
Abstract. Various aspects of the neutrino mass problem are
discussed in the light of existing model predictions and exten-
sive experimental data. Generation mechanisms are considered
and possible gauge-theory neutrino mass hierarchies, in parti-
cular the most popular `flipped see-saw' models, are discussed.
Based on the currently available astrophysical data on the
integral density of matter in the Universe and on the spectral
anisotropy of the relic cosmic radiation, the cosmological im-
plications of a non-zero neutrino mass are described in detail.
Results from various mass-measuring methods are presented.
Considerable attention is given to heavy neutrino oscillations.
Oscillation mechanisms both in vacuum and in matter are
considered in detail. Experiments on oscillations at low and
high energies and new generation large-flight-base facilities

are described. The present state of research into oscillations of
solar and atmospheric neutrinos is reviewed.

1. Introduction

Neutrinos came to be known to physicists after Pauli, in his
letter to the Physical Society of Tubingen [1], postulated the
existence of a particle with semi-integer spin and almost zero
mass, in order to ensure the conservation of energy,
momentum, and angular momentum in nuclear beta-decay.
A few years later, Fermi called this particle the neutrino [2].
Since then over six decades have passed, but the neutrino
remains themost enigmatic of all known elementary particles.
Unlike quarks and leptons, the neutrino has neither electrical
nor color charge and interacts with matter only in weak
processes through the exchange of charged and neutral
intermediate bosons. As the sole neutral fermion the
neutrino can be massless. There is no convincing a priori
reason to require that the neutrino be exactly massless.
Therefore, in current theoretical models based on the
standard electroweak theory which implies quark-lepton
universality a small but non-zero mass is taken for the
neutrino [3].

Until now, the main questions concerning the nature of
neutrino remaining unanswered are:

1. Do neutrinos carry masses and, if so, what are they?
2. What are the mechanisms of neutrino mass genera-

tion?
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3. Are weak interaction states identical to the eigenstates
of neutrino mass operator or does neutrino mixing occur?

4. Are neutrinos analogous to their antiparticles? Are they
actually neutral (Majorana) particles or not (Dirac particles)?

5. Is the neutrino stable?
Answers to these questions are of primary importance for

particle physics since they determine the applicability of
Grand Unification Theories (GUT). In a standard model
with a normal set of quarks and leptons, it is impossible to
introduce a renormalized interaction which could violate
lepton number conservation and give mass to the neutrino.
The discovery of neutrino mass would mean the development
of a new physics lying far beyond the standard model, very
probably at GUT scales in the range 1015 GeV.

The problem of neutrino mass is equally important for
astrophysics and cosmology since its solution could affect
current concepts of the structure and evolution of the
Universe. The role of a massive neutrino as main candidate
for `dark' matter stirs up imagination of theorists and
experimenters. If relic neutrinos actually make the greatest
contribution to the mean density of matter in the Universe,
they must have been involved in the development of
gravitational instability during formation of its large-scale
structure. The non-linear stage in the evolution of inhomo-
geneities in a gas of massive neutrinos leads to the creation of
superclusters of galaxies with massive neutrino halos at the
periphery of elongated `pancakes', i.e. condensates of
baryonic matter and neutrinos. Also, neutrinos could be
responsible for the appearance of supernovae carrying away
themajor part of the energy, equivalent to themass deficit of a
neutrino star or black hole during gravitational collapse.

The idea of detecting of the free neutrinos from reactors
using radiochemical methods (and, in particular, chlorine ±
argon) was first suggested by Pontecorvo at 1946 [4].
Neutrino experiments date back to the pioneering studies of
Cowen and Reines who were the first to observe the
interaction of anti-neutrinos with matter through the reac-
tion �ne � p! n� e� at Henford [5]. With the advent of
accelerators, it became possible to generate relativistic pion
and muon beams, giving rise to high energy physics. The
hypothesis of longitudinal neutrino polarization related to
parity non-conservation [6] was most definitively confirmed
in the experimental reactions p� ! m� � n and m� ! e� � 2n
[7]. The next important step in the development of the two-
component neutrino theory was the discovery of the absence
of the decay m! e� g which was impossible to explain
without assuming the existence of two types of neutrinos.
An experiment independently designed by Pontecorvo [8] and
Feinberg, Lee, and Yang consisted in the comparison of the
numbers of muons and electrons formed in the interaction
between the detector's matter and muon neutrinos generated
in an accelerator. This experiment was carried out by
Lederman, Shwartz and Steinberger with the AGS accel-
erator at Brookhaven. It was concluded, based on the
predominance of muon events, that ne 6� nm; thus, the
existence of two types of neutrinos was confirmed experimen-
tally [9]. Many years later, Lederman told in his Nobel lecture
that ``the discovery of two types of neutrinos was a crucial
step in the `assembly' of the up-to-date world picture which
we call standard model in elementary particle physics'' [10].

Glashow [11], Weinberg [12], and Salam [13] developed
the universal gauge theory of electroweak interactions which
was first experimentally confirmed in 1973when themuonless
reactions nm��nm� �N! nm��nm�� hadrons via the neutral

current channel were observed using the Gargamell bubble
chamber at CERN [14], and neutrino scattering by electrons,
nm � eÿ ! nm � eÿ, of the same nature was discovered [15].
The ratio of cross-sections of neutrino interactions via neutral
to charged current channels was used to estimate the
Weinberg angle (sin2 yW) Ð the parameter of the standard
model.

The double structure of the quark weak current intro-
duced byGlashow, Illiopoulos, andMaini [16] and the quark-
like nucleon structure were confirmed by an FNAL experi-
ment which demonstrated events involving two muons with
opposite charge in the final state, one of which arises from the
charmed quark decay [17]. The discovery of the t-lepton using
the e�eÿ-collider at Stanford [18] and the occurrence of a
dimuonic resonance at 9.5 GeV in proton-nucleus collisions
at 400 GeV at FNAL (interpreted as b-quark binding to its
antiparticle �b [19]) added particles of the third generation to
the standard model. Direct observation of W�- and Z0-
bosons with the SPS collider at CERN [20] was a triumph of
the standard model and allowed it to be finally formulated as
the unified theory of electroweak interactions. Neutrino
experiments played a key role in the development of this
theory, but further studies of the fundamental properties of
the neutrino, primarily of its mass, may be expected to bring
even more exciting results.

The determination of neutrino mass appears to be most
feasible by means of experimental investigation of neutrino
oscillations, whose existence was first predicted by Ponte-
corvo [21, 22]. He considered transitions of maximum
amplitude between one known type of neutrino and its sterile
antiparticle n$ �nster. The oscillation hypothesis for the case
of two neutrino generations (ne $ nm) was generalized by
Maki et al. [23] and Pontecorvo [24]. The latter work also
concerned the methodology of experimental studies on
neutrino oscillations in reactors, accelerators, cosmic rays,
and in the field of solar neutrino astronomy. The oscillation
technique was shown to be a highly sensitive tool for detecting
small neutrino masses.

Pontecorvo andGribov [25] presented themost consistent
consideration of the oscillation problem for the case of two-
component neutrino states with the mass term in the
Lagrangian taking into account real and virtual transitions
violating lepton number conservation. This work `had a
decisive influence on all subsequent basic and experimental
studies in the physics of neutrino oscillations' [26]. Themixing
of neutrino states for the case of three neutrino generations
was reviewed in line with the current understanding of the
problem in [27].

In fact, the number of theoretical and experimental
publications on massive neutrino oscillations amounts to a
few thousand. Oscillation studies are becoming a main line of
research in elementary particle physics. Theoretical models
are being developed in which Dirac and Majorana neutrino
masses are generated by high-dimensional operators and
related to other fermions' masses mf in the range from
electron to t-quark masses by the dependence
mn � mf�mf=Mx�n, where Mx is the high-energy limiting
interval of new physics from a few TeV to Plank masses at
which unification of interactions may be expected. Such `see-
saw' models (e.g. [28]) lead to three light left-handed
Majorana neutrinos (ne, nm, nt) with mass matrix eigenstates
mn � mf M

ÿ1
x mf and three superheavy non-observable

Majorana particles. The smallness of the neutrino mass is
ensured by a high Mx value in both the quadratic `see-saw'
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model with mn � m2
f =Mx and hierarchy

mne : mnm : mnt � m2
u : m2

c : m2
t , and the linear model with

mn � mf=Mx and hierarchy mne : mnm : mnt � mu : mc : mt.
There are differentmethods for the assessment of neutrino

mass by experiment. The best limits have been obtained by
kinematic analysis of the beta-decay of tritium, and the decay
of charged pions and t-leptons. They are currently assumed to
be mne < 4:5 eV [29, 30], mnm < 160 keV [31], and
mnt < 29 MeV [32] respectively. Experiments designed to
detect double neutrinoless b-decay, neutrino decay, addi-
tional peaks in the nuclear b-spectrum or oscillations of
neutrinos from reactors and accelerators as well as analysis
of neutrino events at the SN 1987A supernova failed to
confirm the non-zero mass of the neutrino.

Although all experiments appear to provide evidence of
the neutrino's zeromass, there is every reason to believe that it
actually differs from zero. From the theoretical point of view
the absence of the specific long-range forces between leptons
suggests that the conservation of the leptons number
preservation is not an exact law. In this case, the neutrino
mixing leads immediately to the appearance of it mass. On the
other hand, three problems: (1) the deficit of solar neutrinos,
(2) the deficit of atmospheric neutrinos, and (3) the shortage
of matter necessary for the Universe to be closed, are best
explained theoretically if neutrinos (the heaviest one nt) have
a mass of � 10 eV [33] and undergo mixing and oscillations
which may experience resonance amplification in matter [34].
The experimental solution of this problem is sought by
physicists in different countries by designing and conducting
new research projects unparalleled in terms of scale, technical
sophistication, and cost [35].

Further progress in understanding neutrino properties is
believed to be dependent on the availability of a new
generation of detectors which enable a substantial enhance-
ment of sensitivity of measurements in neutrino mass
experiments. The highest sensitivity of � 10ÿ3 ± 10ÿ1 eV for
mne andmnm and< 1 eV formnt can be achieved in oscillation
experiments with two detectors positioned at a large distance
from each other in the direction of a neutrino beam [36].

2. Formalism of Dirac and Majorana
neutrino masses

Let us formulate the principal concepts and definitions for the
description of neutrino physics in terms of the common
neutrino Lagrangian which includes Dirac and Majorana
mass terms and the weak interaction term relating neutrino
generations to gauge bosons. Let us first introduce some
mathematical symmetry transformations necessary to con-
struct the Lagrangian describing neutrino fields.

Space-time symmetry transformations:
1. The uniform Lorentz transformation in the form of a

linear transformation of coordinates x � xm �m � 1; 2; 3; 4� of
a four-dimensional space-time,

x0m � Lmlxl ; �2:1�
retaining the invariant interval

x0mx
0
m � LmlxlLmrxr � dlrxlxr � xlxl � inv �2:2�

with Lmr denoting elements of the 4� 4 matrix of the Lorentz
transformation L satisfying the orthogonality

LmlLmr � dlr �2:3�

and unimodularity

detL � 1 �2:4�
conditions. The set of matrices L forms the Lorentz
orthogonal group O (3.1).

2. Discrete transformations described by Dirac matrices
gm in the representation

g0 � 1 0
0 ÿ1

� �
; gi � 0 si

ÿsi 0

� �
; i � 1; 2; 3 ;

g5 � ÿig0g1g2g3 � ÿ 0 1
1 0

� �
; �2:5�

where si are Pauli matrices:

s1 � 0 1
1 0

� �
; s2 � 0 ÿi

i 0

� �
; s3 � 1 0

0 ÿ1
� �

:

�2:6�
Dirac matrices are 4� 4 matrices written as block 2� 2
matrices satisfying the anticommunication relation

gml � g lm � 2gml ; m; l � 0; 1; 2; 3 : �2:7�
Discrete transformations:
(a) The transformation P�x0; x� � �x0;ÿx� of spatial

reflection, where x is the three-dimensional vector, described
by the representation

S�P� � ZPg
0 ; c0�x0;ÿx� � S�P�c�x0; x� �2:8�

with the phase factor ZP � �i or ZP � �1.
(b) The transformation T�x0; x� � �ÿx0; x� of temporal

reflection described by the representation

S�T� � ZTg
0g1g3 ; c0�ÿx0; x� � S�T��cT�x0; x�; �2:9�

where �c�x0; x� � cH�x0; x�g0, cH�x0; x� is a hermit-conju-
gate bispinor, and the phase factor ZT meets the condition
jZTj � 1.

(c) The transformation R�x0; x� � T �x0; x�P�x0; x� �
�ÿx0;ÿx� described by the operator

S�R� � S�T�S�P� : �2:10�
In addition to the space-time transformations, let us

define the transformation of charge conjugation as

cC � ZCC�cT : �2:11�

The matrix C satisfies the conditions

C�gmCÿ1 � ÿgm ;
CT � ÿC �2:12�

and the requirement of unitarity:

CH � Cÿ1 : �2:13�
Here �gm � �gm�T are the transposed Dirac matrices.

In the above representation ofDiracmatrices theCmatrix
is

C � g0g2 : �2:14�
The Lagrangian

Lc � �c�x��gmiqm ÿm�c�x� �2:15�
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for a free fermion with mass leads to the Dirac equation

�igmqm �m�c�x� � 0 : �2:16�
Its complex conjugate�ÿi�gm�Tqm ÿm

�
�cT�x� � 0 �2:17�

may be represented in the form

�igmqm ÿm�cC�x� � 0 ; �2:18�

where cC�x� � C�c�x� stands for the charge-conjugate field.
The spatial parities �ZP� of a particle and �ZP�C of an

antiparticle satisfy the relation

ZP�ZP�C � ÿ1 ; �2:19�

and therefore particles and antiparticles are of the same
spatial parity if ZP � �i , and of opposite parities if ZP � �1.

Finally, let us introduce operators

PL � 1� g5
2

; PR � 1ÿ g5
2

; �2:20�

of projection on particle helicity. They satisfy relations

PL � PR � 1 ; P2
L;R � PL;R : �2:21�

The general solution of the Dirac equation (2.16) for a
fermionic field is a linear combination of flat waves with the
amplitudes a�p; s� and b��p; s�:

c�x� �
X

p;s��1=2

1�����
2k
p �

a�p; s�u�p; s� exp�ÿipx�

� b��p; s�uC�p; s� exp�ipx�� : �2:22�

Here summation runs over all possible values of the
momentum p from ÿ1 to 1 and all permissible spin
projections s, p � �p2 �m2�1=2, and u�p; s� and
uC�p; s� � C �u�p; s� are the amplitudes of the Fourier expan-
sion normalized by the condition �uu � 2m and having the
form

u�p; s� �
�������������
k�m
p

w�s��������������
kÿm
p � nw�s�

 !
; �2:23�

where n � p=jpj, and w�s� is the two-component spinor whose
helicity states

w
�
1

2

�
� 1

0

� �
; w

�
ÿ 1

2

�
� 0

1

� �
correspond to projections s � �1=2 of the spin on the
quantization axis n: ��n�w�s� � 2sw�s� � �w�s�.

The free neutrino state nL may be determined via the
action of the operatorPL given by (2.20) on the wave function
n�x� � u�p; s� exp�ÿipx�:

nL � 1

2

� �������������k�m
p ÿ �������������

kÿm
p � n�w�s�

ÿ� �������������k�m
p ÿ �������������

kÿm
p � n�w�s�

( )
exp�ÿipx�

'
���
k
p 1ÿ �n

2
w�s�

ÿ 1ÿ �n
2

w�s�

8><>:
9>=>; exp�ÿipx� : �2:24�

The approximate equality corresponds to the ultrarelativistic
limit k4m (e.g. atm � 0), and spinor nL is non-zero only for
the left polarization of the neutrino corresponding to the
helicity eigenvalue l � 2s � ÿ1 when the spin is oriented
oppositely to themomentum. The right-handed chirality state
nR � PRn�x� of the neutrino in the case of k4m has a non-
zero wave function only at l � 1 and can not be observed in
the laboratory. Only left-handed chirality states of the
neutrino have been reported to occur in experiments.

Now, let us substitute the left and right-handed chirality
fields

niL � 1

2
�1� g5�ni ; niR � 1

2
�1ÿ g5�ni �i � e; m; t� �2:25�

of the neutrino into the fermionic Lagrangian (2.15). In the
case of a massless neutrino it takes the form

Ln �
Xn
i

��niLgmiqmniL� �
Xn
i

��niRgmiqmniR� �2:26�

and leads to chiral symmetry with respect to the transforma-
tion

n0�x� � exp

�
ÿ ig5o

2

�
n�x� ; �n0�x� � �n�x� exp

�
ÿ ig5o

2

�
;

�2:27�
where o is the wave number. Since matrix g5 anti-commutes
with all gm, the exponents in the Lagrangian (2.26) undergo
reduction and it becomes chirally invariant.

The introduction of the mass term in the form mn��nn�
breaks the symmetry of the Lagrangian (2.26) with respect to
chiral transformations.

The most general form of the Hermitian and Lorentz-
invariant neutrino-mass Lagrangian can be represented as a
sum

LD �MD��nLnR � �nRnL� �MD��nn� �2:28�

of Dirac type mass terms relating the left and right-
handed chiral components of the same field n � nL � nR to
the eigenstate of the mass matrix, and of the Majorana type

LLM �MLM��nCLnL � �nLnCL� �MLM��n0Ln0L� ;

LRM �MRM��nCRnR � �nRnCR� �MRM��n0Rn0R� ; �2:29�

relating the left and right-handed chiral components of the
conjugate fields in the form of self-conjugate fields

n0L � nL � nCL ; n
0C
L � n0L ;

n0R � nR � nCR ; n
0C
R � n0R �2:30�

to the eigenstates of the mass matrix.
In the space of spinors

n � n0L
n0R

� �

it is possible to pass to a new basis

x1 �
n0L � n0R���

2
p ; x2 �

n0L ÿ n0R���
2
p ; �2:31�
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in which the `semi-spinors' x1 and x2 are independently
transformed by the Lorentz transformations and turn into
each other (x1 ! x2 and x2 ! x1) in the case of spatial
reflection P�x0; x� � P�x0;ÿx�.

The neutrino-mass Lagrangian can be written in the
matrix form as

LM � 1

2

ÿ
�nL;�nCR

� MLM MD

MT
D MRM

� �
nCL
nR

� �
�N:s: ; �2:32�

where nL is a three-component vector of left-handed neutrinos
arising as a component of the electroweak lepton doublet

lL�x� � nL�x�
eL�x�

� �

and undergoing transformations as a component of a spinor
under the action of SU�2� in the case of global rotations of
isotopic space, nR is the vector of dimension n of right-handed
neutrino electroweak singlets,MLM is the 3� 3 matrix of left-
handed Majorana masses with 3�3� 1� � 12 parameters,
MRM is the n� n matrix of right-handed Majorana masses
with n�n� 1� parameters, andMD is the matrix of dimension
3� n of Dirac masses with 2�3� n� parameters. All the
matrices in (2.32) are largely complex ones.

