
PHYSICAL REVIEWER 0 VOLUMj: 34, NUMBER 5 1 SEPTEMBER 1986

Neutrino mass and baryon-number nonconservation in superstring models
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%e propose ne~ mechanisms for understanding neutrino masses in superstring models that con-
tain E6-singlet zero-mass fields after compactification. %e show that the lo~-energy gauge group
of these models can be phenomenologically acceptable. %e then comment on AB 1 and AB 2
baryon-number-violating processes in these models.

Recently, there has been a great deal of activity in

superstring theories with the gauge group Esx Es. ' The
zero-slope limit of these theories leads to an anomaly-free
ten-dimensional Es&Es Yang-Mills theory coupled to
N 1 supergravity. When six extra dimensions are com-
pactified to a Calabi-Yau manifold with SU(3) holono-

my, an N 1 locally supersymmetric four-dimensional
grand unified theory based on gauge group Es & E6
emerges with Ns copies of massless [27j-dimensional
(under E6) and b~ ~ pairs of [27j+ [2%7 chiral superfields
(where b~ ~ is the Betti-Hodge number). By an appropri-
ate choice of ' the Calabi- Yau space, one can have Ns 3
or 4. One can then assume the observed matter fields
(quarks and leptons) to belong to the [27j-dimensional rep-
resentations of E6. This model, therefore, has all the right
ingredients for being a candidate theory that unifies all
matter and all interactions in nature.

Even though this program of unification appears very
attractive, several potential difficulties exist: too fast pro-
ton decay, potentially large neutrino masses, the problem
of light Higgs multiplets, and the lack of a proper mecha-

nism for supersymmetry breaking. In this paper, we will
concern ourselves with only the first three problems. We
will exhibit mechanisms for understanding small neutrino
masses using light E6-singlet fields. These models require
the existence of light Higgs fields with specific quantum
numbers. We show that this requirement can be satisfied
for phenomenologic ally acceptable low-energy gauge
groups. In some of these models, the SU(2)L Higgs doub-
let responsible for symmetry breaking must arise from
matter superfields. This leads us to discuss the question of
baryon nonconservation such as proton decay and neu-
tron-antineutron oscillation in these models. We comment
on the possibility that neutron-antineutron oscillation may
be observable in this class of models under certain cir-
cumstances while avoiding catastrophic proton decay.

The first difficulty in obtaining an acceptable pattern of
neutrino masses in superstring models arises from the pres-
ence of new exotic neutral fermions beyond the usual left-
and right-handed neutrinos. This can be seen from the
decomposition of the [27j-dimensional representation of E6
under the [SO(10),SU(5)] subgroups:

[27j [16,10] + [16,5] + [16,1] + [10,5] + [10,5] + [1,1]

(u,d;u', e') + (d', v,e) + v' + (O',N E ) + [D,N', E+] + no .

The various particles are identified below each group rep-
resentation. In what follows, we represent a matter multi-
plet by y and a Higgs multiplet by H. The five neutral
leptons are (v, v', N,¹,no). The new neutral leptons
(N,N') must be massive enough so that their contribution
to the present energy density of the Universe is below the
critical density. As far as nc is concerned, it can be mass-
less or superheavy depending on whether it couples to su-
perheavy or light gauge bosons. Assuming that N, N', and
no decouple from low energies, we are still left with a
Dirac neutrino obtained by combining vt. and vt. with a
mass mD=O(rn, ) = 1 MeV. To solve this problem, we
seek %'ays by which v acquires a large mass. A Majorana
mass for v' would require breaking (8 L) by two un—its
and is therefore not possible to have at the tree level since
the conventional "seesa~" mechanism is not available in
this case. They can, however, be induced in either of the
following ways.

(i) A hi her-dimensional term7 of the form (1/M)
x [27}v& [27 it x [27jv& [2~jH leads to an effective Major-
ana mass for the right-handed neutrino v': M~ VjtL, /M
where (vH) Vite, . This leads to a light neutrino mass
rn„= rrtD2M/VttL2 Choosing . M =Mp~„,k=10's GeV,
mD =1 Me& requires that VaL, =10" GeV leads to
m„=0.1 eV.

(ii) The second possibihty is to use another neutral fer-
mion which is 8 —L neutral to form a h(8 —L) 1 Dirac
mass term. This mechanism was used in Ref. 8, where the
extra neutral fermion chosen was the gaugino correspond-
ing to 8 —I. symmetry. In this paper, ~e replace the gau-
gino by an E6-neutral fermion (denoted by S) that may
be present in superstring models. The scenario outlined
below realizes this mechanism.

