all b, < R. By analogy with the dipole scattering
studied earlier, we see that in this limit 7'(s, bL) =iN(s, bL) =i0(R — b)), where N is
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Fig. 7.3. The main types of diffraction. The double wavy lines denote pomeron exchange.

the generalization of the imaginary part of the dipole forward scattering amplitude to the

case of an arbitrary projectile. Using this in Eq. (7.10) we obtain

@=nR2m, (7.11)
dt ]

in complete agreement with Eq. (7.7). We see that elastic scattering on a black disk in high

energy physics is mathematically identical to the diffraction of light.

Indeed, in arriving at Eq. (7.7) we considered scattering on an aperture while here we
have analyzed scattering on a disk, which is a different object but of a complementary shape
(that is, the disk and the plane with the aperture together form a complete plane). However,
Babinet’s principle in optics tells us that diffraction patterns for recoil momentum g # 0
are identical for the obstacle and its complement: hence the optical diffraction pattern (7.7)
is the same for a black disk of radius R, as can be verified by an explicit calculation.

The term “diffraction” in high energy scattering and the first theoretical ideas on the sub-
ject were introduced in the early 1950s by Landau, Pomeranchuk, Feinberg, Ahiezer, Ter-
Mikaelyan, and Sitenko (see the review by Feinberg and Pomeranchuk (1956)). These ideas
were crystallized and put into an elegant theoretical framework by Good and Walker (1960).

Athigh energy the term diffraction covers a much broader range than the elastic processes
considered so far in this chapter. An event is considered diffractive if it contains a rapidity
gap. A rapidity gap is an interval in rapidity (usually at least a few units wide) over which
no particles are produced. Clearly, in elastic collisions no new particles are produced in the
rapidity interval between the target and the projectile; in this case the rapidity gap covers
the whole interval in rapidity.

Scattering amplitudes for the main types of diffractive event are shown in Fig. 7.3
for hadron-hadron scattering. The elastic process we have discussed above is presented
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7.2 Diffractive dissociation in DIS 255

7* !
X My
rapidity
sap rapidity
gap
hadron or
nucleus
A

Fig. 7.4. Single diffractive dissociation in DIS: (A) a general representation of the process
and (B) an explanation of the kinematic variables. The double wavy lines represent pomeron
exchange, while the single wavy line denotes a virtual photon.

in panel A. The double wavy line denotes the exchange of a color-singlet object (the
pomeron). Panels B through D represent various cases of inelastic diffraction, where one or
both hadrons break up in the collision, that still lead to a rapidity gap or gaps. Panel B shows
the process of single diffractive dissociation, where one hadron breaks up into several other
hadrons denoted by X while the other stays intact. A single rapidity gap is generated in this
process. One also distinguishes low- and high-mass diffraction, depending on whether the
invariant mass My of the produced particles X is small or large. Processes with a single
rapidity gap in which both hadrons dissociate, as shown in panel C of Fig. 7.3, are referred
to as double diffractive dissociation. Finally, one may have more than one rapidity gap
in the event: an example of a process with two rapidity gaps is shown in panel D, where
hadrons are produced at mid-rapidity and are flanked by a rapidity gap on either side. Such
processes are called central diffraction. If a single particle is produced at mid-rapidity then
the process is referred to as central exclusive diffraction.

While diffraction in hadronic scattering represents an interesting and often challenging
problem in itself, here we will concentrate on diffractive dissociation in DIS.

7.2 Diffractive dissociation in DIS

Consider single diffractive dissociation in DIS. This is a process in which a virtual photon
interacts with the target, producing a number of hadrons and jets in the final state (denoted
by X) but leaving the target intact and generating a rapidity gap. The process is illustrated
in Fig. 7.4A. The particles X with net invariant mass My produced as a result of the
target’s breakup do not fill the whole rapidity interval; they leave a rapidity gap between the
target and the “slowest” produced particle. This rapidity gap is of order AY,,, = In[(§ +
0%)/(M% + Q%)], where § is the center-of-mass energy squared of the virtual photon—target
collision (see Eq. (2.5)). (The net rapidity interval for § > Q2 is Y = In(§/ Q?), while the
produced hadrons fill in the rapidity range AYpeq = Y — AYqqp = In[(M} + 0?)/Q%].)
No particles are produced in the rapidity gap; the existence of such a rapidity gap is indeed
the characteristic signature of diffractive processes.
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256 Diffraction at high energy

Diffractive dissociation in DIS is usually described in terms of the kinematic variables
xp and B, which originate in pomeron phenomenology and are explained by Fig. 7.4B.
Treating the pomeron as an effective “parton” one may describe it as carrying a fraction
xp of the incoming proton’s light cone momentum. Neglecting the mass of the proton and
working in the IMF with the proton moving in the light cone plus direction, we see that the
pomeron will carry momentum x p P*, with P given by Eq. (2.26) with m = 0. Requiring
that (xp P + ¢)> = M)Z( (see Fig. 7.4B) and remembering that § = (P + ¢)?, we obtain

0* + M3

Xp = —— 2.
0% +3
The variable B is defined as the fraction of the pomeron’s light cone momentum carried by
the quark that is struck by the virtual photon; thus (see Fig. 7.4B again)
2
X
S Q—z (7.13)

Xp Q2 + MX

Below we will distinguish low- and high-mass diffraction in DIS. When the invariant
mass of the produced hadrons, My, is low, Mx <« Q, which is usually the case when
few hadrons are produced, we see that B ~ 1 and xp & xp;, 50 that AYe,, =1Inl/xp ~

(7.12)

In1/xp; = Y; the rapidity gap covers much of the net rapidity interval, as expected. When
the mass My is large, My > Q, we have B < | and xp ~ M3 /§ & e~ “Yer; the rapidity
gap may still be large but the rapidity interval filled by the produced hadrons is large as well.

A particularly interesting aspect of diffraction is that the typical momentum transfer
appears to be of order |¢| ~ 1/R?, as follows from Eq. (7.11). The momentum is of order
the inverse size of the target, which is in the nonperturbative QCD region (This is why ¢
was neglected in the derivation of Egs. (7.12) and (7.13).). It would seem, on the one hand,
that diffraction is a non-perturbative process and cannot be studied within the perturbative
QCD framework. On the other hand, a main postulate of the saturation or CGC approach
is that saturation effects generate the saturation scale Q,(Y); this screens the IR physics,
making the cross sections and other observables perturbative. On top of that, in DIS one has
a hard scale 92, which may also be perturbatively large. We see that diffraction becomes a
cross-check of the saturation approach, the main question being whether saturation physics
makes diffraction a perturbative process.

7.2.1 Low-mass diffraction

To describe low-mass diffraction in DIS at high energies it is natural to start with the dipole

picture of DIS presented in Sec. 4.1. Again we have a separation of scales: a virtual photon

will decay into a ¢g pair long before hitting the target and the g4 dipole interacts with the

target in due course. The dipole—target interaction can be either inelastic or elastic. In Chap-

ter 4 we showed that the total DIS cross section can be written as (see Eqs. (4.6) and (4.24))
1

¥ d? d NP L o
ot = f L 4%, / S WG R NGLBL YY), (T.14)
0

2 z(1 —2)
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7.2 Diffractive dissociation in DIS 257

Fig. 7.5. The quasi-elastic DIS amplitude that leads to Eq. (7.17).

Omitting the part of the expression related to the virtual photon wave function, we obtain
for the dipole—nucleus total cross section

olIAE, ., Y) = Z/dzb NG, by, Y) = 2/d2b[1 — SGL, b, Y)]. (7.15)
We see that this is exactly Eq. (3.119a) (as S is real). By analogy with Eq. (3.119b) the
elastic dipole—nucleus cross section is then
_ - 2 -
cITAG L Y) = /dzb [1 — SG.. by, Y)] = /dzb NXGL. B Y).  (7.16)

The corresponding quasi-elastic DIS cross section is obtained by convoluting (7.16) with
the square of the virtual photon’s wave function:'

1

* d2 d * G- - 7
oyt = / L b, / — G PN L b Y). (7.17)
47 z(1 —z2)

0

Equation (7.17) was derived in the quasi-classical GGM/MYV approximation, that is, with N
given by Eq. (4.51), by Buchmuller, Gehrmann, and Hebecker (1997) (see also Buchmuller,
McDermott, and Hebecker (1999)) and by Kovchegov and McLerran (1999). However, one
can see that our derivation assumes only the decomposition of the interaction into the
virtual photon’s wave function and the amplitude N, with the latter independent of the light
cone momentum fraction z. This assumption is also true in the LLA: hence the elastic DIS
cross section (7.17) is also valid in the case when the LLA quantum evolution is included.
Therefore Eq. (7.17) is true whether N is found from the BK equation (4.138) in the large-
N, limit or from the IMWLK equation for the dipole S-matrix (5.98) when the large-N,
limit is relaxed.

The quasi-elastic DIS process corresponding to Eq. (7.17) is illustrated in Fig. 7.5. Here
the virtual photon splits into a ¢ pair, after which the pair interacts with the target nucleus

! Note that the high energy y* A cross section at order o, cannot be elastic, since we do not have a photon in the final
state (see Fig. 7.5): we will refer to this process as quasi-elastic, to distinguish it from high-mass diffraction.
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258 Diffraction at high energy

elastically, as denoted by the oval labeled N. In the LLA approximation this means that
before the interaction the dipole develops a gluon cascade, as in, say, Fig. 4.23; this cascade
interacts with the target by GGM coulomb—gluon exchange and after the interaction is
reabsorbed into the dipole, so that in the final state one finds only the original ¢4 pair along
with the intact nucleus. One may expect that such a process would be very rare, since it
would appear highly unlikely that the gluon cascade would recombine back into the original
dipole. An amazing property of elastic scattering and diffraction is that it demonstrates that
such an intuition is incorrect when it comes to cross sections. Indeed, in the saturation
regime, when the black-disk limit is reached and N = 1, we see from Eqs. (7.15) and
(7.16) that

ol [d*pN? !
4 = = (7.18)
olit 2 f &bN 2

Elastic dipole—nucleus scattering constitutes half the total cross section in very high energy
collisions!

Note that in Fig. 7.5 we have two quarks in the final state: they are likely to fragment
into one or several hadrons, leading to a low-My diffractive final state.

Using Eqgs. (7.14) and Eq. (7.17) we can compare the main properties of the total
and diffractive (quasi-elastic) DIS cross sections, looking for their common and different
features. The large-Q? behavior is particularly instructive. Analyzing the virtual-photon
wave functions squared in Egs. (4.18) and (4.21) we see that, since the modified Bessel
functions K and K fall off exponentially at large values of the argument, at large Q? the
main contribution to the z-integral in both Egs. (7.14) and (7.17) comes from the region
arx; < 1withay givenby Eq. (4.17). Neglecting for simplicity the quark masses m  we see
that this implies /z(I — z) < 1/(Qx,), and, since z(1 — z) < 1/4, we either have 7 < 1 or
1 — z < 1if Qx; > 2. Either the quark or the antiquark carries most of the virtual photon’s
light cone momentum. This configuration is known as the aligned-jet configuration and is
the basis for the aligned-jet model (Bjorken and Kogut 1973, Nikolaev and Zakharov 1975,
Frankfurt and Strikman 1988) since, in the case when the produced quark and antiquark
in, say, Fig. 7.5, fragment into jets, one jet is aligned with the momentum of the virtual
photon.

Concentrating on the z < 1 region (and multiplying the expression by 2 to account for
the 1 — z < 1 region), we can integrate over z explicitly with the help of Egs. (4.18) and
(4.21) to obtain (note that N is z-independent)

1

fz(l— )|\I’V T, )P ~ 4N, Z aEmZ QZ/dzz Kl(le\/_)]
0

16N, (XEMZf 1
== Z - . o (7.19)
f 1
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7.2 Diffractive dissociation in DIS 259

and

1

dz * i o
/ Wy TG )
0

/ ? [KoCxL Q«/—)]

0

zZ(1 —2)

QNC 3 ez 1 - (7.20)
15 T 0%
One can show that for N ~ xi at small x,, which is true in the GGM (4.51) and DLA
(4.150) approximations, the longitudinal contribution (7.20) is more suppressed at high Q>
than the transverse contribution, both for atf,jA and ae’;*A; therefore, we can neglect it in the
large- Q? limit.

Noting that Qx; > 2 and using Eq. (7.19) in Egs. (7.14) and (7.17) yields, after inte-
gration over the angles of ¥,

. 4N, o dx?
VA cXEM axy 2
ol ~ 37TQ2 E / /d bLZN(xL,bL, Y), (7.21a)
4/0?
x 4N .« dx?
y*A cCYEM J_ 2
o) "~ 3nQ2 E / /a’ b, N? (.XJ_,bJ_, Y), (7.21b)
4/0?

where we have assumed that N is independent of the direction of X .
To evaluate the integrals in Eqs. (7.21) we use the explicit leading-twist expression for
the dipole amplitude N from Eq. (4.32), which is valid for x; < 1/Qj, obtaining

1/0?
* 40[SOlEM7T dx 1
ot~ S SN0 Z / lxGA <x ) (7.22a)
1/0 2 5
vA g apun’ 2 2 1
N SN Zz /dxl |:xGA <xx_iﬂ : (7.22b)

where we have used the fact that [ d sz(l; 1) = A and, in the spirit of the GGM approxi-
mation, replaced AxG y with the nuclear gluon distribution xG 4.

Assuming that xG 4 is a slowly varying function of x| , we can see from Eqs. (7.22) that
the total cross section depends on the upper limit of the x -integral logarithmically, while
the quasi-elastic cross section depends on it quadratically. In the absence of saturation
effects the integrals would have to be cut off by the nonperturbative physics in the IR,
that is, we should replace Q, by Agcp: in such a case both cross sections would be
nonperturbative, the elastic one being more so than the total. We see that saturation effects
make both cross sections perturbative, even for r = 0 in the diffractive case, yet again
justifying the perturbative QCD approximation.
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260 Diffraction at high energy

P,W7¢7J/1/17~~~

Fig. 7.6. Exclusive vector meson production amplitude in DIS.

We can make another crude approximation leading to a physical insight if we notice that
in the GGM model the saturation scale squared Q? is proportional to the gluon distribution
function, as follows from Eq. (4.47). Assuming that xG 4 is a slowly varying function of
X1, we integrate over x, in Eqgs. (7.22) to obtain?

2
ol o xG a(x, 0D In 4%, (7.23a)
. 1 5
o)t o [xGa(x, 02)] < xGa(x, Q%) (7.23b)

so that, neglecting logarithms, which are outside the precision of our approximation, the
ratio oel;*A /a,):,:A is approximately independent of Bjorken x (Kovchegov and McLerran
1999). This appears to be in approximate agreement with the data collected at HERA (see
Fig. 9.2 along with Abramowicz and Dainton (1996), H1 collaboration (1997), and ZEUS
collaboration (1999)).

Another important low-mass diffractive DIS process to consider is exclusive vector
meson production. It is related to the quasi-elastic scattering of Eq. (7.17): in exclusive
vector meson production the outgoing quark and antiquark recombine into a single vector
meson. One still has a rapidity gap with the target intact in the final state. This is illustrated
in Fig. 7.6. More precisely the reaction is

yVi+pr—>Vip,w ¢ J/¥,..)+p (7.24)

for DIS on a proton; V denotes a vector meson.

The cross section of this reaction can be easily calculated using LCPT; one simply needs
to find the overlap of the g4 state with the (complex conjugate) light cone wave function
of the vector meson WV, To see this, let us calculate the diagram in Fig. 7.6 in LCPT. The
additional contributions, not present in Eq. (7.17), come from the gg — V process: this is
exactly the reverse of what is described by the vector meson’s light cone wave function.

2 Note that, while in Eq. (4.45) xG y does not depend on x, Eq. (4.32) is still valid in the DLA region even after small-x
evolution is included (cf. Eq. (4.150)), with xG depending on x.
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7.2 Diffractive dissociation in DIS 261

The cross section for exclusive vector meson production is equal to (see Ryskin (1993)
for the J /W production case and Brodsky et al. (1994) for the general case of vector meson
production)

O_y*+A—>V+A

/ d’b,

Note that now the dipole transverse sizes in the amplitude and in the complex conjugate
amplitude are different, and are integrated over separately.