The anticommutation property of fermion fields and the
assumption

MLM �MT
LM ; MRM �MT

RM �2:33�

of Majorana matrix symmetry allow the complete mass
matrix of dimension �3� n��3� n� in (2.32) to be diagona-
lized by means of double unitary transformations, i.e. for any
mass matrixM to find unitary U- andH-matrices such, that

UHMH �Mdiag �2:34�
is a diagonal matrix with 3� n positive eigenvalues of mass
neutrino statesMi:

Mdiag �
M1 0 0
0 M2 0
0 0 M3

 !
; Mi > 0 : �2:35�

The operator Mi �MiL �MiR in the diagonal matrix
Mdiag describes a Majorana particle with mass mi while the
operators MiL and MiR are its projections having certain
chirality, i.e. eigenstates of the charge-conjugation operator
(2.14) and operator (2.20). The fieldsMi are eigenstates of the
Lagrangian. As a result, there is a relationship

�nLMnR � ��nLU��UHMH��HHnR� � �n0LMdiagn0R �2:36�

between gauge states of the neutrino involved in a weak
interaction and the eigenstates of the mass matrix with
eigenvaluesMi, with

nL � Un0L ; nR � Hn0R : �2:37�

If the consideration is confined to one generation of
fermions, the Lagrangian (2.32) contains only one flavour
component, e.g. nL � neL, and there are two eigenvalues

Mi �M1;2 � �MLM �MRM�
� ��MLM ÿMRM�2 �M 2

D

�1=2
; �2:38�

of the mass matrix corresponding to the eigenvectors

n1
n2

� �
� cos y sin y
ÿ sin y cos y

� �
n0L
n0R

� �
; �2:39�

where the mixing angle y is expressed through parameters of
the original Lagrangian:

tan�2y� � 2MD

MLM ÿMRM
: �2:40�

The diagonal states n1 and n2 with certain masses M1 and
M2 are orthogonal superpositions of the states n0L and n0R and
describe Majorana neutrinos.

Explicit expression of theDirac andMajoranamass terms
in (2.38) and (2.40) yields

MD � �M1 ÿM2� sin�2y� ;
MLM �M1 cos

2 y�M2 sin
2 y ;

MRM �M1 sin
2 y�M2 cos

2 y : �2:41�
It follows from these expressions that the mass term in the
Lagrangian (2.32) describes two Majorana particles with
different masses. In the limit MLM �MRM � 0 (at y � p=4)
the mass term is diagonal, having the eigenvalue �MD. The
negative, non-physical sign of the mass can be changed by the
chiral transformation

g5
n0L
n0R

� �
:

Upon transition to the new basis (2.31), the fields

x1 � 1���
2
p �nL � nCL � nR � nCR� ;

x2 �
1���
2
p �

g5�nL � nCL� ÿ g5�nR � nCR�
�

� 1���
2
p �ÿnL � nCL ÿ nR � nCR� �2:42�

will correspond to one and the same eigenvalue MD. Such a
degeneration allows for the use of any field combination
obtained by a turn at the plane x1x2. The bilinear form

MD��x1x1 � �x2x2� �2:43�

corresponds to the mass term in (2.28); hence, the Dirac
neutrino corresponds to the degenerate limit
MLM �MRM � 0 of a more general case of two Majorana
particles. The Majorana mass termsMLM andMRM in (2.29)
lead to the non-conservation of the lepton quantumnumberL
transferred by the n field, violating the conservation law by
two units: jDLj � 2.

In the case of two fermion generations, the neutrino fields
have the form

n0L �
neL � nCeL
nmL � nCmL

 !
; n0R �

neR � nCeR
nmR � nCmR

 !
; �2:44�

and the diagonalization of the mass matrix in the Lagrangian
(2.32) [25] leads to two even eigenstates relative to the charge-
conjugation operator (2.14) whose eigenvalues are eigenva-
lues of the operator MD � �MLM �MRM�; and to two odd
states relative to the operator C with the eigenvalues
corresponding to the eigenvalues of the operator

August, 1997 The nature of neutrino mass and the phenomenon of neutrino oscillations 777



MD ÿ �MLM ÿMRM�. Therefore, there are four Majorana
eigenstates of the mass term; in this case, the mixing matrix is
a unitary 4� 4 matrix. The flavour eigenstates ne and nm and
the corresponding antiparticles nCe and nCm are expressed
through the same set of four Majorana mass states.

Measurements of the Z0-boson decay width at the LEP-
collider in the ALEPH [37], OPAL [38], DELPHI [39], and L3
[40] experiments have demonstrated that there are only three
left-handed neutrinos (to be precise: Nn � 2:985�
0:023� 0:004 [41]) which contribute to the reaction Z0 ! n�n
if mn < mZ=2. This accounts for the field

n0L �
neL � nCeL
nmL � nCmL
ntL � nCtL

0B@
1CA �2:45�

in the case of three fermion generations; there are nine
Majorana mass eigenstates with the possibility of existence
of n sterile SU(2)
U(1) singlets v0R with n� n mass eigen-
states. The three mass matrices MD, MLM and MRM in the
Lagrangian (2.32) may be represented as a single 2�3� 2n�
matrix of the form

Mik
LM Mik

D

�Mik
D�T Mik

RM

 !
: �2:46�

The diagonalization procedure for such a matrix is described
at greater length in [42 ± 45] and can be reduced to a search of
a unitary 2�3� 2n�matrixUwhich expresses a specific variety
of neutrino (l � e; m; t) through the 3� n diagonal Majorana
states.

Left-handed neutrino components may be written as

�nlj�L �
X
i

Uji�ni�L ; �2:47�

where ni are the mass eigenstates, nlj (l � e; m; t, j � 1; 2; 3) are
the eigenstates of the electroweak component of the lagran-
gian, and Uji is a mixing matrix which, in the case of three
lepton generations whose left-handed components partici-
pate in the electroweak interaction, can be parametrized in a
form analogous to the Kobayashi ±Maskawa quark mixing
matrix [46]:

ne
nm
nt

 !
�

C1 S1C3 S1S3

ÿS1C2 K1 K2

S1S2 K3 K4

 !
n1
n2
n3

 !
: �2:48�

Here Si � sin yi, Ci � cos yi, K1 � C1C2C3 ÿ S1S3 exp�ij�,
K2�C1C2S3 ÿ S2C3 exp�ij�, K3�ÿC1S2C3 ÿ S2S3 exp�ij�,
and K4 � ÿC1S2S3 � C2C3 exp�ij�, i � 1; 2; 3.

Such a matrix contains four parameters: three mixing
angles y1, y2, y3 �0 < yi < p=2� and a complex phase
j �ÿp4j4 p�. At j 6� 0, this leads to CP-parity violation
due to the complex vertices described by the Lagrangian of
interaction between charged lepton currents in the standard
weak interaction theory:

LCC
int �

GF���
2
p ÿ

J�mW
ÿ
m � JÿmW

�
m

�
: �2:49�

Here GF � 1:166� 10ÿ5 GeVÿ2 is the Fermi constant, W�m
are the boson fields, and

J�m � �nlLgmlÿL �
1

2

Xn
l

�nlgm�1� g5� lÿ �2:50�

is the left lepton current which can now be expressed through
the neutrino mass states:

J�m � �n0LU
HgmlÿL : �2:51�

All reactions involving neutrinos can be interpreted as a
non-coherent sum of all the channels i for neutrinos ni
(i � 1; 2; 3) with kinematically permissible mass mi and
weight jUi jj2. Therefore, the weak interactions are non-
diagonal if expressed through mass eigenstates. It is quite
possible that the matrix U is close to diagonal, i.e.
jUiij5 jUikj, i 6� k (this does not mean that mni > mnk ).

3. Neutrino mass in gauge theories

3.1 Neutrino mass in the standard model
In the standardmodel of the electroweak interaction based on
the SU�3�L 
 SU�2� 
U�1� group [12, 47], the generation of
mass fermions is described by the Yukawa-type interaction
between scalar Higgs fields j�x� and a fermionic field
conserving parity and fermion flavours. The corresponding
Lagrangian is

Lint � f i je �eiR�j�liL� � f i jn �niR
ÿ�jC��liL

�� s: s: ; �3:1�
where

liL � niL
eiL

� �
�3:2�

are weak left-handed lepton doublets (i � e; m; t Ð lepton
flavours) which are transformed as components of SU(2)
spinors during a global rotation of an isotopic space and are
weak eigenstates, eiR�x� and niR�x� are right-handed singlets,
f i je and f i jn are matrices of dimensionless constants which
define the lepton masses.

In the case of spontaneous SU�2� 
U�1� symmetry
breaking, the vacuum average of the scalar isodoublet

j � j�

j0

� �
differs from zero. Namely

hj�x�i � 1���
2
p 0

V

� �
; �3:3�

where

V �
�

1���
2
p

GF

�1=2

' 250 GeV: �3:4�

The substitution of fields j�x� in the form (3.3) into the
Lagrangian (3.1) leads to

Lint � V���
2
p �

fi j��eiei� � fi j��nini�
�

� mi j

���eiei� � ��nini�� ; �3:5�

where

�nini � �nRnL � �nLnR ; �eiei � �eReL � �eLeR ; �3:6�
and

mi j � V���
2
p fi j �i; j � e; m; t� �3:7�
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is the fermion mass matrix whose elements define the lepton
masses of all flavours, e.g.

me � feV���
2
p ; mn � fnV���

2
p ; �3:8�

and are arbitrary parameters which can not be computed
because of the infinite renormalization of both the mass and
the coupling constant of the gauge theory.

The lepton mass matrix is proportional to the Yukawa
interaction constant matrix and can be diagonalized:

Lint � mi��e 0i e 0i � �n 0i n
0
i � : �3:9�

Here the primed fields are the mass matrix eigenstates.
In the standard SU�2� 
U�1� theory, the neutrinomasses

(both Dirac andMajorana ones) must be zero since the Higgs
sector structure leads to a global symmetry corresponding to
lepton number conservation. This symmetry forbids the
appearance of Majorana mass terms in the bilinear form
f �nCL nL violating conservation of the lepton numberLwith the
selection rule DL � 2. The Dirac mass terms conserve the
total lepton number, but all the fi j � 0 since right-handed
neutrinos niR are non-existent in nature; hence, mi j � 0. To
summarize, the zero mass of the neutrino in the standard
theory is conditioned by the limited number of particles' fields
which create the simplest representation of SU�2� 
U�1�. In
GUTs described by groups of a higher dimension and
corresponding to a more complete unification, the number
of fields increases and neutrino mass terms appear.

There are several possibilities to extend the standard
model in which the neutrino mass arises in the non-contra-
dictory mode.

3.2 Extension of the Higgs sector and generation
of Majorana mass
It is possible to postulate a triplet of Higgs fields H with a
hypercharge Y � 2 [48, 49] in addition to (3.3) and present it
in the form

�H � H�
���
2
p

H�����
2
p

H0 ÿH�
� �

: �3:10�

This gives rise to additional terms of the Yukawa interaction
in the fermionic Lagrangian:

LM
int � fi j �l

C
iL ljL��H� �N:s: �3:11�

The substitution of the non-zero vacuum average

h�Hi � 0 0
VH 0

� �
�3:12�

of fieldH into (3.11) leads to aMajorana neutrino term of
the form

�fi jVH��nCiLnjL �3:13�

with the Majorana mass

MM � fi jVH���
2
p : �3:14�

The vacuum average VH can not be too large because the
average of the isotriplet field makes different contributions to

the W�- and Z-boson masses:

DM 2
W

M 2
W

� 2V 2
H

V 2
;

DM 2
Z

M 2
Z

� 4VH

V
: �3:15�

Here V � 250 GeV is the standard doublet vacuum average.
In order to have the relation MW �MZ cos yW fulfilled with
an accuracy corresponding to experimental data (of the order
of 1%), the condition VH 4 0:1V is necessary, e.g.
VH 4 25 GeV.

Such a model with the Higgs field triplet also predicts the
existence of a massless particle, the majoron [48]. It results
from the non-orthogonal transformation of global symmetry
of the original Lagrangian relative to the gauge U(1)-
symmetry transformation. Concurrently, the imaginary part
of component H0 of the field H � �H��;H�;H0� mixes with
the imaginary part of the Higgs doublet field j. This leads to
the formation of a non-physical field

c � V Imj� 2VH ImH0���������������������
V 2 � 4V 2

H

q �3:16�

absorbed by a massive Z0-boson while the orthogonal
combination

w � V Imjÿ 2VH ImH0���������������������
V 2 � 4V 2

H

q �3:17�

describes a massive Goldstone boson, the majoron. This is a
real physical object arising from the extension of the Higgs
sector in the standard model with a non-zero vacuum average
and is responsible for double neutrinoless beta-decay [50].

3.3 Extension of the lepton sector and generation
of Dirac mass
The leptonic sector can be extended at the electroweak level
by introducing left-handed neutrino fields nR which can either
be singlets of group SU�2� 
 SU�1� or may be coupled to eR
into doublets, similar to nL and eL [51]. In this case, the
Lagrangian (3.1) contains an additional mass term

LD
int �MD�nLnR �H:c; �3:18�

where

MD � 1���
2
p fnV �3:19�

is the Dirac mass which appears as a result of the spontaneous
symmetry breaking caused by the non-zero vacuum average
hji � V=

���
2
p

. This, however, does not explain why in the
absence of additional contributions to the neutrino mass
matrix the interaction of the neutrino field with the Higgs
fieldj is a few orders ofmagnitudeweaker than interaction of
the electron field with j. The difference between the
interaction constants for particles of one generation
(fe=

���
2
p � me=V ' 10ÿ5, fn=

���
2
p � mn=V � 0 or mn=V �

10ÿ10 if mn ' 10 eV) with the same field j can not be
accounted for in the framework of the standard model.

3.4 Extension of the Higgs and lepton sectors
in the `see-saw' model
The assumption of the existence of a right-handed neutrino nR
and a scalar Higgs field w, which is additive to the doublet
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j � j�

j0

� �
and a singlet with respect to the standard group
SU�2� 
U�1�, leads to the appearance of both Dirac and
Majorana terms in the interaction Lagrangian:

Lint �MD�nLnR �MM�nCR nR �N:s: �3:20�
In this case, the Dirac mass

MD � 1���
2
p hj�x�ifL �3:21�

is of the same order of magnitude as the mass of a charged
fermion (lepton or quark with electric chargeQ � 2=3), while
the Majorana mass

MM � 1���
2
p hw�x�ifR �3:22�

is close to the energy scale at which symmetry of the group
describing a GUT is broken and is reduced to the group
SU�3�L 
 SU�2� �U�1�. The Majorana mass MM appears
due to the neutrality of nR with respect to the SU�2� 
U�1�
transformations. In this case, the interaction fR�nR�wC��nR
does not affect the symmetry of the theory, and the lepton
number is conserved if a double lepton charge is ascribed to
the field w. The spontaneous U�1�L symmetry breaking [this
group is associated with lepton number conservation and is
external relative to the gauge group SU�2� 
U�1�] leads to
the appearance of the Majorana mass MMR of the right-
handed neutrino by virtue of the non-zero vacuum average of
the Higgs field w and is accompanied by the appearance of a
massless majoron whose field is described by the imaginary
component 2ÿ1=2 Im w [52].

Diagonalization of the mass matrix

��nL;�nCR �
0 MD

MT
D MM

� �
nCL
nR

� �

in the Lagrangian (2.32) is performed trivially, and the states

n 0L � nL � nCL ; n 0R � nR � nCR ;

which are involved in weak interactions, are a superposition
of two Majorana mass eigenstates:

n1 � n 0L ÿ
MD

MM
n 0R ; n2 � n 0R �

MD

MM
n 0L : �3:23�

The neutrino n 0L is largely a light neutrino with a mass

mn 0
L
� M2

D

MM
� �M1 ÿM2�2 sin�2y�

M1 sin
2 y�M2 cos2 y

�3:24�

of the same order as the fermion mass, with a small
admixture,

� �M1 ÿM2�2 sin�2y�
M1 sin

2 y�M2 cos2 y
; �3:25�

of a heavy neutrino with a mass

mn 0
R
�M1 sin

2 y�M2 cos
2 y : �3:26�

Light and heavy neutrinos mix up at an angle

tan2 y � m2
f

MGUT
: �3:27�

The mechanism underlying neutrino mass generation with
two scales of masses (mf, MGUT) which determine the mass
matrix in the GUT is referred to as the `see-saw' mechanism
[53].

In the minimal SU(5)-based GUT which comprises the
strong, weak, and electromagnetic interactions [54], the right-
handed neutrino nR is absent, as in the standard model, so
there is no Dirac mass. The Majorana mass is equally
impossible because of the appearance of D�Bÿ L� � 2
transitions following the spontaneous U(1)�BÿL� symmetry
breaking. This symmetry is of global nature for group SU(5)
and is associated with the conservation of the difference
between barion and lepton charges (Bÿ L). As in the
standard model, the non-zero neutrino mass in the minimal
GUT±SU(5) theory can be obtained by additionally introdu-
cing nR and extending the Higgs sector. All predictions for the
mass are analogous to the estimates (3.24) ± (3.27) with
MGUT �MSU�5� � 4� 1014 GeV.

Quite a different situation arises in the SO(10)-based
GUT. In this theory, the conservation of the charge Bÿ L is
associated with gauge symmetry which is not exact because of
the absence of the second massless boson, a photon analog,
interacting with charge Bÿ L with a coupling constant
equivalent to the electromagnetic one. In the case of
spontaneous gauge (Bÿ L)-symmetry breaking, massless
bosons are absorbed through the Higgs mechanism and the
corresponding gauge field acquires mass [55, 56].

In this theory, Dirac neutrino mass states arise naturally,
as of charged fermions, because fields nL and nR are included
in the fundamental representation of group SO(10), in 16 plet
[57 ± 59]. The Dirac mass of the neutrino must be of the order
of upper quark masses of the corresponding generation:

mni � mqi �ni � ne; nm; nt; qi � u; c; t�: �3:28�

For instance, ne masses have a value of � MeV. However,
such a situation is obviously in conflict with experimental
findings because in this case, the Dirac mass MD � mni is the
eigenvalue of the eigenstate ni of the original Lagrangian
(2.32).

The generation of theMajorana mass in the SO(10)-based
model may occur in case of spontaneous gauge symmetry
breaking when the Higgs sector is described by the 126-
representation of SO(10) [60]. The vacuum average hHi of
the Higgs field carries a double lepton charge and is of the
same value as the unification scale of interactions
MGUT � 1015 ± 1019 GeV. The interaction of hHi with
Majorana term f �nCRnRhHi leads to two diagonal mass states

M1 � M2
D

MM
; M2 �MM �MGUT � 1015 GeV �3:29�

of neutrinos [see expressions (3.24), (3.26)], the former of
which is light and the latter heavy. Experimentally observed
left-handed neutrinos largely represent the light mass state
with a small admixture of the heavy state, and the following
mass hierarchy holds:

mne : mnm : mnt � m2
u : m2

c : m2
t : �3:30�
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Relation (3.30) does not explicitly contain the dependence
of the neutrino mass on the unification scale MGUT and the
quark mass mq; it implies independence on the Majorana
massMM.Amore exact relationship for neutrinomasses, free
from the above defects, was obtained in [61, 62]:

me

mnm
�
�
lu�MGUT�
lc�MGUT�

�2
M2

M1
�
�
mu

mc

�2
M2

M1
; �3:31�

mnm

mnt
�
�
lc�MGUT�
lt�MGUT�

�2
M3

M2
�
�
lc�mt�
lt�mt�

�2�
1ÿ l2t �mt�

l2L

�
M3

M2

�
�

mc

Zcmt

�2�
1ÿ

�
mt

190

�2�
M3

M2
: �3:32�

The following quantities are introduced into the expressions
(3.31), (3.32):

mu � mu�1 GeV� � 5:1� 1:5 MeV ;

mc�mc� � 1:27� 0:05 GeV ;

MM � diag�M1;M2;M3� ;

Zc �
mc�mc�
mc�mt� � 1:9 in the a3�MZ� region ;

lt�mt�
lL

� mt

190
GeV; �3:33�

where lu, lc, lt are running Yukawa coupling constants for
quarks, lL is the limiting value of the Yukawa coupling
constant for the t-quark, and a3 is the strong interaction
constant.

