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We explore various scenarios in which neutrinos can obtain mass in a recently discussed model of
grand unification based on the gauge group SU(15). Since SU(15) has only left-handed neutrinos,
the mass is of Majorana type which necessarily violates lepton-number symmetry. We show that,
by introducing the 15-dimensional Higgs-boson multiplet, one can naturally obtain a small neutrino
mass through lepton-number violation which already exists at the unification scale.

Recently, SU(15) as a grand unification group has been
shown to be interesting for various reasons [1, '2]. It, has
been shown that, with a particular chain of symmetry
breaking, the unification scale can be very low in this
model, in the range of 10 to 10 GeV [2, 3]. Baryon-
number violation is necessarily present in the model [3,4].
However, despite the low unification scale, the proton life-
time can be comfortably consistent with known experi-
mental bounds [5]. It has also been argued that, the model
is free from problems with grand unified monopoles [6].
Thus, in these essential aspects, the model is very dif-
ferent from the SU(5) grand unification model. In this
article, we want to explore the implication of the model
for lepton-number violation, which is another important
consequence of grand unification models in general. Since
the model does not have any right-handed neutrinos, the
question of lepton-number violation is intimately con-
nected with the question of the generation of Majorana
mass for neutrinos.

We start with a brief description of the model, which
will help us establish the notation. The fifteen known left
chiral fermionic fields of the first generation are assigned
[2] to the fundamental representation of the gauge group
SU(15):

v, e e u,-ugu&d„dydee u„ugu&d„dgd&
I.

where the caret denotes antiparticles. The other genera-
tions have similar representations. The subscripts r, b, y
represent color indices. The symmetry-breaking chain [2]
which occupies most of the recent discussion is

SU(15):SU(3)i x SU(12)q

".SU(3)i x SU(6), t, x SU(6)~~ x U(1)@
': SU(3), x SU (2) I. x U(1)y

: SU (3), x U (1)q . (2)

This chain gives the passibility of a low unification scale
[2, 3], —10"GeV.

The spontaneous symmetry breaking at the scales MG,
Mi2 and M6 can be done by using the following Higgs-
boson multiplets, respectively:

C ' . 455 T' 224 H~'~ 14175 (3)

where square and curly brackets stand for antisym-
metrization and symmetrization of indices respectively.
At the weak scale M~, the symmetry breaking can be
done by

S&'» &20 or Wt'&~: X05. (4)

They couple to fermion bilinears and give mass to the
charged fermions when they develop vacuum expecta-
tion values (VEV's). Neutrinos, however, do not obtain
any mass through the same VEV because, unlike other
fermions, the left-handed neutrino does not have a right-
handed partner. Thus, the neutrinos can obtain only a
Majorana mass if there is lepton number violation in the
model.

To discuss the possibility of lepton number violation,
we first have to discuss how we assign lepton number to
the particles of the model. Lepton number is not part
of gauge symmetry of this model. However, all the par-
ticles of 4 have well-defined convent, ional assignments of
lepton number, viz. , +1 for the first two components, —1

for the third one, and zero for all the rest. We can use
this scheme to assign lepton number to the gauge bosons
and the Higgs bosons of the model. In other words, for
any multiplet P'~ ', we will count a lepton number +1 for
each occurence of the index 1 or 2, and —1 for each oc-
curence for the index 3. Multiplets with lower indices are
considered to be the complex conjugates, and therefore
will have just the opposite lepton number.

Assigned this way, there is na lepton number violation
in the gauge couplings, where any given gauge boson cou-
ples only to a specific pair of fermions and therefore car-
ries a well-defined lepton number. The Yukawa couplings
can at best assign a lepton number to any specific cona-

ponent of a Higgs-boson multiplet, . Thus, lepton number
violation can occur only through the Higgs potential. In
fact, the vacuum structure of the model breaks lepton-
number symmetry. This can be seen from the first stage
of symmetry breaking in Eq. (2). In the basis introduced
in Eq. (1), this breaking is induced when the rank-3 ten-
sor 4 develops the fallowing VEV:
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while all other components have a zero VEV. Thus, the
component of 4 developing a VEV has the quantum num-
bers of v, e e+, i.e. , carries a lepton number of 1 unit.
The VEV, therefore, breaks lepton number, irrespective
of any other possible source of the violation of the same.

