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Abstract. Recent results on neutrino masses and mixing are presented.
There is convincing evidence for nonzero but tiny masses of at least two
flavor neutrinos, based on two types of neutrino oscillations, solar and
atmospheric neutrinos. The large mixing angle between first and second
flavors and also the one between the second and third flavors were found,
quite contrary to small mixing angles among quark flavors, and pose a
new mystery.

1. Introduction

The Standard Model of elementary particles assumes neutrino masses to be
identically zero and hence their mixing to be also zero. However, it is well known
that there are no fundamental symmetries that prevent neutrinos from acquiring
masses. Mixing among the neutrino flavors implies that the eigenstates for weak
interactions are not identical with those for free moving, or mass eigenstates.
The two eigenstates are connected by a unitary transformation, whose unitary
matrix is called the MNS 1 matrix. It consists of three independent angles
(}12, (}23, 031 and a complex phase 8 called the CP phase. If the neutrinos indeed
possess finite masses, their mixing may well be finite, too, and especially the
CP phase 6 might be large. Quark mixing angles have been measured with
reasonable precisions. Comparison of the quark mixing angles with those of the
leptons may shed new light on the generation problem: why there are three
generations of quarks and leptons.

One second after the Big Bang, neutrinos of all flavors (v e , vJL ' and vr ) de-
coupled from the thermal equilibrium. As the Universe expanded, their energies
were redshifted and their number densities diluted. These so-called Big Bang
neutrinos should be, in the present epoch, in a thin gaseous state with the mean
temperature, 1.9K and the density, n; == 110(Vi + Vi) cm-3 , i == e, Jl, T. Energies
corresponding to the mean temperature are so small that the Big Bang neutrinos
would travel without single interactions through the entire Universe. There is
at present no way to detect these neutrinos.

If neutrinos are massive, they may constitute a significant fraction of the
energy density in the Universe and control the fate of the Universe, namely
expanding forever or contracting eventually. The density factor of neutrinos is
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given by
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n, == L mvnv/Pc == 0.015ho2 L mv,eV == 0.021(1 ± 0.2) L mv,eV

where Pc == (3/81r)HJ/GN is the critical density of the Universe,

H o == 100ho km/s/Mpc == 72 ± 7 km/s/Mpc

is the Hubble constant, and the neutrino mass is in the unit of eVa If rti; ~ 1 eV,
neutrinos are a non-negligible component of the possible hot dark matter.

The Universe lacks anti-matter though physical principles do not discrim-
inate between particle and antiparticle to a high accuracy. A plausible the-
ory to explain this is that in the very early Universe the lepton number non-
conservation and the CP violation in the leptonic sector induced an asymmetry
between leptons and antileptons. This leptonic asymmetry was then converted
to the quark asymmetry during the electroweak phase transition, resulting in
the matter-antimatter asymmetry. The CP violation of the leptonic sector is
closely related to the complex CP phase 8 given above. Neutrino masses and
mixing are not only important in particle physics but also closely related to the
fundamental quests in cosmology.

Recently precise observations of atmospheric and solar neutrinos revealed
convincing evidence for two types of neutrino oscillations, vJ-L --t V T and u; --t vJ-L.
These discoveries then indicate finite neutrino masses of at least two flavors, m2

and m3 and also finite mixing angles, ()23 and ()12.

In the following sections we will first briefly review the neutrino oscillation,
and then present the results on atmospheric and solar neutrinos.

2. Atmospheric Neutrinos

Atmospheric neutrinos are decay products of hadronic showers produced by
cosmic ray interactions in the atmosphere. The flavor ratio of the atmospheric
neutrino flux (vJ-L + vJ-L)/(ve + ve ) has been calculated to an accuracy of better
than 5 % in the range from 0.1 GeV to higher than 10 GeV (Barr et al. 1998;
Honda et al. 1990). It has a value of about two for energy ~ 1 GeV and increases
with increasing neutrino energy. For neutrino energy higher than a few GeV,
the fluxes of upward and downward going neutrinos are expected to be nearly
equal due to the spherical nature of Earth. The effect of the geomagnetic field
is expected to be small in this energy regime, because the primary cosmic rays
that produce these neutrinos have rigidities exceeding the geomagnetic cutoff
rigidity (rv 10 GeV/Ze).

The Super-Kamiokande experiment has played a dominant role in studying
atmospheric neutrinos and in discovering their oscillations. It employs a 50,000
ton imaging water Cherenkov detector, which is shown in Fig. 1.