In general the wave function W" is nonperturbative. In practice the main contribution of
the x -integral in Eq. (7.25) comes from short distances, owing to the large values of Q2
and Q? there; thus we can approximate WY (X, z) by W" (0, z) (the wave function at the
origin). For vector mesons " (0, z) is known from their decay into an electron—positron
pair, V. — ete~

One can also show that the typical transverse distances in this process are of order 1/ Qg
and so the process is, therefore, perturbative. However, the diffractive minima and maxima
in the corresponding ¢-distribution are determined by the size of the target. To see this, we
write (analogously to the transition from Eq. (7.8) to Eq. (7.10))

2
/d X1 / WY R ) N(EL by, VWY (R 2| . (7.25)
z(1—2)

do,y'+A—>V+A 1

d2be~i9rbiTaiA g b 7.26
ey =1 / @, J_) (7.26)

where now the 7-matrix element is given by

dle

T, b )—l/ /m WYE L ) N by, VWY (R 2), (7.27)

with Y = In §xi. We see that the b 1 -dependence of the 7-matrix in Eq. (7.27) is given by
that of N, which in turn is largely determined by the geometry of the target. Hence the
positions of the diffractive maxima and minima of vector meson production are proportional
to 1/R, with R the nuclear radius. In addition, the size of the target (or, more precisely, the
size of the interaction region) increases with energy; however, this increase depends mostly
on nonperturbative corrections as we will discuss later.

As suggested by Munier, Stasto, and Mueller (2001), we can use Eq. (7.26) to extract the
b 1 -dependence of the T-matrix (and, consequently, the S-matrix) from the experimental
data, since we can invert it to write

; dov tASVTA
T4, b)) = ’3 > / d2qel bL,/(’T. (7.28)

This relation relies on the assumption that the 7'-matrix is purely imaginary at high energies
(and hence the S-matrix is real). This assumption is certainly correct for small ¢, in the
LLA, but at large values of ¢ the real part of the 7-matrix may not be small. In spite of this
uncertainty, Eq. (7.28) shows that we can observe the T-matrix at fixed b, which, in turn,
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262 Diffraction at high energy

q A
Y
*
7 My
Y0
rapidity
gap
+ 0

Fig.7.7. An example of a diagram contributing to high-mass diffraction in DIS. The vertical
axis on the right measures the rapidities of the particles.

can be calculated in the saturation approach. Note that the nonperturbative light cone wave
function WY enters Eq. (7.27). Above we suggested a rough approximation in which the
vector meson wave function was replaced by its value at the origin. For mesons consisting
of heavy quarks, such as J/ W, or even for the Y-meson, consisting of a bb-pair, one may
hope to improve on that approximation by using perturbative QCD to calculate the wave
functions.

7.2.2 Nonlinear evolution equation for high-mass diffraction

So far we have considered only low-mass diffractive processes, when the gluon cascade
developed by the dipole before the interaction with the nucleus is reabsorbed back into
the dipole after the interaction, so that we only have the original ¢g dipole in the final
state (along with the target), as shown in Fig. 7.5. The quark and the antiquark in the
pair cannot be far from each other in rapidity, since the quark emission at small x, unlike
that for gluons, is not enhanced by a logarithm of x: this is why we neglected the quark
contribution to small-x evolution in the LLA. Therefore, since the invariant mass of the
produced particles is related to the rapidity interval that they fill by M3 = Q?(eAYsinea — 1),
we see that elastic ¢4 pair production mainly leads to low-mass diffraction. If one wants to
produce a high-mass state with a rapidity gap, one has to augment the picture of Fig. 7.5 by
allowing some “fast” gluons to survive in the final state, as shown in Fig. 7.7. The process
is now more complicated than that in Fig. 7.5. While the incoming dipole still develops a
dipole cascade, not all the gluons in the cascade recombine back by the time the system
reaches the final state: only gluons with rapidities between 0 and Y, recombine back, so
that a rapidity gap AY,,, = Yo — 0 = Yy is formed and the target nucleus remains intact,
as illustrated in Fig. 7.7. Gluons with rapidities y > Y, do not need to recombine back
and thus can become “produced” gluons, as shown in Fig. 7.7. In fact some gluons with
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7.2 Diffractive dissociation in DIS 263

y > Yy may even be emitted after the GGM interaction with the target, as we will see
shortly.

First let us define the observable we would like to calculate. Considering dipole—nucleus
scattering, we denote by NP (X, bi.,Y, Yy) the cross section per unit impact parameter for
diffractive dissociation with a single rapidity gap stretching from O (the target) to some
rapidity greater than or equal to Y. The corresponding single diffractive cross section with
rapidity gap greater than or equal to Y in the dipole—nucleus scattering is

GLZ(];CA - /dzb ND(;L’ ZJ_! Ys YO) (729)

If we want to find the diffraction cross section for a given fixed rapidity gap Y, we simply
have to differentiate N with respect to Y, obtaining

,d L;lj%rA INPGL, by, Y, Yp)
T —— | &% S 7.30
X dm3 / Yy (7.30)

where the minus sign is due to the fact that Yoy = AY,,, ~ In§/M3 for §, M% > Q2 so
that dYy = —dM3% /M3 for fixed 3.

By analogy with Eq. (7.17) we can use Eq. (7.29) to write down the following expression
for the single diffractive cross section in DIS:

VA d? .XJ_ N D
ol _/ = fﬁ W7 G DPNPGLL DL Y, Y. (T31)

The differential cross section is

YA - e
N _/'d 2 / WG, ) LONP(E L, by, Y, Yo)
X dM? z2(1—72) Y,

(7.32)

Sometimes we will use the notation N2 (¥, Xo., Y, Yp) for the diffractive cross section
Np of a dipole with the quark at X1, and the antiquark at X ; this is similar to the notation
used in the forward dipole amplitude (see e.g. Eq. (4.141)).

We will assume that Y, Yy, and ¥ — Y, are all large, so that o;Y ~ 1, a;Yy ~ 1 and
ag(Y — Yy) ~ 1 are all important and one has to devise a small-x resummation procedure
to calculate N? in the LLA by resumming all these parameters. We want to derive a
(nonlinear) evolution equation for N? (Kovchegov and Levin 2000). We will work in the
frame where the nucleus is moving in the light cone plus direction, while the incoming
dipole is moving along the minus axis. We will also employ the A~ = 0 light cone gauge
of the (dipole) projectile.

We first observe that when Yy = Y the rapidity gap becomes equal to the whole rapidity
interval, and we have returned to the case of elastic dipole—nucleus scattering considered
in Sec. 7.2.1. The elastic dipole—nucleus cross section is given in Eq. (7.16), which we can
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total

cross section

diffractive

dissociation

Fig. 7.8. Small-x evolution of the total cross section (upper panel) and the cross section for
diffractive dissociation (lower panel).

use to write
NPG L, by, Y =Yy, Yo) = N2(31., b1, Yo). (7.33)

Again in the LLA, N is given by the solution of the BK/JIMWLK equations. We will use
Eq. (7.33) as the initial condition for the evolution equation that we will construct below.

From the point of view of the space—time picture, the process of diffractive production
is quite different from the total cross section considered above. In calculating the total
cross section we needed to find the forward scattering amplitude. For a dipole moving
along the x~-axis, this means that we had to follow its evolution from x~ = —oo to the
time of the GGM-type interactions at x~ = 0 and then again from x~ = 0 to the final
state at x~ = 400, which, for the forward amplitude, is identical to the initial state. There
are two main differences in the diffractive case (and, as we will see later, for the inclusive
production cross sections as well). First, the final state at x~ = +00 is no longer identical
to the initial state. Second, we cannot use the optical theorem to find the diffractive cross
section: instead we have to square the scattering amplitude. This means that we have to
follow the evolution of the dipole and its gluon cascade from x~ = —oo to x~ = 400 both
in the amplitude and in the complex conjugate amplitude.

We illustrate the differences between the calculations of the total and diffractive cross
sections in Fig. 7.8. Using the notation of Fig. 5.8 we denote by a vertical dashed line the
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7.2 Diffractive dissociation in DIS 265

Fig. 7.9. Diagrammatic representation of the elastic scattering in Eq. (7.33).

GGM interactions with the target (along with the subsequent small-x evolution) for all the
particles that cross the dashed line. The interactions with the target (and the subsequent
evolution) are instantaneous compared with the lifetimes of the s-channel gluons and
quarks. The forward scattering amplitude in the upper panel of Fig. 7.8 is used to obtain
the total dipole—nucleus cross section. There is a single light cone time, which varies from
X~ = —o0otox~ = +oo, with the GGM interaction at x~ = 0. The lower panel shows the
scattering amplitude squared: the time varies fromx~ = —ootox~ = +o0 in the amplitude
and in the complex conjugate amplitude (the light cone time in the latter is denoted by x'~
to distinguish it from the time in the amplitude). The vertical solid line in the lower panel
of Fig. 7.8 denotes a cut; gluons may be emitted in the amplitude and then, crossing the
cut, be absorbed into the complex conjugate amplitude. Such gluons exist in the final state
and so are “produced”. (Indeed, they fragment into hadrons in the final state: here we are
using perturbative slang, in which the term “produced” implies eventual convolution with
the fragmentation functions, according to the standard perturbative QCD prescription.) The
gluons could be also emitted and then reabsorbed in the (complex conjugate) amplitude:
such gluons are not “produced” and may contribute to the formation of the rapidity gap in
which we are interested. Readers familiar with finite-temperature field theory may draw
an analogy between the two light cone times x~ and x’~ and the time contour in the
Schwinger—Keldysh formalism.

To illustrate further this two-time formalism we show a diagram contributing to the
elastic dipole—target scattering given by Eq. (7.33) in Fig. 7.9. No gluon in Fig. 7.9 is
“produced” since none crosses the cut. Instead, the evolution and the interaction with the
target happen separately and independently in the amplitude and in the complex conjugate
amplitude, each giving a factor N generated by the BK/JIMWLK evolution. (The interaction
with the target has been assumed to be elastic in all the diagrams in this subsection; we
have to use the forward, i.e., elastic dipole amplitude in the GGM approximation from
Eq. (4.139) as the initial condition for the evolution for N on each side of the cut.)

An interesting question arises about the connection between the two-time amplitude-
squared approach and the forward amplitude in the upper panel of Fig. 7.8. After all, we
do not have to use the optical theorem to find the total cross section: we can simply square
the sum of all the possible scattering amplitudes. This type of calculation would follow
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Fig. 7.10. Classes of diagrams with final-state interactions that cancel. The dotted vertical
lines denote the intermediate states discussed in the text.

the logic of the lower panel in Fig. 7.8 and would include many more diagrams than the
forward scattering amplitude in the upper panel of the same figure. Yet the answer for the
total cross section should be the same regardless of the calculational strategy. One would
like to see explicitly how a summation over all possible emissions and absorptions in the
lower panel of Fig. 7.8 (without any constraints on the final state such as rapidity gaps)
would lead to the diagram in the upper panel of Fig. 7.8. Understanding this question would
give us a new insight into how the optical theorem works.

The answer to this puzzle is that all the emissions and absorptions for times after the
interaction with the target, x~ > 0 and x’~ > 0, simply cancel. This cancellation of the
final-state interactions was first proven by Chen and Mueller (1995) using a diagrammatic
approach. We present the canceling diagrams in the large- N, language of the dipole model
in Fig. 7.10 using the notation introduced in Figs. 4.18 and 4.20. The cancellations are of
two types. Type-A cancellations, shown in the first line of Fig. 7.10, involve a gluon that
is emitted and absorbed in the final state, i.e., at x~ > 0, x’~ > 0. Type-B cancellations,
shown in the second line of Fig. 7.10, involve a gluon that is emitted at x~ < O but is
absorbed either at x~ > 0 or at x’~ > 0. (Cancellations in diagrams that are the complex
conjugates of those of type B take place as well but are not shown, for brevity.)

The proof of the cancellations in Fig. 7.10 can be performed diagrammatically, following
the original derivation of Chen and Mueller (1995). This is based on the fact that, for
instance, the only difference between the two diagrams of type B is the sign of the LCPT
energy denominators of the intermediate states denoted by the dotted vertical lines. When
constructing an energy denominator the rules of LCPT require us to subtract the energy
of the incoming state. However, since the energy of the whole process is conserved, the
energy of the incoming state is equal to the energy of the outgoing state and we can equally
well subtract the latter from the energy denominators. Since for x~ > 0 the energy of the
target does not change any more, as the interactions with the target are over, we only need
to consider the s-channel gluons. The intermediate state in the diagram on the left in row
B in Fig. 7.10 then brings in a denominator with the energies of the quark and antiquark
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7.2 Diffractive dissociation in DIS 267

minus the energy of the same ¢g pair and a gluon in the final state. Since in the LLA the
energies of the quark and antiquark change little, we get
1 1

— — — — = ——, (7.34)
pr +py —pl +py —k ky

where p|’, p, are the quark energies while k; is the gluon light cone energy. Similarly, the
intermediate state denoted by the dotted line on the right in row B gives

- (7.35)
Py +py +ky —pr +pg ky

exactly equal to Eq. (7.34) in magnitude but opposite in sign. Since, as we have already

mentioned, the remainders of the type-B diagrams are identical, we obtain the cancellation

illustrated in Fig. 7.10B.

Similar sign changes in the energy denominators apply in the type-A case along with
symmetry factors; the result is that the second and the third graphs are equal to minus
one-half the first graph. (Note that a complete analysis of the diagrams of type A should
include instantaneous terms like those shown in Fig. 4.14.)

One may also use the language of Chapter 5 to argue for the cancellation. Define
the fundamental Wilson line over an arbitrary interval [x, , x, ] along the x~-axis (see
Eq. (5.78)) by

Xy
Vs, [x;, x; 1 =Pexp %/‘d}c’t"A”()ﬁr =0,x",y1) (7.36)

X1

where the gluon field A™ is either the classical field of the target or an effective field
taking into account the small-x evolution corrections. The contribution of the final-state
part (x~ € [0, +00]) of a dipole—nucleus scattering diagram is then given by

Vi, [+00,01 ® V{ [+00,0], (7.37)

where, as usual, the quark is at X;; and the antiquark is at Xy, as shown in Fig. 7.10B.
Squaring the amplitude we get

Vi, [+00, 01V [+00,01® V{ [+00,0]V;,, [+00,0] =1® 1. (7.38)

All the interactions cancel and we end up with a noninteraction unit contribution. This
cancellation is akin to the unitarity argument presented in Sec. 2.4.2, which was also used
for construction of the dipole wave function in Sec. 4.3.

The cancellation of interactions at x~ > 0, x’~ > 0 and the identification of the x'~ < 0
part of the diagram in the lower panel of Fig. 7.8 with the x~ > O part of the upper
panel reduces the amplitude squared to twice the imaginary part of the forward amplitude
(according to the Cutkosky rules), in agreement with the optical theorem.

We are now ready to construct an evolution equation for the diffractive cross section
NP 1, X1, Y, Yo). As we have seen before, with regard to the derivation of BK evolution,
it is a little easier to construct the equation for the S-matrix than for the 7-matrix. The
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268 Diffraction at high energy

Fig. 7.11. Diagrammatic representation of the definition of S” in Eq. (7.39). Here the
dashed lines simply denote the times x~ = 0 or x'~ = 0. Interactions with the target are
included only when these lines cross the shaded circles.

cross section N by definition contains the interaction with the target both in the amplitude
and in the complex conjugate amplitude. We can complete it to an S-matrix-like object S*
by adding terms where there is no interaction either in the amplitude or in the complex
conjugate amplitude (which gives —N (X1, Xo., Y) for each) and also terms where there is
no interaction on either side of the cut (which gives 1). We thus define

SP(F11, X1, ¥, Yo) =1 —2N(F11, Xou, Y) + NP1, %ou, Y, Yo). (7.39)

The quantity S? includes both the interacting and the noninteracting contributions to the

left and to the right of the cut with the constraint that in the final state there is always a

rapidity gap greater than or equal to Y. The definition (7.39) of S? is illustrated in Fig. 7.11.
When Y =Y, using Eq. (7.33) we have

SPGL, Xou, Y = Yo, Yo) = S* (%11, ¥ou, Yo) (7.40)

with S given by the BK/JIMWLK equations. We now want to derive the ¥ evolution for S?
for Y > Yy, with the initial condition at ¥ = Y given by Eq. (7.40). Suppose that in one
step of the evolution we emit a gluon with rapidity y > Y. Since there are no final-state
restrictions on gluons with y > Y, the gluon may or may not cross the cut and be present
in the final state. (The rapidity gap is greater than or equal to Yy; if the y > ¥, gluon is not
present in the final state this would simply extend the gap to rapidity y, which is still included
in the definition of S?.) A gluon with y > ¥, may be emitted and absorbed at x~ < 0 and
x'~ = 0. However, owing to the cancellations in Fig. 7.10, all emissions or absorptions at
x~ > 0,x'~ > 0cancel out, and we are left with the normal dipole evolution of the forward
amplitude that we used in deriving the BK evolution equation, with all the emissions and
absorptions taking place at x~ < 0, x'~ < 0. We conclude that the evolution for S” is
equivalent to that of the S-matrix, which in the large- N, limit is given by Eq. (4.137) and
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N T
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T

Fig. 7.12. A graphic form of the equation for the cross section of diffractive production.
The dashed-line notation is the same as in Fig. 7.11.

illustrated in Fig. 4.26. Thus we can write

dy SP(X11, Xo1, Y, Yo)

. 2
Q, X > > > > > >

= — | d*xy5%5 [SP (X1, o1, Y. Y0)SP (a1, Xou. Y. Yo) — SP(¥11. Xou. Y, Yo)] .
2w X50%3

(7.41)
Substituting Eq. (7.39) into Eq. (7.41) we readily obtain (Kovchegov and Levin 2000)
NP1, X1, Y, Yo)

= 2
@ 2. *io

2

2
X20%21
X [ND()?u, %21, Y, Yo) + NP(Xay, X1, Y, Yo) — NP (X1, Xo1, ¥, Yo)

+ NP, %ou, Y, Yo NP %oy, Xou, Y, Yo)
— 2N(X11, %21, YINP(Xp1, X1, Y, Yo)

— 2NP(X1 1, %1, Y, Yo)N(X21, X1, ¥Y) + 2N (F11, 21, Y)N(Xau, Xou, Y)j|-
(7.42)

This is a nonlinear evolution equation with the initial condition specified at ¥ = Y; in
Eq. (7.33). To solve it one has first to solve the BK equation (4.138) to find the dipole
amplitude N, which is then used in Eq. (7.42) to find Np. Owing to the apparent complexity
of both Eq. (7.42) and the BK equation, no analytic solution of Eq. (7.42) exists.