In principle, the `see-saw' mechanism can predict neutrino
mixing parameters at low energies, by analogy with the
Kabayashi-Maskawa quark matrix. In this case, however,
the situation is much more complicated because mass
generation is described by the 6� 6 `see-saw' matrix, which
must be known. It can be assumed, without loss of generality,
that at low energies heavy neutrinos are described by the
symmetric diagonal mass matrix Mn, and there is a basis in
which the charged lepton mixing matrix is diagonal while
matrix U diagonalizing Mn contains relative mixing angles
and, in the case of a very small angle yet, is parameterized in
the form

U �
1 yem 0

yem 1 ymt
0 ymt 1

0@ 1A : �3:34�

The following phenomenological relations are valid for
mixing angles [58, 59]:

yem �
�
mne

mnm

�1=4

; ymt �
�
mnm

mnt

�1=2

; yet � 0 : �3:35�

Expressions (3.31) and (3.32) and the form of matrix (3.34)
may be used to express neutrino mixing angles through quark
masses and neutrino mass states:

sin2�2yem� � 4

�
mu

mc

��
M2

M1

�1=2

; �3:36�

sin2�2ymt� � 4

�
mc

Zcmt

�2�
1ÿ

�
mt

190

�2�
M3

M2
: �3:37�

These expressions are convenient for comparison with
experimental data.

Calculations using these three formulae at M3=M2 � 10,
mnm � 2� 10ÿ3 eV and in the t-quark mass range
904mt 4 150 GeV [63,64] yield t-neutrino mass values in
the range

4:74mnt 4 27 eV �3:38�
and parameters of nm ! nt mixing in the ranges

3:0� 10ÿ4 4 sin2�2ymt�4 1:7� 10ÿ3 ; �3:39�
224Dm2

nm!nt 4 715 eV2 : �3:40�

Let us now consider supersymmetry models which predict
neutrino masses in the framework of the `flipped see-saw'
mechanism. Let us first examine the simplest supersymmetric
extension of the standardmodel in the context of SU(5) group
[64 ± 66]. In such a scheme, the `see-saw' matrix for each
generation includes three fields, ni, nCi and fi [67 ± 69]:

�ni; nCi ;fi�
0 mui 0

mui l9iM2
GUT=Mnr l6iMGUT

0 l6iMGUT mi

0@ 1A ni
nCi
fi

0@ 1A :

�3:41�
Here fi is the SU(5)
U(1) singlet field and different states of
the matrix are derived from the following field combinations
of the supersymmetric SU(5)-theory:

luiFi
�fi �j! muininCi ; �3:42�

l6iFi
�Hfi ! l6i �VnCi fi � l6iMGUTnCi fi ; �3:43�

l9i
1

Mnr
FiFi

�H �H! l9i
�V 2

Mnr
nCi n

C
i � l9i

M2
GUT

Mnr
nCi n

C
i ;

�3:44�

while the mass term is mififi. In these expressions, Fi and �fi
are the usual fields of matter in the representation 10 and �5,H
and �H are the Higgs fields in the representation 10 and �10, the
neutral component (VC

H, V
C
H) of which acquires the vacuum

average V � �V �MGUT in the case of SU(5)
U(1) sponta-
neous symmetry breaking, andMnr � 1018 GeV is the scale at
which non-renormalizable terms in the superpotential are
calculated [70, 71]). Probably, the computation of such non-
renormalizable interaction will be feasible in the framework
of string models [72].

The light neutrino state in the 3� 3 `see-saw' matrix is
such that

mni �
m2

ui

Mi
; �3:45�

Mi � l26i
M2

GUT

mi

�
1ÿ l9i

l26i

mi
Mnr

�
: �3:46�

Neglecting the heavy state, that is assuming l9i � 0, gives the
following relation between mass states:

M3

M2
� l263

l262

m2
m3

: �3:47�

String models [70 ± 72] assume three generations of
Yukawa constants, with the two former being markedly
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suppressed:� m=Mnr � 1=10. Themasses mi must obey such a
hierarchy: if l62=l63 � 1=10, it follows from (3.47) that
M3=M2 � 1 ± 100. Now, we have from expressions (3.45),
(3.46) that

mnt �
m2

t �MGUT�
M3

� m2
t

�
1ÿ

�
mt

190

�2�ÿ1
1

ZM3
; �3:48�

and the value mnt � 1 ± 10 eV is obtained forM3 � 1012 GeV
(with Z � 10). The value M3 � l263M

2
GUT=m3 � 1012 GeV is

obtained forMGUT � 1015 GeV from expression (3.46).

4. Neutrino mass in cosmology

Massive neutrinos could be formed in the early Universe and
survive at later phases of its expansion. Their gravitational
interaction with fields of matter at different stages of
evolution could play a role in the formation and stability of
different structures in the Universe.

The Universe is homogeneous and isotropic at larger
scales. Evolution of its scale factor R�t� is described by the
Einstein equations [73]:

1

R

d2R

dt2
� ÿ 4p

3
GN�r� 3p� � L

3
; �4:1�

H2 �
�
1

R

dR

dt

�2

� 8p
3

GNrÿ K

R2
� L

3
: �4:2�

Here r is the matter energy density in the Universe, p is the
pressure of the matter, GN �Mÿ2P is the gravitation constant
expressed through the Plank massMP � 1:2� 1019 GeV,

H � dR

dt

1

R

is the time-dependent Hubble constant,K � �1,ÿ1; 0 are the
three signatures for the closed, open, and flat Friedman
Universe respectively, and L is the cosmological constant
assumed to be zero.

The Hubble constant in the present epoch

H0 � 100h km �s Mps�ÿ1 � h� 10ÿ10 yearÿ1 �4:3�

is defined up to values of h lying in the interval h � 0:5 ± 1. For
a flat Universe, the matter energy density and the Hubble
constant are connected by Eqn. (4.2) with the critical density

rc �
3H2

8pGN
� 3H2M2

P

8p
: �4:4�

If density is higher (for a given H), the Universe is closed,
while if lower it is open. At present, the critical density of the
Universe is

rc � 1:88� 10ÿ29 h2 g cmÿ3 ; �4:5�
and themean ratio ofmeanmatter density to critical density is
characterized by the quantity

O � r
rc
: �4:6�

Astrophysical observations of luminous parts of galaxies
give the value Ogal � 0:01. In other words, the amount of
barion matter in visible stars is two orders of magnitude
smaller than is necessary to exclude infinite expansion of the
Universe.

Another group of observations is pertinent to the
determination of the gravitational mass of spiral galaxies
based on their rotational dynamics [74]. The orbital velocities
of objects outside such galaxies, on the assumption of a
compact center of attraction with massM�R� inside a sphere
of radius R, must decrease with distance:

V 2 � GNM�R�
R

: �4:7�
However, the observable radiation spectrum defined by the
Doppler shift of spectral lines corresponding to hydrogen
surrounding the galaxies leads to an R-independent value
V � const. The flat rotation curve implies a total mass

Mtot � Gÿ1N V 2R ; �4:8�

which is

1011M�

�
V �km sÿ1�

200

�2
R �kpc�

10

higher than the visible massM�vis�.
The velocity dispersion of groups and clusters of galaxies

[75] correlates with the x-ray emission of the hot gas present in
these clusters [76] and corresponds to the gravitational
potential and the total galactic mass which is an order of
magnitude larger than the masses of the galaxies and gas
taken together. This discrepancy can be accounted for by the
existence of non-luminous matter concentrated at the periph-
ery of galaxies and their clusters with a mean density

O0 ' 0:2ÿ0:4 : �4:9�

The calculation of barionic matter density based on the
Universe expansion rate during nucleosynthesis and the
comparison of theoretical and observed distributions of relic
hydrogen nuclei and the isotopes 3He and 4He yield a barion
density [77]

rbar � �2:82� 0:94� � 10ÿ31 g cmÿ3 ; �4:10�

or only 6% of the critical density:

Obar � �0:06� 0:02� hÿ2 : �4:11�

An excess ofO0 overObar indicates that amajor part of the
Universe mass is condensed in non-luminous matter. It is
unlikely that there is a significant amount of invisible non-
barion matter, which it can not make a substantial contribu-
tion to the dark matter [78] to ensure O � 1. Instead, a
massive neutrino appears to be the most likely candidate for
dark matter in the Universe.

Neutrino mass can be derived from cosmological con-
siderations related to the hot Universe model [78], with due
regard for current astrophysical observations of matter
density and the microwave background radiation spectrum.
This approach was first realized in [80] where an upper
estimate for the rest mass of a muon neutrino was computed
to be mn < 400 eV. This work was followed by a number of
reports demonstrating the key role of relic neutrinos in the
formation of clustered galaxies and their hiddenmass [81, 82].

At early stages of expansion of the hot Universe,
neutrinos were in thermodynamic equilibrium with photons,
electrons, quarks, and antiparticles. This inference provides
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the basis for calculating all parameters of the present neutrino
distribution. The particle number density in the radiation
Universe is related to temperature by the formula

n � �kT�3 1

2p2

�1
0

x2 dx

exp�x� ÿ 1

�X
b

gb � 3

4

X
f

gf

�
�4:12�

for black body radiation [83], where

z�3� �
�1
0

x2 dx

exp�x� ÿ 1
� 1:2

is the Riemann function, gb and gf are the numbers of boson
and fermion degrees of freedom (helicity states) respectively.
For a photon gas gb � 2, while for Majorana and Dirac
neutrinos gf � 2 and 4 respectively. The relationship between
energy density and pressure is described by the equation for
an ultra-relativistic hot gas of particles:

r � 3p � p2

30
�kT�4

�X
b

gb � 7

8

X
f

gf

�
: �4:13�

At the temperature

T0 � 2:726� 0:005 K ; �4:14�

of relic radiation precisely measured by COBE [84], the
current photon density derived from (4.12) is

ng � 2z�3�
p2
�kT0�3 � 411 cmÿ3 ; �4:15�

and the corresponding energy density from (4.13) is

rg � 4:65� 10ÿ34 g cmÿ3 � 0:26 eV cmÿ3 ; �4:16�

i.e. five orders of magnitude lower than the critical density.
A similar line of reasoning leads to the relic neutrino

density. In equilibrium with radiation, the ratio of Majorana
neutrino density nni and ng in accordance with (4.12) is

nni
ng
� 3

4
�4:17�

for each flavour. This ratio remains unaltered after neutrinos
escape thermodynamic equilibrium up to kTn ' 0:2mec

2,
when e�eÿ-annihilation started to heat phonon radiation.
Conservation of entropy in the Universe leads to a rise in the
photon number per unit volume at constant neutrino density
by a factor

1� 7

8
gni �

11

4
: �4:18�

Then, the present-day density of each flavour of Majorana
and Dirac neutrinos must be

�nni�M �
3

4

�
Tni

Tg

�3

ng � 3

11
ng ' 115 cmÿ3 ; �4:19�

and respectively

�nni�D �
6

11
ng ' 230 cmÿ3 : �4:20�

Upon transition to neutrino mass eigenstates, the neu-
trino energy density can be written as

rni �
3

11
ng
X
i

gni
2

mi ' 2� 1031
X
i

gni
2

mi �eV� : �4:21�

Assuming that massive neutrinos are responsible for the
apparent lack of matter in the Universe up to O � 1, we get
from Eqns (4.5) and (4.21) the upper bound on the neutrino
mass:X

i

gni
2

mi �eV�4 91:8 h2 : �4:22�

In the case of the neutrino mass hierarchy
mnt 4mnm 4mne , a major contribution to the dark matter is
made by t-neutrinos with mnt � 23 eV for h � 0:5 and
mnt � 91:8 eV for h � 1. The value mnt � 30 eV, preferable
from the cosmological point of view, is in good agreement
with the predictions of `flipped see-saw' models. This mass
value at h5 5 corresponds to an age

t0 � 1

H0

�1
0

�
1ÿ O0 � O0

x

�ÿ1=2
dx5 13� 109 years �4:23�

of the Universe, which is not at variance with the age of the
oldest stars in stellar clusters [t0 5 �14 ± 16� � 109 years] and
the estimates by nuclear cosmochronological methods.
Analysis of the present-day isotope composition of uranium
gives t0 > 8� 109 years [85] and a study of radioactive Re
decay into Os leads to value of t0 >(11 ± 18)�109 years [86].

Now let us consider the cosmological role of neutrinos in
the formation of the large-scale structure of the Universe.
This problem is most comprehensively reviewed in [87 ± 91].

The evolution of the Universe described by the equation
for the state of a hot ultrarelativistic gas of particles (photons,
electrons, neutrinos, quarks, and their antiparticles) with a
pressure p � r=3 leads to the scale-factor values�

dR�t�
dt

�ÿ2
� t : �4:24�

It follows from (4.2) that

jOÿ 1j � jr�t� ÿ rcj
rc

�
�
dR�t�
dt

�ÿ2
: �4:25�

In order that the present-time O value lies in the interval

0:14O4 2 ; �4:26�
it is necessary that the inequality

jOÿ 1j4 10ÿ59
MP

T 2
�4:27�

be fulfilled at an early stage of evolution of the hot Universe.
At a temperature T �MP and for the Plank moment

tP 'Mÿ2P , the Universe must have had a density close to the
critical one, to the accuracy

jOÿ 1j �
���� rrc ÿ 1

����4 10ÿ59 : �4:28�

This scenario is most readily realized at O � 1 because in
this case the value of O remains unity throughout the period
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of evolution. The present-day approximate equation O � 1
implies, in conformity with (4.28), a correspondence to the
critical density at Plank scales with an accuracy of 10ÿ59. The
solution of this problem has been found in inflationmodels of
the Universe assuming the existence of an unstable vacuum-
like state with a high energy density at the earlier stages of
evolution [92 ± 95]. In this case, it follows from (4.2) that at
large times the Universe undergoes exponential expansion or
inflation,

a�t� � a0 exp

��t
0

H�t� dt
�
; �4:29�

which continues until the vacuum energy is completely
converted to thermal energy. Thereafter, the hot Universe is
described by the canonical evolution theory.

A few characteristic scales determining the development
of perturbations are distinguished in the evolution of the
neutrino Universe. One is directly related to neutrino mass
and determines the horizon scale Rhor�tn� � 2ct at time t � tn
and 3kTn � mnc

2 when neutrinos become non-relativistic.
They remain as such until the moment t < tn, and perturba-
tions at large scales grow according to the law

dr
r
/ t : �4:30�

The boundary between large and small scales is determined by
the Jeans scale

RJ � 2ct���
3
p ; �4:31�

which is close to the horizon scale Rhor�tn�. Another
characteristic scale is associated with the equilibrium time
teq when matter and radiation are of the same density. At
t > teq, the neutrino density rn begins to exceed the radiation
density, and from this moment, the neutrino becomes the
determinant of the general expansion and evolution of
inhomogeneities according to

dr
r
/ t2=3 / h2

1� Z
; �4:32�

where Z is the red shift defined by the wavelength ratio of
emitted (l1) to observed (l2) light:

1� Z � l2
l1
: �4:33�

Neutrinos come within the horizon practically at the
moment of equilibrium which in the linear theory of
gravitational instability determines the natural damping
scale R of neutrino perturbations which can be expressed
through the Jeans mass:

MJ � rnR
3
n �

M3
P

m2
n
� 105 M�

mn

30
�eV� : �4:34�

The Jeansmass (4.34) corresponds to themasses of large-scale
structures in the Universe, i.e. superclusters.

The evolution of perturbations on a scale which signifi-
cantly exceeds the Jeans scale (M4MJ) is described by the
non-linear gravitational instability theory [96] and ensures the

development of the structure of the Universe filled with both
massive and massless neutrinos. The evolution of density
perturbations growing in compliance with (4.32) can be
described by an approximate non-linear solution in the form
of the dependence of the Euler particle coordinates ri on the
Lagrangian coordinates qi and time:

r�q; t� � �1ÿ Z�ÿ1�qi ÿ B�Z�Si�q�
�
: �4:35�

Here, the factor �1ÿ Z�ÿ1 is a growing function of time
defining the overall expansion of the Universe, B�Z� is an
increasing time function which describes the perturbation
growth, and Si�q� is the potential vector field giving the initial
perturbation as a function of the Lagrangian coordinates.
The solution (4.35) predicts the appearance of strongly
flattened clouds of compressed gas and neutrinos (`pan-
cakes'). Neutrino and gas pancakes evolve simultaneously
and are bounded by a caustic, i.e. a surface of infinite density.
Such a border is subject to erosion under the influence of the
initial thermal dispersion of neutrino velocities which main-
tains a maximum density at the level [97]

rmax � �10ÿ20�hrni : �4:36�
The structure of the neutrino Universe is defined by a

single small parameter, the metric perturbation amplitude
hn � 10ÿ4. According to the equation p / r2n for the neutrino
gas state this parameter limits the achievable neutrino density
at the moment of pancake formation [98]:

rmax � hÿ1=3n : �4:37�
On the whole, the non-linear stage of perturbation evolution
is responsible for the structure of the Universe in the form of
gas and neutrino clouds whose mass and size correspond to
galactic superclusters. Therefore, neutrinos with mass
mn � 30 eV fairly well define the typical structure at scales
corresponding to (4.34), and fragmentation of superclusters
into galaxies occurs during their rotation.

Information about the neutrino density perturbation
spectrum can be obtained from measurements of the large-
scale mode of temperature fluctuations of relic radiation.
Hydrogen recombination in theUniverse atT � �3ÿ4� � 103

K arrests interactions between radiation and matter. How-
ever, this process is very slow in the neutrino Universe with a
low density of baryons and impairs temperature fluctuations
of the relic radiation [91] which are minimal in the present
structure of the Universe at scales � 100 Mps. The COBE
satellite experiment designed to measure the quadrupole
mode in relic radiation anisotropy independently of the
motion of the Sun, Earth, and satellite gave the value [99]

Q � 17� 10ÿ6 K: �4:38�
If the temperature-dependent deviation of the relic radiation
spectrum from the equilibrium thermal distribution (4.14) is
related to the gravitational effect of inhomogeneities of the
neutrino component in the form of massive neutrinos, it is
possible to calculate the invariant amplitude in the perturba-
tion spectrum at different times, as shown in Fig. 1 [33].

At horizon scales, the density perturbations are�
dr
r

�
hor

� 9
���
3
p

2
���
5
p Q

T
� 2:15� 10ÿ5 : �4:39�

The amplitude of these perturbations increases during the
matter predominance stage in accordance with (4.32) by a

784 S S Gershte|̄n, E P Kuznetsov, V A Ryabov Physics ±Uspekhi 40 (8)



factor �1� Zeq�, where Zeq � 2:77� 104h2 is the red shift at
equilibrium. Therefore, the value of�

dr
r

�
Zf

� 0:6

1� Zf
h2 �4:40�

at Jeans scales in the epoch of formation of the large-scale
structure with Zf � 3 is always less than unity [100].

To conclude, the hot dark matter (HDM) [100] model
which makes up for the lack of density in the Universe up to
O � 1 in the form of massive neutrinos with massmn ' 30 eV
[101, 102] does not, for all its attractiveness, ensure the
amplitude necessary to trigger the non-linear stage of
evolution so that the present-day perturbation spectrum
correlates with the results of the COBE experiment [99]. An
artificial rise in the perturbation amplitude by introducing
perturbations of constant curvature in the form of cosmic
strings [103, 104] does not solve the problem because
additions to the amplitude are insignificant. The amplitude
in (4.40) can effectively be increased by introducing cold dark
matter (CDM). The candidate particles (neutralino, axion,
and axino) occur in the Minimal Supersymmetric Standard
Model (MSSM). However, pure CDM also fails to account
for perturbation spectra because the CDM curve in Fig. 1 can
not simultaneously fit observations at long and short
wavelengths by the COBE and IRAS satellites [105]. The
best agreement with experimental findings is obtained for the
perturbation spectrum calculated in the framework of the
mixed dark matter (MDM) model [106] with densities
OCDM � 0:69, OHDM � 0:3 and Obar � 0:01 when the cold
matter consists of neutralinos and the hot matter of neutrinos
(in all probability, nt) [107]. Now,

mn

91:8
� Onh

2 ; �4:41�

in accordance with Eqn. (4.22) [33]. Hence, to-day the most
stringent cosmological limitation on neutrino mass has the
form

mn � 7 eV for On � 0:3 and h � 0:5 : �4:42�

5. Experimental measurement of neutrino mass

5.1 Kinematic analysis of weak decays
The most sensitive method for measuring the electron
neutrino mass (that of �ne, to be precise) is the reconstruction
of the shape of the electron energy spectrum near the final
point of tritium beta-decay:

3H!3He� eÿ � �ne : �5:1�

The advantage of using tritium is the small amount of energy
radiation in the reaction (5.1): Emax

e ' 18:6 keV. Experimen-
tal results are usually presented in the form of a linearized
spectrum referred to as the Curie plot:

K�Ee� �
�
dN

dPe

1

P2
eF�Ee�

�1=2
� �Emax

e ÿ Ee�1=2
��Emax

e ÿ Ee�2 ÿm2
ne

�1=4
: �5:2�

Here F�Ee� is the Coulomb repulsive factor and Pe and Ee are
electron momentum and energy respectively. In such a
representation, the spectrum (5.2) for zero neutrino mass
ends in a straight line while in the case ofmn 6� 0 this spectrum
has a vertical tangential component. A major difficulty
encountered when using this method originates from the
presence of tritium in molecular compounds and the
dependence of the resulting spectrum structure on molecular
excitations with a typical scale of � 10 eV which are difficult
to calculate.

