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This review contains an introduction to models of neutrino masses for non-experts. Topics discussed are (i) different
types of neutrino masses (ii) structure of neutrino masses and mixing needed to understand neutrino oscillation results
(iii) mechanisms to generate neutrino masses in gauge theories and (iv) discussion of generic scenarios proposed to

realize the required neutrino mass structures.

Key Words: Dirac and Majorana Masses; See-Saw Mechanism; Radiative Mass generation; Grand Unified

Theory; Supersymmetry
1 [Introduction

Detailed study of neutrino spectrum—their masses
and mixing—has now become possible due to signif-
icant amount of data from the atmospheric and the
solar' neutrino experiments. These results are now
generally regarded? as evidence in favour of non-zero
masses for at least two of the three known neutrinos.

The presently available experimental results not
only suggest a non-zero neutrino mass but also con-
strain the patterns of neutrino masses and mixing.
These results make it now meaningful to confront var-
ious theoretical schemes of neutrino masses with ex-
periments. This review is a short introduction to mod-
els of neutrino masses which can explain the presently
available results. Since the review is aimed at non-
experts, we first discuss the concept of different types
of neutrino mass terms. Then we summarize the struc-
ture of neutrino masses and mixing demanded by ex-
perimental results. Subsequently, we discuss vari-
ous mechanisms for generation of neutrino masses in
gauge theories and finally describe scenarios which
are successful in explaining the present day experi-
mental patterns.

2 NeutrinoMass Terms

Neutrino mass corresponds to a Lorentz invariant
renormalizable term in the Lagrangian connecting a
left and a right-handed field®#. Possible mass terms
for neutral fermions can be written in two differ-

ent ways. These are termed as Dirac and Majorana
masses. In order to introduce these mass terms, we
need to discuss the charge conjugation property of
neutrino fields.

A four component neutrino field v transforms un-
der charge conjugation as follows:

vosve=cvCcl=cv'. ..()

The Lagrangian for free neutrino field remains invari-
ant if the matrix C is chosen to satisfy

CyClt=-y .

C can be chosen to be iy?}? in a specific representation
for the gamma matrices. In this case one has

Ve =iy’yPvT =iyPv*. ..(2)
The matrix C satisfies
cl=c'=c"=-cC. ..(3)

The following relations are easy to prove using
properties of gamma matrices

(V) =

(VIR =

It follows that charge conjugate (v, )° of a left-handed
field v, is aright handed object and vice versa. Thus if
neutrino emitted in a beta decay is left handed then the
corresponding anti neutrino would be right handed.

PVe=C(vr)" = (vg)°,
Prv© = C(‘_’L)T =) ...(4)
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Important point to keep in mind is that although the
(v )¢ is right handed, it does not coincide with vg
which is an independent field with its own dynamical
evolution in the massless limit.

A left handed neutrino field v, can form a mass
term either with its charge conjugate (and hence right
handed) field (v, )¢ or it can combine with an inde-
pendent field vg. Moreover, vg can also combine with
its left-handed charge conjugate (Vg)© to give a mass
term.

Let us consider a theory containing two fields
V[ ,Vk. Vg is regarded as an independent field and is
different from the charge conjugate of v/. The latter
would generally represent any of the neutrino fields
corresponding to active (i.e. those having weak in-
teractions) neutrinos Ve, r. Vg Can represent a right
handed field unrelated to any of these. Such v would
transform as a singlet under J(2) x U(1). Alterna-
tively, vk can be charge conjugate of any of the active
neutrinos, e.g. v, may represent vy and vg may be
(Vu1)®. We allow both these possibilities.

We can write the following mass terms between
v{ and v§:

1 - 1 -
+§m|_v’|_(v(_)°+ EmR(v'R)CvﬁJr H.c.,...(5)

where we have used primed fields to distinguish them
from the mass eigenstates to be introduced soon. The
terms with coefficients m_g are known as the Majo-
rana mass term and the mg term is known as the Dirac
mass term. The Majorana mass terms are not invariant
under global phase changes of the fields since vLR and
(v'_r)© transform identically under such changes. In
contrast, the Dirac mass term can be made invariant
if v and v are transformed by the same phase. Thus
Majorana mass terms violate Lepton number while the
Dirac mass term respects it.