Equation (7.42) is illustrated diagrammatically (and, perhaps, somewhat schem-
atically) in Fig. 7.12. We can see that in the nonlinear terms the factors 2 arise from
adding diagrams that are mirror-reflected with respect to the cut diagrams shown. The
coefficients in front of the nonlinear terms on the right-hand side of Eq. (7.42) turn out to be
in agreement with the Abramovsky—Gribov—Kancheli (AGK) cutting rules (Abramovsky,
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270 Diffraction at high energy

Gribov, and Kancheli 1973), as was shown by Kovchegov and Levin (2000). The AGK
cutting rules originate from the pomeron theory of high energy strong interactions but
appear to work (almost always) in QCD in the LLA. The interested reader is referred to the
original paper by Abramovsky, Gribov, and Kancheli (1973) and to a more recent paper by
Bartels and Ryskin (1997).

A numerical solution of Eq. (7.42) was performed by Levin and Lublinsky (2001, 2002a).
It was shown that the diffractive cross section resulting from Eq. (7.42) has a geometric
scaling behavior and that the saturation scale for these processes has the same dependence
on energy and atomic number A as the saturation scale for the total cross section. It was also
predicted that the ratio oy/0/,; has only a mild energy dependence and M%-dependence,
in agreement with an estimate from Eqs. (7.23) and, more importantly, with the HERA data
(see Abramowicz and Dainton (1996), H1 collaboration (1997), and ZEUS collaboration
(1999)).

Further reading

For further reading on diffraction we recommend the books by Barone and Predazzi (2002),
Donnachie, Dosch, and Landshoff (2005), and Forshaw and Ross (1997). In these books
a wide spectrum of different problems is discussed, from the wave nature of diffrac-
tive scattering to the practical phenomenology based on the reggeon approach. Several
reviews of diffraction in DIS cover the topics that have been discussed here in more detail:
Wausthoff and Martin (1999) (perturbative QCD), Hebecker (2000) (perturbative QCD and
beyond, including the semiclassical approach to diffraction), and Weigert (2005) (the CGC
approach to diffractive processes). We also recommend the review by Boreskov, Kaidalov,
and Kancheli (2006), which gives an outline of diffractive processes using pomeron phe-
nomenology, as well as the paper by Bartels and Kowalski (2001), where the space—time
picture of diffractive processes is explored.

Low-mass diffraction with the production of a gg-pair and a ¢gG state was discussed
originally by Buchmuller, Gehrmann, and Hebecker (1997), Buchmuller, McDermott, and
Hebecker (1999), and Kovchegov and McLerran (1999). We also recommend the papers
by Munier and Shoshi (2004), Marquet (2005), and Golec-Biernat and Marquet (2005),
Kopeliovich, Potashnikova, and Schmidt (2007), and Golec-Biernat and Luszczak (2009).
In them one can find comparisons of the theory with the experimental data on diffraction.

For exclusive vector meson production in DIS we recommend the papers by Ryskin
(1993) and Brodsky et al. (1994), along with the more recent paper of Marquet, Peschanski,
and Soyez (2007).

As we have shown, high-mass diffraction is intimately related to the BFKL pomeron
interaction, and the calculation of this process has been a main subject of interest in the
community over several decades, starting from the Gribov, Levin, and Ryskin (1983) paper
(see also Levin and Wusthoff (1994)).

High-mass diffraction in perturbative QCD was studied in the following papers: Levin
and Wusthoff (1994), Bartels and Wusthoff (1995), Braun and Vacca (1997), Bartels, Braun,
and Vacca (2005), and Bartels and Kutak (2008). Using a dipole approach, high-mass
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Exercises 271

diffraction has been considered in papers by Bialas, Navelet, and Peschanski (1998, 1999),
Korchemsky (1999), and Navelet and Peschanski (2001). Equation (7.42) has been rederived
using methods different from those of Kovchegov and Levin (2000) in the following papers:
Kovner and Wiedemann (2001) (using the eikonal approach), Hentschinski, Weigert, and
Schafer (2006) (in the IMWLK approach, generalizing Eq. (7.42) beyond the large-N,
limit), Kovner, Lublinsky, and Weigert (2006), and Hatta et al. (2006) (using general CGC
concepts).

Exercises

7.1 Pick any diagram with a specific quark—gluon couplings in the type-B class from
Fig. 7.10 and show explicitly that the cancellation does happen, as shown in the figure.

7.2 (a) Solve the following zero-transverse-dimensional equation for S Dy, Yy):
Iy SP(Y, Yo) = i [SP(Y, Yo))? — o SP (Y, Yo) (7.43)

with the initial condition SP(Y = Yy, Yy) = [1 — N(Yo)]? (see Eq. (7.40)) with
N(Y) as found in Exercise 4.5(b).
(b) Using the result of part (a) find the diffractive cross section

sdogg  INP(Y.Yo)  3SP(Y, Yo)
Xdamy o o

(7.44)

Plot it as a function of Y. You should get a function of Y| that peaks at a large Y,
value that is close to Y: this maximum in the diffractive cross section is a direct
manifestation of the saturation/CGC dynamics.
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8
Particle production in high energy QCD

We now turn to the question of particle production in the saturation framework. We will
work out explicitly the case of inclusive gluon production in high energy collisions. Again
the calculation follows the two-step formalism we have seen before: we first find the
gluon production in the quasi-classical approximation and then include quantum small-x
evolution effects in the result. The methods that we present can be applied to the calculation
of other particle production observables as well.

8.1 Gluon production at the lowest order

Consider gluon production in onium—onium collisions, studied in Chapter 3. The lowest-
order gluon production takes place at order & in the amplitude squared (order g* in the
amplitude). The corresponding Feynman diagrams for high energy gluon production in
quark—quark scattering are shown on the right-hand side of the equation in Fig. 3.6: in the
case of onium—onium scattering one should also include a contribution where the antiquark
line replaces either one or both quark lines. For quark—quark scattering the gluon production
cross section can be obtained from Eq. (3.39): noticing that dy = dk™ / k' we write for the
differential cross section

do _ ZaSCFL dqu 1
d*krdy kg gl (ki —q.)?

8.1)

Using the lowest-order unintegrated gluon distribution of a quark (cf. Egs. (4.26) and

(5.55)),
2 OlSCF 1
dLo(ky) = W g, (8.2)
one can rewrite Eq. (8.1) in the following form:
do 20, 1 N
— = | & 2 ki —q.)?). 8.3
Tl ~ 91010} dro (ks —3.)?) 8.3)

We see that the gluon production cross section consists of factorized contributions of the
unintegrated gluon distributions ¢; ¢ for each quark, convoluted with a g -integral (Gribov,
Levin, and Ryskin 1983, Catani, Ciafaloni, and Hautmann 1991, Collins and Ellis 1991).

272
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8.1 Gluon production at the lowest order 273

Fig. 8.1. Diagrammatic representation of kr-factorization in Eq. (8.3). The vertical solid
straight line denotes the final-state cut.

Such a factorization containing an integral over transverse momenta is known as a
kr-factorization as opposed to the more standard collinear factorization in perturbative
QCD, in which there is no transverse momentum integral (Collins, Soper, and Sterman
1985a,b, 1988a,b).!

To obtain the gluon production cross section at order o in the case of onium-onium
scattering one has to sum over all possible diagrams of the type shown in Fig. 3.6, including
the antiquark contributions both in the amplitude and in the complex conjugate amplitude
(cf. Fig. 3.7). Eventually we see that Eq. (8.3) remains the answer for gluon production in
the case of onium—onium scattering also, but with the unintegrated gluon distribution of
an onium given by Eq. (3.92) instead of Eq. (8.2) and with the Green function G given by
Eq. (3.59), so that

1
B (k2 = ﬂkiz / d’x; / dz|WEL D (2 - e Bt =Bt ) (8.4)
r 0

where W(x |, z) is the bare onium wave function.

Equation (8.3) is illustrated in Fig. 8.1, where the shaded ovals denote the unintegrated
distributions of the two onia and the solid circles denote Lipatov vertices. We see that, at
this lowest order, the gluon production is given by factorized diagrams like that shown in
Fig. 8.1, leading to the kr-factorization expression (8.3).

Equation (8.1) can be integrated over ¢, explicitly, with the help of the integral performed
in appendix section A.3. This yields (cf. Gunion and Bertsch 1982)>

do__8«Cr 1\ kr (8.5)
d%krdy T ky A

with A an IR cutoff as usual. There is a problem with Eq. (8.5): if we integrate both sides
over k, to obtain the integrated cross section do/dy we would get do/dy ~ (1/A?)In A.

! A proper discussion of particle production in the collinear factorization framework is beyond the scope of this book.
Instead we refer the reader to the textbook by Sterman (1993) and the monograph by Collins (2011) and the references
therein.

2 In the framework of the MV model, Eq. (8.5) was derived by Kovner, McLerran, and Weigert (1995a,b) and by
Kovchegov and Rischke (1997).
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274 Farticle production in high energy QCD

Thus the integrated cross section depends on the nonperturbative IR cutoff in a power-
law way, indicating that one probably should not calculate do/dy using a perturbative
approach.

A similar problem remains for the net gluon multiplicity, which is defined by

dN 1 do 8.6

dPkrdy ~ i d?krdy (8.0

with oy, the total inelastic scattering cross section. At the lowest-order, two-gluon-

exchange, level, we have o;,, ~ 1/A2. Combining this with do/dy ~ (1/A®)In A we

see that the gluon—gluon multiplicity scales as dN/dy ~ In A, i.e., it is also IR-cutoff-

dependent, though the dependence is logarithmic and so is much softer than that for
do/dy.

These IR problems in do/dy and dN/dy are remedied by saturation physics, which again
enables the use of the perturbative approximation. Above we have seen several examples
of how saturation effects screen the IR region, making observables much less dependent
on nonperturbative physics; we will now see how this happens for the inclusive gluon
production.

8.2 Gluon production in DIS and pA collisions
8.2.1 Quasi-classical gluon production

Let us now try to generalize the leading-order gluon production cross section we have just
obtained to the case of gluon production in DIS on a nucleus. Our observable is the single-
particle inclusive gluon production: we want to measure a gluon in the final state without any
constraints on what else can be present in the final state. (Because of the lack of final-state
constraints this observable is referred to as “inclusive”, as opposed to exclusive processes
such as diffraction.) We will be working in the quasi-classical MV/GGM approximation.
Just as for the total DIS cross section we can factor out the light cone wave function for
a virtual photon splitting into a ¢4 pair and consider only the dipole-nucleus scattering.
According to the MV model, the gluon production in DIS should be obtained by finding
the classical gluon field solution of the Yang—Mills equations (5.4) with the source current
now given by the nucleus and the ¢g dipole. One may also consider gluon production
in proton—nucleus (pA) collisions: in this case the source current is given by the nucleus
and the proton. The difference between a nucleus and a proton in the saturation picture
is that the proton’s saturation scale Qy; is much smaller than the nuclear saturation scale
0O, 1.e., Q51 K Qy». Therefore, when one is considering gluon production with transverse
momentum k7 3> Oy and making no assumption about the relation between kr and Q»,
one can neglect multiple interactions with the proton and other saturation effects in the
proton wave function while keeping multiple rescatterings to all orders in the nucleus. As
we saw in Chapter 5 the classical MV treatment resums the parameter a?A'/? resulting
from two-gluon exchanges with each nucleon and in this way is equivalent to the GGM
approach. We conclude that, working either in the light cone gauge of the dipole (proton),
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8.2 Gluon production in DIS and pA collisions 275

Fig. 8.2. Diagrams contributing to the gluon production amplitude in quark—nucleus
collisions. The cross denotes the measured gluon.

or in the covariant gauge, when resumming the diagrams for gluon production we have to
include all the multiple two-gluon rescatterings on the nucleons in the nucleus.

For simplicity we begin by calculating gluon production in quark—nucleus scattering.
We work in a frame in which the nucleus is moving along the x*-direction while the
quark is moving along the x~-direction. The calculation is simpler in the A~ = 0 gauge,
which we will be using. This gauge is equivalent to the 9, A* = 0 covariant gauge for the
nucleus. The LCPT diagrams contributing to gluon production in quark—nucleus collisions
in the A~ = 0 gauge are shown in Fig. 8.2. Analogously to the case of small-x evolution
considered above, the gluon’s minus component of momentum is much smaller than that
of the incoming quark. Gluon emission may take place either before or after the interaction
with the target (cf. Fig. 4.24 and the accompanying explanation of why emissions during
the interaction are suppressed by a power of s). Interactions with the nucleons in the target
may be both elastic and inelastic.

Just as before, calculation of the diagrams is easier to carry out in transverse coordinate
space. However, in the end we need to find the differential production cross section in
momentum space. To connect the momentum-space cross section to transverse coordinate
space let us go back to the lowest-order gluon production from the previous section. The
lowest-order term in Eq. (8.1) is given by (see Sec. 3.3.1)

do 1 d’q 1

dkrdy ~ 2020y (2n)2EW”‘”*""G("L@)'2> @7

where the scattering amplitude M, _.44¢ is given in Eq. (3.35) and s is the center-of-mass
energy squared of the collision. Defining a rescaled amplitude by (cf. Eq. (B.22))

qu—)qu(kJ_v él)

Ak, §.) = o

) (8.8)

we can rewrite Eq. (8.7) as

do 1 d*q

Tods = 3377 ) @ 1AKL a0, 5.9)
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Fig. 8.3. Gluon production at the lowest order with the transverse coordinates shown
explicitly.

To Fourier-transform the amplitude A(k,, ¢, ) into transverse coordinate space we use

dzkj_ d2qL

ilﬁ-izﬁ-ifh'fle ]_é Lad.), 8.10
T (271)26 (ki,q1) (8.10)

A(X23, X13) =

where as usual X;; = X;; — X;,. Equation (8.10) is illustrated in Fig. 8.3 for one of
the lowest-order diagrams from Fig. 3.6. Remember that in eikonal interactions the trans-
verse coordinates of the particles remain unchanged: hence the colliding quarks have
transverse coordinates x;; and X3, both before and after the interaction. Also note that the
amplitude My, 44c and with it A(I; 1, 1) already have momentum conservation imposed
on them: this leads to translational invariance in coordinate space, making the coordinate-
space amplitude A(X23, X13) in Eq. (8.10) a function of the differences between the transverse
vectors only.
Inverting Eq. (8.10) we get

AL, G1) = / dPxydPxge PR EG D ARy F), 8.11)

Using this in Eq. (8.9) and integrating over ¢, we obtain

do B 1
d?krdy — 2Q2m)3

/ d2x2d2x2'd2x1€_ih'£2z’ (A(X23, X13)A* (X3, X13)), (8.12)

where ¥, and Xy are the transverse coordinates of the gluon in the amplitude and in the
complex conjugate amplitude respectively. We see that the reason that the two coordinates
are different is that we are keeping the transverse momentum of the gluon k, fixed: if
we integrated Eq. (8.12) over k 1 this would make X,, and Xy, equal. One can think of
the difference between X, and X as due to the uncertainty principle: if we know the
momentum K | exactly, we cannot have precise knowledge of the transverse position of the
gluon. Note that since we do not keep the transverse momenta of the two quarks in the final
state fixed and, rather, allow them to be arbitrary (that is, we integrate over all their values),
the transverse coordinates of the quarks are the same in the amplitude and in the complex
conjugate amplitude.
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n=0 :
El
T

Fig. 8.4. An extension of the notation of Fig. 5.8 to include inelastic interactions between
the projectile and the nucleons in the target nucleus.