Now we present the two models for neutrino masses.
We first outline the details of the models that are relevant
only to the discussion of neutrino masses and in a subse-
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quent section discuss the associated low-energy gauge
group. Both the models we present will require b~ ~ 2,
i.e., two pairs of [271+[2%7 representations that act as
Higgs fields denoted by H and J, respectively. We will
then assume that the SO(10)-singlet components (denoted
by no) and [SO(10),SU(5)J representation [16,11 (denot-
ed by v') remain light. The reason for this is that we
would like to give them intermediate scale vacuum expec-
tation values (VEV's) (without breaking supersymmetry,

f

i.e., maintaining a D-flat direction).
Model I. To write down the most general low-energy

superpotential, we use the [SO(10),SU(5)) notation of Eq.
(1) and denote Q -(u,d), 1 -(v,e ), E'-(Ã,E ), and
E (E+,¹).Denoting the components of the Higgs field

by a subscript J and H and suppressing all generation in-

dices, we can write the superpotential as P~ Po+Pb
where

P A, QQD+A, Qu'E+A, Qd'E'+X4QD'I+) u'd'D'+As@'De'+ g A, 'd'Dv'+
a matter, H

Xs D'Dno,
a matter, H

+ g A,9/E v,'+
a matter, H

Xi'OEE'no, +A i i/E'e'+ pi vH AS+ pano Hno JS,
a matter, H

Pt )I [2nono JS +)I ]3v AS (2b)

In Pt, Higgs field H contributions are eliminated by im-

posing a discrete symmetry under which the Es singlet S
and J,J are odd and all other fields are even. We first as-
sume that the SO(10)-singlet component of H acquires a
VEV V6 along a D-flat direction; subsequently, two com-
ponents of J, one along the SO(10) singlet and another
along the [16,1) acquire the effective VEV (J(no)) p
and (J(v')) Vsi, with p«VsL, «Vs. The neutral fer-
mions N and ¹ as well as the D and D' quarks pick up
large mass Vs and decouple from low energies. We fur-
ther assume P~&&X~3. Defining, v' v'+(P~A, ~3)vH and

(P2noH+X, ~2na)/(P22+X~22) '~, we find (the combina-
tions orthagonal to vc' and no remain massless and invisi-
ble), the 4 X 4 mass matrix for the remaining neutral fer-
mions v, v', no, and S to be of the form

I

v no v' S
0 0

no 0 0
mD 0

S 0 p

ma 0

0 p
0 VgL

VgL 0

(3)

It is easy to see that on diagonalizing this matrix we obtain
two Dirac particles with masses: m ~ mDp/Var, and
M2 ~Var. If we choo.se VsL —-10' GCV, this implies that
for p & 10 GeV, m ~

& 1 eV. Thus, in this picture the neu-
trino is a Dirac particle with a naturally small mass. We
point out that this is a completely new mechanism for gen-
erating light Dirac neutrinos and could be useful in gen-
eral supersymmetric models. In this model, neutrinoless
double-beta decay will be forbidden. Furthermore, we en-
visage this large intermediate scale having its origin in
dimension-four terms in the superpotential.

Model II. This model differs from model I in two
respects. First, we add two E6-singlet fields S~ and S2 and
impose the discrete symmetry under which J, J, and S2
fields are odd and all other fields are even. The superpo-
tential for this model has thc form Pn Po+Pn whcrc

Pji X,)gnong JS2+X,)5v'yJS2

+X~6nonoHS~+A]7v vHS~

t

The second difference from model I is in the pattern of
symmetry breaking which we assume to be (no, H)

(nDH) , V6 and (vj) (v&~) Vsi. . As a result, N, ¹,
and no disappear from the low-energy spectrum, leaving a
3 x 3 mass matrix of the type (assuming P~&&k~s)

y

y' 0

v ma

0

rnD 0

VsL

Vai.

This gives a massless Majorana neutrino: v~h„, = v
—(mD/VsL, )S2 and a heavy Dirac neutrino with mass
= Var, . In this approximation, the amplitude for neutri-
noless double-beta decay vanishes identically. However,
supersymmetry breaking could induce a Majorana mass

ms for S2, leading to a small Majorana mass for the neu-
trino, rn„=ms(mD/VsL, ) . For rnD = 1 MeV for the first
generation, VsL, +I TCV, a value of ms =102-103 GeV
would lead to rn „50.1 to 1 eV, which is consistent with all
observations. Again, this mechanism can be trivially ex-
tended to higher generations by adding two Es singlets per
generation.

We also note that one can construct a variant of this
model without S~, with the same result for neutrino
masses. In this case, no remains massless and invisible
since it does not couple to any hght gauge bosons. This
will also not contribute to the expansion of the Universe at
the nucleosynthesis epoch.

In the aforementioned discussion, we have assumed cer-
tain light Higgs multiplets to obtain realistic neutrino
masses. We have to show that this can happen without en-
larging the gauge group to an unacceptable level. The pro-
cedure for deciding this has been outlined in Ref. 10. One
has to make sure that, under the discrete group If &E6
which is a subgroup of the discrete group in the Calabi-
Yau manifold K, the light fields must remain invariant,
0

i.e.,

y(gx) -Ugy(x)= y(x), —
where x&K and UgCiV. It is known that, in order to
leave SU(3), x SU(2)L as an unbroken subgroup following
the "flux-loop"-breaking mechanism, " the U~ is parame-
trized by six numbers (x~, . . . , x6) (i.e., Ur e'"H& where
H; belong to the Cartan subalgebra of E6) with
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TABLE I. Lo~-energy gauge groups below the Planck scale

for different choice of discrete symmetries.