The first studies carried out by Bergkvist and co-workers
using a magnetic b-spectrometer and a thin Al-target with
implanted molecular tritium yielded spectral characteristics
of massless neutrinos. They were followed by a series of
experiments performed by a group headed by Lubimov at
the Institute of Theoretical and Experimental Physics,
Moscow, which suggested a non-zero mass of the neutrino
lying in the range 17 to 40 eV. The experiments were
conducted on a toroidal spectrometer with a thin film of
tritiated valine (C5H11NO2) as the source [109, 110]. How-
ever, further works of different authors failed to confirm the
above findings. Specifically, Kundig et al. [111] at Zurich
obtained (m�ne < 18 eV), at variance with what was reported in
[109, 110], despite using a spectrometer similar to that
employed by Lubimov and co-workers. Recent estimates of
ne mass from the b-decay rate of 3H show a consistent trend to
lower the upper limit: m�ne < 13:1 eV [112] < 11:7 eV [113],
< 9:3 eV [114], <7.2 eV [115]. The best result currently
available (m�ne < 4:5 eV) has been reported by Lobashev's
group at Troitsk [29, 30].

The limit for the muon neutrino mass can be found from
kinematic analysis of the decay p� ! m� � nm. The measure-
ment of muon momentum in such a decay, when the pion
beam stops in the target, allows the mass of nm to be estimated
as

m2
nm � m2

p �m2
m ÿ 2mp

�����������������
m2

m � P2
m

q
: �5:3�

The best estimate of muon neutrino mass so far obtained is
mnm < 160 keV [31].

The limitation on the t-neutrino mass was obtained in the
reconstruction of the neutrino energy spectrum with mass-
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Figure 1. Perturbation spectrum in the present epoch normalized in

compliance with COBE findings. Curve 1: hot dark matter constituted

by neutrinos, curve 2: cold dark matter. The amplitude maximum for hot

darkmatter is dr=r � 0:1, i.e. smaller than is necessary for the initiation of

the the non-linear stage of evolution [33].
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sensitive shape in the low-energy region from kinematic
analysis of pion modes of t-leptonic decay. The best results
were reported by the ARGUS group at DESY from the
analysis of mode tÿ ! 3pÿ2p�nt (mnt < 31 MeV [116]), the
CLEO group at CESR from the analysis of modes
tÿ ! 3pÿ2p�nt and tÿ ! 2pÿp�2p0nt (mnt < 32:6 MeV
[117]), and the ALEPH group at LEP (mnt < 29 MeV [32]).

5.2 Neutrinoless double beta-decay
The existence of the non-zero Majorana mass of a neutrino
must lead, with the higher than zero probability, to a double
neutrinoless b-decay (2b�0n�)
�A;Z� ! �A;Z� 2� � eÿ � eÿ �5:4�

of nuclei containing Z protons and A � Z�N nucleons. The
double neutrinoless b-decay is the sole process fromwhich it is
possible to identify either theDirac orMajorana nature of the
neutrino mass. The theory of this process has been given
much attention in the literature and been reviewed in detail in
[50, 118, 119]. The probability of decay (5.4) is defined by the
relation [120]

W /
����X

i

ZiU
2
ai mni

����2 ; �5:5�

where Zi � �1 are the eigenvalues of the operator CP, i.e.
eigenvalues of Majorana fields, and mni is the neutrino mass
eigenstate. The limitation on the neutrinomass resulting from
the analysis of the output of double neutrinoless b-decay
correlates with the quantity

hmni �
����Xn

i

U2
ai mni

���� : �5:6�

Experimental investigation of neutrinoless 2b-decay is a
very difficult task because in the case of 2b�0n�-decay, if it
occurs, the half-life is not less than 1021 ± 1022 years and the
characteristic energies of decay products do not exceed a few
MeV. Indirect experiments allow for the evaluation of the
half-lives of isotopes contained in rocks (Te130, Te128, Se82)
which undergo conversion to Xe130, Xe128, Kr82 respectively
in the course of double b-decay. The probability of 2b�0n�-
decay can be estimated from the comparison of observed and
theoretical values. Uncertainties inherent in the assessment of
the nuclear matrix element preclude an unambiguous conclu-
sion that Majorana mass of neutrino differs from zero [121].
In direct experiments, limitations on the Majorana neutrino
mass were ascertained from the analysis of the transitions
Mo100!Ru100 (mn < 6.6 eV [122]), Xe136!Ba136 (mn < 2.8 ±
4.3 eV [123]), Ge76! Se76 (mn < 1.5 eV [124]). The best limit
so far obtained for the Majorana neutrino mass from the
analysis of transition Ge76! Se76 by the Heidelberg-Moscow
Collaboration is mn < 0.9 eV [125].

The existence of the Majorana mass of the neutrino must
lead to violation of the lepton number, there being no
fundamental reason for its conservation by analogy with the
quark sector. Lepton number conservation was precisely
measured in processes altering flavours. The relative prob-
ability of m! eg decay and the process KL ! me was
estimated with an accuracy higher than 4:9� 10ÿ11 [126]
and 3:3� 10ÿ11 [127] respectively. However, the output of
the reaction m! eg must not exceed 10ÿ48 if the neutrino
mass is below 1 eV.

5.3 Heavy neutrino decay
The process of flavour variation is very close to the decay of
heavy neutrinos ni [128 ± 130] which could give rise to the
weak state upon superposition with light neutrinos na. Such
heavy neutrinos can exist with rather small mixing Uia and
show as secondary peaks in the spectrum of charged leptons
accompanying neutrinos in the leptonic decay of mesons
(p! mn, p! en, K! mn) with the intensity jUiaj2, in
addition to the main peak corresponding to na. The current
view of the possibility of observing a heavy neutrino (17 keV)
is discussed in [131]. The upper limit for the parameters of
neutrino mixing with the electron and muon jUiaj2 as a
function of m�ni� has been measured in many experiments
[132, 133]. The best result jU1aj2 < 10ÿ7 at 50 Mev
< mne < 130 MeV was obtained in [134] by the analysis of
postulated additional peaks in the positron spectrum from the
decay p� ! e�ne.

Heavy neutrinos are equally possible to detect in beam-
dump experiments or using a beam from an accelerator with
an intensity proportional to jUiaj2. Neutrinos heavier than 1
MeV were sought in the leptonic channel ni ! e�eÿne.
However, this attempt failed and resulted in an increased
limit on the heavy neutrino mass.

5.4 Neutrinos from supernova CH 1987A
A limit on the neutrino mass can be derived from records of
neutrino radiation by underground detectors on 23 February
1987 during the gravitational collapse of a star in the Large
Magellanic Cloud. The possibility of such an evaluation was
first predicted by Zatsepinmore than 20 years ago [138]. If the
neutrinomassmn is non-zero and the source (e.g. a supernova
explosion) emits neutrinos in the energy range DE, a detector
located at a distance D from the source will first record high-
energy neutrinos. Two neutrinos with energies
E2 > E1 4mnc

2 simultaneously emitted by a source will be
recorded by the detector as signals separated by a time
interval

Dtn � D

2c
�mnc

2�2
�

1

E 2
1

ÿ 1

E 2
2

�
: �5:7�

If all the parameters in (5.7), except mn, are measured in the
experiment, it is possible to calculate the mass of the
neutrino. In reality, however, a neutrino burst is not
momentary but takes a certain finite time. Its initial stage
lasts � 10ÿ3 s and produces electron neutrinos from electron
capture leading to gravitational collapse. Thereafter, neu-
trino radiation is a statistical mixture of ne, �ne, nm, �nm, nt, �nt
and carries away around 10% of the stellar nuclear mass
[139]. According to different authors, the total length of the
neutrino signal emitted by a collapsed stellar nucleus is
DT � 2 ± 20 s [139 ±142]. Such a discrepancy does not allow
neutrino mass to be unambiguously evaluated from (5.7).
However, it is possible to place a limit on the neutrino mass
from the condition Dtn < DT. That is, the time difference
between records of two neutrinos in a detector (Dtn) must be
less than the characteristic time of the neutrino burst (DT).
In this case, the neutrino mass does not substantially affect
the temporal structure of the integral characteristics of the
neutrino signal.

Neutrinos from a supernova explosion can be experimen-
tally detected with the aid of reaction

�ne � p! e� � n ; �5:8�

786 S S Gershte|̄n, E P Kuznetsov, V A Ryabov Physics ±Uspekhi 40 (8)



and also via elastic scattering

n
�ÿ�
i � eÿ ! n

�ÿ�
i � eÿ : �5:9�

Radiation from the explosion of supernova CH 1987A
was recorded by four detectors: Kamiokande II, IMB, LSD,
and the Baksan underground scintillation telescope.

Kamiokande is a large closed water Cherenkov detector
installed in the 1,000 m deep Kamioka pit (2,700 mwe),
250 km west of Tokyo (western Honshu coast). The
Kamiokande project has been elaborated to carry out a
wide range of experiments including a study of proton
decay, the detection of solar and atmospheric neutrinos
and neutrinos from collapsing supernovae. The results are
summarized in scientific papers and technical reports [143 ±
146]. The detector consists of two co-axial cylinders, the
outer one 19.6 m in diameter and 22.5 m in height and the
inner one (diameter 15.6 m, height 16 m), containing 2,140
tons of water. Cherenkov radiation is detected by 948
Hammamatsu R1449 PMTs each having a 508 mm
photocathode. They are uniformly spaced 1 m apart at the
inner surface of the instrument, looking inward. The
sensitive area viewed by PMTs amounts to 20% of the
total inner cylinder surface. Water serves as both the target
for passing neutrinos and the Cherenkov radiator for
charged interaction products. The water layer between the
cylinders is also used as a radiator of Cherenkov photons
viewed by 123 PMTs and a counter of anticoincidences.
Such an anticoincidence system protects against gamma-
radiation, neutrons, and cosmic muons.

A relativistic particle that traverses the bulk of the
detector with a coefficient of refraction n � 1.33 generates a
Cherenkov radiation cone with an angle

yC � arccos
1

nb
� 40� : �5:10�

The number of emitted photons is

Nph � 370 sin2 yC � 200 photon cmÿ1 : �5:11�

The electronics of Kamiokande record signals with an
amplitude exceeding the output energy of 0.35 photoelec-
trons. The detector is triggered when more than 20 PMTs fire
in t � 100 ns, i.e. at the electron energy threshold 7.5 MeV.
The energy released and the angles of particle tracks can be
derived from the information from each activated PMTabout
the pulse arrival time and amplitude proportional to Z2 (Z is
the particle's charge). The vertex of a (5.8)-like event is
reconstructed with an error of 1s � 1:7 m for an electron
having an energy of 10 MeV in the entire detector volume.
During the CH 1987A collapse, the Kamiokande detector
was adjusted to record solar 8B-neutrinos and had a threshold
sensitivity for electrons Ee; thr � 9 MeV. Neutrinos from the
collapse had an energy of around 10 MeV and were readily
recorded by the detector.

IMB (Illinois ±Michigan ±Brookhaven) is a large Cher-
enkov detector of the closed type located at the bottom of
an abandoned salt-mine near Cleveland, Oh, USA, at a
depth of 600 m (1,570 mwe). The construction of the
detector, the programme of physical research, and the
recording procedure were described at length in [147 ± 150].
The latest version of the detector (IMB-3) is a rectangular
tank (22.5� 17� 18 m3) filled in with purified water. The

active volume of about 5,000 m3 is instrumented with 2048
Hammamatsu R4558 PMTs having 200 mm diameter
photocathodes arranged on an approximate 1 m grid.
Water is both the target for incoming neutrinos and the
Cherenkov light radiator, as in the Kamiokande detector.
The recording system is triggered by any event firing at least
25 PMTs within t � 50 ns. The time, configuration, and
amplitude of signals from the PMTs are analysed by a
computer to reconstruct the neutrino interaction point, and
to track the direction and energy of secondary charged
particles in each event. The IMB-3 detector has a higher
energy threshold for neutrino events compared with
Kamiokande (� 20 MeV) due to the lower efficiency of
Cherenkov light collection (14%). Its capacity increases to
90% at energies of 50 MeV.

The LSD is a liquid scintillation detector designed to
record stellar collapses in the Galaxy. It is installed in the
Mont Blanc tunnel at a depth of 5,200 mwe [151 ± 153]. The
construction is a three-storeyed parallelepiped with a base
area of 6� 7m2 and 4.5 m in height. It consists of 72 counters
(1� 1.5� 1 m3 each) filled with scintillation fluid (white
spirit). The total active mass of the detector is 90 tons. Each
module is viewed by three 49B PMTs with photocathodes
150 mm in diameter. The energy release in a module is
analysed when the PMT signals coincide within t � 200 ns.
The energy threshold is 5 ± 7 MeV.

The Baksan underground neutrino telescope is a liquid
scintillation detector located at a depth of 850 mwe in the
Andyrchi massif, North Caucasus [154, 155]. It is designed to
continuously record stellar collapses in the Galaxy. The
detector is a four-tiered cube shape of honeycomb geometry
with the 14 m sides. Each of the 3,130 0.7� 0.7� 0.3 m3

modules is filled with white spirit and viewed by a 495-PMT
with photocathodes of 150 cm in diameter. The energy
threshold is 10 MeV.

Analysis of the neutrino events originating from the
collapse of supernova CH 1987A and recorded by the
underground detectors Kamiokande, IMB, LSD, and the
Baksan neutrino telescope is presented in [139 ± 142, 156,
157]. The main characteristics of neutrino events are
summarized in Table 1.

The data obtained in the Kamiokande, IMB, and Baksan
experiments are synchronized while the LSD-recorded events
were 4.7 hr ahead and may not be associated with the
CH 1987A collapse.

The upper bound for the neutrino mass can be estimated
based on relation (5.7) and the data of Table 1. Taking the
distance to the LargeMagellanic Cloud to beD � 50Kpc, the
characteristic values DT � 10 ± 15 s, Emin � 10 MeV, and
Emax � 20 MeV and assuming the condition Dtn < DT to be
satisfied, the limit on the mass will be mn < 23 ± 28 eV [139].
This estimate is compatible with the limits calculated in the
experiments discussed in Subsections 5.1 ± 5.3. According to
Bachall and Glashow [158], there is no correlation between
the energy released in the event with time, as should have been
expected in the case of a finite neutrino mass.

Analysis of the subtle structure of a neutrino burst on the
assumption of special physical processes led certain authors
[159 ± 163] to a more conservative estimate mn < 14 ± 16 eV.

Hopefully, the forthcoming generation of neutrino
detectors described below will provide a better opportunity
for examining the neutrino radiation of the next supernova,
and a statistical analysis of the results will ensure a more
reliable evaluation of the neutrino mass.
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6. Neutrino oscillations: general formalism

6.1 Vacuum oscillations
Neutrino oscillations are a periodical process during which a
beamof neutrinos of a certain flavour nl traveling in a vacuum
is wholly or partially converted to a neutrino beam of a
different flavour nl 0 �nl $ nl 0 �. In Section 3, we considered the
neutrino states ne, nm, nt formed during weak interactions
which are stationary states of a free Lagrangian. For
oscillations to occur, neutrinos must have a mass. In this
case, the mass matrix in the Lagrangian expressed through
weak eigenstates is non-diagonal and complex. Weak states
have no definite mass; they are a linear combination (2.47) of
mass eigenstates which diagonalize the Lagrangian (2.32).
Such amixing when a neutrino state nl exists as a combination
of several eigenstates of the Lagrangian is another condition
for the existence of oscillations.

The wave function jnli describing the free neutrino
distribution can be expanded in wave functions of mass
states. Different mass states jnli have different velocities
when propagating in a vacuum; as a result, the relative
phases in the expansion coefficients change with time. There-
fore, neutrino oscillations arise from the difference between
the phase velocities of states having masses, i.e. eigenstates of
the Lagrangian (2.32).

Let us consider a case of neutrino oscillations when the
mixing matrix is parametrized in the form (2.48). The wave
function of the neutrino (e.g. ne) born in a weak process at the
moment t � 0 can be represented as a superposition of
eigenstates of the mass matrix:

jne�0�i � C1jn1i � S1C3jn2i � S1S3jn3i : �6:1�
Evolution of the wave function in time is defined by the

corresponding eigenstates of the energy operator

Ei �
����������������
p2n �m2

i

q
�6:2�

provided all the neutrinos in the beam have an identical fixed
momentum pn. Then,

jne�t�i � C1 exp�ÿiE1t�jn1i � S1C3 exp�ÿiE2t�jn2i
� S1S3 exp�ÿiE3t�jn3i : �6:3�

The probability that at time t a neutrino will remain in the
initially weak state jne�0�i can be found from the relation

P�ne $ ne� � jhne�0�jne�t�ij2

� 1ÿ 2C2
1S

2
1C

2
3

�
1ÿ cos�E1 ÿ E2�t

�
ÿ 2C2

1S
2
1S

2
3

�
1ÿ cos�E1 ÿ E3�t

�
ÿ 2S4

1S
2
3C

2
3

�
1ÿ cos�E2 ÿ E3�t

�
: �6:4�

In the general case, the probability of transition from state jnli
to state

jnl 0 �t�i �
X
l

Ul 0 ini exp�ÿiEit� �6:5�

is

P�nl $ nl 0 � � jhnl�0�jnl 0 �t�ij2

�
X
i j

Ul 0 iU
�
liU
�
l 0jUlj exp

�ÿ i�Ei ÿ Ej�t
�
: �6:6�

The least possible value of the averaged probability can be
found by minimizing a functional of the form

F �
X
i

ÿjUl 0ij2
�2 � l

��X
i

jUl 0 ij2
�
ÿ 1

�
; �6:7�

which leads to

hP�nl $ nl 0 �i � ÿ l
2
� 1

N
; �6:8�

where N � 3 is the total number of neutrino flavours.
Therefore, an original beam of neutrinos with three flavours
may undergo a 3-fold reduction when propagating in a
vacuum.

Experiments usually analyse the explicit solution of the
problem of neutrino oscillations with two flavours. For this
reason, the mixing matrix can be written in the form of an
orthogonal combination

U � cos y sin y
ÿ sin y cos y

� �
�6:9�

with one parameter, the mixing angle y, and the state of the
flavour in the form

ne
nm

� �
� U

n1
n2

� �
: �6:10�

Then, the evolution of the wave function in time is described
by the state vectors

jne�t�i � exp�ÿiEit�jne�0�i � exp�ÿiE1t� cos yjn1i
� exp�ÿiE2t� sin yjn2i ; �6:11�

where E1 and E2 are energies of two mass states with similar
momenta. Let us now turn to flavour states:

jne�t�i � jnei
�
cos2 y exp�ÿiE1t� � sin2 y exp�ÿiE2t�

�
� jnmi

�
exp�ÿiE2t�ÿ exp�ÿiE1t�

�
sin y cos y : �6:12�

Table 1. Characteristics of neutrino events from supernova CH 1987A.