Note that for a nuclear target with the quark at X3, part of a nucleon in the nucleus, the
angle brackets in Eq. (8.12) would imply an average over all positions of the nucleon,

/dzxﬂ(zu), (8.13)

where T'(X3,) is the nuclear profile function defined in Eq. (4.31).

Equation (8.12), while derived for the lowest-order gluon production, is applicable
for gluon production in any process involving the eikonal scattering of a quark (or any
other projectile, such as an onium or a proton) on a target nucleus, including multiple
rescatterings and small-x evolution. In deriving Eq. (8.12) we had to rescale the scattering
amplitude in Eq. (8.8): however, it is possible to see that in the GGM multiple rescattering
case each additional nucleon enters with the same normalization factor, so that the net
scattering amplitude (4.51) is energy independent. In addition, in eikonal scattering and
LLA small-x evolution the transverse coordinates of the gluons and quarks do not change,
which implies that the transverse vectors X5, X» | , and X1 in Eq. (8.12) will not change if
we allow the quark and the gluon to multiply rescatter and branch out into more gluons in
the LLA approximation. We conclude that Eq. (8.12) is the required relation between the
momentum-space cross section and the coordinate-space scattering amplitude.

Squares of the diagrams in Fig. 8.2 giving the production cross section are shown in
Fig. 8.5 using the slight extension defined in Fig. 8.4 of the notation from Fig. 5.8 for
the interaction of the projectile with the target: now the vertical dashed line includes both
elastic and inelastic interactions with the target. Beyond the diagrams, the notation in
Fig. 5.8 includes the averaging of Wilson lines over the target fields while the notation of
Fig. 8.4 does not. The graphs shown in Fig. 8.5 represent the amplitude squared, with two
time axes, one in the amplitude and one in the complex conjugate amplitude, just as in the
case of diffraction considered above.

Figure 8.5 demonstrates all the main cases one has to consider. If x_,, is the light cone
time of the gluon emission in the amplitude while x/, is that in the complex conjugate
amplitude (see diagram C in Fig. 8.5), we have four cases represented in Fig. 8.5, as follows.
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Fig. 8.5. Diagrams contributing to gluon production in quark—nucleus collisions. The cross
denotes the measured gluon.

(A) x;,, <0, x,, < O0: the gluon is emitted before the interaction with the target both in
the amplitude and in the complex conjugate amplitude.

(B) x,, >0, x,,, < 0: the gluon is emitted after the interaction with the target in the
amplitude but before the interaction with the target in the complex conjugate amplitude.

(©) x,, <0, x,, > 0: the gluon is emitted before the interaction with the target in the
amplitude but after the interaction with the target in the complex conjugate amplitude.

(D) x,,, > 0,x,, > 0: the gluon is emitted after the interaction with the target both in the

amplitude and in the complex conjugate amplitude.

We need to find the amplitude squared in transverse coordinate space to use in Eq. (8.12).
To do this we have to calculate the diagrams in Fig. 8.5. The transverse coordinates of the
quark (¥1,) together with the coordinates X, and Xy of the gluon to the left and to the
right of the final state cut are shown in panel A of Fig. 8.5. The calculation is easier to
carry out using LCPT, in which the process factorizes into the light cone wave function for
a quark splitting into a quark and a gluon and the amplitude for the interaction with the
target.

The soft gluon emission brings in a factor (cf. Eq. (4.60))

gta gj”_* . )_521

T X%I

i

(8.14)

in the amplitude and the same (but conjugate) factor with the index 2 replaced by 2’ in the
complex conjugate amplitude, along with a — b (the gluon colors allocation is given in
Fig. 8.5A). In Eq. (8.14), A is the polarization of the gluon, which remains unchanged in
the eikonal interaction with the target and is therefore the same on both sides of the cut.
Emissions with either x_,, > 0 or x,, > 0 lead to an extra minus sign compared with the
early-time emissions: this can be deduced from panels A and B of Fig. 8.5. There the vertical
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8.2 Gluon production in DIS and pA collisions 279

dashed lines denote the intermediate states in the amplitudes A and B used in calculating
the quark splitting corresponding to Eq. (8.14). In panel B the intermediate state contains
only a quark (with the rest of the target, not shown): in building up the energy denominator
for this state we have to take the light cone energy of the quark (and the outgoing target)
and subtract the light cone energy of the incoming state, or, equivalently, the energy of the
outgoing state. We thus obtain the light cone energy of the intermediate-state quark minus
the energies of the outgoing quark and gluon. This is the negative of the energy denominator
for the intermediate state highlighted by the dotted line in panel A of Fig. 8.5. We see that
the late-time emissions bring in an extra minus sign. This conclusion is similar to that
regarding the sign difference used in deriving the cancellations in panel B of Fig. 7.10 (see
Egs. (7.34) and (7.35)). To summarize, diagrams B and C in Fig. 8.5 have an extra minus
sign compared with diagrams A and D in the same figure.

We now need to calculate the interactions with the target in each panel of Fig. 8.5. This
is easiest to do using the language of Wilson lines defined in Eqs. (5.43) and (5.44). The
interaction with the target in Fig. 8.5A (along with the color factors resulting from the gluon
emission) gives

<itr [t”vJ Vs z“] Uk yea > — CpSe(Fal, Tol, ¥) (8.15)
N. XML Xorg T X2L ’ > I
where we have used Eq. (5.33) and definition (5.46) to simplify the expression. As in the
case of the calculation in Sec. 3.3.1 we assume that the target nucleus has rapidity O while
the produced gluon along with the quark that emits it have rapidity y. Note that the quark’s
interaction with the target cancels out in diagram A: the quark becomes a “spectator” and
the interaction is given by the gluon dipole S-matrix.
The contribution of Fig. 8.5B is obtained similarly, yielding, with the help of Eq. (5.31),

1 > o
<Ftr [t” v llem] U§5L> = CrSo(¥1L. X1, y). (8.16)

c

By analogy diagram C brings in
CrSc(X21, %11, y) (8.17)

and diagram D contributes only a factor Cp.

Combining the emission contribution (8.14) with the interaction terms we have just
found, and using it all in Eq. (8.12) while keeping in mind that diagrams B and C have an
extra minus sign, we obtain, after summation over the gluon polarizations (Kovchegov and
Mueller 1998a):

dO'qA 1 . OlSCF .;21 . )?2/1
= o | dndixy dixeT T s o
d*krdy  (2m) T XXy

X [S(Xor, X1, ¥) = Se(RiL, Xou,y) — Se(ar. X1, )+ 1] (8.18)

This result was independently confirmed by Kopeliovich, Tarasov, and Schafer (1999) and
by Dumitru and McLerran (2002). Equation (8.18) can also be rewritten in terms of the
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280 Farticle production in high energy QCD
imaginary part of the gluon dipole—nucleus forward scattering amplitude,
Ng(¥11, Xor, ¥Y) = 1= Sc(X11, Xo1, ¥), (8.19)

as follows:

do 4 1

o;Cp X1 - Xy
Pkrdy  (2n)?

d?xy d?xy d?x e R
72 122
21%21

x [No(X11, %21, y) + No(Gia, %11, y) — No(¥ar, X210, )] (3.20)

While our derivation of Eq. (8.20) was quite general, in the MV/GGM quasi-classical
approximation one should use the amplitude Ng given by Eq. (5.51) in Eq. (8.20). In that
approximation for Ng, Eq. (8.20) would give us the gluon production in quark—nucleus
scattering in the quasi-classical MV/GGM approximation.

It is interesting to note that Eq. (8.20) can be rewritten in the kr-factorized form seen
in Eq. (8.3). To see this we integrate over X, in the first term in the square brackets of
Eq. (8.20), over X in the second term in the same brackets, and over X, in the third term,
with the help of Egs. (A.10) and (A.12). This yields, after some coordinate relabeling,

do 4 C P ki T 1
—20 =2 3F /d2x2 d*xye ke 21'—; . x% —1In
d dey 2 ki X5y XszA

X Ng(X21, X1, y) (8.21)

with A again an IR cutoff. Using the fact that Ng(X2, = X»1, X21, Y) = 0 (a zero-size
dipole does not interact), we can rewrite Eq. (8.21) as

do 4 _o,Cp 1

d*krdy 273 K

d*xy d*xy NG (¥p1, X1, Y)Vi | (e"“"‘zz’ In

1
xzzfA> , (8.22)
where V)%L = 83, + afz is the two-dimensional Laplace operator.

Let us write Eq. (8.22) in a projectile-target-symmetric way. The expression already
contains the dipole—nucleus scattering amplitude N¢. Let us include the dipole—projectile
scattering amplitude in it as well. Since our projectile is a single quark, we will construct
the scattering amplitude of a gluon dipole on a quark in the quasi-classical approximation
by expanding Eq. (5.51) to the lowest nontrivial order and using Q?G(l; ) = 4710:3 1, (l; 1)
with the “nuclear profile function” of a single quark, normalized such that

/ db, T,(by) = 1. (8.23)

(The factor 2 difference between the value of Q?G that we are using now and that in
Eq. (5.41) arises because the saturation scale in Eq. (5.41) is due to scattering on an onium
“nucleon” while now we are dealing with a single-quark “nucleon”.) We obtain for the
dipole—quark scattering amplitude nf; at the two-gluon exchange level, integrated over all
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8.2 Gluon production in DIS and pA collisions 281

proton

nucleus

Fig. 8.6. Gluon production in proton(quark)-nucleus collisions as seen in the transverse
plane. To make the figure clearer, the gluon has been placed far from the proton; this is,
however, a highly improbable configuration.

impact parameters b | ,

2 4.z 7 2.2 1
dbing(xi,b1,Y =0)=ma;x] In —, (8.24)
' X1 A
where X is the dipole’s transverse size and b | is the location of its center-of-mass.
Neglecting constants under the logarithms (which were neglected in arriving at Eq. (8.24)
anyway), we write

V% x% In
+ X X J_A
Using this formula together with Eq. (8.24) in Eq. (8.22) yields, after integration by parts
in the latter,
do 4 Cr 1

= — dzB de d2 I:V‘Z‘ (/—’,E _E»O:I
Phrdy  am@n) k%/ LEbd L [Vl B =61, 0)

== n . .
A

x e~tkLEL [V%LNG()?L, b, y)] , (8.26)
where X = X,» and we have modified the notation as follows:
NGFai, %21, Y) = N1, b1, Y). (8.27)

Now B 1 and b 1 are the impact parameters of the proton and the produced gluon respectively,
measured with respect to the center of the nucleus, as shown in Fig. 8.6.

Equation (8.26) describes gluon production in quark—nucleus scattering. However, it can
be generalized to the onium—nucleus (DIS) and proton—nucleus (pA) cases if an in it is
replaced by the dipole scattering amplitude on the onium (see Eq. (3.139)) or on a proton,
labeled ng. (The proton can be modeled as three valence quarks in a color-singlet state
or as any other number of partons moving along the light cone.) Proving this statement
for the onium—nucleus scattering is left as an exercise for the reader (see Exercise 8.2).
We can conclude that Eq. (8.26) with N taken at y = 0 and n{; replaced by ng describes

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

282 Farticle production in high energy QCD

quasi-classical gluon production in onium-nucleus (DIS) and pA collisions. We will refer
to it as quasi-classical gluon production in the p A collision context.

Defining the unintegrated gluon distribution for the nucleus (in the quasi-classical
MV/GGM approximation) as

Palk) = a(g‘; ; / &b, d?x e F V2 NG (zl, b, o) (8.28)

and that for the proton as
¢pk7) = % / d2b, dPx e~ V2 n(xL, by, 0), (8.29)
transforms Eq. (8.26) into a kr-factorized form of Eq. (8.3) (Kovchegov and Tuchin 2002):
% - 2C“F é 41 6p(a}) éa (ke = G07?)., (8.30)

where now we use the superscript pA to signify the broader validity range of the derived
cross section. (Again we have put y = 0 in the argument of Ng in Eq. (8.28) to reduce
Eq. (8.26) to the purely quasi-classical case.)

Equation (8.30) may come as a surprise: remember that ky-factorization usually results
from factorizing the diagrams into the form shown in Fig. 8.1, separating them into distribu-
tion functions with a Lipatov vertex (squared) in the middle. The diagrams in Fig. 8.5 which
led to Eq. (8.30) have no such factorization, since they include direct interactions between
the target nucleus and the projectile quark, violating the factorization picture expected from
Fig. 8.1. One may hope that perhaps in a different gauge the relevant diagrams would
factorize, yielding the picture of Fig. 8.1; to date, however, no such gauge has been found
and the physical origin of the kr-factorization in Eq. (8.30) remains a mystery.

Notice that to achieve the factorized expression (8.30) we had to define the unintegrated
gluon distributions (8.28) and (8.29). These definitions are different from the WW distri-
bution of Eq. (5.50) and are more in line with Eq. (6.16) with the quark dipole replaced
by the gluon one. (All the distributions agree at the lowest order of Eq. (8.2) up to quark
or gluon dipole color factors.) While the definitions (8.28) and (8.29) allow us to achieve
the kr-factorization formula (8.30), it is a priori not clear why one has to use these gluon
distributions in the gluon production formula. The interplay between the two unintegrated
gluon distributions has recently been explored by Dominguez et al. (2011).

To assess the impact of (8.30) on the kr-distribution of the produced gluons (also known
as the gluon transverse momentum spectrum) let us evaluate its large-ky and small-ky
asymptotics. At large k7 we expand Eq. (5.51) to the lowest nontrivial order to get Ng =
xJz_ QfG(l; 1)/4, which we use in Eq. (8.28) to obtain the lowest-order ¢,. For simplicity,
modeling the proton again as a single quark, we use Eq. (8.24) in Eq. (8.29) to obtain
the same expression for ¢, as in (8.2). Finally, substituting all this into Eq. (8.30) and
remembering that Q?G(l; ) = 47TO£S2T(E 1), we obtain

doP 8alCrA 1 k
20— ~ aS—F_41n g (8.31)
dkr dy kr>Qs6 T kT A
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doPA A
&%k dy ~ L
kT

QSG kT

Fig. 8.7. A sketch of the gluon production spectrum generated by Eq. (8.30).

in agreement with Eq. (8.5) up to a factor A, signifying that now we have A nucleons in
the nucleus that can interact with the incoming projectile quark to produce the gluon that
we are measuring (again with each nucleon modeled by a single quark). Conversely, at
kr < Qs we note that N = 1 for x; > 1/Qy. Using this approximation in Eq. (8.21)
and integrating over X, , X» | yields

dO'pA NOtSCpSL 1

— (8.32)
&k dy 72 K

kr <Qs6
with S, the transverse area of the nucleus. We see that the produced gluon spectrum has
been modified by saturation effects from the factor l/k‘} in Eq. (8.31) at kr > Q¢ to
the factor 1/k7 in Eq. (8.32) at kr < Q- This is illustrated in Fig. 8.7 (cf. Fig. 5.7).
We conclude that saturation effects in one scattering particle (the nucleus) tend to soften
the IR divergence, making the integrated cross section dependent on the IR cutoff only
logarithmically, do?4 /dy ~ In(Qc/A).

To better understand the result (8.30) it is useful to construct the nuclear modification
factor, which in p A collisions can be defined as

do P Jd%ky dy

R (kr, y) = .
kre3) = o ke dy

(8.33)
and has the meaning of the ratio of the number of particles produced in a pA collision
per individual proton—nucleon collision and the number of particles produced in a proton—
proton (pp) collision in the same kinematic region. Deviations of the nuclear modification
factor from unity measure collective nuclear effects in the collision.

In the quasi-classical approximation one can evaluate R”4 by using N from Eq. (5.51)
in Eq. (8.20) to find the gluon production in pA collisions and by using n{; from Eq. (8.24),
instead of N, in the same formula to find the gluon production in pp. The resulting nuclear
modification factor is plotted in Fig. 8.8 (Kopeliovich, Tarasov, and Schafer 1999, Baier,
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1 2 3 4 5 kT/QsG

Fig. 8.8. Nuclear modification factor as a function of k7 / Q¢ for gluon production in pA
collisions in the quasi-classical approximation. The horizontal line at R?4 = 1 is shown to
guide the eye. Since Eq. (8.33) includes an integral over b, , Qs should be understood as the
typical saturation scale: the same Cronin enhancement is also seen for fixed b, . (Reprinted
with permission from Kharzeev, Kovchegov, and Tuchin (2003). Copyright 2003 by the
American Physical Society.)

