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Abstract
We propose new machanisms for undarstanding nzutrino masses
in superstring modals that contain Eg—singlet zaro mass fields
‘after compactification. Wz show that the low anargy gauge group
of these models can be phenomenologically acceptable. We then
comment on AB =1 and AB =2 baryon pumber violating procasses

in these models.
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I. Recently, there has been a grzat deal of activity in superstring;theﬁries
with tha gauge group Eg x Eé 12,3405 The zero slops limit of thége thaor—

ies leaads to an anomaly free ten dimensional Eg x Eé Yang-Mills theory P

couplad to N = 1 supergravity. When six sxtradimensions are compactified3

]

to a Calabi-Yau manifeold with SU(3)-holonomy, an N 1 1locally supersymma—
tric four dimensional grandunified theory based on gauge group Eé X E6

emerges with N, copies of massless {27} dimensional (under Eg ) and

g
bl,l pairs Of, {27} + {57} chiral superfields (wheare bl,l is the Betta-—
Hodge number). By an appropriata choice of 35455 the Calabi-Yau space, one can
have .Ng =3 or 4 . One can then assume the obsarved matter fields (quarks
and leptons) to belong to the {27} -dimesnsional representations of Eg . This
model, thersfora, has all thes right ingradiznts for bzing a candidate theaory
that unifies all mattar and all interactions in nature.6
Even though this program of unification appears very attractive, saveral
potential difficultiss appear as soon as one starts to study its detailed
phenomenological implications: too fast proton dacay, potentially large neu-
trinc masses, problem of 1light Higgs multiplats, and lack of a proper machan-
ism fof suparsymmatry breaking. In this paper, we will concern ourselves with
only the first three problems. We will exhibit machanisms for understanding
small nezutrino masses using light Eg-singlet fields. Thesz models require the
existence of light Higge fieslds with specific quantum numbzars, Wz show that
this raquirement can be satisfisd for phenomenoclogically acceptable low znergy
gaugs groups. In some of thase models, the SU(2), doublet Higgs rasponsible
for symmatry breaking must arise from matter superfields. This lzads us to
discuss the question of baryon non—consarvation such as proton-decay and

nautron—anti-nautron oscillation in thesa models. We comment on the possibil-

ity that neutron—anti-nautron oscillation may be obsarvable in this class of
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modals under certain circumstances while aveiding catastrophic proton deacay.
To axhibit tha problem with the neutrino massas, we note that thess

theoriass contain both the laft and the right-handad neutrines; as a result, a

large Dirac mass (of order of the charged lapton mass) for neutrinos afises

naturally after the breaking of SU(2)}y x U(l)y gauge symmetry. The usual

solution for this problem is to amploy the "seze saw” mechanism,7

whare, by
appropriata choice of the Higgs multiplets and symmetry breaking, a large
Majorana mass is generated for the right-handad neutrinos. Unfortunately, in
superstring modals, the Higgs multiplst that can lead to a large Major»ana mass
for the right-handed nautrino is absent. As a result, new machanisms hava
racently bezen considarad to solve this problem.g’g’10 Thay can ba dividad
intc three categeories: (1) Tow scals B-L breaking8 via non-zero v.e.v. for
the superpartnar of Vg 3 (ii) Intermediate scale B-L breaking and use of
higher dimensional operators;9 (iii) Usea of Eg-singlet Higgs superfields.lo
It 15 the purpose of this paper to axhibit a datailad model that uses the
gscenario (iii) and then show that all these models can lsad to obsarvable

nautron-anti-neutron oscillation, while at the same time avoiding a rapid

proton decay.