The detector consists of two sub-detectors. The inner detector has 32,000
tons of water viewed by 11,146 50 em ¢ phtomultiplier tubes (PMTs) correspond-
ing to a 40 % photo-coverage of the inner surface. It is actually used for physics
analyses. The 18,000 ton outer detector completely surrounds the inner part and
serves as a shield against neutrons and gamma rays emanated from the rock. It is
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Figure 1.
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A computer graphic of the Super-Kamiokande detector
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equipped with 1885 20 em ¢ PMTs to tag incoming cosmic-ray muons and muons
coming out of the inner detector. Thanks to the high photo-coverage, the trigger
threshold is 3.5 MeV (visible energy and electron equivalent) at 50 % efficiency.
The so-called fiducial volume is the inner most 22,500 tons in which atmospheric
and solar neutrinos are allowed to interact and produce charged particles which
then emit Cherenkov light. The absolute energy scale of the inner detector has
been calibrated with stopping and though-going cosmic-ray muons, their de-
cay electrons, and electrons with energies between 5 MeV and 16 MeV produced
with an electron LINAC. The estimated uncertainty is ±2.4%. Momentum res-
olutions for electrons and muons are estimated to be 2.5/JE(GeV) + 0.5% and
3%, respectively.

u; and vJl are identified by their secondary particles, e± and M±, respectively.
Identification of e± and M± in the Super-K detector is achieved by quantifying
the diffuseness of Cherenkov ring edges; electrons generate cascade showers in
water and many low-energy electron/positron pairs in the showers then produce
diffuse rings, while muons do not suffer multiple Coulomb scattering and produce
sharp Cherenkov rings. Emission angles (()c) of Cherenkov light become small
for slow particles from the relation cos ()c == cjn», n being the refractive index
of water r-..J 1.33. Measured ()c provide supplementary information to identify
muons at low energies.

Super-K has achieved very low misidentification probabilities for single-ring
muons and electrons which are 0.5 ± 0.1 % and 0.7 ± 0.1 %, respectively. They
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Figure 2. Zenith angle distributions of e-like and p-like events for
sub-GeV and multi-GeV data sets. The partially-contained data set is
combined with the multi-GeV p-like sample. Upward-going particles
have cos () < 0 and downward-going particles have cos () > O. The solid
histogram shows the MC expectation for no oscillation normalized to
the data live time. The dotted histogram is the best fit expectation
for vJ-L ---t J..LT oscillations with the overall normalization fitted as a free
parameter.

were estimated based on simulated charged-current neutrino events and verified
by a test beam experiment (Kasuga et al. 1996).

Super-K has already accumulated data for 1498 live days. The results are
shown in Fig. 2 (Super-K 1998).

Events are selected by requiring that only single Cherenkov rings are seen
and produced particles are fully contained within the inner detector. They
are mostly produced by charged-current interactions. Events are classified as
electron-like and muon-like, and are further divided in sub-GeV and multi-GeV
samples, respectively, with their momenta larger or smaller than 1.33 GeV [c:
The data samples contain 3266,3181, 772 and 664 events for sub-GeV e-like, sub-
GeV J..L-like, multi-GeV e-like and multi-GeV J..L-like, respectively. The multi-GeV
muon sample is combined with partially contained events (913 events) in which
one of the secondary particles goes out of the inner detector and is detected in the
outer one. The exiting particles are most likely muons (estimated probability,
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98 ± 0.3 %) and energetic. Figure 2 shows that the up-down symmetry of It-like
events is strongly violated and the number of upward-going /lrlike events are
almost half of what is expected. On the other hand e-like events are normal and
well represented by the Monte Carlo (MC) simulation.

Since the number of e-like events and their zenith-angle distributions agree
with the expected ones, it is natural to assume a two neutrino oscillation model,
vj.L -t V T• The quantitative fit was performed with the relevant parameters,
~m~3 and sirr' 2023 and by taking into account several systematic uncertain-
ties. The expected numbers for e-like and It-like events have large uncertain-
ties due to uncertainties in the primary cosmic-ray flux, nuclear interactions in
the atmosphere, and cross sections of v-nucleus interactions. Hence the over-
all flux normalization was left as a free parameter. The best fitted values are
~m~3 = 2.5 x 10-3 eV2 , and sin 2 2023 = 1.0. The corresponding zenith-angle
distributions are shown by dotted histograms in Fig. 2. Figure 3 shows the
allowed region.

This is the first evidence for neutrino oscillations and hence finite neutrino
masses.