Detector Energy threshold, MeV Number of events Electron energy, MeV Time interval, s

Minimal Maximal

Kamiokande II [143]

IMB [149]

LSD [152, 153]

Baksan

telescope [154, 155]

7 ± 14

20 ± 15

5 ± 7

10

11

8

5

6

7.5�2.0
20.0�5.0
6.2�0.7

12.0�2.4

35.4�8.0
40.0�10.0
7.8�0.9

23.0�4.7

12.4

5.6

7.0

14.0
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The probability of a neutrino initially in the weak state jnei
remaining in this state for a time t is

P�ne $ ne� � jhnejneij2 � 1ÿ sin2�2y� sin2
�
1

2
�E2 ÿ E1�t

�
:

�6:13�

It can be assumed, to a good approximation, that Ei 4mi;
hence,

Ei ' p2n �
m2

i

2p2n
: �6:14�

Then,

E2 ÿ E1 � m2
2 ÿm2

1

2En
� �Dm2

2En
; �6:15�

where Dm2 is always a positive quantity. Now, the relation
(6.13) may be regarded as

P�ne $ ne� � 1ÿ sin2�2y� sin2
�
pL
Lvac

�
; �6:16�

where L � ct is the distance covered by a neutrino in a time t
(in experiments, this is the distance between the source and
the detector) and

Lvac � 2p
2pn

m2
2 ÿm2

1

' 2p
2En

Dm2
�6:17�

is the vacuum oscillation length which reflects the periodic
dependence of a signal in the detector on the distance L for
each mass pair (m1, m2). The use of units convenient for
calculations in oscillation experiments, when En is measured
in MeV and Dm2 in eV2, yields

Lvac �m� � 2:48
En

Dm2
: �6:18�

The probability of a neutrino in the original weak state jnli
at a distance L from the source turning into jnl 0 i due to the
oscillation effect is

P�nl $ nl 0 � � sin2�2y� sin2
�

pL
Lvac

�
� sin2�2y� sin2

�
1:27LDm2

En

�
: �6:19�

Expressions (6.16) ± (6.19) describe the model of neutrino
oscillations with two flavours in which the amplitude of the
process depends on one mixing angle y while the phase, and
hence the probabilities of oscillations, depends on LDm2=En.
For this reason, experiments in search of neutrino oscillations
are intended to determine the quantity Dm2 � jm2

i ÿm2
j j

included in expressions (6.17), (16.8) for the vacuum oscilla-
tion length and the region of permissible mixing angles y,
rather than the neutrino mass. It follows from (6.19) that the
ratio L=En depends on the neutrino mass to which the
experiment is sensitive. In order to find the least possible
values of Dm2

min ,

Dm2
min sin�2y� �

1

1:27

En

L

���������������������������
DP�nl $ nl 0 �

p
; �6:20�

where DP�nl $ nl 0 � is the minimal probability, i.e. the
minimal difference between flavour compositions in the
original and experimentally detected neutrino beams, mea-
surements should be made at the highest possible L=En

values. The sensitivity of different experiments to the value
of Dm2 is illustrated in Table 2.

Experimental findings are usually presented as bound-
aries of permissible regions of the oscillation parameter values
(sin2�2y�,Dm2) being examined. Figure 2 shows the regions of
possible values of oscillation parameters obtained in experi-
ments at high-energy accelerators, reactors, and with solar or
atmospheric neutrinos.

6.2 Neutrino oscillations in matter with constant density
The presence ofmatter in the path of a beam can greatly affect
the oscillation patterns because neutrinos undergo refraction
when passing through the matter. The coefficient of refrac-
tion n for a neutrino with flavour l and momentum pn is
defined by the optical theorem

p2n�nÿ 1� � 2pNfl�0� ; �6:21�

where fl�0� is the forward scattering amplitude arising from
the weak interaction and N is the scattering center density.
The imaginary part of the refraction coefficient is related to
the cross-section of neutrino absorption in matter which is
small and may be neglected. The real part of the scattering
amplitude consists of two components. One is common for
neutrinos of any flavour and described by the Feynman
diagram as shown in Fig. 3a. The other is related to the non-
symmetry of interactions of electron neutrinos and neutrinos
of other types (nm and nt) with electrons of the medium due to
the charged current contribution to scattering nee! nee
(Fig. 3b).

It follows from computation of the diagrams in Figs 3a,b
that the scattering amplitude of electron neutrinos from
electrons of the medium exceeds the scattering amplitude of
nm and nt by

Df�0� � fe�0� ÿ fm;t�0� � ÿ
���
2
p GFpn

2p
; �6:22�

where GF � 10ÿ5Mÿ2p is the Fermi constant and Mp is the
photon mass.

The value of (6.22) was first obtained byWolfenstein [164,
165] who demonstrated the difference between oscillations of
a neutrino beam in matter and vacuum oscillations. These
studies were continued in [34, 166 ± 168].

The contribution of (6.22) to the scattering amplitude
leads to an additional term W in the energy operator (6.14)
which is the potential energy of electron neutrino in a

Table 2. Ranges of possible L=E values in experiments searching for
vacuum oscillations.

Type of experiment L=E, m MeVÿ1

Accelerator

Meson fabric

Reactor

Atmosphere

Sun

Supernova

10ÿ3 ± 101

100 ± 101

100 ± 102

102 ± 104

1010 ± 1011

1019 ± 1020
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medium:

Ei ' pn � m2

2pn
�W � pn � m2

2pn
�

���
2
p

GFNe : �6:23�

Here Ne is the electron density in the medium and

W � ÿ 2pD f �0�Ne

pn
: �6:24�

Then, the evolution of the wave function (6.11) is described by
the state vector

jne�t�i � exp

�
ÿ it

�
m2

2pn
�

���
2
p

GFNe

��
jne�0�i : �6:25�

The oscillations ne $ nm;t in themediummay be described
by the ShroÈ dinger equation for the two-component amplitude�� ne
nm;t

�
:

i
d

dt

���� nenn;t
�
� H

���� nenn;t
�
; �6:26�

H � Ei :
�6:27�

While the solution of Eqn. (6.26) in a vacuum yields
eigenvalues of energy in the form (6.15), the energy eigenva-
lues in matter, when oscillations ne $ nm;t are examined, are

Reactor

and accelerator

experiments

LSND

ICARUS

(CERN beam)

ICARUS

(atmospheric neutrinos)

Atmospheric

neutrinos

(Solar neutrinos)

MINOS

30 SNU

13 SNU

120 SNU

ISO-SNU

for gallium

experiments

90 SNU

60 SNU
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1
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1
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Dm2, eV2

b
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logical data)

sin2�2y�
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100
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neÿ!nt

CDHS

CHARM

NOMAD

CHORUS

MINOS
FREJUS

BAIKAL

ICARUS

NESTOR

SUPERKAMIOKANDE

(KEK beam)

Permissible region

(atmospheric neutrino

observations)
IMB-3
(fluxes)

IMB-3
(spectra)

oÃ

Figure 2. Boundaries of oscillation parameter regions obtained in different experiments and attainable in the near future. The excluded region is to the

right of the curves. (a) mode nm $ nt and ne $ nt experiments, (b) mode nm $ ne experiments.

ne; nm; nt

q; eÿ q; eÿ

Z0

ne; nm; nt oÃ

ne

W�

eÿ

eÿ ne

b

Figure 3. Feynman diagrams describing neutrino-matter interactions: (a)

theNC contribution to the forward scattering amplitude is common for all

types of neutrinos and changes the phase of all components of the neutrino

beam in a similar way, (b) the CC-contribution which holds for ne but not
nm and nt
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described by the expression

E2 ÿ E1 � �
��
� Dm2 cos�2y�

2E
ÿ

���
2
p

GFNe

�2

�
�
� Dm2 sin�2y�

2E

�2�1=2
: �6:28�

The Wolfenstein length characterizing the length of the
neutrino-electron interaction is

L0 � 2p���
2
p

GFNe

' 1:6� 104 �km�
r

: �6:29�

Then, the expression for the probability P�ne $ ne� for an
electron neutrino remaining as such for a time t during the
interaction of ne withmedium of constant density r � const is
given by [164]

P�ne $ ne� � 1ÿ sin2�2y�
o2

sin2
�
opL
Lvac

�
; �6:30�

whereas the probability of oscillating into another flavour is

P�ne $ nm;t� � sin2�2y�
o2

sin2
�
opL
Lvac

�
; �6:31�

where the notation

o �
�
1ÿ 2 cos�2y� Lvac

L0�r� �
�

Lvac

L0�r�
�2�1=2

�6:32�

is introduced. Comparison of expressions (6.16) and (6.19) for
the probability of oscillations in the vacuum and the
corresponding expressions (6.30) and (6.33) for their prob-
ability in matter yields the effective mixing angle and
oscillation length taking into account the matter effect:

sin�2ym� � sin�2y�
o

; Lm � Lvac

o
: �6:33�

The probability of aP�ne $ nm;t� transition in matter may
be significantly different from that in vacuum. Matter can
both suppress (at cos�2y� ' 0) and enhance oscillations.
Three limiting cases are conceivable.

1. Lvac=L0 5 1. In this case, matter practically does not
affect oscillations and they are reduced to vacuum oscilla-
tions. It follows from (6.29) that for vacuum oscillations to be
studied, the experiment should be carried out with a sufficient
distance between the source and the detector that ensures
fulfillment of the condition L5L0 5 (1 ± 2)�103 km.

2. Lvac=L0 4 1. In this case, the oscillation amplitude is
suppressed by the factor ' Lvac=L0.

3. Resonance amplification of the oscillations,

Lvac

L0
� cos�2y� ; �6:34�

referred to as the Mikheev ± Smirnov ±Wolfenstein (MSW)
effect [34, 168]. If this condition is satisfied, o � sin�2y� and
the oscillation amplitude is unity at any mixing angle y.
Accordingly, experimentally obtained limitations on the
parameters Dm2 and sin2�2y� at a given level of observation
of the probability of transition P�ne $ ne 0 � are different from
those for vacuum oscillations.

It is worthwhile to note that the resonance condition
(6.34) in the Earth's matter takes the form

Lvac

L0
� Enr

1:4� 104Dm2
�6:35�

and is satisfied for a wide range of Dm2 and sin2�2y� values
permissible in the light of current experimental findings and
for a variation of neutrino beam energy in the range
1 < En < 103 GeV. The Wolfenstein length at densities
r ' 3 ± 10 g cmÿ3 characteristic of the Earth's matter is
L0 ' 3:5� 103 ± 1:2� 104 km and determines the optimal
path of neutrino flight for experiments verifying the effect of
matter on oscillation parameters.

6.3 Neutrino oscillations in matter with variable density
The oscillation effect is especially pronounced when the
density of matter traversed by a neutrino beam is variable: a
neutrino of one flavour may be completely converted to a
neutrino of a different flavour. Oscillations in the medium
with variable electron density can be described by the
ShroÈ dinger equation (6.26) with the operator H in the form
[169]

H�t� � �t�� ; �6:36�

where t � pL=Lvac, �t� � �ÿ sin�2y�, 0, cos�2y�ÿLvac=L0�t��,
and are the Pauli matrices or, in the explicit form,

H � p

cos�2y�
Lvac

ÿ 1

L0�t� ÿ sin�2y�
Lvac

ÿ sin�2y�
Lvac

ÿ cos�2y�
Lvac

� 1

L�t�

0BB@
1CCA ; �6:37�

where t � L=c � L; then���� nl�t�nl 0 �t�
�
� T exp

�
ÿ i

�t
0

H�t� dt
����� nl�0�nl 0 �0�

�
: �6:38�

Now, let us exclude the component jnli (following [169])
and reduce (6.38) to a second order equation

d2x
dt2
� f �t�x � 0 ; �6:39�

f �t� � p2
�

1

L2
0�t�
ÿ 2 cos�2y�
LvacL0�t� �

1

L2
vac

�
� ip

d

dt

1

L0�t� �6:40�

for the amplitude jnl 0 i � x with the initial conditions (for the
original beam nl 0 )

x�0� � 0 ;
dx�0�
dt
� i sin�2y� : �6:41�

The solution of Eqns (6.39), (6.40) with the initial
conditions (6.41) yields the probability

P�nl $ nl 0 � �
��x�t���2 �6:42�

of nl $ nl 0 transition. In the case r�t� � r � const of constant
density dr= dt � 0 and for the probability of oscillations Eqn.
(6.42) gives (6.31).

The sign of the scattering amplitude �nl l$ �nl l is opposite
to that of the scattering amplitude nl l$ nl l which is
equivalent to the change of sign of the characteristic
Wolkenstein length L0 ! ÿL0. Accordingly, the resonance
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effect holds either for a neutrino or antineutrino but not for
both particles at the same time. This means that, in principle,
observation of oscillations in matter permits the determina-
tion of the sign of

Lvac /
ÿjm2

2 ÿm2
1j
�ÿ1

: �6:43�

Figure 4 compares changes in vacuum oscillations (6.12)
and oscillations of neutrinos traveling in matter as described
by Eqns (6.39) ± (6.41), with the density distribution in the
Earth according to [170]. Ref. [171] reports the estimated
achievable levels of oscillation parameters for a muon
neutrino beam with energy hEnmi ' 30 GeV propagating
along an Earth chord 4,200 km in length and for a beam
traveling in a vacuum. It follows that the presence of matter
allows movement some 20% farther to a region of smaller
mixing angles and practically does not influence the attain-
able limit on Dm2, even at maximum mixing angles.

7. Neutrino oscillation studies at low energies:
reactor experiments

The sensitivity of experiments to measuring the oscillation
parameter Dm2 is described by expression (6.20). In the
approximation of maximum mixing (sin2�2y� ' 1), the
sensitivity of experiments is unambiguously related to the
En=L ratio. Therefore, oscillations are better observed using
sources which emit neutrinos with minimal energy and are
located at a maximum distance from the detector [172].

Nuclear reactors are powerful artificial sources of electron
antineutrinos with energies E�ne 4 8 MeV which can be
detected in the process

�ne � p! n� e� : �7:1�
A search for oscillations in reactor experiments is based on
recording the `annihilation' of a primary neutrino (or rather,
an antineutrino) beam via the inclusive channel �ne ! x when
the flux ne is observed (or is not observed) to decrease with the
distance from the source faster than is expected from the
results of calculations based on the beam configuration, on
the assumption of the absence of oscillations.

There are twomethods for recording the oscillation effect:
absolute and relative. The absolute method consists in the
comparison of observed and calculated intensities of neutrino
interactions. Measurements of the cross-section of the
reaction (7.1) in a detector located at a distance L from the
reactor are compared with the calculated cross-section sexp
averaged over the antineutrino spectrum. As a result, the
probability of (6.16) in the presence of oscillations must be
other than unity:

hP��ne $ x�i � hsexpihscali � 1ÿ sin2�2y�
�
sin2

1:27Dm2L

E�n

�
� 1ÿ sin2�2y�

�Emax

Ethr

s�E�N�n
1:27Dm2L

E�n
dE�n

�
��Emax

Ethr

s�E�N�n�E� dE�n

�ÿ1
: �7:2�

Here, integration is carried out from the �ne recording thresh-
old Ethr �Mn �me ÿMp � 1:8 MeV in the reaction (7.1) to
the upper limit Emax of energy possible for neutrinos from the
reactor. A major difficulty encountered in this method is the
necessity of exactly calculating the neutrino spectra of all
fissionable isotopes contained in the nuclear fluid of the
reactor. These spectra are obtained by the summation of
partial spectra of fission products and depend on the
fragment composition, decay patterns, and a number of
other factors. The accuracy of reconstruction of the neutrino
spectra can be increased by restoring (from the same
computed data) the electron spectra of fission fragments and
comparing them with experimental measurements.

If the experiment is not intended to determine the cross-
section of (7.1), sexp, evaluation of the oscillation effect is
based on the comparison of integral positron outputs:

hP��ne $ x�i �
�
Nexp�Ee�� dEe�

��
Ncal�Ee�� dEe�

�ÿ1
: �7:3�

Here the first integral defines the number of positrons
detected in the reaction (7.1) in the energy range dEe� and
the expression in square brackets gives the number of
positrons calculated on the assumption of the absence of
oscillations and takes into account the response function of
the detector.

Most of the difficulties caused by the uncertainty of
reactor neutrino spectra are obviated by using the relative
method for the detection of oscillations. In this method, two
identical detectors are placed at distances L1 and L2

respectively from the active reactor zone. Alternatively, one
detector is used which can be removed and installed at
different distances from the reactor. The presence of oscilla-
tions is indicated by a relative change in the cross-section

10ÿ2
3� 10ÿ2 10ÿ1

10ÿ3 10ÿ2 10ÿ1
sin2�2y� 1

10ÿ3

10ÿ2

10ÿ1

1

Dm2, eV2

Figure 4. Calculated attainable values of oscillation parameters (ranges

right of the corresponding curves) for muon neutrinos with energies of

hEnm i ' 30 GeV (estimate of the P�nm $ nt� transition probability with

accuracy 1, 3, 10%). The solid lines correspond to calculations taking the

matter effect into account; the dotted lines are vacuum oscillations.
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sexp�L1�=sexp�L2� or by a deformity of the integral positron
spectrum in the reaction (7.1), depending on the distance from
the reactor

�
Nexp�Ee� ;L1� dEe� �

�
Nexp�Ee� ;L2� dEe� �ÿ1.

Neutrino detectors used in experiments at various
reactors have similar structures allowing the recording of
time-correlated signals from positrons and neutrons in
reaction (7.1). Positrons are recorded in a honeycomb
counter containing a liquid scintillator which simultaneously
serves as a proton target (high-proton scintillators are
normally employed for the purpose) and a neutron mod-
erator. Each cell is viewed by a PMT, and the positron energy
is measured from the signal amplitude. 3He-filled wire
proportional chambers are placed between sections of the
counter to record neutrons. The necessary background
conditions are provided by active and passive shielding, that
is, a neutrino detector surrounded by effective anticoinci-
dence counters is placed in a concrete bunker with a several
polyethylene or water layers and layers of radiopure lead. The
results obtained when the reactor is stopped are taken to be
the background of the instrument.

Permissible oscillation parameters are calculated by the
maximum likelihood method for various values of sin2�2y�,
Dm2 in the anticipated neutrino spectrum. The boundaries of
the permissible oscillation parameter region correspond to
the best description of an experimental spectrum in which the
quantity w2�sin2�2yi�, Dm2

j � for each parameter being fitted
has a minimum value. The limitation on the quantity Dm2 is
usually imposed assuming the maximum mixing to be
sin2�2y� � 1:

Dm2 �
�������������������������hP��ne $ x�ip
1:27hL=E�nei

: �7:4�

A detailed description of the methods for investigating
oscillations in reactor experiments, the construction and
geometry of neutrino detectors sensitive to reaction (7.1)
products, the procedure for the reconstruction of positron
and neutrino spectra, and algorithms for determining the
parameters sin2�2y�, Dm2 can be found in monographs [173,
174]. The limits on parameters obtained in reactor experi-
ments are presented in Table 3.

Results of reactor experiments (excepting those obtained
at Bugey which do not yield an unambiguous interpretation)
give evidence of the absence of neutrino oscillations for a wide
range of the parameters sin2�2y� � 0.1 ± 1 and
Dm2 � 2� 10ÿ2 ± 10ÿ1.

The objective of forthcoming reactor neutrino experi-
ments will be a search of oscillations at large distances from

the reactor. The smooth spectrum of reactor neutrinos in
conjunction with their pathlength L ' 1 km allows the
sensitivity to the parameter Dm2 to be increased up to
' 10ÿ3 ± 10ÿ4 at large mixing angles especially in the case of
the MSW effect [6, 34]. Such experiments need a new
generation of high-capacity neutrino detectors. It has been
proposed to construct a detector with 5 tons of scintillation
fluid containing gadolinium to be set 1 km from two new
French reactors. The organization of a group to construct a
similar detector to search for oscillations in a neutrino beam
from the reactor at San Onofre, Ca, is underway [184].