2. The first difficulty in obtaining an acceptabla pattarn of nzautrino masszs
in superstring modals arises from tha presence of new exotic neautral fermions
beyond the usual left— and right—handed neutrinos. This can be seen from the
decomposition of {27} - dimensional representation of Eg wunder the ([S0(10),

SU(5)] subgroups:



{27} = [16,10] + [16,5] + [16,1]

(u,d;u,2%) + (d%;v,2) + v©
+ {10,5] + (10,5] + [1,1]
(D¢,N,ET)  + [D,NCEF] + ng (1)

The various particles are identified halow each group reprasantation. In what
follows, wa raprasent a matter multiplet by ¢ and a Higgs multiplet by H .
The five neutral leptons are: (v , vc, N, NC, uo) . The naw neutral lzp-
tons (N, N®) must bz massive snough so that their contribution to tha pra-—
sant enargy density of the universe is below the critical density. As far
as ngp 1is concerned, it can ba massless or superheavy depending on whether it
couples to superhzavy or light gaugs bosons. Assuming that N, N® and ng
decouple from low energies, we are still laft with a Dirac neutrino obtainad
by combining 12 and VE with a mass mpy = O(m,) = O(MeV) . The simplest
way to avoid this problam would be to set mp < O by choosing the appropriatea
Yukawa coupling to vanish. This would, of course, bes, theorstically,
uanatural but even pheznomenologically, it will put a lower limit the scales of
the B-L breaking (or the mass of the szcond Z'-boson) from considerations of
nucleosynthesis,11 which may ba too constraining from the point of view of a
"natural” gauge hizrarchy.

To solve this problam, we sezk ways by which v© acquires a large mass.
A Majorana mass for v would require breaking (B~L) by two units and is
therzfore not possible to hava at the traz level, They can, however, be
induced in either.of the following ways:

(i) A highar dimensional term’ of the form-% {27}¢ {E7}H . {27}¢ . {57}H

leads to an affective Majorana mass for the right-handad nautrino v©



M e = VBL/M (2>

whera

~ -
<vH> = VBL .

This lezads to a light nzutrino mass
L2 2
m o~ mDM/VBL . (3)

Choosing M = Mpyaner = 1018 GeV , mp = 1 MeV requires that Vg = 1011 Gev
leads to m, = .1 av .

(i1) The sacond possibility is to use anothar neutral fermion which is
B-I. neutral to form a A(B-L) = 1 Dirac mass term. This mechanism was used
in ref. 8, whara the extra nesutral fermion chosen was the gaugino corraspond-
ing to B-L symmetry. in this paper, we replace tha gauginc by an Eg—nsutral
fermion (denoted by 8§ ), that may ba prasant in suparstring modzls. The

scanario outlined below realizes this mechanism.

3. Tn this saction, we pfesant two modals for nautrino masses. We first
outlina tha details of the models that are ralsvant only to the discussion of
neutrino masses and in a subsaquent saction discuss the associated low energy
gauge group. Both ths models we present will require bl,l =2 i.,2. two
pairs of {27} + {57} representations that act as Higgs fislds denoted by
H and J respectively. We will then assume that tha SO0(10) singlet com—
ponants (denoted by ng ) and [S0(10), SU(5)] rapresentation [16,1]
(denotad by v© ) remain light. The reason for this is that wa would like to
give tham intermediate scale vev (without breaking supersymmetry i.e. main—

taining a D~flat dirzction).



a) Model I:
To writa down the most general low enargy superpotential in this theory,
we first denote tha various superfields in tha modzl as follows: using

[SO(10), SU(5)] notation: (0 = (u,d) ; L = (v,2))

[16, 51: 4 , &

(16, 1]: vc_

[to, 5): D, (NC,E¥) = E
[10, 5]: DS, (N,E) = E©
1, 1]: n, .

Dzunoting tha componants of the Higgs fisld by a subscript J and H and
supprassing all generation indices, we can write tha supar potential as

follows: Py = P, + P! wheare

I

- c c.C
Po = A;00D + A, 0u°E + A,0d°E

c c,c.¢ c., ¢
+ KAOD L+ Ksu d°b" + K6u D e
+ 7 A aSvl + ) ng DPmg ,+ ] ng LEvC

a=matter,H a=matter,H ? a=matter ,H
+ 3 A3y FECng A AESRC

a=matter H ’

c -c -
S + b

+ BlvH Vi S 52n0 H 0. S (4a)

and



v = c-c
PL = Klz 0y 3 S + k13v vJS (4b)

in Pi , Higgs fi2ld H coatributions arz eliminated by imposing a discrate
symmetry under which the Eg-singlet S and J,J arz odd and all other fields
ares aven. We first assume that the S0(10) singlet componant of H acquires
a v.e.ve. Vg along a D~flat direction; subsequantly, two.components of I ,

ote along the S0(10) singlet and anothar along the [16,1] (or v® diresc-

tion) acquire the following effective v.e2.v.:

<J(ny)> = p and T = vy (5)

with
u << VBL <L V6 .