It is seen from eq.5 that neither v{ nor vj is a mass
eigenstate. Nature of physical neutrino is determined
by going to the mass basis. To do this, we rewrite eq.5

as follows:
_ _ m m
! 1\C L D
(v . )( )
mp Mg

X ( (Vﬁl)c ) +H.C. ...(6)
VR

We have made use of the following relation in writing

|
N
B

N =

the above equation.
V{Vk = (VR)(V)° . (D)

This relation is a special case of a more general iden-
tity which is quite useful in many of the algebra re-
lated to charge conjugate fields:

grx = x°crictye, ...(8)
where ¢, x are any two Dirac spinors, I'; represents

products of the Dirac gamma matrices. Let us rewrite
eQ.6 as:

1_
— Lrass = zn{_///\,(n{_)CJr Hec, ...(9

where nl = (v{,(vk)®)" denotes a column vector for
two neutrino states and .Z,, is a 2 x 2 matrix:

My, = M Mo
mp Mg
It is possible to diagonalize ., through a unitary ma-
trix U

...(10)

Ut .#,U = Diag.(m;,m,) , ...(11)
where m, , are eigenvalues of ., given by
1
M,=3 (mL +mg+ \/(mL —mg)? +4sz> ; W

Note that m, , defined above are not necessarily posi-
tive. The neutrino mass basis are defined as

( v );U( V1L > ..(13)
(VR)® (Var)©

The new states v, and v, represent chiral compo-
nents of two different neutrino states with masses m;
and m, respectively. If CP conservation is assumed U
can be taken as an orthogonal matrix which is speci-
fied in terms of a mixing angle 8 giving us

v, = cosO v —sin6 (vg)°
Vg = sinB(v))°+cosB vy  ...(14)
with
2
tan20 = —o__ ...(15)

Mg — M



MODELS OF NEUTRINO MASSES AND MIXINGS 225

Since masses m, , can have either sign, let us define
m = |m|n; (n; = %) and rewrite eq.9 as:

—ZLmass

1 - _
= §(|m1‘n1V1L(V1L)C+ M, |N,(Vog) Vog+H.C),
...(16)

where we have made use of eq.11.

We have been writing all mass terms in terms of
chiral projections of the fields. We can always define
appropriate four component objects and write masses
using these new fields. Define

X1 = vy +ng(vy)S,

eq.16 assumes the following form:

1 _ _
—Zmass = 5(‘m1|X1X1+ M, [XoX,) - ---(18)

From the definition (eq.1) of the charge conjugation,
it is obvious that the fields x, , satisfy

c _
Xi2 = N12X12

Thus both the fields ¥, , are self-conjugate. Neutrinos
described by these fields are called Majorana neutri-
nos.

We started with two independent two component
objects v, vg with the most general mass term given
by eq.5. This theory could be rewritten in terms of
two (four component) objects x, , satisfying Majo-
rana condition. Eq. 5 therefore Qenerically defines
Majorana neutrinos. There are three special cases of
this equation which are of considerable phenomeno-
logical importance. These correspond to the following
neutrino mass matrices m,:

(Al):(0 m); (A2):<mL m >;
m 0 m —m
(A3):<r?] ;:)

The case (A3) with m < M is the simplest ex-
ample of the seesaw mechanism*®4. It leads to two
masses, one very large ~ M and other m?/M, sup-
pressed compared to entries in (A3). In particular, one
can get the atmospheric mass scale for m~ m, and
M ~ 10 GeV. The M is the Majorana mass of the

...(19)

field v and its largeness implies that vy must be an
D (2) x U(1) singlet field. On the other hand, if all
the entries in neutrino mass matrices are small (typi-
cally of the order of neutrino masses) then v, can be
identified with a charged conjugate of the active left-
handed neutrinos. This is exemplified by the cases
(A1) and (A2) which are discussed in>>".

Both (A1) and (A2) have eigenvalues which are

equal and opposite corresponding to n, = —n, in
eq.16. We can define in these cases,
_ X1t Xo
w="5
The mass term in eq.18 can then be rewritten as
—$m=|m1|¢’llf- ..-(20)

By definition, ¢y # ¢° and the above mass term de-
scribes a four component Dirac fermion. It is invari-
ant under a phase transformation on (. This phase
transformation may thus be identified with the lepton
number which is conserved by eq.20. The two orig-
inal fields v/, vk have merged in this case to form a
Dirac state .