Kovner, and Wiedemann 2003, Kharzeev, Kovchegov, and Tuchin 2003): we see a depletion
in the produced gluons at low k7 (k7 < Q) and an enhancement at large k7 (k7 2 Qsc).
‘We conclude that multiple rescatterings tend to broaden the k7-distribution of the produced
gluons, effectively pushing the gluons out to large k7. The enhancement shown in Fig. 8.8
was observed experimentally in hadron production in pA collisions and is known as the
Cronin effect (Cronin et al. 1975).

The suppression of gluons at low k7 may be identified with the manifestation of nuclear
shadowing in the saturation/CGC framework. In the case of gluons the shadowing is
quantified by the ratio

xGalx, 0%)

fat 00 = 6. 09

(8.34)

(with an analogous ratio for quarks). The shadowing ratio R4 measures the number of
gluons per nucleon in the nucleus divided by the number of gluons in a proton (in the same
kinematic region). At small x the ratio R, is known to be below 1, which means that the
number of gluons per nucleon in a nucleus is less than the number of gluons in a free proton:
this effect is known as nuclear shadowing. (For more on nuclear shadowing see Frankfurt
and Strikman (1988).) This depletion of gluons in the nuclear wave function leads to the
suppression of produced gluons as measured by the nuclear modification factor. In fact,
one can show that the suppression of produced gluons at low k7 in Fig. 8.8 results from the
suppression of low-kr gluons in the unintegrated gluon distribution of Eq. (8.28).

8.2.2 Including nonlinear evolution

We want to include the effects of nonlinear LLA small-x evolution in the inclusive gluon
production cross section (8.20) and in the more general cross section (8.30). Again we
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Fig. 8.9. Gluon production in dipole—nucleus scattering with small-x evolution emissions
both between the produced gluon (marked by a cross) and the target nucleus and between
the produced gluon and the projectile dipole.

assume that the target nucleus has zero rapidity and that the produced gluon has rapidity
y. However, now the incoming projectile has rapidity Y such that there are large rapidity
intervals between the projectile and the produced gluon and between the gluon and the
target. The process is illustrated in Fig. 8.9 for the case of dipole—nucleus scattering: gluon
emissions (and absorptions) are allowed everywhere in the rapidity interval from O to Y.
The target nucleus may indeed break up in this inclusive process.

To include BK/JIMWLK evolution effects in the gluon production formula, let us con-
sider the dipole—nucleus scattering case rather than the quark—nucleus scattering considered
in the previous subsection. We start by generalizing Eq. (8.20) to the case of a dipole pro-
jectile (Kovchegov 2001):

q 1 —
doqqA by T aSCF X0 X
———(%10) = [ d®xad®xy dPxjem R 2 N (—1)i j
d*krd Ar? 212
ey i j=0 2%

X [No(XiL. Xo1. y) + No(irr, X1, y)
— N1, Xo1.y) = No(Eir. X1, )], (8.35)

where the quark in the dipole is located at ¥;, and the antiquark is at Xy, as shown in
Fig. 8.9. (The reader is invited to derive Eq. (8.35) in Exercise 8.2.)

Including the evolution in the rapidity interval between the gluon and the target is
straightforward: in fact this was already done in deriving Eq. (8.20). Indeed, as we have
seen above, the Wilson-line formalism used in arriving at (8.20) applies equally well to
GGM multiple rescatterings and to the LLA evolution. We therefore conclude that Ng
evaluated at rapidity y in Eq. (8.35) (and in Eq. (8.20) as well) does not need to come
from multiple rescatterings only but may also contain the nonlinear BK/JIMWLK LLA
evolution. In the large- N, limit of BK evolution one can readily show that

NGy, by, y) =2NGEL, by, y) — N2 (FL, by, y), (8.36)
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Fig. 8.10. One step of small-x evolution between the projectile onium and the produced
gluon, marked by a cross and labeled 2.

where N is the quark dipole amplitude found from Eq. (4.138). The formula (8.36) is due
to the fact that in the large- N, a gluon dipole limit can be thought of as a pair of quark
dipoles, with either one or both dipoles interacting directly with the target.

Including the evolution in the rapidity interval between the projectile and the produced
gluon requires a bit more work. We will carry out the calculation in the large-N, limit of
Mueller’s dipole model. We show one step of such an evolution in Fig. 8.10, where the
gluon labeled 3 is harder than the produced gluon 2, that is z3 > z, with z, and z3 the
fractions of the longitudinal momentum of the onium carried by the two gluons respectively.
For simplicity we consider a case of particular couplings of the gluons to the onium: the
gluon 3 is emitted (and absorbed) by the quark while gluon 2 is emitted by the antiquark.
Diagrams A-D in Fig. 8.10 have two real emissions while in the diagrams E-J gluon 3 is
virtual. For completeness, we show in diagrams K and L of Fig. 8.10 the emission of gluon
2 without the corrections due to gluon 3.

It is important to stress that we have only given the leading-logarithmic diagrams in
Fig. 8.10. Indeed, a diagram similar to A but with the emission of gluon 2 before gluon 3
is possible but will not lead to leading logarithms of 1/x (see Fig. 4.17 and its evaluation
for an analogous calculation). Similarly one can demonstrate that a diagram similar to D
but with the emission of gluon 3 before gluon 2 also lies outside the LLA. This is an
important observation: while for x~ < 0 the harder gluons are emitted before the softer
ones, for x~ > 0 the harder gluons would need to be emitted later than the softer ones to
give an LLA contribution. This rule is also valid for the virtual diagrams; this is illustrated
by the fact that graph H in Fig. 8.10 gives an LLA contribution. (Indeed, we do not
integrate over the rapidity y of gluon 2 since we are tagging this gluon (i.e., it is the
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8.2 Gluon production in DIS and pA collisions 287

gluon of interest): however, the leading contribution to the production cross section with all
rapidity intervals large is given by the LLA approximation as if we were about to integrate
over y.)

Using the cancellations of Fig. 7.10 (which are valid for the inelastic interactions with
the target shown in Fig. 8.4 as well), one can write down the following relations between
the squares and interference terms of the diagrams in Fig. 8.10:

ICI*+ GK* + G*'K =0, |D*+HL* + H*L =0, (8.37a)
CD* + GL* + KH* = 0, AC* + IK* = 0, (8.37b)
BC* +JK* =0, AD*+IL* =0, BD*+JL* =0. (8.37¢)

With the help of Egs. (8.37) we see that

|A+B+---+LI’|  =|A+BP+(E+F)K+L)
O(af)

+ (E + F)"(K + L), (8.38)

that is, only emissions or absorptions of gluon 3 with x~ < 0 both in the amplitude and in
the complex conjugate amplitude remain. This conclusion can be generalized to the case
of other gluon couplings and, more importantly, to the case of higher-order hard gluon
emissions: the terms which survive the cancellations of Fig. 7.10 are those with all the
emissions and absorptions at x~ < 0 and x'~ < 0; all late-time (x~, x’~ > 0) emissions
cancel. We conclude that the evolution in the rapidity interval between the projectile and
the produced gluon is the evolution of Mueller’s dipole model! In fact an analysis of
the higher-order diagrams shows that not all the nonlinear dipole evolution contributes:
rather, the nonlinearities cancel leaving only the linear part of the evolution describing the
generation by the original incoming onium of the dipole in which gluon 2 was emitted.’?
The quantity n; describing such a distribution is defined in Eq. (4.81) and is found from
the dipole BFKL equation (4.82) with the initial condition (4.83).

We have thus arrived at the following physical picture of the gluon production process in
DIS and p A atlarge N,: the evolution in the projectile wave function generates a distribution
of single dipoles. A gluon that we will tag (measure) is then emitted by one such dipole,
making the evolution between the projectile and the produced gluon linear. The gluon along
with the dipole from which it was emitted then interact with the target nonlinearly.

Formally the LLA evolution between the projectile and the produced gluon is included
in Eq. (8.35) by the following replacement:

dodit 2 0 . .= s
m()ﬁo) - fd bid xyvy ni(xi0, Xvo, BL — b1, Y —y)
do 194

4T G0 8.39
x dszdyd2bl(x10) (8.39)

3 For instance, one can see that all subsequent evolution in the dipole formed by the (antiquark line of the) gluon 3 and
the quark line in Fig. 8.10A cancels.
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where the impact parameters are labeled as in Fig. 8.6; B 1 = (X1 + Xo1)/2 is the center
of the projectile dipole 10 and b 1 = (XL + Xo1)/2 is the center of the dipole 1'0". Note
that the integration over b 1 for fixed Xy in Eq. (8.39) is equivalent to the integration
over X, in Eq. (8.35). Equation (8.35), which does not contain any evolution between the
projectile and the produced gluon, is recovered from Eq. (8.39) by inserting Eq. (4.83) into
1t.

We can now write down the final expression for the gluon production in dipole—nucleus
scattering. Combining Eq. (8.39) with Eq. (8.35) yields (Kovchegov and Tuchin 2002)

do 194

Phrdy (xX10)

= /dzBLdszdle'o' ni(¥10. ¥ BL — by, Y — y)

v - -
—ik 5, @sCF i X2i " X
% d2x2 dzere iky Xy - § :(_l)l-'rj — J
4 4 X5 X5
i,j=0 ey

X [No(Xi1. X1, y) + No(irr, X1, y) — No(iar. X1, y) = N(Fin, X1, )] -

(8.40)

This is the gluon production cross section including the LLA small-x evolution both
between the projectile and the produced gluon and between the gluon and the target. While
it has been derived in the large- N, limit, Eq. (8.40) is also valid for any N, as was shown
by Kovner and Lublinsky (2006).

Equation (8.40) can also be written in a k7 -factorized form. Defining the unintegrated
gluon distribution of the nucleus (cf. Eq. (8.28)) as

Cr

2y _
a0 k) = o

/dzbleXL€7i§L‘}L V)%LNG <}La Z;’L’ y) (841)

and that of the onium (cf. Eq. (8.4)) as

o Cr 1 —ik, R ik, E
Py k) = =L [dbdx (2- e R o)
T

xny (%10, ¥1. b1, v) (8.42)

and evaluating Eq. (8.40) following steps similar to those in Sec. 8.2.1, we obtain (Braun
2000c, Kovchegov and Tuchin 2002)

do1iA 204 1
d*kr dy — Crp k2

gL oY = v.aD) da(v. (i —G0?).  (843)

We see that the LLA small-x evolution preserves the kr-factorization of Eq. (8.30)!
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Fig. 8.11. A sketch of the nuclear modification factor as a function of k7 /Q,s, where
Q,c is the typical saturation scale (see the caption to Fig. 8.8), for gluon production in
pA collisions: the upper solid line corresponds to the quasi-classical approximation from
Fig. 8.8, while the dashed-and-dotted, dashed, and lower solid lines demonstrate the change
in RP4 with increasing rapidity, owing to small-x evolution. (Reprinted with permission
from Kharzeev, Kovchegov, and Tuchin (2003). Copyright 2003 by the American Physical
Society.)

Equation (8.43) can be generalized to the case of any projectile, in particular the proton,
for which we define the unintegrated gluon distribution

Cr

2y _
P k) = S

/ d*bid?x e T V2 ng (R, bl ), (8.44)
with n¢ the gluon dipole—proton forward scattering amplitude evolved by the linear BFKL
evolution equation. One then writes for the inclusive gluon production cross section (Braun
2000c, Kharzeev, Kovchegov, and Tuchin 2003)

doPA B 20 1

pmy i [ @aconr —yabon (v ®o-0). w49

The gluon spectrum generated by Eq. (8.45) is qualitatively similar to that obtained in
the quasi-classical approximation in Fig. 8.7: the IR divergence is softened to 1/ k2, though
it is not removed completely. The nuclear modification factor R”4 resulting from using
Eq. (8.45) is very different from the quasi-classical one in Fig. 8.8 and is shown in Fig. 8.11;
the various curves correspond to different values of rapidity y, such that the lower the curve
the higher is the rapidity y. The effect of small-x evolution and saturation is such that the
quasi-classical Cronin enhancement at large k7 is replaced by suppression at all values of
kr (Kharzeev, Levin, and McLerran 2003, Albacete et al. 2004, Kharzeev, Kovchegov, and
Tuchin 2003). The diagram in Fig. 8.11 was confirmed by the precise numerical evaluation
of RP4 by Albacete et al. (2004).

To understand this result analytically we use the approximate solution of the fixed-
coupling BK equation immediately outside the saturation region given by Eq. (4.161).
Concentrating on its A-dependence we see that Ng ~ AU+2110)/6 \where we employ the
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290 Farticle production in high energy QCD

facts that Ng ~ N in this linear-evolution region (see Eq. (8.36)) and that Q, ~ A!/S.
Using this in Eq. (8.41) we see that ¢4 ~ S| AUF21%0)/6 ~ A5/6+iv/3 This factor is the only
source of A-dependence in Eq. (8.45). Using the latter in Eq. (8.33) we obtain (Kharzeev,
Levin, and McLerran 2003)

RPA(kT z QsG) ~ A—l/6+il)o/3 — A—0.124 <« 1 for A > 1. (846)

We see that for large enough nuclei and for large rapidities y (such that Eq. (4.161) is
applicable) the nuclear modification factor in pA collisions becomes smaller than 1, in
agreement with Fig. 8.11.

8.3 Gluon production in nucleus—nucleus collisions

An important problem, both from the standpoint of saturation physics and for the physics
of ultrarelativistic heavy ion collisions, is to find the gluon production cross section for
nucleus—nucleus (AA) collisions. Practically, the problem means that one has to find the
gluon transverse momentum spectrum in the case when neither the saturation scale of the
projectile Qg nor the saturation scale of the target Q;, is negligibly small in the k7-range
of interest. The solution of the problem would involve first constructing a quasi-classical
solution for the MV model with multiple rescatterings in both colliding nuclei. On top of
that one would have to include quantum small-x evolution. Phenomenological applications
would also require fixing the scales of all the coupling constants in the expression.

At the time of writing none of the above steps has been done analytically. For some the-
oretical developments see Balitsky (2004), Blaizot and Mehtar-Tani (2009), and Kovchegov
(2001). One may perhaps expect that the persistence of the kr-factorization formula (8.45)
for various approximations of gluon production in pA and DIS would indicate that this
formula could be valid for AA collisions as well. However, in AA collisions both nuclei
come in with fully saturated wave functions, which are completely screened in the IR (see
Eq. (5.56) and Fig. 5.7): one would therefore expect that owing to the lack of low-kr
partons the produced-gluon spectrum would have no power-law divergence at small kr,
making it unlikely that ky-factorization gives the right answer for gluon production in AA
collisions. To see this, note that, an inspection of Eq. (8.45) shows that it always leads
to 1/k3 divergence at small k7, thus contradicting the physical argument we have just
presented. Furthermore, the ky-factorization formula does not appear to agree with the
results of numerical solutions of the quasi-classical AA problem.

The quasi-classical gluon field in AA collision was found numerically in the works
of Krasnitz and Venugopalan (2000, 2001), Lappi (2003), and Krasnitz, Nara, and Venu-
gopalan (2003a, b). In Fig. 8.12 we show the resulting gluon spectrum and, for comparison,
the predictions of the kp-factorization formula (8.30) (Blaizot, Lappi, and Mehtar-Tani
2010). The solid line in Fig. 8.12 gives the gluon spectrum multiplied by k7 as a function of
kr/ Q¢ for a numerical solution of the classical Yang—Mills equations with the two nuclei
giving the source current (Q;g = 2 GeV; the IR cutoff A = 0.1 GeV). The prediction of
the kr-factorization formula (8.30) is shown by the dotted line in Fig. 8.12: one can clearly
see that while the two curves are close to each other for k7 2 Q;¢, Eq. (8.30) deviates from
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Fig. 8.12. The gluon spectrum multiplied by k2 in AA collisions in the quasi-classical
approximation as a function of k7 /Q;¢, given by a numerical solution (solid line). The
dotted line represents the prediction of the k7 -factorization formula (8.30). (Reprinted from
Blaizot, Lappi, and Mehtar-Tani (2010), with permission from Elsevier.) A color version
of this figure is available online at www.cambridge.org/9780521112574.

the full solution for k7 < Q6. In fact k%dN AA/dszd y for the full numerical solution
goes to zero as ky — 0, so that the total multiplicity d N4 /dy is independent of the IR
cutoff, in agreement with the physical argument presented above.

A promising strategy for including small-x evolution corrections in numerical simula-
tions of the quasi-classical gluon production was proposed recently by Gelis, Lappi, and
Venugopalan (2007, 2008a, b, 2009). It involves a new type of kr-factorization in which
the JIMWLK evolutions of both nuclei factorize, each providing sources for quasi-classical
gluon production.