The neutral fermions N and N® pick up large mass Vg and decoupla from

low znergies. Also, it gives largs mass to the D-quark, which decouples from

the low enargy sector. We furthar assumea Bl << Kl? . Defining, vE =

c c - 2 251/2
+ = 2 fi
v (B,/hyg) vy and n = (Byng, + N ot /(B + AT, , wa find (the
combinations orthagonal to v© and n; ramain masslass and invisible), the
4 x 4 mass matrix for thea ramaining nautral fermions v , vE s n; , 5, to
be of the form:
Y n’ vE S
o
Y / 0 0 mp 0]
n’ 0 0 0 M
o} ;
c” . N (6)
\ n BL!
1}
S \ 0 i VBL 0 ,/

It is easy to sze that on dlagonalizing this matrix, we ohtain two Dirac



particles with masses:

m o
17 Ty
VBL
and
MZ = VBL . ’ (6a)

If we éhoose VgL = 1012 gev , this dimplies that for u < 106 Gav ,

m; <1 eV . Thus, in this picture neutrino is a Dirac particle with a natur-
‘ally small mass. We point out that this is a completely new mechanism for
generating light Dirac neutrinos and could be useful in general supsymmetric
modals. In this model, neutrinolesss double bata decay will be forbidden.
Furthermoré, we esnvisage this large intermediate scale having its origin in

dimension four terms in the superpotential.

b. Model II

This model differs from model I in two respects. First, we add two Eg~
singlet fiazlds 51 and S, and impose the discrste symmetry undsr which
J ., J and Sp fields ares odd and all other fields ars even. The superpotan—

tial for this model has the form

PII = P, + P:'[I o (7>

whersa

1]

Pz A S, + A, vVES, + A S, + A vccgs (7a)

II 14%0% ,3°2 15¥ V372 1670"0,1°1 17 1

The sacond difference from Modal I is in the pattern of symmetry breaking
which we assume to be as follows:
<n0’H> = <HO’H> = V6

and



P ==y (8)
J .

As a result, N , N® and n disappear from the low enargy spectrum, leaving
0 gy

a 3 x 3 mass matrix of the following type (assuming BI << Kls)

v v S2
v 0 L 0
v© m 0 Vo : (9)
82 \ 0 VBL 0 |
This gives a massless Majorana nzutrino:
Vohys * ¥~ % 5, (10)

and a heavy Dirac neutrine with mass = VBL « In this approximation, the
amplitude for neutrinoless doubla heta~decay vanishas identically. Howeavear,
suparsymmatry breaking could induce a Majorana mass for Sy , mg leading to a
small Majorana mass for the neutrino, m, = mgr (mD/VBL)2 . For mp = 1 MeV
for the first genaratiom, Vpp > 1 TeV , a value of mg = 102-103 cay would
l=ad to m, £ .1 to 1 eV , which is consistent with all obsarvations.
2

Again, this machanism can be trivially extended to higher gasnerations by
adding two E6—singlets par genaration. Tt may be noted that this mechanism is
similar to that discussad in ref. 8.

It is élso worth pointing out that onz can construct a variant of this
model without 5; , with the same rasult for neutrino masses. The only new
feature is that ng ramains'masslass. Howavar, since it does not coupla to

any light gauge bosons, it resmains invisible. This will also not contribute

to the expansion of the universe at the nucleosynthesis eapoch.