Both (A1) and (A2) seem to lead to a Dirac neu-
trino ¥ but there is a subtle difference between these
two cases. This difference is revealed when charged
current interactions are written out® in terms of the
Dirac field . Explicitly,

_gch

%( & Y (0s(6 — 11/4) -+ cos(8 -+ 1/4) )

i, Y (cos(8+ T1/4) g — cos(8 — T/4)ge) JWH
+H.c. ...(21)

The mixing angle 6 appearing above is given by
eq.15. Itis rt/4 for (A1) while it is arbitrary (tan26 =
mﬂL) in case of (A2). It is seen that the W interactions
conserve lepton number for (A1) while this conserva-
tion is violated for the matrix in (A2) due to simul-
taneous presence of ¢ and U in eq.21. As a result,
components x, and x, of ¢ receive different radiative
corrections and the Dirac neutrino gets split. Thus the
final theory contains a pair of Majorana neutrinos with
almost degenerate masses. Such a pair is referred to
as pseudo-Dirac neutrino®.

3 Experimental Constraintson Neutrino M asses
and Mixing

Important information on neutrino masses and mixing
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comes from three sets of experiments (i) atmospheric
neutrino searches (ii) solar neutrino searches and (iii)
(mostly negative) searches for neutrino oscillations in
laboratory. Details of these experiments have been
discussed in this volume elsewhere. We give a brief
summary of the restrictions on neutrino masses and
mixing derived from the detailed analysis of experi-
mental data.

We assume three neutrinos v, (o = e, 1, T) mixed
with each other. Mixing is determined by a unitary
matrix U which is defined through the charged current
weak interactions:

—ZLpn= (I YuYeiVi WH+H.C.) ...(22)

9
V2
Here |, denote the charged fermions. The flavour neu-
trino states v, are produced in association with I, and
differ from the mass eigenstates v; which enter the
above equation. The unitary matrix U can be parame-
terized in terms of three mixing angles 8, @, w:

V'V

CyCu —SpCw Sw
= CpSeSwCgSy  CoCp—SeSeSw —SpCw |

—CyCeSw+S,S)  S,SwCe+55C,  CoCw

... (23)

u =

V|,V are unitary matrices which describe separate
mixing among different |; and v, respectively. CP vi-
olation would introduce three additional phases in this
matrix. These phases do not effect the neutrino oscil-
lation probabilities but play an important role in lepto-
genesis and in determining the effective mass probed
through neutrinoless double beta decay experiments.
We do not consider these phases in this note.

Neutrino oscillations are sensitive only to the neu-
trino (mass)? differences A;; = Mg, — m\z,j and there are
two independent A;; in case of the three generations,
A, = A,; which control the oscillations of the solar
neutrinos and A,,,, = A5, controlling the oscillations
of the atmospheric neutrinos. Experiments demand
the hierarchy A, < A, Specifically, one has

4-107°eV2 <A, < 2.8-107% eV

1.2-107%eV? < A, <5.0-107%eV2.  ...(24)

The above range in A, corresponds to the large mix-
ing angle (LMA) MSW solution which appears® to
be the only allowed solution after the positive results
from KamLand™. Very different values of A and A,

lead to a simplification®. Due to this hierarchy, the ef-
fect of the atmospheric scale gets averaged out in the
solar oscillations and the effect of the solar scale is
negligible on the oscillations at the atmospheric scale.
As a consequence, the oscillation probability in each
case is approximately determined by a single mass
scale and single mixing angle and assume a simple
form in spite of the presence of three generations:

(Pee)s)lar ~ 1_Sin22(p5in2 (%) +ﬁ(si)) )
(Pug)am ~ 1-—sin®20sin? (%) +0(),
(Pee) ooz ~ 1 —Sin®2wsin? (%) . ...(25)

It is seen that the angles 6, ¢ and w determine the
atmospheric, solar and CHOOZ oscillation probabil-
ities respectively. Analysis of the the solar® and at-
mospheric data imply the following restrictions on the
mixing:

tan’gp ~ 0.2—0.8
sin20 ~ 0.8—1
sinw < 0.04. ...(26)

The atmospheric neutrino mixing angle is large and
can be maximal. In contrast, the strictly maximal so-
lar mixing is not preferred by the data at 3 o level®.