Further reading

In this chapter we presented theoretical developments addressing single inclusive gluon
production in high energy collisions in the saturation/CGC framework. The techniques
presented here have been used to calculate other inclusive observables in DIS and p A colli-
sions. Single inclusive valence quark production was found by Dumitru and Jalilian-Marian
(2002) for a hard quark, while the valence quark production at mid-rapidity was calcu-
lated by Albacete and Kovchegov (2007a). The prompt photon production cross section
was derived by Gelis and Jalilian-Marian (2002a). Two-particle inclusive production (and
hence particle correlations) can also be determined. Di-lepton pair production (the Drell-
Yan process) was found by Gelis and Jalilian-Marian (2002b), Baier, Mueller, and Schiff
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292 Farticle production in high energy QCD

(2004), and Kopeliovich et al. (2003). Inclusive two-gluon production was found by Jalilian-
Marian and Kovchegov (2004) and by Kovner and Lublinsky (2006). Gluon—valence-quark
production was calculated by Marquet (2007) and, using a different technique, by Jalilian-
Marian and Kovchegov (2004). Quark—antiquark pair production was found by Blaizot,
Gelis, and Venugopalan (2004) and by Kovchegov and Tuchin (2006). A number of proper-
ties of two-particle correlations have been discussed recently by Dominguez et al. (2011).

Exercises

8.1 Show that the lowest-order gluon production in onium—onium scattering is given by
Eq. (8.3) with the unintegrated gluon distributions given by Eq. (8.4).

8.2 Show that the inclusive gluon production cross section in onium-nucleus scattering
and in the quasi-classical MV/GGM approximation is given by Eq. (8.35). Demon-
strate that this expression can be reduced to the kr-factorized form (8.30).

8.3 Using a simplified model for Ng,
2 72
Ng(Xi,by,0)=1 —exp{—%}, (8.47)

and assuming that QfG is b | -independent in a very large circle of radius R and is
zero outside the circle, evaluate Eq. (8.20) exactly. Use the obtained expression to
construct the nuclear modification factor R”# defined in Eq. (8.33). Plot the resulting
RP4 as a function of k7/ Q¢ and compare the plot with Fig. 8.8.

8.4 Prove the cancellations in Egs. (8.37).

8.5* Reduce Eq. (8.40) to Eq. (8.43) using the unintegrated gluon distributions defined in
Eqgs. (8.41) and (8.42).
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9

Instead of conclusions

The research on saturation/CGC physics is ongoing, with a number of open theoretical
and phenomenological questions. Therefore, instead of conclusions, in this chapter we
briefly review the phenomenology of saturation/CGC physics and list some important open
theoretical problems.

9.1 Comparison with experimental data

In this section we will give a brief overview of how high energy QCD theory compares
with the current experimental data. The reader may wonder whether such a comparison
is possible to fit into one short section; indeed, a comparison of saturation/CGC physics
with experiment could be a subject for a separate book. However, a serious quantitative
comparison with experiment suffers from two major difficulties. The first is that a well-
developed theoretical approach exists only for the scattering of a dilute parton system on a
dense one; the key examples are DIS on nuclei (e A) and the proton—nucleus (p A) collisions
considered earlier. At the same time, much of the data exist either for the scattering of a
dense parton system on another dense parton system, as is the case in nucleus—nucleus
(AA) collisions, or for the scattering of two dilute systems on each other, like DIS on a
proton (ep) or proton—proton (pp) collisions. The theoretical progress in the description
of these reactions in the saturation/CGC framework is rather limited, with many open
questions and opportunities for further research (see Sec. 8.3 for a brief summary of
the existing AA results). Hence, in describing the AA, ep, and pp data using existing
theoretical knowledge one is often forced to make assumptions whose validity is hard to
verify.

The second difficulty in comparing the saturation/CGC physics with experiment is in
the fact that many experimental observations allow alternative descriptions, usually in the
framework of DGLAP evolution within the standard collinear factorization framework.
The key problem is that an experimentum crucis that would allow us to unambiguously
differentiate the nonlinear saturation physics from the linear DGLAP evolution has not
been found. This is also partly a theoretical problem.

On the positive side, high energy QCD leads to a unified description of various experi-
mental observations providing not only a possible understanding of the underlying physics
but also suggestions and directions for future experiments. The phenomenological picture
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Fig.9.1. Geometric scaling in the total y* p cross section in DIS. (Reprinted with permission
from Stasto, Golec-Biernat, and Kwiecinski (2001). Copyright 2001 by the American
Physical Society.)

resulting from the theoretical developments discussed in this book is so beautiful, universal,
and self-consistent that we cannot finish the book without sharing it with our reader.

9.1.1 Deep inelastic scattering

As discussed earlier (see Sec. 4.5), one of the most striking predictions of high energy
QCD is that the DIS structure functions should depend on only one variable, T = Q?/ Q?:
this is the phenomenon of geometric scaling. This scaling behavior is a manifestation of
the simple idea that the only relevant dimensionful scale at high energy is the saturation
momentum. Geometric scaling was first observed by Stasto, Golec-Biernat, and Kwiecinski
(2001) and is shown in Fig. 9.1 for a compilation of HERA data on the total y*p cross
section for x < 0.01.

Another important consequence of saturation physics is that the ratio of the diffractive
and total cross sections should be independent of energy (see Egs. (7.23) and the discussion
around them). The experimental data from HERA shown in Fig. 9.2 appears to agree with
this prediction.
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Fig. 9.2. The ratio of the cross section for diffractive production in DIS and the total cross
section, as a function of energy W, for different intervals in the mass of the produced hadrons
M. (Reprinted with permission from Abramowicz and Caldwell (1999). Copyright 1999
by the American Physical Society.)

On the more quantitative side, the first comprehensive fit of the HERA DIS data based
on a variation of the GGM/MYV formula (4.51) for the dipole amplitude was carried out by
Golec-Biernat and Wusthoff (1999a, b) and is known as the GBW model (see Egs. (4.12),
(4.24), and (4.10) for the relation between F,, Fi, and the dipole amplitude N). A more
recent fit, based on rcBK evolution, of the combined data on the DIS cross section reported
by the HI and ZEUS experiments at HERA is shown in Fig. 9.3. It can be seen that the
“reduced” DIS cross section, defined by

y2

-  _F
T+ —y7? "
(with y from Eq. (2.2)) is well described by the rcBK evolution.

o, = Fy 9.1)

9.1.2 Proton(deuteron)-nucleus collisions

The formalism developed in this book is applicable to proton—nucleus collisions, as we saw
in Chapter 8. One can therefore test the predictions made in that chapter: in particular we
showed that saturation physics predicts a transition of the nuclear modification factor from
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Fig. 9.3. Experimental data for the reduced DIS cross section (squares) in different Q2
bins with, for comparison, the calculations of Albacete et al. (2011) (circles). The data are
taken from the H1 and ZEUS collaboration (2010). (With kind permission from Springer
Science+Business Media: Albacete ez al. (2011).) A color version of this figure is available
online at www.cambridge.org/9780521112574.

Cronin enhancement to suppression at all produced particle momenta pr (see Fig. 8.11).
This prediction may be compared with the data by means of Fig. 9.4, where we plot the
nuclear modification factor R;ya, for negatively charged hadrons obtained in deuteron—
gold (d+Au) collisions at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory by the BRAHMS collaboration. (At RHIC, data was collected for
d—+Au collisions instead of p A; we assume that the deuteron is also a dilute parton system,
not unlike the proton.) The various different panels in Fig. 9.4 correspond to different
pseudo-rapidity values; clearly, suppression sets in as the rapidity 7 increases, in agreement
with the saturation physics prediction.

For dilute—dilute parton-system scattering (say, for pp collisions), we expect that two jets
with large transverse momenta p1; and p,, are produced back to back, so that p,; ~ —p; |
as required by momentum conservation if we assume that the other produced particles are
few and carry small transverse momenta. In the saturation phase, new processes are possible
in which the large value of p;, is not compensated by a single second jet but instead the
momentum is distributed among many particles with average transverse momentum of
order Qy, thus depleting the back-to-back correlation of the jets. A large rapidity interval
between the two measured particles only makes this effect stronger, by enhancing extra
emissions by powers of rapidity. Figure 9.5 demonstrates that it is likely that this effect has
been observed experimentally. Data on neutral pion correlations reported by the PHENIX
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Fig. 9.4. Nuclear modification factor R, A, of charged particles for different pseudo-
rapidities. The data are taken from the BRAHMS collaboration (2004). The theoretical
curves and figures are taken from Kharzeev, Kovchegov, and Tuchin (2004). (Reprinted
from Kharzeev, Kovchegov and Tuchin (2004), with permission from Elsevier.) A color
version of this figure is available online at www.cambridge.org/9780521112574.

collaboration at RHIC are shown. The figure gives the 7°—m°

d+Au peripheral, and d+Au central collisions as a function of the azimuthal angle A¢
between the pions (the angle in the transverse plane) for three different pairs of values
of the pions’ transverse momenta. One clearly sees that the back-to-back correlation at
A¢ = m in the central d+Au collisions, where saturation effects should be strongest, is
indeed depleted as compared with the pp or peripheral d+Au cases.

correlation function for pp,

9.1.3 Proton—proton and heavy ion collisions

Proton—(anti)proton and nucleus—nucleus collisions are indeed very different in the sizes
of the colliding particles and in the multiplicity of the produced particles. Still, saturation
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Fig. 9.5. The 7%~ correlation function for pp, d+Au peripheral (60%—88% centrality)
and d+Au central (0%—20% centrality) collisions at ,/syy = 200 GeV, as a function
of the azimuthal angle between the pions. The triggered 7° is measured at mid-rapidity
(In] < 0.35), while the associated 7° is at forward rapidity (3.0 < || < 3.8, deuteron
direction). The transverse momenta of the triggered and associated pions are labeled at
the top of each panel. (Reprinted with permission from the PHENIX collaboration (2011).
Copyright 2011 by the American Physical Society.) A color version of this figure is available
online at www.cambridge.org/9780521112574.

physics teaches us that at very high energies, when the saturation scales of the protons are
large, pp collisions may start resembling AA collisions. While such a regime has not yet
been accessed by modern-day accelerators, there are indications that it may be achieved
at higher energies, and this led us to group those two reactions under one heading. These
days, pp collisions are performed at the Large Hadron Collider (LHC) at CERN with the
goal of finding the Higgs boson or particles outside the Standard Model of particle physics.
Ultrarelativistic heavy ion (A A) collisions are being carried out at RHIC and LHC with the
aim of creating a thermal medium of quarks and gluons, the quark—gluon plasma (QGP),
and studying its properties (see e.g. the review by Kolb and Heinz (2003)).

The first piece of evidence in favor of saturation physics comes again from geometric
scaling: one might expect that geometric scaling in the distribution functions would translate
into such a scaling for the produced particle spectra; this conclusion is supported by more
detailed calculations. Geometric scaling is observed in both pp and AA collisions and is
depicted here in Fig. 9.6, where we show plots of charged-hadron transverse momentum
spectra in pp and AA collisions as functions of the scaling variable T = (pr/Q,)***,
where Q, = Qé/ G /5 x 1073 with Qg = 1 GeV, /5 measured in GeV, and X as
specified in the figures. In the AA case the scaling variable  also includes a factor A~!/3.
The quality of scaling is much lower in the AA case owing to the quark—gluon plasma
(QGP) final-state effects.

Since the saturation scale is the only relevant momentum scale in the problem, the
hadron multiplicity produced in a pp or AA collision per unit transverse area should be
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Fig. 9.6. Geometric scaling behavior of the charged hadron spectrum dN,,/d’ py dy for
proton—proton (left-hand panel) and heavy ion collisions (right-hand panel), plotted as a
function of the scaling variable T = (p7/Q,)*** for several values of the center-of-mass
energy. (Reprinted from McLerran and Praszalowicz (2011) (left) and Praszalowicz (2011)
(right), with permission by Acta Physica Polonica. The data are as reported by the CMS
collaboration (2010a, b) and the PHOBOS collaboration (2002, 2003) respectively. A color
version of this figure is available online at www.cambridge.org/9780521112574.

proportional to the saturation scale squared (Gribov, Levin, and Ryskin 1983, McLerran
and Venugopalan 1994a),

1 dN 2
5 E ~ 0y, 9.2)
leading to the prediction that the particle multiplicity should grow with Qf, as a power of
energy. A compilation of the experimental data on the hadron multiplicity in pp and AA
collisions at various energies is shown in Fig. 9.7, demonstrating a power-of-energy growth
for both reactions, along with saturation-model fits by Levin and Rezaeian (2011). (The
highest-energy pp data point appeared after the saturation prediction.)

Saturation physics also predicts that the average transverse momentum of the produced
particles should be proportional to the saturation scale, (pr) ~ O, (see e.g. Fig. 8.7) since
again it is the only scale in the problem. One expects (pr) to grow with energy and,
because of Eq. (9.2), with particle multiplicity. This behavior is demonstrated in Fig. 9.8.
The left-hand panel of Fig. 9.8 shows a compilation of the proton—proton and proton—
anti-proton collision data collected in several experiments over the years, demonstrating
that (pr) does grow with energy. The right-hand panel of Fig. 9.8 shows the growth of
(pr) with charged-hadron multiplicity in pp collisions at LHC. It should be stressed that,
in the traditional approaches based on high energy pomeron phenomenology, (pr) does
not depend on either energy or multiplicity; therefore we consider the observation of these
dependences in Fig. 9.8 as a strong argument in favor of the advantage of saturation physics
over such models.
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Fig. 9.7. Dependence of hadron multiplicity on energy for pp (lower curve and points)
and AA (upper curve and points) collisions. (Reprinted with permission from Levin and
Rezaeian (2011). Copyright 2011 by the American Physical Society.) A color version of
this figure is available online at www.cambridge.org/9780521112574.
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Fig. 9.8. Dependence of the average transverse momentum on energy (left-hand panel) and
on multiplicity and hence on centrality (right-hand panel). (The left-hand panel is reprinted
with permission from the CMS collaboration (2010b). Copyright 2010 by the American
Physical Society. The right-hand panel is reprinted from the ATLAS collaboration (2011),
with permission by IOP Publishing.) A color version of this figure is available online at
www.cambridge.org/9780521112574.

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


http://www.cambridge.org/9780521112574
http://www.cambridge.org/9780521112574
https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

9.1 Comparison with experimental data 301

1200 L e e L
AutAu 0.2 TeV PHOBOS
A 0-6% data (factor: 1)
1000} v 6-15% data (factor: 1.3)
O 15-25% data (factor: 1.85)
% 35-45% data (factor: 4.25)
800~ Saturation (CGC) n

Fig. 9.9. Dependence of hadron multiplicity on rapidity for AA collisions. The experi-
mental data are from the PHOBOS collaboration at RHIC (see PHOBOS collaboration,
2002, 2003). (Reprinted with permission from Levin and Rezaeian (2011). Copyright 2011
by the American Physical Society.) A color version of this figure is available online at
www.cambridge.org/9780521112574.

It is difficult to make precise quantitative saturation/CGC physics predictions for the
hadron multiplicity and spectra in pp and AA collisions since, mentioned above, these
theoretical problems have not been solved. Instead, as a reasonable approximation to the
full answer, one may use the kr-factorization formula (8.45) with the gr-integral cut off
by an upper bound proportional to k7. This is known as the Kharzeev—Levin—Nardi (KLN)
approach (Kharzeev and Nardi 2001, Kharzeev and Levin 2001, Kharzeev, Levin, and Nardi
20054, b). Predictions based on the KLN approach have been quite successful in describing
heavy ion data on multiplicities. A fit of the RHIC multiplicity data plotted as a function of
pseudo-rapidity for different centrality bins (denoted by percentages in the legend, along
with the appropriate scaling factors) based on the KLN model is shown in Fig. 9.9; clearly
the data is well described by the saturation model.

This agreement between the multiplicity data in heavy ion collisions and the saturation
predictions is further illustrated in Fig. 9.10, where we show the particle multiplicity per
participating nucleon as a function of the collision centrality; N, is the number of
nucleons participating in the collision and varies between a few for peripheral collisions
to 2A for central collisions (for identical nuclei). The three lower lines in the legend of
Fig. 9.10 correspond to predictions coming from saturation-based models.! Clearly all the
curves do well; the prediction by Albacete and Dumitru (2011) (the short-dashed curve in
Fig. 9.10) based on rcBK evolution for the dipole amplitude combined with the KLN model
for particle production matches the data almost perfectly.