3. solar neutrinos

Solar neutrinos are mainly produced by the following nuclear reactions in the
solar core;

p + p -t 2H + e+ + V e
p + e" + p -t 2H + u;
7Be + e- -t 7 Li + Ve
8B -t 8Be' + e+ + V e

(pp)
(pep)
(7 Be)
(8B)

The fluxes on Earth of pp, pep, 7Be, and 8 B neutrinos are widely different:
5.95(1.00 ± 0.01) x 1010 , 1.40(1.00 ± 0.015) x 108 , 4.77(1.00 ± 0.10) x 109 , and
5.05(1.00~~:i~) x 106 , all in units of cm-28-1, according to the Standard So-
lar Model (SSM) calculation (Bahcall, Pinsonneault, & Basu 2001). pp neu-
trinos have a continuous energy spectrum with the end point energy of 0.233
MeV. 7Be neutrinos are mono-energetic, and their energies (branching ratios)
are 0.861MeV(90%) and 0.383MeV(10%), respectively. The continuous energy
spectrum of 8B neutrinos are somewhat broadened by a broad decay width of
8B e". Their energies extend up to about 15MeV.

The solar neutrino problem, namely the deficit of observed event rates by
50 ,....., 70 %, has persisted for more than 30 years. Recently, precise measurements
of 8B neutrinos by Super-Kamiokande and in particular by SNO revealed that
the solar neutrino problem is indeed caused by the neutrino oscillation of a
second type, V e -t Vu- The SNO result also indicates that the sum of the V e and
Vj.L,T fluxes agrees with the 8B neutrino flux from the SSM calculation; namely
the Sun works fine.

3.1. Super-K results

Super-K uses a reaction, Vi + e" -t vi + e" and detects Cherenkov light emitted
by the recoil electrons. The total uncertainty in the absolute energy scale domi-
nates the systematic uncertainties. With the help of an electron LINAC, it was
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Figure 3. The 68%, 90%, and 99% confidence intervals for ~m~3 and
sin22023 for vJ-L ---+ V T two neutrino oscillations.

Figure 4. Detailed spectra obtained by the Super-K experiment.
Data are binned in energy and day and night times. The curves corre-
spond to what is expected for the two component neutrino oscillation
of ~mI2 == 2.2 x 10-5 eV2 and tan2012 == 0.31 which is in the LMA
solution and excluded at 95 % C.L.
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estimated to be ±0.6 %, including possible long term variation and direction
dependence.@ The energy resolution for electrons is also determined simulta-
neously. It is reproduced well by the MC simulation. Recoil electrons follow
directions of the parent neutrinos with a high accuracy. However, due to large
multiple Coulomb scattering, electron directions are poorly determined, about
27 deg at 10 MeV. The angular resolution is also calibrated with the LINAC
and the resolution function is well reproduced by the MC simulation.

Super-K has accumulated 22385 ± 226~~~~ solar neutrino events for electron
energies of 5 ,....." 20 MeV, which corresponds to the flux, 2.35 ± 0.02 ± 0.08 x
106 cm-2s- 1 (Super-K 2001). This measured value should be compared with
the SSM prediction, 5.05~6:~5 x 106 cmr?s-l. The electron data are divided to
six data sets in energy ranging from 5.5 MeV to 16.0 MeV. Possible day/night
flux variation is studied in each data set, as shown in Fig. 4.

These distributions are subject to oscillation analyses which will be pre-
sented later.

3.2. SNO results

SNO is an imaging heavy water Cherenkov detector. A spherical acrylic vessel
contains 1000 tons of heavy water, and is surrounded by a shield of light water
in a 34 m high barrel shaped cavity of maximum diameter 22 m. 9456 20 em ¢
PMTs with Winstone-cone mirrors are supported on a spherical structure of 17.8
m diameter and view the inner region. The absolute energy scale and uncertain-
ties are established with a triggered 16N source. A 252 0 f neutron source, which
provides 6.25 MeV, rays from neutron capture, and a 3H(p, ,)4He source with
19.8 MeV, rays are also used. The uncertainty in the energy scale is ±1.4 %.
The analysis threshold is Teff 2 5 MeV, where Teff is a most probable kinetic
energy.

The unique feature of the SNO experiment is that a variety of reactions can
be used to detect solar neutrinos thanks to quasi-free neutrons in heavy water:

u; + d ~ e" + p + P (CC)
Vi + «: ~ Vi + e: (ES)
Vi + d ~ Vi + P + n (NC)

One can measure the V e flux from the first reaction (CC), the sum of the V e , vj.L'
and V T fluxes from the third reaction (NC), and the V e + a(vp, + v T ) fluxes with
a ,....." 0.154 from the second reaction (ES). The NC reactions are identified by
detecting ,-rays from the capture reaction d(n,,)t with E, == 6.25 MeV. Note
that Super-K uses the ES reaction only.