It is not difficult to argue that eq.24 allow the fol-
lowing three mass patterns for neutrinos:

(A) Hierarchical Masses :
nﬁgn‘éNA(D«n‘%NAatm
(B) Inverted Hierarchy :
Mg ~ M8 ~ Dy > MG A & MG — 11y
(C) Almost Degenerate Masses :

M; ~ M5 ~ Mg > Ay,
.27

The overall neutrino mass scale cannot be deter-
mined from the oscillation results in case (C). Experi-
ments on single®? and double beta decay*® can provide
important information on this scale. These experi-
ments can also help in distinguishing between three
schemes mentioned above since the mass probed in
these experiments can at most be at the atmospheric
scale for (A) and (B) while it can be much larger in
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case of the pattern (C). Possible implications of these
experiments on neutrino mass patterns have been thor-
oughly investigated in the literature®.

The pattern (B) can be best realized® if a neutrino
pair forms a pseudo-Dirac neutrino discussed in the
earlier section. This can occur accidently® or can arise
due to imposition of some symmetry, typically some
U (1) symmetry. Realization of pattern (C) requires*’
imposition of additional- generally non-Abelian- sym-
metries. We shall discuss these realizations in a sub-
sequent section.

One particular example of the mixing matrix
which describes the experimental results is obtained
by taking s, =0 and s, ~ s, ~ &(1) ineq.23:

T Chp —Sp 0
U==V'V, = CeSp CeCp —Sp ,...(28)
SeSe  SeCp Co

This mixing pattern is referred to as bi-large or bi-
maximal mixing. The present data seem to favour this
mixing matrix.

The above considerations imply that models for
neutrino masses should answer three basic ques-
tions (i) Why neutrino masses are smaller than other
fermion masses? (ii) How does one realize the basic
mass patterns (A-C) demanded by experimental re-
sults? (iii) What are possible mechanisms to simul-
taneously obtain two relatively large and one small
mixing angle? We discuss possible answers to these
questions in section 5 after introducing various mech-
anisms for neutrino mass generation.

4 Mechanismsfor Neutrino Mass Generation

There is extensive literature? on how to theoretically
realize the mass patterns discussed in the last section.
We briefly discuss the ideas involved. All the mecha-
nisms for neutrino mass generations finally lead to an
effective mass term for the light neutrinos defined as
follows:

1_
_Zm: EVILmVIJV](:L+H'C . ..(29)

Here i, j are generation indices and we assumed only
three light neutrinos. m,, is a complex symmetric 3 x 3
matrix.

The operator written above is not SJ(2) invari-
ant and could arise only after spontaneous breaking of

this symmetry. Moreover, it transforms as an SU(2)-
triplet. Thus one needs to generate an effective U (2)-
triplet Higgs field. There are various ways of doing
this which need extension in the Higgs and/or fermion
sector of the standard model. Different mechanisms
generate m,, either at the tree level or through radia-
tive corrections.

Tree Level Neutrino Mass

Tree level mass can be generated by adding either
Higgs or fermion or both to the standard model fields.
(i) Additional Fermions: If neutral fermions are added
to the SM fields, then the flavour neutrinos can ac-
quire mass by mixing with them. The additional neu-
trinos can be SJ(2) x U(1) singlets (e.g. right handed
neutrinos) or doublets (e.g. Higgsino in SUSY) or
D (2) x U(1) triplets (e.g. a Wino). Generation of
neutrino masses in all these cases has been discussed
in the literature.

Addition of three right handed neutrinos N/ lead
to the seesaw mechanism with the following mass
terms:

_ 1
—Zrass = ViL (Mp);i;Njr+ 5 (N'iz) “(Mg);;Njr +H-C.,

2
..-(30)
The above equation gives the mass matrix
0 m
My = D, ..(31

Both my and Mg are matrices in generation space.
When Mg, is nonsingular and is given by a scale M
much larger than that in my, we get

m, ~ —mpMgmp, . ...(32)

All the neutrino masses are automatically sup-
pressed due to the large scale M in M. A large M is
natural in grand unified SO(10) theories which there-
fore provide a nice framework to understand small
neutrino masses. One gets the following mass hier-
archy for a diagonal Mg

my My, s mg iy L Mgy Mg

Here mp, are eigenvalues of my. As long as these
eigenvalues are hierarchical, the neutrino masses also
display the hierarchy.