Let us now ask ourselves whether this VEV can induce
a Majorana mass for the neutrinos. Two units of lepton-
number violation can be induced by two VEV's of 4. But
that is not sufhcient to generate a Majorana mass for vL.
The weak isospin I3L has also to be violated by 1 unit.
In this model, this violation can come only through the
VEV's of S'& or A'~, the rank-2 Higgs boson fields. In
the language of gauge-invariant operators, we are then
looking for operators such as

E(yg)h 6 h and C (3)A(~~A (8)

where the numbers in the parentheses stand for the num-
ber of upper or lower indices. These terms violate the
symmetry of Eq. (7). However, even these terms are
invariant under a discrete symmetry

where the generation indices for 4 have been suppressed.
In the operator O~, we can also replace A;& with S;z.
However, O~ will vanish by symmetry under the same
replacement. If these operators can be generated in the
unbroken theory, one can obtain a Majorana mass of the
neutrino once 4 and A (or S) develop a VEV.

It is now easy to see that the operators of Eq. (6)
cannot be generated by quantum corrections if the Higgs-
boson content of the model consists of the particles shown
in Eqs. (3) and (4). This is because, with only these
particles, the full Lagrangian of the model can be shown
to be invariant under the global symmetry

(7)

which forbids the operators of Eq. (6). It must be
noted at this point that although t, he VEV of 4 breaks
this symmetry spontaneously, no Goldstone boson results
since the same VEV is breaking the gauge symmetry and
therefore the would-be Goldstone bosons are absorbed by
gauge bosons. Another way of saying this is that it is
possible to assign the global lepton numbers in an alter-
native way such that 4 does not carry lepton number,
so that lepton number is not broken when 4 develops a
VEV. Whichever way one prefers to look at it, the phys-
ical implication is the same, viz ~ that the neutrinos are
massless in this model.

This conclusion remains unchanged even if one intro-
duces, after Frampton and Kephart [5], a 5-index anti-
symmetric Higgs multiplet hl'~"' l to break U(1)~ at the
scale M6. Apart from terms which are invariant under
the operation in Eq. (7) and similar independent phase
rotation of other Higgs multiplets, there are now non-
trivial trilinear terms in the Higgs potential such as

C( ) (2;/3) @( ) l, ( ) „. p(g;I3) l, t )

This is enough to forbid the opertors in Eq. (6), and
consequently neut, rino mass, from arising at any order.
Thus the field h does not help in generating neutrino
mass. Since its only utility in the model is in breaking
U(l)~, which can be broken by a VEV in the rank-3
tensor 4 anyway [3], we will not consider this multiplet
in subsequent discussion.

Masslessness of neutrinos is not ruled out unequiv-
ocally by terrestrial experiments. There are, however,
some claims of evidence of nonzero neutrino masses from
P-decay experiments [7], although they remain controver-
sial. On the other hand, there is ample motivation from
astrophysics and cosmology for assuming nonzero masses
for neutrinos. For example, the solar-neutrino problem
[8] can be resolved by assuming small neutrino masses
and mixing. In light of these, we try to see whether
nonzero neutrino mass can be accommodated in SU(15)
model by some simple modification.

Previously, we have seen that there is some symme-
try which prohibits neutrino mass. The simplest way
t, o avoid any such symmetry might be to add, to t, he
Higgs boson content of the model, a Higgs multiplet y
transforming like the fundamental representation of the
gauge group. In this case, there are the following trilinear
couplings which are not invariant under the independent
phase rotations of diff'erent Higgs multiplets:

p4 A&pk+p S p &p&.

Although they respect a discrete symmetry

@ —+ —@ p~ —y
this symmetry does not forbid the operators in Eq. (6).
Thus, neutrino mass can be generated once the multiplet

p is introduced in the theory.
The actual magnitude of the mass will depend on the

exact mechanism by which I3L is broken in the theory.
As we said earlier, it can be broken by VEV's in S'& or
A ~. Below, we consider various possibilities, and exam-
ine how a neutrino mass is generated in each case. For
the sake of simplicity, we ignore generational mixing and
consider the mass of v, . The masses of neutrinos from
other generations can be estimated in a similar fashion.

Case I: Only (A) g 0. In this case, the mass ma-
t, rices of the charged fermions are antisymmetric at the
tree level. For three generations, this yields one zero
eigenvalue and two nonzero ones which are equal. This
is untenable, so we discard this possibility.

Case II: (S) j 0, no A present. In this case, the
charged fermions have a symmetric mass matrix, which
can explain the mass patterns observed in the real world.
A VEV of S, for example, can give the mass of the
electron. The 1-loop diagram of Fig. 1 now shows that,
the component S develops a VEV as well, which gives
mass to the neutrino. Denoting the strength of the quar-
tic coupling 4'& "p;S&~T I„-by A, an order of magnitude
estimate gives

2 I 2 2me A p vcvs
M~ MG2M~2
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FIG. 1. 1-loop diagram t, hat, induces a V EV for S' '

through the VEV's of S and 4.
FIG. 3, 1-loop diagram for neutrino mass when both A

and S are present in the theory, but A has no VEV.