! The three upper curves in the legend of Fig. 9.10 are Monte-Carlo simulations not based on saturation physics; note,
however, that the HIJING event generator prediction uses an IR cutoff that grows with energy, which is reminiscent of
the saturation scale.
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Fig. 9.10. Dependence of hadron multiplicity on collision centrality for AA collisions:
the saturation-based models are from Armesto et al. (2005), Kharzeev et al. (2005a), and
Albacete et al. (2011), while the no-saturation Monte-Carlo simulations are DPMJET 111,
Bopp et al. (2007); HIJING, Deng et al. (2011). (Reprinted with permission from the ALICE
collaboration (2011) at the LHC. Copyright 2011 by the American Physical Society.) A
color version of this figure is available online at www.cambridge.org/9780521112574.
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Fig. 9.11. Two-particle correlation function plotted versus pseudo-rapidity interval An and
azimuthal angle A¢ between the particles for AA (left-hand panel) and high-multiplicity
pp (right-hand panel) collisions. (Left-hand panel: reprinted figure with permission
from the STAR collaboration (2009). Copyright 2009 by the American Physical Soci-
ety. Right-hand panel: reprinted with kind permission from Springer Science+Business
Media: CMS collaboration (2010a).) A color version of this figure is available online at
www.cambridge.org/9780521112574.

Another possible piece of evidence in favor of saturation/CGC physics is provided by the
long-range rapidity correlations between the produced hadrons at small azimuthal angles
A¢ ~ 0, which have been seen in AA and, more recently, in pp collisions and are shown
in Fig. 9.11. Owing to the shape of these correlations they are often referred to as the
“ridge”. The search for a detailed explanation of them in the saturation framework is still
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in progress (see Gavin, McLerran, and Moschelli (2009), and Dumitru et al. 2008, 201 1a,
b), but a discussion of this work is beyond of the scope of the present text. However, two
facts, inherent properties of the saturation approach, are shown experimentally. First, the
correlations are long-range in rapidity. Second, in pp collisions the long-range rapidity
correlations at A¢ ~ 0 appear only in events with high multiplicity (N > 110 in the right-
hand panel of Fig. 9.11): hence high-multiplicity pp collisions appear to be similar to the
AA collisions. This suggests that the source of the correlations shown in Fig. 9.11 is in the
properties of dense parton systems.

9.2 Unsolved theoretical problems

In this book we have tried to introduce our readers to the new world of the ideas and
methods of high energy QCD. We hope that after reading our book the reader will be able
to work in this field, which is in the early stages of development. We conclude the book by
outlining unsolved theoretical problems in the field.

1. Impact parameter dependence In Chapters 4 and 5 we showed that the dipole—
nucleus forward scattering amplitude N (X, b 1, Y) resulting either from the GGM model
or from BK/JIMWLK evolution does not violate the black-disk limit, so that one always
has N < 1. While this is an improvement over BFKL evolution, some unitarity problems
still remain. As we saw in Sec. 3.3.6, the Froissart—-Martin bound consists of two ingre-
dients, that the scattering obeys the black-disk limit and that the radius of the black disk
grows logarithmically with energy. As follows from Eq. (3.115), the latter property results
from QCD having a mass gap (since the lightest particle in the spectrum, the pion, has a
nonzero mass). In perturbative QCD one works with gluons, which have zero mass: clearly
Eq. (3.115) should no longer apply and the Froissart—-Martin bound is violated.

To see this explicitly imagine that we are trying to prove the Froissart—-Martin bound for
onium-onium scattering. Consider the scattering at large impact parameter b, , where the
scattering amplitude is small and nonlinear saturation corrections can be neglected. The
onium-onium scattering cross section, defined in Eq. (4.85), is then governed by the BFKL
evolution (4.87) (in the LLA). At large b, one can show that the general BFKL equation
solution in Eq. (4.126) leads to

Y °° N N e
N - g > X10, X170/ "y *
n()CIO,Xl’O/,bJ_,Y) =, /dv (%) C(v) ™ xOY (9.3)

€L
—00

where C(v) is a function of v, the exact form of which is not important to us. Evaluating
the v-integral in Eq. (9.3) near the saddle point at v = 0, we get

by > xi0,xpy X10 X100/ (ap—1)Y
b2 e .
1

n(;lo, Tr0, b, Y) (9.4)
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Using Eq. (9.4) instead of Eq. (3.113), we obtain the black-disk radius R = b* by requiring
that (cf. Eq. (3.114))

xlzfzm eer=DY o | 9.5
so that
b*? o 5%l 9.6)

Thus the radius of interaction increases as a power of s, R? ~ 5%~ The total cross section
increases as a power of energy too,

Oror = 2 R? o 59771, 9.7)

We conclude that nonlinear evolution gives a scattering amplitude that satisfies the black-
disk limit but still leads to a violation of the Froissart—Martin bound, owing to the fast
growth of the black disk.

This power-like increase in the total cross section was first discussed by Kovner and
Wiedemann (2002a, b, 2003). Their conclusions were confirmed by a numerical solution
of the BK equation with impact parameter dependence performed by Golec-Biernat and
Stasto (2003) (see also Gotsman et al. (2004)). Equation (9.7) shows that saturation/CGC
physics (or any other perturbative QCD calculation) cannot be trusted in large-impact-
parameter scattering and some nonperturbative effects need to come in to make the total
cross section satisfy the Froissart—Martin bound. One hopes that, with some minimalistic
assumptions about confinement physics included in the evolution, and for a large nucleus,
such peripheral nonperturbative effects would give a relatively small contribution to the
total cross section, since the perimeter scales as a smaller power of A than the area. The
existing data appears to indicate that such a hope is not unfounded.

2. Higher-order corrections to the BFKL, BK, and JIMWLK evolution equations
We have briefly discussed the problem of higher-order corrections to the BFKL evolution
in Sec. 6.3, outlining possible ways of getting the corrections under control. To improve
the precision of the BK/JIMWLK predictions for the phenomenology, one needs to carry
out this (or any other) program for calculating higher-order corrections to these nonlinear
evolution equations. Would the agreement with the data shown in Sec. 9.1 survive the
inclusion of higher-order corrections? Can we devise a systematic way of improving the
precision of the nonlinear evolution equations? These are important questions, which need
to be studied seriously.

3. Scattering of two dilute systems: BFKL pomeron loops At first sight the scatter-
ing of one dilute system of partons on another dilute system of partons (say the scattering
of two onia with small sizes) can be described by the exchange of a BFKL pomeron.
However, as we discussed in Sec. 3.3.6, such a contribution would violate the black-disk
limit at high energy. Owing to the low initial parton density in both onia (so that there is
no parameter A), the pomeron fan diagrams of Fig. 3.23 in such a dilute—dilute scattering
are not enhanced compared to the pomeron loop diagrams of Fig. 3.24: both kinds of
interaction have to be included. The BK/JIMWLK evolution equations assume that one
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Fig. 9.12. A diagram contributing to the total cross section of nucleus—nucleus scattering
in the BFKL pomeron calculus.

scattering particle (the nucleus) is large and thus do not contain the pomeron loop con-
tributions from Fig. 3.24. Nonetheless it is likely that such contributions are essential for
the unitarization of onium—onium scattering. This problem is important because the high
energy onium—onium scattering process will happen in the next-generation linear colliders
(where each colliding lepton could split into a virtual photon, with each y* in turn split-
ting into a gg pair). On top of that, unitarization in a dilute—dilute scattering would be
“pure QCD” in its nature, since it would not be relying on a large nucleus as one of the
scatterers. In spite of many efforts (see Salam 1995, 1996, Navelet and Peschanski 1999,
Mueller, Shoshi, and Wong 2005, Levin and Lublinsky 2005b, Iancu and Triantafyllopou-
los 2005, Kovner and Lublinsky 2005d, Hatta et al. 2006, Altinoluk et al. 2009, Levin,
Miller, and Prygarin 2008) we are still far from understanding this problem of dilute—dilute
scattering.

4. Heavy ion collisions We have already mentioned, in Sec. 8.3, that the calculation
of gluon and quark production in AA collisions in the saturation/CGC framework is an
important problem for understanding the early-time dynamics of heavy ion collisions. While
some progress on this issue has been achieved lately, mainly along the lines of finding a
numerical solution, the problem is still an open one. A related problem, which is also open,
is the problem of thermalization in heavy ion collisions: one needs to understand how the
produced quarks and gluons form a thermal medium (QGP), which is likely to be observed
in heavy ion collisions.

Multi-particle correlations in A A collisions are also important, particularly correlations
in rapidity since they are sensitive to subtle details of the early-time dynamics and can
be measured experimentally. Initial progress on this issue has recently been achieved by
Gavin, McLerran, and Moschelli (2009), and by Dumitru et al. (2008, 2011a, b).

Another, related, unsolved theoretical problem concerns the calculation of the total
nucleus—nucleus scattering cross section in the saturation/CGC framework. One has to
sum diagrams fanning out in the directions of both nuclei (Braun 2000b, 2004). A sample
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diagram contributing to this process is shown in Fig. 9.12. An equation summing all such
diagrams has been suggested by Braun (2000a, 2004) using the BFKL pomeron calculus.
The solution of such an equation is not known, however, and it is yet to be reproduced using
the BK/JIMWLK approach (see Altinoluk ef al. (2009)).

Further reading

The inevitable space limitations of this book did not allow us to include (or do justice to)
everything that is known about high energy QCD. We had to make a selection based on
what, in our opinion, is needed to quickly bring a student or a researcher from a neighboring
field up to speed in saturation/CGC physics. Below, some topics that did not make it into the
book are introduced briefly; they constitute our final recommendation for further reading,
complementary to all our earlier suggestions.

Ciafaloni (1988), Catani, Fiorani, and Marchesini (1990a, b), and Marchesini (1995)
suggested an evolution equation that, in the framework of a single equation, reproduces
both the 92 (DGLAP) and x (BFKL) evolutions. This result, known as the CCFM equation,
is at the foundation of most Monte Carlo simulations of high energy collisions. While the
presentation of CCFM goes beyond the scope of this book, we certainly recommend our
readers to learn more about this equation by reading the original papers mentioned above.

‘We have also omitted any presentation of particle production in the collinear factorization
framework; however, the reader may learn the basics of collinear factorization from the
textbook by Sterman (1993), with more advanced results along with a presentation of the
related jet physics given by Dokshitzer, Diakonov, and Troian (1980), Collins, Soper, and
Sterman (1985a, b, 1988a, b), Dokshitzer et al. (1991), and Collins (2011).

Finally, in our book we have presented only the basic aspects of the connections between
saturation/CGC physics and heavy ion collisions. This is in part due to the fact that under-
standing A A collisions in saturation physics is a difficult, unsolved, problem. We recom-
mend the reviews by McLerran (2005, 2008, 2009a) as a starting point for the further
exploration of the richness of the saturation/CGC dynamics in AA collisions.
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Appendix A

Reference formulas

A.1 Dirac matrix element tables

Tables A.1 and A.2 first appeared in Lepage and Brodsky (1980). Following the original authors
of these tables we use the notation

PLxpL=p'p?=pp. (A.1)
Note that €' = —¢?! =1, €'! = %> = 0. The spinors in the tables are defined in Egs. (1.50)
and (1.51).
The following formulas will be useful in relating other matrix elements to those tabulated:
o (P)Y" 06 (p) = lio ()Y us (), (A2)
Vo (P Y Y e (P) = e (P)y vy U (P, (A3)
U5/ (P06 (P) = —lis (Pl (). (A4)

These formulas allow one to obtain matrix elements constructed only from v-spinors using
Table A.1 for matrix elements constructed solely from u-spinors.
For any Dirac spinors v and  and a 4 x 4 matrix I, the following is true:

(¥Tn)” =ay°Tlyy. (A5)
This allows one to construct matrix elements of the type
it (P)TVo (p)) = [0 (P )y Ty us (p)T* (A.6)

from those tabulated in Table A.2. As
Py =t (A7)

in the case I' = y*, Eq. (A.6) gives

*

iio(P)y"ve (p") = (T (p)y"us(p)) (A8)

A.2 Some useful integrals

Below we list several integrals used throughout the book. We leave their derivation as an exercise
for the reader. The Green function of the Laplace equation in two dimensions is

d*qy . 1
f AL i — o iy ——, (A9)
q1 XLA
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308 Reference formulas

Table A.1. Dirac matrix elements constructed from u-spinors only. Table reprinted
with permission from Lepage and Brodsky (1980). Copyright 1980 by the American
Physical Society.

Matrix element Value

g (p) Lus(p)

4
NG

ﬁa’(P/) — uo(p)

2800’

500’@(}% -p\ —iopL x p| + m?)

2m . .
_80’7UO‘W [(p/] + lO'pa) — (p1 + lo‘pz)]

Pl iaeijpli P+ iaeijpi
S e S :
p p

Vi
Vet T Vpt o
—b5._cOMm — (8" +iod'7)
pp
i (p") us(p) 5 mp+ +p" 5 o <p’1 +iop”? B P+ iop2>
Pt o ptpt T Pt pt

’/_l(r/(p,) -+ ,MU(P) 4120"(17/) 7’40(17)

—y VYT = —y =
VP vr VP VP
e (p') _ o ;us(p) pl—iéliop]

(Saa’ 4

VP e VT Pt

i 4Lidigp]
500,4u

o7 1
et Vvt p*

dm . o
+ 8y ot 00— (8" +1i067)
; '+

am . i
—86,—gr 0—(8" +i08'7)
pt

800289 +ioell)

where A is the IR cutoff on the integration. Taking the transverse gradient of Eq. (A.9) yields

-

/ d2q et e = ot (A.10)
q X
€L 1

Here is a variation of Eq. (A.9), for a massive Green function:

dZQL i3
——— " =27 Ko(mx ). A.ll
/qi-i—mz o(mx,) ( )
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Table A.2. Dirac matrix elements constructed from u- and v-spinors. Table reprinted
with permission from Lepage and Brodsky (1980). Copyright 1980 by the American

Physical Society.

Matrix element Value

Uo(p') L us(p) 25
o,—0o'

G

3)

o . . o - 2
86,0 W(Pl <Py —iopyL X p; —m")

l_)o”(p/)y_ua(p)
I+ + 2
vPe o Vp 8000 ——— [(p" +iop) + (p' +iop?)]
prp™
s (Plzioep?  pl+icelp]
17a’(p/) [”U(p) Y pt pt

PPN

—800/01’}’[ (W (511 + lO'(SlZ)
Uy (p') tto(p) s "t —pt s p' +iop?  p'tiop?
o A
ﬁo’(P/)y_y+y_uo(P) ﬁa’(P/)y_Ma(P)
AN o
Uy (P’ U i jcigp'] 4m . .
o (l/’+) — +J/j_ G'(li) 80770_, 4p—l p/+ _pl +5aa’a F(éll +lo_812)
VP a4
b, (p)) . i Liéligp’ dm . .
TP ry ey o) oo 4TI 5 6 TS o8
NI N p p
Vo (P) i 4 jus(p)

8o, 208 +icell)

Equations (A.10) and (A.9) can be used to show that

yi-Gr+x)

2
/ V(L4 X1)? X1 A
Several angular integrals are useful too:
2 d 2
b4
f P T (A.13)
) (qr—1) 1L —qil

Downloaded from https://www.cambridge.org/core. IP address: 18.225.255.26, on 28 Apr 2024 at 06:48:42, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/D9BFB752C0B7EFDFD2A0531EFAE92B09
https://www.cambridge.org/core

310 Reference formulas

where ¢, is the angle between g, and ll;

2 N o
g, —1 I
/d%fhifz = 2701 —q1) 7 (A.14)
(gL —11) i
2 d 2
Pq Y
/ _ : (A.15)
2 - 2
0 g1+ (G —11) /4qi + ]j‘_
21
/ do 5= — 27 1. (2), (A.16)
0
for integer n > 0;
o0
I (Aw+2
/dkk*—ljv(kx) = 2Hx—*1(2(—)). (A.17)
) I'(32+v-21)

The integral (A.17) converges for real x > 0 and for —Re v < Re A < 3/2, but it can be
analytically continued outside this region of A. A useful special case is v = 0:

r (L)
/dk K Jokx) = 22 Iy —22 2 (A.18)
0
One can also show that

L%)\) (A.19)

dk kK1 = Jolkx)] = =22 1x7* )
/ [ o(kx)] x r- %A)
0

This integral converges for real x and for —2 < Re A < 0: it can also be analytically continued
outside this region of A.

A.3 Another useful integral

Let us find here the integral

_ 2 X
Id,‘p = d X2 > 5 (AZO)

which is very useful in the Mueller’s dipole model. We first note that one can write

(e8]

d*xy = 2 XX / dkk Jo(kx19) Jo(kxa) Jo(kxar), (A.21)
0
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where the right-hand side is non-zero only if there exists a triangle with sides xj¢, X2, and xy;.