(ii) Additional Higgs: Additional Higgs is required to
be an QU (2) triplet in order to generate eq.29 through
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renormalizable couplings. Such triplet Higgs occur
naturally in the left right symmetric theories and their
grand unified extensions. This mechanism becomes
attractive if triplet vacuum expectation value (vev) can
be made naturally small ~ &(m,). This happens®
in the above mentioned theories. The left right sym-
metry automatically demands the presence of a left-
handed triplet field A, once a right handed triplet is
used to break the SJ(2)g symmetry. Moreover, the
vev for these two triplets are also found to have a see-
saw relation when scalar potential for such a model is
minimized* *8:
MG,
<AL> V<AR> )

where y ~ €(1). Because of the above relation, the
left-handed triplet automatically acquires a very small
vev if the right handed one is at a large scale.?

Typical left right symmetric theory will have con-
tribution from A, as well as the seesaw contribution
mentioned above. The effective neutrino mass matrix
in this case is given by

M3, f~1 -
™V ey Mg ™

f here denotes the Yukawa coupling matrix for the left
(right) handed neutrinos to A, (Ag). This version of
the seesaw mechanism* is known as the type Il see-
saw model.

...(33)

Radiative Models

It can happen that some symmetry (e.g. lepton
number) forbids neutrino mass term at the tree level
even after extending the standard model fields. Soft
breaking of this symmetry may however radiatively
induce a finite neutrino mass at one or two loop level.
This provides an attractive mechanism for understand-
ing the smallness of neutrino masses. The radia-
tively induced contribution to neutrino masses may be
present in addition to the tree level mass. The pres-
ence of radiative contribution in this case may explain
the hierarchy among neutrino masses. This happens
in case of the supersymmetric theories containing ex-
plicit lepton number violating interactions.

Radiative mechanism for neutrino mass genera-
tion can be implemented in a number of ways. Nice

classification of all these possibilities can be found in
ref.[20].Many of these models are variations of the ba-
sic mechanism proposed by Zee#. This mechanism
needs an extended Higgs sector containing a charged
singlet field h* and a double field ¢, in addition to the
standard Higgs doublet ¢,. This allows the following
additional terms in the SM Lagrangian:

~Zpee = Toplalgh™+Hec.,
V = ugeht+H.c ...(34)

The first equation by itself cannot generate neutrino
mass at tree level since it does not contain a bilinear
term in neutrino fields. It cannot give rise to radia-
tive mass also since this term conserves lepton num-
ber with appropriately defined lepton number for the
field h*. Itis not possible to define a conserved lepton
number when both the terms displayed above and the
charged lepton Yukawa couplings are simultaneously
present. In the presence of all these terms, neutrinos
obtain radiative masses.

The general structure of neutrino mass matrix ob-
tained in this model is given by

0 My Mer
Mee=| My 0 my |, ...(35
Mer  Myg 0

where
My :Cf‘m(mf3 -m)

and C is a constant which depends upon the Higgs
masses and mixing.

The consequences of this mass matrix have been
extensively studied®? %, If one of the parameters
Myp is suppressed compared to the other two then the
above mass matrix has approximate symmetry of the
type Ly — LB —L,. The above mass matrix then leads
to a pseudo Dirac and an almost massless neutrino de-
sired for phenomenology. But not all such cases can
give the correct mixing pattern. For example if faﬁ are
of similar magnitudes then mg, < My ~ Mg, This
case leads to the explanation® of the atmospheric neu-
trino deficit but cannot solve the solar neutrino prob-
lem. By allowing hierarchy in faB' it is possible to

It is trivial to generalize the above considerations to non-left right symmetric theories also and obtain naturally small vev for the
left-handed triplet if a high mass scale is introduced in the theory, see ref.[19].
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obtain bi-large pattern and simultaneous solutions to
both anomalies™ ? but solar mixing angle stays very
close to maximal*-# in contrast to the non-maximal
mixing required in the LMA solution.