The factor M& in the denominator arises out of the
loop integration, assuming the masses of all the parti-
cles in the loop are of order MG, the heaviest scale in the
model. The symmetry-breaking pattern gives v@ MG
and vg M~, omitting the gauge coupling constants.
As for the trilinear coupling p. ', we note that the mass of
S coming out of the self-energy graph of Fig. 2 must,
not exceed the weak scale so that the S VEV can be of
order M~. This puts a. restriction of p' & M~ji. For t, he
same reason, we can put the constraint A M~/MG.
UslIlg the lllaximulll possIble va, lue of p, a,nd A, we t;lien

obtain

P M2 M2

Since S~~ is in the same SU(3)I submultiplet with S2,
ancl S mass is —MII, we expect Ms„- Ms, so that
Eq. (13) gives m . (MII, /Ms MG)m, . If Ms is close
to M~ which would be interesting for experimental pur-
poses, one obtains m„ 1Q eV if MG 10 GeV. The
interesting aspect of this magnitude is that, since the neu-
trino masses scale like the charged-fermion masses, one
expects rn„1Q eV, which is in the right range for
the solution of t, he solar-neutrino problem through the
resonant neutrino oscillation mechanism.

Case III: (S) g 0, (A) = 0. Here also, neutrino mass
comes through 1-loop diagrams. The diagram coming
from Fig. 1 are of course present, but there are additional
diagrams shown in Fig. 3. The estimate of this diagram
gives

2 I 2 2mg p p vc, vg
M M

rn„- f'(MW /MG)'»I'

If f 1, this contribution seems larger than the contri-
bution of Eq. (13), particularly if Ms &) M~.

Case IV: (S) g 0, (A) g 0. In this case, there can
be tree-level contributions to the VEV of S, as shown
in Fig. 4. This gives rise to neutrino masses at the tree
level. A quick estimate gives

fp p V@V~
M2

As before, we can use p' M~, M~ MG and M~„
M6. In addition, we now need p & M~ in order that
the mass of A remains around the weak scale. Then we

obtain

A~3 ~

(y123

I
(
I
I

I

gs"

A23

I .~
@123

I
I

where f is the Yukawa coupling of the antisymmetric
multiplet A'&, which is not related to the masses of
fermions since A does not have any VEV. The natural
value for the trilinear coupling p, is MG. Using the
estimates of other parameters from t, he previous case, we

obtain

FIG. 2. A typical contribution of the self-energy of S
through scalar loops. The induced mass must be & M~ for
the consistency of the theory.

FIG. 4. Tree diagram that induces a, VEV for S'' when
both A and S are present in the theory, and A has VEV's
which break SU(2)r. by 2 units.
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fM~
M2M2 1

G 6
(17)

assuming v~ M~. If f m, /M1v, this estimate coin-
cides with the one in Eq. (13). But, f can be larger, and
thus one can obtain larger values of neutrino mass.

The essential points in the cases II—IV can now be sum-
marized. The component S of the symmetric multiplet
of Higgs bosons couples to the fermion bilinear vL, vL, so
neutrinos obtain a Majorana mass if S' ' develops a VEV.
In cases II and IV, we have sho~n that in the presence
of the 15-dimensional Higgs boson multiplet a consistent,
solution of the minimization conditions of the Higgs po-
tential demands some nonzero VEV of S ' if (C i2s) g 0
and either S or A has VEV's which break Isl. by half
units. The latter VEV's are necessary for giving masses
to the charged fermions as well as to the W and the Z
gauge bosons.

Figure 3 gives an alternative way of giving neutrino
masses. In this case, the required AI3L, —1 comes not

from the VEV of one Higgs particle carrying I3I. ——1, but
rather from two different VEV's each of which contribute
LI3L,

To summarize, we have shown that, if one uses only
the Higgs-boson multiplets shown in Eqs. (3) and (4),
neutrinos remain exactly massless in the SU(15) model.
This conclusion is unchanged even if one introduces a
5-index antisymmetric multiplet. However, by the intro-
duction of a l5-dimensional Higgs multiplet p, one can
give masses to the neutrinos. We have discussed how dif-
ferent scenarios of SU(2)1. x U(l)y breaking can result in
different sources of neutrino mass. The masses are nat-
urally small in all scenarios, and they can have the right
magnitude to be relevant for the MSW solution of the
solar-neutrino problem.
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