The flux of 8B neutrinos was derived from each reaction assuming the stan-
dard spectrum shape:

1.76~g:g~ ± 0.09

2.39~g:~~ ± 0.12
5 09+0.44 +0.46

. -0.43 -0.43

(1)

(2)

(3)

where the units are 106 cm-2s-1 (SNO 2002). The ES results agrees with the
more precise result from Super-K. Figure 5 shows the flux of vp, + VT vs. that of
Vee
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Figure 5. V». T flux vs V e flux obtained from the three neutrino re-
actions from SNO. The ES result from Super-K is also shown. The
SSM 8B flux prediction is shown by dotted bands. The error ellipses
represent the 68%, 95%, and 99% probability contours for the fluxes of
u; and Vu, T obtained from the SNO results. (The Super-K result was
added to the figure provided by the courtesy of the SNO collaboration.)

This is clear evidence for the existence of non-z-, flavor in solar neutrinos
on Earth and hence for the neutrino oscillation, u; ---+ vJ.L.

3.3. LMA Solution

The relevant parameters, ~mI2 and ()12, have been determined by several au-
thors using all the existing experimental results. The SNO result is shown in
Fig. 6, as an example (SNO 2002a).

Fit was performed with the following procedure:

• The two parameters to be determined are ~mI2 and tan2()12.

• The 8B flux is treated as a free parameter as the corresponding flux is
observationally contrained from the NC reaction.

• The matter effect is taken into account.

• Fitted are the SNO results on the fluxes obtained from the CC, NC and ES
reactions (SNO 2002) and day and night spectra (SNO 2002a), the Super-
K day and night spectra (Super-K 2001), the flux results from Homestake
(Cleveland et al. 1998), GALLEX (Altmann et al. 200), and SAGE (Ab-
durashitov et al. 2002) experiments.

SNO and Super-K results contribute dominantly to constraining the allowed
region.
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Figure 6. Allowed region of ~mi2 and tan2 (}12 obtained by leaving
the total 8B flux free. The data are the SNO day and night spectra
and CC + NC + ES event rates together with the Super-K day and
night spectra, the event rates obtained by Homestake, GALLEX and
SAGE, and the SSM predictions for the more robust pp, pep, and 7Be
fluxes. (Courtecy of the SNO Collaboration)
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The best fit values are; ~mi2 == 5.0 x 10-5 eV2 , tan2 (}12 == 0.34, and the
flux value is ¢8B == 5.86 X 106 cm-2s- 1 • The corresponding x2/dof is 57.0/72.
The large-mixing-angle (LMA) region is left as the only viable solution to the
solar neutrino problem.

4. Discussion and Conclusion

Two kinds of neutrino oscillations are now established; vJ1 ---+ V T , and u; ---+ vJ1

from precise observations of atmospheric and solar neutrinos, respectively. The
results are summarized as follows;

~m~3

~mi2

sin2 2(}23

sin226
12

1.6 - 3.9 x 10-3

3 - 20 X 10-5

0.92 - 1.0

0.6 - 0.9

(4)

(5)

(6)

(7)

where the units of ~m2 are eV2, and the intervals correspond to the 90 % CL.
Theoretical prejudice is that the three masses should hierarchical, namely m3 »
m2 »m1. Then by taking the square root of the above ~m2, the neutrino
masses of the second and the third flavors are m3 == 0.04 - 0.06 eV, and m2 ==
0.005 - 0.01 eV, respectively. These values are too small to close the Universe.
Another model is the degenerate mass scheme, m3 I".J m2 I".J ml, which is not
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ruled out. There is an upper limit of the Ve mass from Tritium beta-decay
experiments, me < 2.2 eV, (95 %CL). Hence L:m; < 6.6 -v. In both cases the
total sum of the neutrino masses is much less than what is required to close the
Universe. The maximum of f2v is 1.4% and 15%, for hierarchical and degenerate
mass schemes, respectively.

The mixing angles, ()23 and ()12, are, to our great surprise, almost maximal
and quite contrary to those in the quark sector; sin22()23 == 0.0064 ± 0.0010, and
sin22()12 == 0.188 ± 0.007. Why quarks and leptons have different mixing angles
is still a puzzle. It is not known how much the large mixing among the neutrinos
might affect the Universe.

In conclusion, much progress has been made in neutrino physics. Finite neu-
trino masses and surprisingly large mixing angles have been discovered. These
findings were obtained by observations of neutrinos generated by the Sun and
cosmic rays.
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