A variation of the above model is obtained by re-
placing h* with a doubly charged field® % k**. Such
a model does not need addition field ¢, and leads to
neutrino masses at two loop level. Phenomenologi-
cal consequences of this type of model are studied in
ref.[28].

5 Neutrino Mass M odels

We now give a brief summary of how the above mech-
anisms are used in arriving at successful model for
neutrino masses. Rather then discussing any specific
model, we discuss basic scenarios that have been re-
alized through explicit models in the literature. Our
choice below is subjective and there exists various
alternative scenarios® %2 which too can explain the
present day neutrino anomalies.

Seesaw Mechanism in Grand Unified Theories

The attractive feature of seesaw mechanism is
a strong link existing between neutrino and other
fermion masses in grand unified theories. Generic ex-
pectations based on this picture are hierarchical neu-
trino masses and mixing matrix similar to the quark
sector. Since the neutrino mixing matrix is known
to contain large mixing angle(s) one has to look for
ways which break this link without sacrificing inher-
ent quark lepton symmetry. This can be done in a nat-
ural fashion in the following ways:

e The strong link between neutrino and other
fermion masses existing in type | seesaw, €q.31
does not hold in case of the type Il seesaw
model if the first term in eq.33 dominates.
This dominance occurs quite naturally**. The
light neutrino masses get related in this case
to the structure of Mg rather than to my. This
structure can be non-trivial allowing large neu-
trino mixing to coexist with small quark mix-
ing in SO(10). It has recently been argued that
large atmospheric mixing arise naturally in this
framework and is strongly linked to the b—1
unification®. The neutrino mass hierarchy can
also be very different from the type | seesaw

models. One can naturally get™ almost degen-
erate neutrino masses in this scenario.

e Difference in the quark and lepton mixing ma-
trices can arise naturally in GUT if the charge
lepton mass matrix is chosen to be highly
asymmetrical®. The SU(5) symmetry relates
the left-handed charged leptonic mixing to the
right-handed down quark mixing. The latter can
contain large mixing angles without conflicting
with phenomenology. This can happen with
asymmetrical M,. Such choices of the charged
lepton and down quark mixing matrix can si-
multaneously explain the small mixing in the
quark sector and the large mixing among lep-
tons. A number of models based on such asym-
metrical matrices have been constructed®.

e In the context of the conventional (type I) see-
saw, strong departure between the neutrino and
quark masses and mixings get generated in the
presence of some structure and/or of different
mass scales® in Mp. The simplest example
is dominance of a single RH neutrino which
can lead to large mixing. Both the mixing and
mass hierarchy can get altered drastically with
a simple texture in Mg. An illustrative and phe-
nomenologically useful example is provided by
the following 2 x 2 texture:

The Dirac matrix my has the conventional form
typical of any GUT. But the texture of Mg not
only leads to large mixing but also changes neu-
trino mass hierarchy completely. Due to hier-
archy in the up quark masses, the light neu-
trino mass matrix automatically displays™ an
approximate U (1) symmetry and as a conse-
guence, neutrinos are now pseudo-Dirac with
almost equal and opposite masses.

Itis clear from the above that the seesaw mech-
anism can easily lead to correct phenomenol-
ogy without sacrificing the inherent quark lep-
ton universality.

SUSY and Neutrino Masses
Just like grand unified theories, supersymme-
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try was proposed for reasons unrelated to neutrino
masses. But like grand unified SO(10), the minimal
supersymmetric standard model (MSSM) automati-
cally leads to verifiable and economical predictions
for neutrino masses. Neutrino masses in the most pop-
ular version of MSSM are related to the the quark and
lepton masses as in case of GUTSs but unlike them, the
mixing angles among neutrinos are delinked from the
guark mixing angles in MSSM. Thus one can have si-
multaneous explanation of the large neutrino mixing
and hierarchical masses®.