Discrete symmetry

Z2
Z3
Z4
Z5
Z6

Ztr, n ~7

Gauge groups belo~
Planck scale (prior to

intermediate scale breaking)

SU(6) x SU(2)L
SU(3), x SU(3)L, x Su(3)a

SU(5) x SU(2)L x U(1)
SU(5) x Su(2)~ x U(1)

Su(3), x u(1), x Su(2), x Su(3),
SU(3), xsu(2)Lxsu(2)~xu(I) xU(1)

I

o o'

(x~, . . . , xs) ( —c,c,a,b,c,0). It is then straightforward
to check that for v' and no components to remain light, we
must have a —c and b 3c. The unbroken low-energy
group after flux breaking is then given by SU(3),
x SU(2)L xSU(2) xU(1) xU(1), if the discrete group S
is Z„, n«7, and SU(3), xSU(3)LxSU(3)tt, if O' Z3.
In Table I, we list the low-energy groups for other discrete
symmetries. An important point to note is that the low-

energy electroweak gauge group after the intermediate
scale is phenomenologically acceptable in all cases except
the ones corresponding to Z2, Z4, and Zs symmetry, where
the SU(5) or SU(6) gauge group survives below the
Planck scale.

The next question to ask is where do the light Higgs
doublets that break SU(2)z xU(1)y symmetry and give
mass to fermions come from'? This depends on the discrete
symmetry in question. If the discrete symmetry is Z3, we
find that two SU(2)L doublets (N,E ) and (E+,¹)
from the j27j+ j2~j Higgs multiplets remain light and
can, therefore, serve as light doublets that break
SU(2)L xU(1)t symmetry. In this case, the constraints of
sin28n require that Vnt. = Vs = 10'4 GeV.

On the other hand, in other cases, where no light
SU(2)L doublet survives from the l27l+ 12%7 pair we pro-
pose that they come from matter multiplets; more specifi-
cally we have in mind the two doublets (per generation)
(N,E ) and (N', E+). One can assign VEV's to N and
N' to break SU(2)t, x U(1). From Eq. (2a), we see that
the X2, A, s, X9, and X~t terms can then lead to fermion
masses. In this class of models, where light Higgs doublets
(E,E') arise as part of the matter multiplets, we assume

as before that both axial-vector 8 —I. and vector 8 I—.
symmetry are broken at an intermediate scale. We then
have to tune k~0 —-0 to keep the E and E' light. But since
they do not couple to v and v', it does not affect our dis-

cussion of the neutrino mass matrix.
We now discuss baryon-number violation in these

models. A typical diagram that makes a dominant contri-
bution to proton decay is shown in Fig. 1 and we estimate
the h8 1 amplitude

A, ~X4PPg-

MOM, q

where m-, M,q, and Mo represent the gluino, scalar-
quark, and D-quark masses respectively and X; are cou-
pling constants in Eq. (4). Choosing Mo-—10' GeV,

ms = 10 GeV, we find A~a ~
= 10 '

X~kq GeV . Since
the couplings X; in our superpotential Eq. (4a) are related
at the Planck scale, it is reasonable to expect them to be
=10 s-10 s. Choosing X~=X4-10, we find A~g=~
=10 3' GeV, which is consistent with present experi-
ments. We expect the photino to be heavier than the pro-
ton so that proton decay via photino emission is avoided.

Turning now to 58 2 transitions, we first note that it
requires (vH), or (v~)%0. Therefore, in the two models for
neutrino mass that we have presented here, since
(vH) 0 (vv), the 68 2 transition is forbidden. Qn the
other hand, in our model II (as well as in other models dis-
cussed in the literature ), one might expect (vH) V@.WO

or (vv)WO. In such a case, a nonzero 58 2 amplitude
arises from the diagram' in Fig. 2. Its magnitude is

r 2
X5A,7 VSL 4za

Hatt-2-—,a H or y . (8)=, M, M"'-
The corresponding n rr mixing s-trength is given by bm„„-
=A~e-q ( y(0) ( . In our model II, we prefer Vgj ((Mo
in order not to spoil the neutrino mass results. For in-

stance, if we choose, Vg, «10 GeV, using ( y(0) ("
=10 GeV, we find, bm„„=10 Xs A7 GeV-, which

for F5=17=10 can lead to mixing times r„„-=6x109
sec. This may be barely accessible in future experiments
with intense cold-neutron beams. ' In the type-II models
of neutrino masses, '

VnL, = 10' GeV. In such models,
smaller values of A. (-10 s) can also lead to an observ-
able n noscillation. -Finally, it is possible that all three
fields in the matter field self-coupling in Eq. (4) do not be-
long to the same generation, thereby weakening the con-
straints on A, ~ and A.4. This may improve the situation with

respect to n -n oscillations.
Note added in proof. It has been brought to our atten-

FIG. 1. Box diagram for the h(8 L) 0 decay mode of the-
proton.

FIG. 2. Tree diagram for AB 2 transitions such as n -n oscil-
lations.
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