8. Neutrino oscillation studies at high energies:
accelerator experiments

The `see-saw' mechanism in the GUT implies a hierarchy of
neutrino masses mne;m;t ' �mu;c;t�2=MGUT in which the t-
neutrino is the heaviest (mne 5mnm 5mnt ) and the mixing
angles are yem � �mne=mnm�1=4 4 ymt ��mnm=mnt�1=24 yet ' 0.
It was shown in Section 3 that the oscillation parameter
region nm ! nt permits the values sin2�2ymt� � 2� 10ÿ3 ±
3� 10ÿ4, Dm2

mt � 22 ± 715 eV2 [63, 64] if the mass of the t-
neutrino lies in the range 5 to 30 eV; for oscillation nm $ ne
the most probable parameters values are sin2�2yme� � �0:3 ±
1:0� � 10ÿ2, Dm2

me � �0:5 ± 1:2� � 10ÿ3 eV2 [185 ± 187]. In this
scheme, both the t-neutrino mass and the mixing angle ymt
occur in the oscillation parameter region which can be
investigated in accelerator experiments. That is why studies
of oscillations in muon neutrino beams from CERN, FNAL,
and UNK-1 accelerators are largely intended to examine the
mode nm $ nt.

Proton accelerators produce muon neutrino beams with
broad energy spectra containing an admixture of one to a few
percent of neutrinos with different flavours. nm arises from the
decay of secondary p and K-mesons generated in the
interaction of protons with the target and focused into a
parallel beam. Neutrino beams from accelerators are amen-
able to control; their energy, intensity, time-structure and
direction being well-known. Thus, their spectra and admix-
tures of background neutrinos (largely electron neutrinos) are
easy to calculate with high accuracy. However, experiments
must be carried out in a monochromatic neutrino beam if
their sensitivity is to be at the level P�nm $ ne;t� ' 10ÿ4.

Experiments on accelerator neutrino beams allow both
the `annihilation' (nm $ x) and inclusive `creation' (nm $ ne
and nm $ nt) modes to be investigated. For direct recording
excessive ne in a flux nt, the energy Emust be higher than the
rest mass of an electron (t-lepton) formed through the
reaction

ne�t�N! eÿ�tÿ�X �8:1�
being detected, where N is the nucleon of detector matter and
X is the final hadronic state.

Electrons in the reaction (8.1) are identifiable by virtue of
an electromagnetic shower developing in the material of the
detector, electromagnetic calorimeter, bubble chamber or
other part of the experimental unit. There are two options
for recording t-leptons in the reaction (8.1). One is direct
observation of the lepton's flight between the creation and
decay points (ct ' 91 mm) using a tracking detector with a
resolution of s4 10 mm, e.g. nuclear photoemulsions, bubble
chambers with a holographic information retrieval system, or
targets of scintillating fibers. The other method for recording
t-leptons is a kinematic analysis of the reaction (8.1) products,

Table 3. Results obtained by leading groups in search of neutrino
oscillations at detectors exposed to electron antineutrino beams from
reactors.

Reactor

location

Distance

between

reactor and

detector, m

Constraints on

the parameter

Dm2 at

sin2�2y� � 1 eV

References

Grenoble

Gosgen

Gosgen

Bugey

Rovno

Rovno

Savannah River

8.76

37.9/45.9

37.9/45.9/64.7

13.6/18.3

18.5/25

32.8/92.3

18.5/23.7

<0.15

<0.016

<0.019

6� 10ÿ2 ± 10ÿ1

<0.04

<0.0083

<0.02

[175, 176]

[177]

[178]

[179]

[180]

[181]

[182, 183]
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i.e. an evaluation of the transverse momenta disbalance
between the t-lepton and hadronic flux. The measurements
are made with a precision calorimetric detector.

Let us now discuss at greater length the experimental units
used in neutrino oscillation studies and the limits on the
parameters sin2 2y, Dm2 obtained in these experiments.

The oscillations nm $ xwere investigated in the CERNPS
neutrino beam of mean energy hEni � 1:5 GeV, at CHARM
and CDHS, and in the En � 40 ± 230 GeV FNAL neutrino
beam at CCFR. All experiments were carried out using two
detectors positioned at different distances from the neutrino
channel target. Neutrino interactions in the neutral current
(NC) channel recorded by the detectors had similar cross-
sections for all flavours and can not be used for labeling the
neutrino flavour. On the contrary, charged current (CC)
interactions were characterized by different charged leptons
in the final state. Therefore, the oscillations nm $ x must
result in a smaller number of CC-events

nm �N! mÿ �X �8:2�
containing muons compared with that calculated on the
assumption of the absence of oscillations. Increasing the
distance to the detector also leads to a decrease in the (8.2)-
type events. The oscillation parameters sin2�2y�, Dm2 are
determined by comparing the observed neutrino fluxes in
both the near and far detectors. Thereafter, the region of
oscillation parameters nm $ x excluded from a given experi-
ment is found by the maximum likelihood method. The
results are summarized in Table 4.

The oscillations nm $ ne have been extensively studied at
the CERN PS, BNL, AGS, FNAL, and U-70 accelerators.
The method of detecting the electron neutrino ne `creation'
channel in a beam of muon neutrinos nm is based on the
comparison of the experimentally observed ne- nm-events ratio

Rexp � Nexp
ne

Nexp
nm
� nnehP�ne ! ne�snei � nnmhP�nm ! ne�snei

nnmhP�nm ! nm�snmi � nnehP�ne ! nm�snmi
�8:3�

with the Rcal value calculated on the assumption of the
absence of oscillations. In expression (8.3), nni is the initial

number of neutrinos of the i-th flavour �i � e; m�, sni is the
cross-section of the nN-interaction in the charged current
channel for a neutrino of the i-th flavour, and averaging is
over the original neutrino spectrum. The nne=nnm ratio on the
assumption

sne
Ene
� snm

Enm
� const

can be obtained from on the computed number of ne and nm
events and the averaged energy of neutrinos of a given
flavour:

nne
nnm
� Ncal

ne hEneiÿ1
Ncal

nm hEnmiÿ1
� Rcal hEnei

hEnmi
: �8:4�

Then, expression (8.3) can be rewritten in the form

Rexp

� RcalhEnmihEneiÿ1

�
1ÿ P�nm ! ne�

�
Ene

�� 
P�nm ! ne�Enm

�
�1ÿ P�nm ! ne��Enm

�� RcalhEnmihEneiÿ1


P�nm ! ne�Ene

� :
�8:5�

In the presence of nm $ ne oscillations, the Rexp=Rcal ratio
must be other than unity. The limit set on P�nm $ ne�, and
hence on the ratio of the oscillation parameters sin2�2y� and
Dm2 compatible with Rexp at a given confidence level, is
derived from (8.5). The results of a search for nm $ ne
oscillations are presented in Table 5.

The nm $ nt oscillations were first studied in neutrino
experiments in the BEBC bubble chamber at CERN and the
15-foot FNAL chamber. In these early experiments, vertices
from t-leptonic decays could not be visualized. Therefore, the
oscillation parameters were found on the assumption that
part of the neutrino events with electrons in the final state is
due to interactions of t-neutrino in the reaction
nt �N! tÿ �X followed by the t! eÿnt�ne decay of a t-
lepton. Such a method for a search of nm $ nt oscillation
parameters requires a high accuracy of distinction between
background and ne interactions and kinematic cuts for
separating the desired mode of the t-leptonic decay.

Table 4. Results of oscillation nn $ x experiments using accelerators.

Accelerator,

experiment

Detector structure Distance between

target and

detectors, m

Dm2 at

sin2�2y� � 1,

eV2

sin2�2y� References

CERN PS,

CHARM

Segmented calorimeter: a sandwich of marble

plates interleaved with scintillation counters,

proportional drift tubes (PDT), and streamer

tubes. Muon spectrometer: magnetized iron

plates alternating with PDT.

123

(Near)

903

(Distant)

<0.29

or

>22

<0.17

(Dm2 � 0.7 ± 9.0 eV2)

[188]

CERN PS,

CDGS

Toroidally magnetized iron sheets alternating

with scintillation plates and drift chambers

130

(Near)

885

(Distant)

<0.23

or

>100

<0.1

(Dm2 � 1.0 ± 10.0 eV2)

[189]

FNAL,

CCFR

Segmented calorimeter with

muonic spectrum

715

(Near)

1115

(Distant)

<8

or

>1250

<0.02

(Dm2 � 110 eV2)

[190]
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In the later experiments E-531 and E-564 using nuclear
photoemulsions, it was possible to directly record t-leptons.
This significantly increased the sensitivity of experiments to
nm $ nt oscillation parameters. Of special note is the CARM-
II experiment in search of the quasielastic reaction

ntN! tÿ�pÿnt�N0

against the background of single-ray events in the charged
current reaction nm N! nmN0pÿ. The results of all these
experiments are summarized in Table 6.

At present, neutrino interactions are recorded in the
CERN SPS nm beam for the statistical purposes of the
CHORUS experiment (CERN Hybrid Oscillation Research
ApparatUS) [201, 202]. The experiment employs a magnetic
spectrometer composed of arrays of scintillating fiber track-
ers [203] which help to locate the vertices of events to be
scanned in the 800 kg photoemulsion target. The experiment
is also aimed at detecting CC-interactions ntN! tÿX
followed by the t-leptonic decay. Muon tracks are extra-
polated to the emulsion using coordinates derived from the
fiber target [204]. The signature for the t-lepton decay is
`kink'-like single-ray event. All these events (t-neutrino
interaction candidates) are kinematically selected based on
calorimetric information [205]; the photoemulsion is exam-

ined with totally automated microscopes. The preliminary
results of a statistical analysis are reported in [202].

The CERN SPS beam will also be used in the NOMAD
experiment (Neutrino OscillationMagnetic Detector). In this
experiment, a precise vertex detector is absent, and the signal
from nt is separated based on the known kinematic criteria
taking advantage of an extensive tracking system which
comprises 15 drift chambers inside the UA (1) magnet [202,
206].

The sensitivity of the CHORUS and NOMAD experi-
ments to the mixing parameter sin2�2y� was computed in [64]
to be sin2�2y� > 2� 10ÿ4 for the case of mnt > 7 eV at the
90% confidence level.

9. Oscillations of long-baseline neutrinos

Further progress in measuring the neutrino mass and
improving the sensitivity of experiments to the order of
mnm ' 10ÿ3 ± 10ÿ1 eV and mnt < 1 eV depends on oscillation
studies using long-baseline neutrinos and a new generation of
detectors with large sensitive masses. The term long-baseline
neutrinos has been coined to denote neutrinos recorded at
distances of '1 km from the accelerator. The long path and
large amount ofmatter traversed by a neutrino traveling from

Table 5. Results of nm $ ne oscillation studies with accelerators.

Accelerator,

experiment

Detector structure Distance between

target and detec-

tors, m

Dm2 at

sin2�2y� � 1,

eV2

sin2�2y� References

CERN,

BEBS

Large bubble chamber 850 <0.09 < 2� 10ÿ2�Dm2 ' 2 eV2� [191]

CERN PS,

CHARM

Structured target calorimeters placed at

two distances; muon absorber

123

(Near)

903

(Distant)

<0.19 < 8� 10ÿ3 �Dm2 5 30 eV2� [188]

BNL AGS,

E-734

Segmented calorimeter: liquid scintillator planes,

iron sheets, and proportional drift chambers;

shower counters

96 <0.43 < 3:4� 10ÿ3 [192]

[193]

FNAL 15-feet bubble chamber 1056 <2.2 < 1:1� 10ÿ2 [194]

cË -70

ÊÄA
Á CË

Large bubble chamber 270 <1.3 < 2:5� 10ÿ3 [195]

Table 6. Results of nm $ nt oscillation experiments using accelerators.

Accelerators,

experiment

Detector structure Distance between

neutrino source and

detectors, m

Dm2 at

sin2�2y� � 1,

eV2

sin2�2y� References

CERN PS,

BEBC

Large bubble chamber 850 <6 < 5� 10ÿ2 [196]

FNAL 15-foot bubble chamber 1056 <3 < 6� 10ÿ2 [197]

FNAL,

E-531

Hybrid spectrometer: nuclear photoemulsion,

time-of-flight system

951 <0.9 < 4� 10ÿ3 [198]

FNAL,

E-564

Nuclear photoemulsion inside a 15-foot bubble

chamber

1466 <4.5 < 6� 10ÿ2 [199]

CERN SPS,

CHARM II

Structured target calorimeter placed at two dis-

tances; muon spectrometer

123

(near)

903

(distant)

<0.5 < 5� 10ÿ3�Dm2 ' 50 eV2� [200]
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the source to the detector allows an increase in the sensitivity
of the experiment to oscillation parameters and to check the
influence of the MSW effect on the oscillation mechanism.

Long-baseline neutrino beams for oscillation experiments
are expected to be generated at CERNSPS, FNAL (Fermilab
Main Injector), KEK (Japan), and UNK-600 (Protvino,
Russia). Long-baseline neutrino projects are extensively
discussed in the literature [35, 36, 207 ± 210]. New types of
detectors to be used in further oscillation experiments have
been described in [35, 36, 211, 212].

All known methods for the detection of neutrino oscilla-
tions will be used in the near future:

1. Measurement of the variation of a fraction of events
mediated through charged current interactions (CC-events)
with the distance between the accelerator and the detector
(LD) or with a neutrino energy at a fixed distance LD. These
studies require the neutrino spectrum to be well-known.

2. Recording changes in the ratio of the number of events
via neutral current (NC-events) to that of CC-events with the
distanceLD orwith the neutrino energy at a fixedLD (NC/CC
method).

3. Direct records of alien neutrinos in a neutrino flux of a
different nature (e.g. the detection of `excess' ne, nt in a nm-
flux, the measurement of the relative number of equilibrium
muons).

4. Measurement of a flux of equilibrium muons formed in
the matter in front of the detector (measurements of intensity,
momentum spectrum, and charge ratio at a fixed distance
LD).

The prospects of having a long-baseline neutrino beam
from CERN SPS (energy of protons incident on the target is
450 GeV, intensity 2� 1013, period 14.4 s) are discussed in
detail in [213]. It is hoped to direct the beam onto detectors of
the laboratory at Gran-Sasso located at a depth of 4,500 mwe
in an underground excavation (the Apennines) 120 km east of
Rome and 730 km from CERN. The laboratory has a system
of several large detectors designed for astrophysical studies
and a search for protons. Some of them are described below.

ICARUS (Imaging Cosmic and Rare Underground
Signals) is an ideal detector for examining rare events
including neutrino interactions [35, 36, 214, 215]. It belongs
to a new generation of detectors and is in fact a time-
projection chamber (TPC) consisting of three 5 ton modules
each filled with liquid argon and equipped with an electronic
readout system. ICARUS identifies neutrino iteractions by
recording recoil electrons from secondary charged particles.
Owing to electron drift in the uniform electric field, reading
planes recognize the charge and produce a three-dimensional
image. Two spatial coordinates of each point on the track are
analysed upon arrival of drifting electrons at the readout
plane. The main difficulty encountered in obtaining an image
in the liquid argon detector is associated with the long-range
drift of ionized electrons. This problem has been solved using
a 3 ton prototype detector [214]. ICARUS has a high spatial
resolution (from � 1 mm to hundreds of mm) and a good
energy resolution (' 3% for e� and g with the energy of 1
MeV). The first module is tentatively planned to be ready for
experimentation in 1998 [216].

Neutrino oscillations can be investigated by twomethods.
One measures the ratio of the number of non-muonic NC-
events to that of CC-events containing one muon in the final
state [36]:

R1 ' 0:31
�
1� 1:95 sin2�2y��Dm2 � 1:27LD�2hEÿ2i

�
; �9:1�

where the following relations hold for the CERN SPS proton
beam with an energy of Ep � 450 GeV:

smNC

smCC
' 0:31 ;

stNC

smCC
' 0:5 : �9:2�

An advantage of the `creation' method is in that it does not
require a near detector and is less sensitive to the flux size.

The other technique (the `annihilation' method) measures
the ratio ofmuons recorded by the near detector located in the
vicinity of CERN (their number is proportional to that of nm
in the beam) to interactions of neutrinos of any flavour
recorded by ICARUS. The total sensitivity of ICARUS in
both methods is sin2�2y� � 1:5� 10ÿ3 and Dm2 � 1:5� 10ÿ4

for nm $ ne oscillations and sin2�2y� � 5:0� 10ÿ2 and
Dm2 � 2:0� 10ÿ3 eV2 for nm $ nt oscillations.

The LVD (Liquid Volume Detector) is a high-capacity
detector recording light flashes from recoil electrons of n ± e
scattering in a liquid scintillator [217]. It is intended for the
solution of a wide spectrum of problems including observa-
tion of neutrino radiation from our galaxy, studies on
neutrino fluxes from collapsed stars, and recording neutrinos
from accelerators. The detector consists of two parts: the
underground neutrino observatory which contains
1.8�103 tons of a liquid scintillator and a tracking system
made of 1:6� 104 alternately horizontal and vertical streamer
tubes. The total number of detecting channels is 105. A basic
module of the LVD consists of 1� 1� 1:5 m3 elements each
filled with a scintillation fluid and viewed by three 49B PMTs.
The total number of modules is close to 200. The size of the
detecting system is 10� 5� 44m3. To augment the target
mass, each module is sandwiched between iron plates. The
number of free electrons in the working matter of the detector
is 7� 1032.

MACRO is intended for recording g-radiation, muons,
and neutrinos from galactic and extra-galactic sources and
can also be used to detect neutrinos from accelerators [218].
The detector, 72� 12� 9 m3 in size, is an assembly of 12 m
long horizontal liquid scintillators stacked together in blocks
(a total volume of about 100 m3), vertical scintillators,
horizontal and vertical streamer tubes, lead absorbers (for
muon absorption), and supplementary tracking devices. The
instrument is expected to record annually as many as 1,000
neutrino events from CERN SPS.

NOE (Neutrino Oscillation Experiment) is a new type of
calorimeter for the search of neutrino oscillations [219, 220].
It is modular and easily extendible. Blocks of 103 tons
(8� 6:4� 8 m3) are composed of 0:3� 0:3� 8 m3 basic
modules each surrounded by streamer tubes and logically
divided into four calorimetric elements. Each element is
realized as a target made by an 8 m long bar of an iron-
concrete mixture with 400 fibers as active components
distributed throughout the bar. The fibers are 2 mm in
diameter and have a light attenuation length of 5 to 6 m.
The fiber readout is in two coordinates. The third coordinate
should be provided by an independent tracking system made
of streamer tubes. The particle identification is helped by the
measurement of DE=Dl ionization along the track in each
counter.

GENIUS (GEV Neutrino Induced Underground
Shower) is a large 17 ton fine-grained magnetic calorimeter
for neutrino oscillation studies [221]. The instrumentwill have
both near and distant detectors of 3� 3� 10 m3 and
12� 10� 24 m3 respectively. Each detector is an array of
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4 cm thick iron sheets separated by 2 cm thick active elements
nominally planned to be resistive plate counters (RPC) made
of proportional or streamer tubes. The detectors are closed
with toroidal magnets which generate a 20 kGs field. Using
the CERN SPS neutrino beam, as many as 4� 104 CC-events
are expected from the 2 year run which is sufficient for
detecting the oscillation effect at the 1% confidence level.

Experiments with neutrinos having longer paths are
planned, in addition to Gran Sasso detectors, to take
advantage of the CERN SPS beam. A most interesting and
promising project for the search of neutrinos of galactic and
extra-galactic origin is the NESTOR experiment to be carried
out in the underwater neutrino laboratory located 1,676 km
from CERN.