Lepton number violation occur automatically
when the standard electroweak model is generalized
to the MSSM. The simplest lepton number violating
terms are bilinear terms connecting leptonic doublets
L; to a Higgs superfield H, with opposite hypercharge:

W, =gLH,, ...(37)
The three dimensionful parameters &, along with pa-
rameters of MSSM control three neutrino masses and
three mixing angles. It can be shown® that the above
terms become unphysical and do not lead to any neu-
trino masses if (1) slepton and Higgs masses and their
B parameters are universal at a high scale and (2) if the
down type quarks and the charged leptons are mass-
less. The universality is assumed at some scale in
major studies of MSSM and it follows automatically
in case of the gauge mediated supersymmetric break-
ing. These versions of MSSM automatically lead to
predictive framework for neutrino masses. Universal-
ity violations and hence neutrino masses are generated
in these theories by the charged lepton and the down
type quark masses which determine neutrino masses.
Neutrino masses are thus determined by these masses.
These have been extensively studied®*-*".Neutrinos
obtain their masses in two different ways. Universal-
ity violation lead to vev for sneutrinos. This generates
mixing of neutrinos to neutralinos and leads to seesaw
type® contribution for one of the neutrinos. The others
get their masses radiatively at the one loop. Relative
importance of these determine neutrino mass hierar-
chy. It is found that models with universal boundary
conditions can lead to correct hierarchy and large at-
mospheric mixing naturally but cannot give a large so-
lar mixing angle. Violation of universality is an essen-
tial ingredient® needed to obtain a large solar mixing
angle. It is possible to construct viable models assum-
ing some universality violation®.

An alternative source of neutrino masses in

MSSM is provided by the trilinear lepton number vi-
olating couplings in the superpotential. The num-
ber of such terms is large but still it is possible to
make meaningful statements on the neutrino mass pat-
tern. Purely trilinear couplings also lead to two dif-
ferent types of mass terms, sneutrino vev induced
seesaw type contribution® and 1-loop contribution.
Both these terms play important role in determin-
ing neutrino mass hierarchy. The neutrino spectrum
can be predictive without making any specific as-
sumption other than assuming that all trilinear cou-
plings are similar in magnitudes. One can get the
hierarchical masses and required mixing pattern un-
der this assumption in case of the trilinear couplings®
AfjkLiQ; Dy but the A;;, LiL;E¢ couplings cannot lead
to the correct pattern if all are similar® *,

Neutrino Masses and Electroweak Gauge
Interactions

The standard electroweak interactions do not vi-
olate lepton number. But if some source of lepton
number violation and hence of neutrino masses is
present then the electroweak interactions can substan-
tially modify the structure of neutrino mass matrix.
We already discussed a simple example of this in sec-
tion 2. As shown there, the neutrinos described by the
mass matrix (A2) in eq.19 are degenerate but the split-
ting between them arises due to the standard gauge in-
teractions. The electroweak interactions in this way
can account for the solar neutrino oscillations.

The modification of the neutrino mass spectrum
arising due to the electroweak interaction has been ex-
tensively discussed®, see ref.[42] for a review. It is
supposed that some source of lepton number violation,
e.g. the seesaw mechanism generates light neutrino
mass matrix at a high scale. The modification of this
matrix arising due to the electroweak interactions in
SM or MSSM can be studied using the relevant renor-
malization group equations**#, This mechanism has
been used to understand some of the puzzling features
of neutrino mass spectrum.

e Large Mixing Angle: Electroweak interac-
tions can offer a possible answer to why the
quarks and lepton mixing angles differ. It was
shown*“ that these interactions can amplify a
small mixing angle between two neutrino mass
states if they have (almost) equal masses and the
same CP parity.
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e Small solar mass scale: Radiative corrections
can also explain the smallness of the ratio AA; .
One can start with three neutrino mass matrix
in which two of the neutrinos are degenerate.
In this situation, the atmospheric scale origi-
nates in high energy theory but the solar scale
gets generated radiatively. This can explain the
smallness of the solar scale. This mechanism is
found to be quite predictive. If high scale values
of A and U; are zero (as it happens in several
models for neutrino masses®) then the radia-
tively generated solar scale and U, are insen-
sitive to the detailed structure of leptonic mass
matrices and are predicted® ” in terms of the low
energy variables, e.g.,

A ~ 48, 5in? 0,05 20, |Meel” . ... (38)

The above equation correlates the LMA solu-
tion with the Majorana mass mee probed in neu-
trinoless double beta decay and requires mee to
be close to its present experimental limits.
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