Equation (A.20) becomes
Liip = 27122, / dk kJo(kx10) / B0 4o (kxon) / 01 (kx), (A.22)
X20 X21
0 P P
where we have inserted a UV regulator p into the x,0- and x;, - integrals. Writing
[e'9) [e'9) P
dx . e—1 e—1
— Jolkx) = hn}) dx x 7 Jotkx) — | dxx* " Jo(kx) ¢, (A.23)
X €—
P 0 0

we use Eq. (A.18) to perform the first integral on the right while putting Jo(kx) = 1 in the
second integral before integrating over x, thus neglecting higher powers of the UV regulator p.
Expanding the result in € and taking the limit ¢ — 0 yields

o0

dx 2
/ — Jo(kx) =In — — yg + O(p). (A.24)
X kp
P
Substituting Eq. (A.24) into Eq. (A.22) we obtain

o0

2 2
Idip = 2nx120 / dk k]()(kxl()) (ln kf — VE> . (A25)
it P
Using (for xj9 > 0)
o0
/dk kJo(kxi9) =0, (A.26)
0
r o [ 1
/dk kJo(kx10)Ink = lim — / dkk"F Jo(kx o) = -, (A.27)
e—0 € X0
0 0
and
0] o0
2 .0 I4e 2 X10
dick Jo(kxio) 102k = tim — [ dk k™ Jo(kxyp) = —- (m oy yE) , (A.28)
e—0 9e? Xi 2
0 0
all of which follow from Eq. (A.18), we can rewrite Eq. (A.25) as
Ly = 47 In ~2L, (A.29)
0

which is used in arriving at the last line of Eq. (4.64) in the main text.
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Appendix B

Dispersion relations, analyticity, and unitarity of the
scattering amplitude

Our analysis of high energy scattering amplitudes cannot be complete, since the problem
of quark (and gluon) confinement in QCD has not been solved. It is clear that the solution
of this problem lies beyond the realm of perturbative QCD. At the same time, nonperturba-
tive physics may affect the scattering amplitudes (though maybe to a lesser extent than one
would naively expect, since the saturation dynamics described in this book tends to suppress
nonperturbative effects). Therefore, it would be very instructive to summarize the properties
of the scattering amplitudes in the perturbative and nonperturbative approaches to any field
theory.

First, any scattering amplitude should be a relativistic invariant (a scalar with respect to
Lorenz transformations) and, because of this, it can depend only on variables that are relativistic
invariants, namely on quantities such as (p; — p; )2, where pi* and p'' are the four-momenta of
external lines labeled i and j. In the case of a 2 — 2 scattering amplitude we have three such
invariants, given by the Mandelstam variables (Mandelstam 1958)

s =(pa+pp)’ =mji+my+2pp-pa,
u = (pc — pp)’ =mg +my —2pc - ps, (B.1)
t = (pa— pc)* =mE+mi —2pc - pa,
with
s—i—u—l—t:mi—l—m%—l—mzc—l—m%. (B.2)

The process is illustrated in the left-hand panel of Fig. B.1, where the notation is explained as
well.

The second basic principle is the unitarity of the S-matrix: STS =7 where I is the
identity operator. This translates into the following equation for the 7-matrix, defined by
S=1+iT:

(Tt —=T)=T1T'T. (B.3)

Below we will rewrite Eq. (B.3) as a condition on scattering amplitudes.
The presentation of the material in this appendix is based mainly on the books Chew (1961,
1966), Roman (1969), Schweber (1961), and Weinberg (1996), vol. 1.

B.1 Crossing symmetry and dispersion relations

It turns out that when calculating any amplitude using Feynman diagrams in a field theory one
always obtains a function that is analytic in its Lorentz-invariant arguments. In the case of a

312
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c t
P, o
S S S R T
SQ>_< UQX .
by non 5
b 3 5
A (s,1) A (ut) A (s,1)
a b c

Fig. B.1. Scattering amplitude for a 2 — 2 process and tree-level diagrams for the process
in the ¢* theory in three different channels, s, u, and ¢, corresponding respectively to parts
a, b, and c of the figure.

2 — 2 scattering amplitude these arguments are the Mandelstam variables s, ¢, u. The singu-
larities of the scattering amplitude are located only at the real values of these Lorentz-invariant
variables. These singularities are closely related to the physical processes: they correspond to
the production thresholds for physical particles (this is known as the Landau principle (Landau
1959, 1960)).

Relations between the scattering amplitudes for different processes may be obtained using
crossing symmetry. This symmetry allows one to use only one function (say A (s, t)) to describe
three different processes: A + B — C + D, in the kinematic region where s > 0 and ¢t < 0;
C+B—-A+D,foru>0andt<0;and A+C — B+ D, for t >0 and s < 0. (Here
C, D, and A denote antiparticles in complex-field theories and particles in real-field theories:

in both cases the four-momenta are inverted under crossing symmetry transformations, e.g.,

ph=-r4)

The crossing symmetry can be illustrated using the example of simple tree-level graphs in ¢
theory with the Lagrangian of Eq. (1.71). In Figs. B.1 a, b, ¢ we plot the diagrams for the s-, - and
u-channel contributions respectively, all corresponding to the same process A + B — C + D.
Indeed, the diagrams of Fig. B.1 lead to the following expressions for the scattering amplitudes:

)\2 )\,2
A(s, t;Fig.Bla) = =
(s, 1: Fig. Bla) m? — (pa+ pp)? —ie m?—s—ie
22 22
A(u, t;Fig. Blb) = = B.4
(. 1: Fig. BIb) m? —(—pc+ pp)? —ie m>—u—ie B4
22 A2

A(t, s; Fig.Blc) = m = (pa b —pof—ic mi—i—ic
It is clear that Fig. B.1a describes the process A + B — C + D, while the diagram of Fig. B.1b
can be viewed either as describing the same process as the diagram of Fig. B.1a but with s
replaced by u = 4m? —s — ¢t or it can be viewed as the tree-level diagram for the process
C + B — A+ D, with the invariant s defined now as s = (p¢ + pp)* if we assume that
py = —pg. Defining

A(s,t) = Apays—c+p (Pas PB, PC> PD) (B.5)

we see that the relation between the amplitudes in diagrams Figs. B.1a, b that describes their
crossing symmetry is

Acip—itp (Pe> PB, P> PD) = Aays—c+p (—Pc. PB. —Pa, Pp) = Au, t). (B.6)
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Im

A |— Re

-5m2 |0 4m2 9m2

Fig. B.2. The singularities of the scattering amplitude A(s, 1), shown in the complex plane of
the variable s. They are mainly given by branch cuts that start at the production thresholds
for two, three, and more particles. For the sake of simplicity we do not show the pole
contributions of Fig. B.1.

Similarly, for the amplitude resulting from the diagram Fig. B.1c we have

Ausresp+d (Pa, P> PB> PH) = Aarp—c+p (Pa, —Pc. —PB, Pp) = Alt, 5). (B.7)

Therefore, the scattering amplitude A(s, 7) as a function of the variables s and 7 is able to
describe all three processes.

The analyticity of the scattering amplitude gives more detailed information about the ampli-
tude. Indeed, owing to Cauchy’s theorem the amplitude, being an analytical function, can be
written in the form (see Fig. B.2)

A(s t)zlygds/f\(s’,t)zl%ds,A(s’,t) (B.8)
’ 2mi s —s 2mi s —s '
Cy

C

The contours C; and C, are shown in Fig. B.2, and s is taken somewhere in the complex plane
away from the real axis. The singularities of A (s, ¢) are also shown in Fig. B.2: as mentioned
before, they are confined to the real s-axis, and are typically branch cuts starting at the particle
production thresholds. Since the amplitude does not have singularities at complex values of s,
we can stretch the contour of integration C; to C, without modifying the value of the integral,
as is reflected in Eq. (B.8). One can see that the integration over contour C5 in Eq. (B.8) can be
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rewritten in the form

1 r Disc A(s/ t) r Disc A(u’ t)
A(s, 1) =— /ds’; + | dw—
2mi s’ —s u —u
Smin Umin
A !
R (B.9)
27i s’ —s
large circle
where
Disc,A (s', 1) = lirr(l)[A(s’ +ie 1) — A(s' —ie )] (B.10)
€e—
and
. PN PR _ r
DlscuA(u ,t) _ghi%[A(u —|—ze,t) A(u ze,t)]. (B.11)

In the second term on the right-hand side of Eq. (B.9) we have changed the integration variable
to u' = 4m> —t — s'; note that A(u, t) is no longer equal to A (s, t) with s replaced by u:
rather A(u, t) = A(s = 4m?> — t — u, t). Typically the limits of integration in Eq. (B.9) would
be Syin = 4m? and u,,;, = 4m* — t, and we are keeping ¢ fixed and real. (If the amplitude has
poles on the real axis for 0 < s < 4m?, as is the case for the ¢>-theory amplitudes given by
Eq. (B.4), the contributions of such poles has to be included in the right-hand side of Eq. (B.9)
by appropriately lowering ;)

The amplitude A(s, t) has no imaginary part (no branch cuts corresponding to particle
production) along the real axis between s = 0 (corresponding to u = 4m?, t = 0) and s = 4m?>.
Therefore it is a real function of s and ¢ in this interval and, as can be shown, is in fact a real
function of s and 7 in the whole region of its analyticity. We thus conclude that A(s’ — i€, t) =
A*(s" + i€, t), such that

Disc, A(s', ) = 2ilm A(s, 1). (B.12)
Similarly,
Disc, A(u', 1) = 2iIm A(u, 1). (B.13)

(It should be stressed that, owing to the optical theorem, which follows from Eq. (B.3), Im A(u, )
and Im A(s, t) are directly related to physical processes.)

One can show that the contribution to the right-hand side of Eq. (B.9) coming from the
integral over the large circle vanishes as we stretch the radius of the circle to infinity (see e.g.
Weinberg (1996), vol. 1):

— — 0. (B.14)

large circle

Neglecting this last term on the right of Eq. (B.9) and employing Eqs. (B.12) and (B.13) we
finally obtain the following dispersion relation:

[OImgA(sh ) [ Tm A,
A(s,t):% /ds’m‘/(St)Jr/du/m("t) . (B.15)

’
s =S u —u
Smin Wmin

Equation (B.15) allows one to reconstruct the full amplitude if its imaginary part is known.
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For example, the tree-level diagrams in Fig. B.1 yield
Im, A(s', t; Fig. Bla) = 7?8 (m* —5') , (B.16a)
Im, A(u', t;Fig. BIb) = 72§ (m* — u') . (B.16b)

Substituting each of these imaginary parts into the right-hand side of Eq. (B.15) yields the
appropriate amplitude after straightforward integration over the delta functions.

Note that a dispersion relation in the form Eq. (B.15) cannot be used in QCD since we know
that QCD amplitudes grow as the energy s at large s (see e.g. Eq. (3.17)), making the integrals
in Eq. (B.15) divergent. Therefore, we have to alter Eq. (B.15) by subtracting, for example,
the amplitude A(s = 0, ¢) obtained by putting s = 0 in Eq. (B.15). Doing this, we obtain the
subtracted dispersion relation

E /+°° ds/lrns A(s/, t)

A(s,t):A(s:O,t)—i—l{
b4

Smin S,(S/ - S)
Y +ood , Im, A(u', 1) B.17
+[u—u(s =0)] - u (W —us =0)]w —u) |’ A7

Finally, subtracting sd; A(s = 0, t) from Eq. (B.17) (with A(s, t) again given by Eq. (B.15)) we
obtain the double-subtracted dispersion relation

s2(s" — )

Smin

1|, e Img A(s, 1)
A(Gs,t) = A =0,1) +s9,A(s =0,1) + — {5 / ds'———=
bid

- tm, A1) } (B.18)

+ [ —u(s = 0)] du [ —u(s = 0)2W' — u)

Umin

This is exactly the dispersion relation used in Eq. (3.43). Note that in perturbative QCD
A(s =0,1)=0.

B.2 Unitarity and the Froissart-Martin bound

The unitarity constraint (B.3) can be written in terms of scattering amplitudes as (see e.g. Peskin
and Schroeder (1995))

M(ky, ky = ki, kp) — M*(ky, ky — ki, k)

[ee) n n
d3q-
_—'E ||7’ Mk, ko — ,...,n2271484 k—l—k—g 1, (B.19
lnzfi 1(2 )32qu| (ki, k2 q1 )" 2m) 1 2 q;j ( )

j=1
where M(ky,k, — qi,...,qn) is the 2 — n scattering amplitude for the scattering of two
particles with momenta &, k, into n particles with momenta gy, . .., g,, and M(ky, ko — ki, k»)

is the forward scattering amplitude; E,, is the energy of a particle with momentum ¢;.

Let us consider the case of high energy scattering, where k;” and k, are very large and
SO are ql+ ~ k]+ and g, ~ k, . Separating the elastic 2 — 2 contribution from the inelastic
contributions (2 — 3,2 — 4, etc.) on the right-hand side of Eq. (B.19), and integrating over the
delta-function in that contribution, yields

d2
2Im Aky, ko — ki, k) = / ﬁlA(kl, ko — q1, q2)|2 + inelastic terms,  (B.20)
54
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where ¢ is the momentum transfer four-vector, defined by
q4=q1—ki =k —q, (B.21)
and we also define a new rescaled scattering amplitude

Mk, ko = q1.92) _ M(ki, ko — g1, q2)

A(ky, kr — qi, = -
ke > 91, 92) 2/2E;, 2E,2E, 2E,, 2%k,

(B.22)

Since both the incoming and outgoing particles are on mass shell the momentum transfer ¢ has
only two free components, which we choose to be transverse and over which we integrated in
Eq. (B.20).

The optical theorem then states that the total scattering cross section is given by (again, see
e.g. Peskin and Schroeder (1995))

O = 2Im Aky, kr — ki, ko) (B.23)
so that Eq. (B.20) simply implies that
Otot = O¢l + Oinels (B24)

where o, is the elastic 2 — 2 cross section and o0, is the total inelastic cross section.

As we have seen above, in general the elastic amplitude A(k;, ko — q1, g») can be written
as a function of the Mandelstam variables s and 7. However, for our purposes it is convenient to
go to impact parameter (b ) space, using

A(ki, ky = g1, q2) = /dzb e AGs, BL), (B.25)

which, when applied in Eq. (B.20) yields
2Tm A(s, b)) = |A(s, b1)|* + inelastic terms. (B.26)

In arriving at Eq. (B.26) we have used the fact that the forward amplitude corresponds to the
case of zero momentum transfer, r = 0, or, equivalently, ¢, = 0, such that

Alky, ky — ki, ky) = fd% A(s,b). (B.27)

Note that the total cross section in impact parameter space is

Grot = 2/d2b Im A(s, b,). (B.28)
We also see immediately from Eq. (B.26) that the elastic cross section is given by
0 = f d*b |AGs, b))% (B.29)
Relating the inelastic terms in Eq. (B.26) to the corresponding cross section yields
" 2o dop
2mA(s, b,) = |AGs, b)|? + el (B.30)
d*b
The simple nonnegativity condition
dainel
> B.31
d*h — ( )
used in Eq. (B.30) yields
ImAGs, by) < 2. (B.32)
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This is an important condition, which follows from unitarity. When used in Eq. (B.28) it yields
an upper bound for the total cross section:

Oror = 2/d2b ImA(s, b,) < 4/d2b = 47 R?, (B.33)

where R is the radius of the region in b, -space where the interactions are sufficiently strong
(the radius of the “black disk”).
Parametrizing the forward scattering amplitude by (as follows from S =1 +iT)

AGs. b)) = i[l — S(s, EL)], (B.34)

with S(s, b 1) the forward matrix element of the S-matrix, we see that the constraint (B.32) and
the nonnegativity of the total cross section oy, together lead to |[ReS(s, b1 )| < 1.
Using Eq. (B.34) in Egs. (B.28), (B.29), and (B.30) yields

o = 2 / &%b [1 — Re S(s, El)], (B.352)
N 2

Op = / d*b '1 —S@s,b)| (B.35b)

- /dzb [1 —IS(s, EL)F]. (B.35¢)

In high energy scattering the bound on the total cross section is even stronger than Eq. (B.33).
At very high energies inelastic processes dominate, so that ¢;,,; > o, which leads to

Re S(s, b)) > 0. (B.36)
With the help of Eq. (B.34) we obtain
ImA(s,b,) < 1, (B.37)

which is a stronger constraint than (B.32). Equation (B.37) leads to
Crot = 2/d2b ImA(s, b, ) < 27 R2. (B.38)

This is the bound used in the text in Eq. (3.112). (For a derivation of this result in nonrelativistic
quantum mechanics see Landau and Lifshitz (1958), vol. 3, Chapter 131.) Using the estimate
(3.115) for the typical interaction range, i.e.,

R=0b"~ Ins, (B.39)
My
in Eq. (B.38) yields the Froissart—Martin bound (3.116)
AZ
Cur < 22 In? s (B.40)
2m2

(Froissart 1961, Martin 1969, Lukaszuk and Martin 1967).
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