NESTOR (Neutrinos from Supernovae and Tevsources
Ocean Range) is a large water Cherenkov detector now under
construction at a depth of 3,800 m near the island of Pylos
(south-west of the Greek coast). In this detector, water is used
as a Cherenkov radiator, neutrino target, and cosmic ray
absorber and filter. The basic element is a horizontal hexagon
with pairs of 15 inch photomultipliers, one looking up and the
other down. By stacking 12 hexagons vertically, a tower with
radius 16 m is being built. The distance between hexagons is
20 ± 30 m. The total number of photomultipliers is 1,176.
They will be viewing an effective volume of 104 m3 with an
angular resolution of 1�. The oscillation effect will be deduced
from the time distribution of NC muonless events and CC-
events containing a muon in the final state. The detector will
be able to distinguish them because muon-generated Cher-
enkov light comes earlier than that from a hadronic cascade
or a magnetic shower. The systematics of such a statistical
separation will be controlled to better than 10% [222]. With
the 450 GeV baseline CERN SPS neutrino beam running for
one year, NESTOR will, with one tower only, produce a few
thousand events.

The KEK experiment in Japan is designed to study
oscillations of `distant' neutrinos to be recorded by the
Superkamiokande detector placed 250 km from the accel-
erator. The neutrino beam is expected to be available by 1999.
The following three detectors will be installed in the path of
the beam: a 1:7� 103 ton near detector 0.5 km from the
target, an intermediate detector 25 km from the target, and
the main (Superkamiokande) detector.

The Superkamiokande water Cherenkov detector is the
extension of theKamiokande experiment described in Section
5 [223, 224]. The mass of its active volume varies from
22� 103 tons for recording solar neutrinos (with an energy
threshold of 5 MeV) to 32� 103 tons to observe neutrinos
from supernovae and the accelerator. That is, the detector is
about ten times as large as Kamiokande. The total of
1:1� 104 Hammamatsu PMTs each having a 50 cm diameter
photocathode will provide effective coverage of 40% of the
inner surface of the steel vessel containing purified water to
provide the active area of the detector. The counting rate of
Superkamiokande is calculated to be 400 CC-events/day at a
beam energy En � 1:4 GeV.

Another Japanese project whose development is currently
underway is a water Cherenkov detector to be deployed at a
depth of 1,000 m in lake Motossu 150 km from Tokyo [225].
Its fiducial mass is 20� 103 tons. The active volume
(30� 30� 23 m3) filled with filtered water is separated from
the lake water by light-proof walls. The Cherenkov light will
be collected by a sandwich structure of 20 inch Hammamatsu
PMTs.

Several experiments have been proposed in theUSA using
BN2 AGS and FNAL accelerators.

The BNL experiment (E889) is aimed at examining the
`annihilation' of a high-intensity 1 GeV nm-neutrino beam
generated by AGS [226]. The experiment will use 4 identical
water Cherenkov detectors placed 1, 3, 24, and 68 km from
the target at an angle of 1.5� to the beam axis. The two latter
detectors are expected to see 9� 103 and 1� 103 CC-events
respectively for 1.5 years. It was calculated that the beam
intensity difference across the first and second detectors will
amount to 33%and 10% respectively, and be insignificant for
the two latter detectors. The cosmic ray background is
negligibly small.

One of the detectors operated today in search of neutrino
interactions is the Soudan II intended to receive 120 GeV
neutrinos from the Main injector of FNAL.

Soudan II is a multifunctional detector assembled at the
bottom of an abandoned iron-mine (2,090 mwe) near lake
Superior, Minn, USA. The bulk of its mass consists of 224
identical 4.3 ton calorimetric modules. Each module is an
assembly of 240 steel sheets (1� 1� 16 m3) with 7,560 drift
tubes inserted in between [227]. The detector is designed to
record muons, electrons, and g-quanta. Soudan is being
completed by increasing its mass which grew from 275 tons
in 1988 to 1,000 tons in 1991 and must eventually be 7 ±
8�103 tons to enable the detector to accept the FNAL
neutrino beam.

At present, joint projects are being elaborated by leading
laboratories in the USA, UK, and Russia to construct a full-
scale oscillation experiment. This will require digging a new
shaft 75 m long and 14 m wide close to the hall which
accommodates Soudan II. The shaft will harbor a new
MINOS detector.

MINOS (Main InjectorNeutrinoOscillation Search) is an
experiment to investigate nm ! me and nm ! nt oscillations
using the new neutrino beam from the Main injector of
FNAL with an energy in excess of t-lepton creation energy
threshold [228]. The oscillation effect will be identified from
the difference between signals in near and far detectors. The
former is at FNAL and the latter 730 kmapart in the direction
of the Soudan underground laboratory at a depth of 713 m
(2,090 mwe). MINOS is a 36 m and 8 m wide sandwich
construction containing six hundred 4 cm thick octagonal
iron sheets interleaved with 1 cm streamer tubes. The total
area of the active element is 32,000 m2. The readout is
accomplished by 48,000 strips and anode wires. An opening
aligned with the detector axis harbors an electromagnet coil
which generates a 1.5 T toroidal magnetic field. The total
detector mass is around 104 tons. The near detector will be
identical with the far one in terms of structure and detecting
systems and will have a transverse size comparable with the
beam diameter.

The experiment will use both a broad spectrum beamwith
energy up to En ' 30 GeV and a narrow neutrino beam
tunable to have any energy in the range En � 10 ± 30 GeV
with dispersion sEn � � 15%.

Analysis of the oscillation effect in the wide beam
experiment will be performed using traditional techniques;
i.e. comparison of the ratios of CC-events to the total number
of interactions in the near and far detectors, comparison of
CC-events in the two detectors in terms of energy distribu-
tion, observation of the t! n� hadrons signature, investiga-
tion of the energy distribution ofNC-events, etc. It is expected
that 2,100 nm-events will be recorded annually in the CC-
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channel per 103 tons of effective mass using the wide neutrino
beam with En energies up to 30 Gev and about 300 nt-CC-
events per 103 tons at the maximum mixing nm $ nt.

The narrow beam provides new research opportunities,
viz. measurement of the total energy of events containing
muons in the final state (for nt interactions with subsequent
t! mnn decay); the same for electron-containing events in
case of t! enn decay; and comparison of energy distribu-
tions in the near and far detectors.

The sensitivity of the experiment is sufficient to examine
oscillation parameters up to Dm2 ' 0.002 eV2 and
sin2�2y� ' 0.01.

Apart from purely oscillation experiments BNL (E-889)
and FNAL (MINOS), American scientists plan to exploit the
large-volume water Cherenkov detectors DUMAND,
AMANDA, and GRANDE to tackle a variety of astrophy-
sical problems. Specifically, they will be used to observe main
injector neutrino oscillations and address unresolved tradi-
tional questions of neutrino and gamma-astronomy.

DUMAND (Deep Underwater Muon and Neutrino
Detector) is a project with a very long history that dates
back to the 1970s [229]. It was originally planned to submerge
the detector near the Hawaiian Islands. The prototype was
designed to have a mass of a few hundred megatons.
Thereafter, it was repeatedly upgraded which has eventually
led to a more realistic modification DUMAND II. The
detector was due to be placed at a depth of 4,800 m east of
Hawaii. It consists of 9 vertical strings arranged at the edges
and the center of an equilateral octagon with 40 m long sides.
A total of 216 optical modules each having a 15 inch
photomultiplier with temporal resolution' 2 ns are attached
to the strings. Each string carries 24 modules spaced at 10 m
intervals. The volume of the detector (240 m in height and
106 m in diameter) contains about 2 megatons of water.
DUMAND is expected to identify neutrino interactions both
inside and outside the volume by detecting muons formed in
nm-neutrino interactions. The high water transparency in the
study area (light absorption length 50 m) allows the strings to
be set 40 m apart while the high temporal resolution of the
PMTs and electronics enables the detector to measure the
pathlengths of muons to an angular resolution of 0.01 rad.

DUMAND II has been optimized for detecting
' 100 GeV neutrinos. However, its recording efficiency for
the FNAL beam with hEni ' 10 GeV at a distance LD �
6283 km from the accelerator remains sufficiently high to
study oscillations [230]. Two strings mounted on a submarine
were put to the test in 1992. Rough waters in the test area
proved to be an insuperable difficulty which made the
participants of the experiment practically give up further
work.

AMANDA is a large Cherenkov detector with an effective
mass of 107 tons [209]. It is to be installed at the South Pole
and use polar ice as a Cherenkov radiator. The high purity of
the ice is expected to ensure the long-range transmission of the
Cherenkov light. At present, one of the vertical strings
carrying photomultipliers is ready to be deployed. The
pathlength of the neutrino beam from FNAL to AMANDA
is about 12,000 km, i.e. longer than in any other long-baseline
neutrino experiment. Around 105 neutrino events are
expected from the AMANDA one year run, with the target
being exposed to a total of Ip � 2� 1020 protons.

GRANDE is a 105 ton universal water Cherenkov
detector to be plunged into an artificial water-body near
Little Rock, Ark, USA [231]. It is a 50 m high cylinder 196 m

in diameter viewed by 1,600 photomultipliers each equipped
with a 9 inch photocathode. The sensitive volume of the
detector is filled with filtered water and shielded from the
environment by a black plastic film. The distance between
FNAL and GRANDE is about 800 km.

The UNK-1 accelerating storage system presently under
construction at Protvino near Moscow will generate protons
with energies of Ep � 600 GeV [232] and is intended for
physical research having the study of neutrino oscillations as
a priority objective [233]. The project envisages generation of
a long-baseline neutrino beam with broad and narrow energy
spectra [210]. An important task is to select the proper
direction of the beam towards an available detector of long-
baseline neutrinos. Today, the most advanced stage of the
project in terms of the choice of configuration of the
experiment and collection of statistical data refers to the
proposed oscillation studies with UNK-I neutrinos to be
detected by the NT-200 neutrino telescope in lake Baikal
[234] and the detectors at Gran Sasso [235].

NT-200, a deep-water facility for detecting muons and
neutrinos, is to be deployed at a depth of 1 km in the southern
part of lake Baikal approximately 3.5 km offshore [236, 237].
At this depth, the Baikal water is known to have minimal
natural luminescence and the absorption length of light is 20
m at l � 420 nm. The first part of the telescope will consist of
196 optical Cherenkov modules arranged on 9 vertical strings
mounted on a rigid frame, with one in the center and the
others around it. The frame consists of 7 arms each 21.5 m
long. This umbrella-like constructionwill be positioned 300m
above the bottom. The deployment will be carried out in
wintertime when the lake is covered with a thick ice layer. The
Cherenkov radiation will be recorded by the Kvazar photo-
electronic system which is an assembly of a 115M PMT and
an opto-electronic preamplifier equipped with a spherical
electrocathode 37 cm in diameter. The optical modules are
grouped in pairs along the string looking alternately upward
and downward. The distance between pairs looking face to
face is 7.5 m. The trigger logic of the array provides an
angular resolution of 1 ± 1.5� for a single muon, depending on
its tracklength across the detector. The effective volume of the
NT-200 is ' 105 m3. It has an active area of around 2,880 m2

which can be enlarged to ' 17500 m2 by increasing the
number of detecting systems.

The Baikal neutrino detector is 4,200 km from UNK-1.
The near detector will be placed 650 m from the end of the
decay channel of the accelerator in order to avoid systematic
errors introduced by unstable beam intensity. This detector
consists of 60 magnetized (B ' 1:5 T) 10 cm thick iron plates
(3� 3 m2 transverse size). The plates are interleaved with
alternate horizontal and vertical 3 m long proportional
counters (0:06� 0:06 m2). The triggering signal is generated
by scintillation counters regularly arranged along the entire
length of the detector. Such a structure enables the calori-
meter to have an energy resolution for a hadronic shower of
DE=E � 0:7=

����������������
E�GeV�p

. The trigger is tailored to events due
to the passage of neutrinos through the CC-channel and must
have tracks crossing more than 300 cm of iron (' 15 nuclear
lengths) without apparent interaction (this corresponds to the
path of a muonwith energyEm 5 5GeV). This would provide
for separation of a muon track from the nuclear hadronic
cascade created in neutrino interactions.

A similar construction for the near detector has been
proposed for the UNK-1 neutrino beam which is to be
directed to the laboratory at Gran Sasso [210]. In this case,
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the neutrino pathlength will be 2,200 km. Taken together, the
calculations made for different modes of beam generation
indicate that up to 103 CC-interactions will be recorded by the
Baikal detector and ICARUS during a working session of the
accelerator (1 ± 2 months) [210, 234, 235]. The anticipated
oscillation parameter region is Dm2 4 10ÿ3 eV2 in the case of
complete mixing at Dm2 ' 2� 10ÿ2 eV2, depending on the
experimental conditions.

Even if only some of the above long-baseline neutrino
projects are realized, we may soon have an answer to the
intriguing question whether neutrino oscillations exist or not.

10. Solar neutrino oscillations

The main source of the Sun's energy in the standard solar
model [238 ± 240] is hydrogen burning

4p!4He� 2e� � 2ne � 26:7 MeV : �10:1�
This process is a sequence of exothermal thermonuclear
reactions resulting from proton-proton (pp), proton-elec-
tron-proton (pep), and carbon-nitrogen (CNO) cycles. The
proton-proton cycle is responsible for 99% of the final states
(10.1) and always involves two initial reactions:

p� p!2H� e� � ne � 0:42 MeV ; �10:2�
2H� p!3He� g� 5:49 MeV : �10:3�

The process further proceeds along the main line and two by-
lines. The former is completed by the reaction

3He�3He!4He� 2p� 12:86 MeV ; �10:4�

which occurs in 86% of all cases. The assembly of four
protons into the helium nucleus results in the emission of
two positrons which annihilate with two electrons and thus
contribute 2mec

2 to the total energy released through the
reaction (10.1). Concurrently, two electron neutrinos are
produced, each carrying away the energy Ene 4 0:42 MeV.
The side-reaction is

3He�4He!7Be� g� 1:59 MeV ; �10:5�
instead of (10.4) and continues as

7Be� eÿ !7Li� ne � g� 0:86 MeV ; �10:6�
7Li� p!4He�4He� 17:35 MeV �10:7�

in 99.89% of the cases and as

7Be� p!8B� g� 0:14 MeV ; �10:8�
8B!8Be�

j! 24He� 3 MeV

�e� � ne � 14:6 MeV ; �10:9�

in the remaining cases.
The ultimate result of side-reactions (10.5) ± (10.7) and

(10.5), (10.8), (10.9) is the same as that of (10.4), but they give
rise to higher-energy neutrinos. Reactions (10.8), (10.9) create
the so-called boron neutrinos with energies of up to 14 MeV.
It is these neutrinos that are recorded in the majority of
experiments even though the said side-reactions are relatively
rare (one per 5� 103 final states [101]).

The so-called hep-reaction occurs instead of (10.4) and
(10.5) in 2� 10ÿ5% of cases:

3He� p!4He� e� � ne � 18:8 MeV ; �10:10�

giving rise to solar neutrinos with the highest energy (up to
18.8 MeV).

The initial reaction in a pep-cycle is

p� e� p!2He� ne � 1:44 MeV ; �10:11�

[instead of (10.2)] which further proceeds similarly to a pp-
cycle. Reaction (10.11) generates monoenergy neutrinos with
Ene � 1:4 MeV which are easier to detect than neutrinos
produced through the initial reaction of the pp-cycle (10.2).
It is worth noting that the pp/pep neutrino output ratio is
independent of the version of the Solar Model. This makes
recording neutrinos in the reaction (10.11) equivalent to
detecting them in (10.2) if the experiment is designed to
measure the rates of the main reactions in thermonuclear
synthesis.

This line of reasoning leads to the conclusion that the
energy threshold of selected experiments determines the
possibility of detecting the following neutrino species differ-
ing in terms of energy:

(a) neutrinos from the initial reaction of the pp-cycle
(<0.42 MeV);

(b) neutrinos from the initial reaction of the pep-cycle
(<1.42 MeV);

(c) neutrinos from reaction (10.6) of the pp and pep-cycles
(<0.86 MeV);

(d) boron neutrinos (<14.6 MeV);
(e) neutrinos from the hep-reaction (<18.6 MeV).
The CNO cycle involves the carbon and nitrogen

isotopes 6C and 14N, the nuclei of which are catalysts of
thermonuclear synthesis (10.1). The amount of these
isotopes in the cycle remains unaltered. The total energy
released in the CNO cycle is the same as in pp and pep-
cycles (26.7 MeV); the neutrinos carry away an energy of
4 1.2 MeV through the reaction

13N!13C� e� � ne �10:12�

and Ene 4 1:73 MeV in the reaction

15O! 15N� e� � ne : �10:13�

The standard solarmodel [328 ± 240] allows solar neutrino
fluxes to be computed with an accuracy of 2%. The computed
values and experimental findings are expressed in solar
neutrino units (SNU), i.e. as the product of a calculated
neutrino flux (cm2 sÿ1)) and the neutrino absorption section
in the target (cm2). The problem of solar neutrinos arises from
the discrepancy between the theoretical probability and the
experimentally found number of neutrino interactions in the
material of different detectors.

Today, there are several continuously working experi-
mental facilities to record solar neutrinos. The results of
independent studies indicate that the intensity of real fluxes
of solar neutrinos is lower than that calculated in the
framework of the standard solar model.

The chlorine-argon experiment is a classical study of solar
neutrinos carried out over a 25 year period by R Davis's
group in amine of the abandoned gold-fields at Homestake, S
Dak, USA. This study was described and its results inter-
preted in numerous publications of which Ref. [241] sub-
stantiates the experiment, Ref. [242] presents its philosophy,
and Refs [243 ± 244] discuss the results of observations. All
these aspects are reviewed in [157].
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Davis and his co-workers detected solar neutrinos taking
advantage of the reaction

n�37
17Cl!37

18Ar� eÿ ; �10:14�

which produces 37Ar with a half-life of t1=2 � 35:1 days and a
decay energy of Q � 3 keV, sufficient to record individual
events. Reaction (10.14) has the threshold En � 0:81 MeV
which makes it possible to record only 8B and 7Be neutrinos.

The target detector is a 400 m3 tank filled with 615 tons of
liquid perchlorethylene containing 133 tons of 37Cl
(2:2� 1030 atoms). It is located at a depth of 4,100 mwe.
Following a 3-month exposure, 37Ar atoms are non-trivially
extracted to be counted in a precision proportional counter.
The experimental technique is described in [157]. Because a
pure gauging experiment with the Sun `switched off' is
impossible, much attention is given to the improvement of
methodology for evaluating the efficiency of 37Ar extraction,
the separation of 37Ar+ ions, backgroundmeasurements, etc.

The frequency of solar neutrino captures in the 37Cl-
detector calculated in the framework of the standard solar
model is [240]

Rcal � �7:9� 2:6� SNU ; �10:15�

and that measured experimentally in more than 90 exposures
is

Eexp � �2:1� 0:9� SNU : �10:16�

The errors in (10.15) and (10.16) correspond to three standard
deviations.

GALLEX is an experimental facility of the underground
laboratory at Gran Sasso in which solar neutrinos are
detected from their capture in the reaction

71
31Ga� ne !71

32Ge� eÿ �10:17�

with threshold energy En � 0:23 MeV [245]. The detector
holds 30 tons of 71

31Ga in a GaCl3 solution and can detect
about 70% of the pp-neutrinos produced in the main reaction
(10.2). The method for selecting 71

32Ge atoms and recording
them has much in common with that used by Davis and co-
workers. Exposures over a few last years have revealed a
deficit of solar neutrinos; their calculated quantity for the
gallium detector turns out to be [240]

Rcal � 132�20ÿ17 SNU �10:18�

which is significantly higher than the experimental result

Rexp � �79� 10�8ÿ5� SNU : �10:19�

Recent calibration of GALLEX against a 51Cr source
confirmed previous measurements of neutrino fluxes [246].

SAGE, a detector at the Baksan underground labora-
tory, has a 60-ton target of metallic 71

31Ga and uses at
reaction (10.17) [247]. Preliminary data confirm the pre-
vious observations of the solar neutrino deficit which proves
to be even more prominent than in the GALLEX experi-
ment [248]:

Rexp

Rcal
� 0:55� 0:14exp � 0:03cal : �10:20�

TheKamiokande detector described in Section 5.4 detects
neutrinos produced through the reaction

ne � eÿ ! ne � eÿ �10:21�

with an energy threshold Ethr � 7:5 MeV and analyses only
8B- and hep-neutrino fluxes [249]. Analysis of the experi-
mental results suggests a marked deficit of boron neutrinos
[250]:

Rexp

Rcal
� 0:50� 0:04stat � 0:06sist � 0:07cal : �10:22�

There are several ways to interpret the problem of the
solar neutrino deficit which can be categorized into three
groups. Considered in terms of nuclear physics, the problem
depends on the poor knowledge of (10.4), (10.5) and
especially (10.8) cross-sections. More precise gauging experi-
ments are needed to check the validity of calculated reactor
outputs. Another group of questions pertains to astrophysical
studies and the relevance of the standard solar model used for
computation. In this model, the initial conditions are given to
include spherical symmetry, chemical homogeneity, and the
assumption of hydrostatic equilibrium and radiative energy
transfer. The solar evolution is calculated for various initial
conditions and the 4He/2H ratio with fixed heavy element
distributions. This model is probably incomplete and requires
non-trivial solutions. Non-standard solar models and alter-
native solutions have been described in [157, 251, 252].

Finally, the third group relates to basic aspects of
elementary particle physics. The following hypotheses are
probably compatible with the measured solar neutrino fluxes:

1. Vacuum oscillations requiring fine adjustment for
masses Dm2

n ' 10ÿ10 eV2 and large mixing angles;
2. A neutrino oscillation model which employs the MSW

effect and implies parameters Dm2 ' 10ÿ5 eV2 and
sin2�2y� ' 0:01 or sin2�2y� ' 0:8 [34, 168, 252, 253];

3. The existence of a large magnetic momentum of ne
which facilitates the flip of neutrino spin in the Sun's
convective zone and precludes recording its left-handed
component [254 ± 256];

4. The decay of the heavymass state of a n1-neutrino into a
lighter one n2 with the emission of a massless scalar boson f:
n1 ! n2 � f [257];

5. The radiative decay of massive neutrinos [258, 259];
6. The presence of sterile non-interacting neutrinos in a

constant electromagnetic cross-field [260];
7. The existence of weakly interacting particles (WIMP)

which are able, after gravitational capture in the Sun, to
transfer (independently of photons) a part of the energy and
lower the temperature gradient in the center of the Sun; this
would in turn decrease the flux of 8B-neutrinos [261].

The oscillation scenario based on the `see-saw'mechanism
of neutrino mass generation and the MSW effect which
ensures conversion of electron neutrinos to muon neutrinos
looks themost natural and elegant of all the above options. In
this case, theoretical calculations of neutrino fluxes based on
the standard solar model most perfectly agree with the results
of the Homestake, GALLEX, SAGE, and Kamiokande
experiments for the oscillation parameters

Dm2�ne $ nm� � �0:3ÿ1:2� � 10ÿ5 eV2 ; �10:23�
sin2�2yem� � �0:4ÿ1:5� � 10ÿ2 : �10:24�

800 S S Gershte|̄n, E P Kuznetsov, V A Ryabov Physics ±Uspekhi 40 (8)



Were oscillations a reality, solar neutrinos with energies in
the megaelectronvolt range would be the ideal `tool' for their
study at Dm2 ' 10ÿ15 eV2 [263].

Results of solar neutrino experiments may provide
unambiguous evidence of oscillations of neutrinos with
different flavours, perhaps enhanced by the matter effect,
only after their total energy spectrum is measured and the
source is exactly identified. This problem can be solved with a
new generation of detectors capable of recording nm- and nt-
neutrinos, besides ve-neutrinos, and their interactions via
neutral currents. Some of these detectors were described in
Section 9.

Superkamiokande will record the elastic scattering of
neutrinos by electrons [35, 36]:

nx � eÿ ! nx � eÿ : �10:25�
This device can detect only 8B-neutrinos but is expected to
provide good statistics within a real measuring time. Indeed,
it is hoped to record 23 (10.25)-events daily (' 8� 103 events
per year) in the sensitive volume of the 15� 103 ton detector,
at an electron energy of 7 MeV.

ICARUS will be used to investigate solar 8B-neutrinos by
recording two reactions [35, 36]:

(a) elastic nee-scattering

ne � eÿ ! ne � eÿ ; �10:26�

(b) ne-capture

ne �40 Ar!40K� � eÿ �10:27�

largely by virtue of the permitted transition
40K� !40K� g�2g� with the release of 2 MeV of energy.
Calculations of neutrino fluxes in the context of the standard
solar model suggest the possibility of observing 2:7� 103

events of the (10.26) type and 3� 103 Fermi transitions of the
reaction (10.27) during a year-long exposure of the detector,
at a recoil electron energy threshold of Ethr � 5 MeV. The
ratio of (10.26) to (10.27) events will be used as a measure of
the fraction of ne-neutrinos which are likely to undergo
transformation to other nm; nt-flavours. This ratio relates to
neither the solar model nor the initial flux of neutrinos. The
full-scale version of ICARUS will be able to detect solar
neutrino oscillations for two years with probability 20%.

It should be noted following [36] that the existence of the
neutrino oscillation effect can be verified based on variations
of solar neutrino fluxes with changing distance between Earth
and Sun. The number of events in a detector N in the absence
of oscillations varies in accordance with the relation

N ' 1

L2
; �10:28�

where L is the distance between Earth and Sun. In case of
vacuum oscillations,

N ' 1

L2

�
1ÿ P�ne ! nx�

�
: �10:29�

Then,

N�Lmax�
N�Lmin� � A

L2
min

L2
max

; �10:30�

A � 1ÿ sin2�2y�hsin2�1:27Dm2�Lmax=E��i
1ÿ sin2�2y�hsin2�1:27Dm2�Lmin=E��i

: �10:31�

In expressions (10.30) and (10.31), Lmin � 1:465� 1011 m,
Lmax � 1:516� 1011 m and averaging is over the neutrino
energy spectrum. In the absence of oscillations

N�Lmax�
N�Lmin� � 0:934 : �10:32�

Experimentally, the oscillation effect will manifest as the
difference between amplitudes of annual modulations of
neutrino fluxes from the Sun. Their evaluation is illustrated
in Fig. 5. If the oscillations are to be recorded by this method,
the data from Superkamiokande and ICARUS need to be
collected for about two years.

Let us now turn to facilities being specially designed and
constructed for solar neutrino investigations in the near
future.

SNO (Sadbury Neutrino Observatory) is located at a
depth of 2 km in the vicinity of Sadbury, Canada [264]. This
is actually a Cherenkov detector with the heavy water D2O
target placed in an acrylic container and shielded from the
ionizing radiation of the surrounding rocks by a few layers of
ultrapure water and concrete. SNO is intended to study elastic
scattering (10.26), CC-events

ne � d! p� p� eÿ �Q � ÿ1:4 MeV� �10:33�

and NC-processes

nx � d! p� n� nx �Q � ÿ2:2 MeV� : �10:34�

Electrons produced in the inverse b-decay (10.33) have
energies equal to that of neutrinos minus the threshold
energy of the reaction; in the case of the MSW effect, there
is a correlation between the distortions of electron and 8B-
neutrino spectra. Reaction (10.34) has similar cross-sections
for all neutrino species (ne, nm, nt) and will be identified from
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Figure 5. Changes of the normalized number of neutrino events with time

for the following cases: (1) no oscillations, (2) oscillations with parameters

Dm2 � 5� 10ÿ11 eV2, sin2�2y� � 1; (3) Dm2 � 8� 10ÿ11 eV2,

sin2�2y� � 0:8; (4) Dm2 � 1:1� 10ÿ10 eV2, sin2�2y� � 0:9.
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the retention time of an electron resulting from Compton
scattering of a g-quantum emittedwhen a decelerated neutron
is captured. Sensitivity to the process (10.34) will be enhanced
by periodic addition (followed by removal) of around 2.5 tons
of NaCl into the detector volume to ensure neutron capture
fromchloride. The resulting protonwith an energy of 8.5MeV
will emit Cherenkov light. SNO will count solar neutrino
events at the high rate of 20/day, but it will detect only 8B-
neutrinos. Nevertheless, the detection of three reactions,
(10.26), (10.33), and (10.34), will hopefully allow for the
interpretation of experimental data regardless of the calcu-
lated neutrino fluxes and the evaluation of all oscillation
transition modes.

BOREXINO is an experiment being designed at Gran
Sasso with a view to investigating low-energy solar neutrinos
in the reaction of electron capture by 7Be [265]. The detector
contains 100 tons of a 11B-enriched scintillation fluid for
recording recoil electrons in the scattering reaction (10.26). It
is expected to ensure the precise measurement of electrons
from their kinetic energy. The device is supposed to have
record-breaking statistics of up to 50 events per day in the
electron energy range 250 to 700 keV. It will be possible to
observe oscillations if the neutrino mass varies in the range
10ÿ8 eV2 > Dm2 > 10ÿ11 eV2 [226]. The major difficulty
appears to be related to the background control since the
low energy threshold of the method requires the use of a
highly purified scintillator.

HELLAZ (Helium Liquid Azote temperature) is one
more device to be operated at Gran Sasso, capable of
recording practically the entire spectrum of solar neutrinos
[267]. Neutrinos including those created in the pp-reaction
will be detected by measuring elastic scattering in (10.2). The
detector will contain a large amount of an He+2% CH
mixture (around 6 tons) at the temperature of liquid nitrogen
(77K) and high pressure (5 bars). The detecting module is a
time-of-flight TRS chamber sensitive to individual recoil
electrons from (10.25). The energy will be measured with an
accuracy of DEe=Ee � 2 ± 4% (at Ee � 300 keV). Better
statistics (5� 103 neutrino-containing events per year) can
be achieved at the threshold sensitivity of electron recording
100 keV (217 keV for neutrons).

Precise measurements of neutrino spectra with the above
instruments in the low-energy range and reconstruction of the
neutrino direction (cos#) relative to the Sun,

En � me

�
cos#

�
1� 2me

Te

�1=2

ÿ 1

�ÿ1
; �10:35�

afford a unique opportunity to solve the problem of solar
neutrinos.

11. Atmospheric neutrino oscillations

Atmospherically-produced neutrinos originate from the
decay of pions p! mnm and kaons K! mnm formed in
interactions of primary cosmic rays with the Earth's atmo-
sphere. The subsequent muonic decay m! enenm determines
the expected ratio of atmospherically produced neutrino
fluxes:

R�nm�
R�ne� � 2 : �11:1�

Observation of atmospheric neutrino oscillations
requires an exact knowledge of their energy spectrum and

the paths of flight of each (ne, nm) flavour. The majority of
atmospherically produced neutrinos have energies below the
threshold for t-lepton formation. Therefore, experiments on
the creation of nt appear unrealistic. The sensitivity of
experiments with ne and nm to the oscillation parameters is
largely restricted for statistical reasons when they are
intended for determining sin2�2y� and by the energy En

when the objective is to measure Dm2.
The reconstruction of the spectrum of atmospheric

neutrinos and the normalization of their fluxes constitute a
non-trivial problem because the absolute fluxes of primary
cosmic rays are poorly known and the conditions for the
creation of p- and K-mesons in interactions of high-energy
protons and light nuclei with atmospheric atoms' nuclei and
low-energy photons are uncertain. For this reason, experi-
mental devices are made to measure the ratio of nm to ne-
neutrino interactions via the CC-channel: Rexp �
Nexp�nm�=Nexp�ne�.

A similar ratio for neutrino fluxes with different flavours
emerges from the ratio of the outputs of showerless muon
events to the number of events in an electromagnetic cascade:

R 0 � N�m�track�
N�e�cascade�

:

This ratio is compared with the value calculated by theMonte
Carlo method

Rcal � Ncal�nm�
Ncal�ne� ;

which takes into account the development of atmospheric
cascades, the response function of the detector, etc.

The results of major atmospheric neutrino experiments
are presented in Table 7.

The data in Table 7 indicate that observations of atmo-
spheric neutrinos in underground laboratories using the large
water Cherenkov detectors IMB-3 and Kamiokande revealed
anomalous CC-interactions in nm and ne-channels. They were
detected by twomethods: (a) from the shape of theCherenkov
ring recorded by PMTs and (b) by recording m-decay, i.e.
from the excess of PMTs working for several microseconds
after the scattering event. The table R 0exp=Rcal ratios obtained
by either method using IBM-3 and Kamiokande suggest an
approximately 30%± 40% deficit of nm-events and an excess
of ne-events.

Neutrinos formed in the Earth's atmosphere cover a
distance L � 10 ± 13000 km before they interact in a detector
and have a energy ofEn � 0.3 ± 1.2GeV. Therefore, the deficit
of nm-neutrinos created in interactions of cosmic rays in the

Table 7. Experimental to theoretical ratio of atmospheric nm- and ne-
neutrino fluxes.

Experiment Exposure, 103 ton yearÿ1 R 0exp=Rcal Ref.

IMB-3

Kamiokande II

Frejus

Soudan II

NUSEX

7.7

4.92

2.0

1.0

0.5

a) 0.54�0.05
b) 0.64�0.07

oÃ ) 0.60�0.06
b) 0.69�0.06

0.87�0.13
0.64�0.19
0.96�0.29

[268]

[269]

[270]

[271]

[272]
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atmosphere may be interpreted as supporting the existence of
nm $ nt or nm $ ne oscillations with the parameters

Dm2 � 10ÿ2ÿ10ÿ4 eV2 ; �11:2�
sin2�2y� � 0:3ÿ0:6 : �11:3�

On the other hand, calorimetric experiments such as
Frejus and NUSEX failed to reveal this effect. However,
recent findings obtainedwith the Soudan II appear to confirm
that the R�m�=R�e� ratio for the CC-channel is lower than the
theoretical ratio.

A most remarkable result in support of the atmospheric
neutrino deficit,

R 0exp
Rcal

� 0:59� 0:08 ; �11:4�

was reported by the Kamiokande Collaboration [273] from
the analysis of events with the mean energy of hEni � 6 GeV
all of which reached the sensitive volume of the detector. This
result fairly well describes ne-fluxes and suggests a small
deficit of nm-fluxes which conforms to that predicted from
the nm $ nt hypothesis.

Figure 6 shows the real distribution of events over the
zenith angle, based on the results of the Kamiokande
experiment. If the oscillation length amounts to several
thousand kilometers, the zenith angle must change for
upcoming neutrinos which pass through the Earth but
remain unaltered for downgoing neutrinos.

Another interesting explanation for the deficit of atmo-
spheric nm-neutrinos relates to the MSW effect and is
considered in [274]. Were the matter effect a reality,
resonance on the Sun and Earth would take place for
neutrinos with energies En � 1 ± 15 MeV and En � 10 ±
1500 MeV respectively, the density of the Earth being 10 ±

100 times lower than in the center of the Sun. It is this energy
region that is characteristic of atmospheric neutrinos.

Neutrino oscillations can be induced by a gravitational
MSW effect [275, 276]. This exotic effect is to be examined in
future experiments.

The interpretation of the atmospheric neutrino deficit as a
sequel to oscillations is not the only one. The discrepancy
between experimental and theoretical data may be due to the
incorrect use of the Fermi-gas model for computation; it can
probably be realized more successfully [277].

It has been shown in [278] that there is no deficit of
atmospheric neutrinos if the ratio of p� to pÿ-mesons created
in interactions of protons with the Earth's atmosphere is
higher than it is usually assumed to be for the purpose of
computation. Studies on the probability of a systematic error
in calculations of the R�nm�=R�ne� ratio due to the additional
effect of cosmic ray neutrinos and their decays in the
atmosphere or to the proton decay p! enn are underway
[279, 280].

The problem of atmospheric neutrinos can not be
successfully approached without the calibration of the
existing and new detectors. The first results of calibration of
Kamiokande in the electron/muon beam from KEK have
demonstrated that the detector effectively separates electron
andmuon-containing events. In addition to the calibration of
detectors, it is necessary to evaluate intensity of muon fluxes
at altitudes 10 ± 20 km above the Earth's surface where
atmospheric neutrinos are created. In a way, such measure-
ments would be analogous to those in a near detector in
experiments with long-baseline neutrinos from accelerators.
The available data on muon fluxes in the atmosphere [280]
agree with the normalization used in calculations.

Collectively, the results of current experiments are in line
with the nm $ nt-interpretation of atmospheric neutrinos, but
more reliable information is expected to come from experi-
ments to be performed in the near future using the Super-
kamiokande and ICARUS-Superkamiokande facilities able
to detect 3� 103 events containing atmospheric neutrinos per
year. The ICARUS experiment will annually detect around
1:2� 103 events containing atmospheric neutrinos in each
5� 103 ton module with high resolution and effective
separation of electrons and muons. The matter effect will be
studied, taking advantage of the possibility to differentiate
between neutrino and antineutrino interactions in the CC-
channel [36].

12. Conclusion

The primary objective of the present review was to consider
the theoretical ideas which have given incentive to the
progress in neutrino physics over the last 20 years. Secondly,
we wished to demonstrate the physical motivation of certain
models of neutrino mass generation and, hence, the possibi-
lity of observing neutrino oscillations. The third and last
purpose was to illustrate a great variety of experimental
approaches to better understanding the fundamental proper-
ties of neutrinos.

Renormalization has long remained an indispensable
attribute of any basic field theory. Therefore, the neutrino
was regarded as massless in the framework of the standard
SU(2)
U(1) model which contains no electroweak neutrino
singlets. It was generally accepted that there are no funda-
mental reasons for the neutrino to have a mass. The progress
in the development of Grand Unification Theories required

ÿ1 0 1
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0.5

0

cos#

N
�m
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e�=
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M
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�m
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Figure 6. Distribution of events over the zenith angle (Kamiokande

experiments). The results of Monte Carlo calculations of Dm2 � 1:8�
10ÿ2 eV2 and sin2�2y� � 1:0 for nm $ ne oscillations (dashed line) and

Dm2 � 1:6� 10ÿ2 eV2 and sin2�2y� � 1:0 for oscillations (dotted line).
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the prevailing view of quantum field theory to be revised.
Extension of the standard model by including Higgs and
lepton sectors and the possibility of generating neutrino
masses from invariant operators of higher dimensions
suppressed at the scale of the Unification Theory ' 1=MGUT

has led to the appearance of a neutrino mass, if a very small
one. Leaving the necessity of renormalization at quantum
gravitation scales for future superstring theories, it should be
emphasized that small neutrino masses with a stable hier-
archy mne;m;t ' �mu;c;t�2=MGUT arise naturally from the `see-
saw' mechanism in the SO(10)-based GUT. This mechanism
ensures that the heaviest nt-neutrino has a mass of about 5 ±
30 eV.

At present, there are three independent indications that
the neutrino must have a mass restricted to this range. The
first is related to the problem of dark matter in the Universe.
A massive neutrino is predicted by contemporary cosmologi-
cal models compatible with the observation of quadrupole
mode of relic radiation in the COBE satellite experiment.
Specifically, theMixedDarkMatter model considers massive
neutrinos (mass ' 20 eV) as the most probable candidates of
hot dark matter responsible for almost 30% of the total
density of the Universe. Neutrinos with amass of about 30 eV
equally well describe the formation of the large-scale structure
of the Universe.

The second and third indications come from observations
of the solar neutrino deficit in many experiments. The most
elegant explanation of this paradox would be the effect of
neutrino oscillations in the matter traversed on their way to a
detector.

There are a large number of theoretical models which
interpret the dark mass problem and the deficit of solar and
atmospheric neutrinos [281]. The values predicted by some of
them are presented in Table 8.

If the real world is organized in such a way as to contain
massive neutrinos, they, in conjunction with lepton number
conservation, must create conditions for the existence of
oscillations. Moreover, if the neutrino mass is of the order
of several electronvolts, oscillations with the presumed
parameter ranges shown in Fig. 2 will soon be detected in
further experiments [288]. The authors set a major hope on
accelerator-based long-baseline experiments with two precise
detectors.

Anyway, our understanding of the Grand Unification
Theory is sure to change as basic aspects of the neutrino and
dark matter problem are highlighted in forthcoming experi-
ments.
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