4, 1In the previous saction, we have assumad certain light Higgs multipleats to
obtain realistic nszutrine massas . We have to show that this can happen
without anlarging tha gauge group to an unacceptabta level. The procedures for
deciding this has bean outlined in ref, 12. Onz has to make sures that, under
the discretz group M C Fg which is a subgroup of the discrate group in the

Calabi~Yau manifold, K , the light fialds must remain invariant, i.a.
blgn) = U000 = ¢ (th)

where x €KX and Uy &M . It is known that, in order to leave SU(3), x

SU(2);, as an unbroken subgroup following the "flux—loop” breaking mach-

anism,13 the k@_is paramstrized by six numbars (Xl,...x6) (i.a. U, =

g
e whare HM; belong to the Cartan subalgebra of Fg ) with (xl,...,x6)
= (~c,c,a,b,c 0} . 1t is then straightforward to check that for v©  and
ng, componants to remain light, wa must have a = -¢ and b = 3c . Tha

unbrokzan low energy group after flux breaking machanism is then given by
SU(3)e x SU(2)y, x SU(2) x U(L) x (1) , if the discrete group JH is 27, ,
n> 7 , and SU(B)c X SU(3)y x SU(3)p , if H = Zy . TIn table I, we list the
low energy groups for other discrete symmetrias. An important point to nota
is that tha low ensrgy alectroweak gauge group after thz intermediate scale is
phenomenologically acceptable in all cases except the ones cbrresponding to
Zy , 74 - and éS symmatry, whare SU(5) or SU(6) gauge group survives
helow the Planck scale. Morzover, thea nature of these groups is important in
determining the couplings of any extra light Z-boson (as in model IT) at low
enargies.

The next guasstion to ask is wherz do the light Higgs doublats that break

SU(2)y, x U(l)y symmatry and give mass to fermions come from? This dapends on
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thae discretes symﬁetry in question. TIf the discrate symmetry is Z3 , we find
that two SU(2); doublets (N,E7) and (ET,N€)  from the {27} + {27} Higss
multiplets remain light and can, therefors, serve as light doublets that

braak SU(2)y % U(l)y symmetry. These models ara similar to the onas dis-
cussad by dal Aguila et al. (raf. 6). In this case, the constraints of
Sinzew fequire that Vg = Vg = 1011 gev .

On the other hand, in other casas, whers no light SU(2);-doublat survives
from {27} + {E?} pair we propose that thesy coms from'matter multipiets; more
spaecifically wa have in mind the two doublats (per genesration) (N,E”) and
(NS,EY) . One can assign vev's to N and W® to breaak Su(2); x u(l) .

From aqn. (4a), wa see that thas AZ . AB » Ng and hll terms can then lead
to fermion massas. TIn this class of models, whers light Higgs doublets
(E,E®) ariss as part of the matter multiplets, we assume as bafore that hoth
axial B-L and vector B-L symmetry are broken at an Intesrmadlate scale.
We then have to tune A, = 0 to keep the F and F¢ 1light. This is a
situation we would like to avoid aand our hope is that some dav, a discrete

symmetry will amerge from an appropriate Calabi-Yau space that will justify

the vanishing of KIO .

5. We now discuss baryon number violation in these models. A typical diagram
that makas a domimnant contribution to proton decay is shown in fig. ! and ws

estimate the AB =1 amplitude

klkamé o
pe1 = 7 (7) o (12)
5 Sq
whara mé , qu and Mp rapresent ths gluino, squark and D—~quark masses

raspectivaly and hi ara coupling constants in egqn. (4). Choosing M, = 1012

. -19 -2
GeVv , m§ = 10 GeV, wa find, AAEzl = 10 klh4 Gav = , Since the couplings

11



Ay in our superpotantial 2qn. (4a) ars ralated at the Planck scale, it is

reasonahle to expact tham to be = 10°5-10"% . Choosing A, = A, = 1076, we

I 4

find AAB"I = 10731 cev—2 , which is consistent with present experiments. We

axpact tha photino to ba heavier than the proton so that proton dacay via
photino smission is avoided.
Turning now to AB = 2 transitions, we first note that it requires

<v;> y O <v$> # 0 . Therefors, in the two models for neutrino mass that we

have prasantad here, since <v§> =0 = <v$> , AB =2 transition is
forbidden. On the othar hand, in our modzl IT (as wall as in othar models
discussed in litaratureg), one might eaxpact <v;> = V%T # 0 or <v£> # 0 .

In such a cases, a non-zaro AB = 2 amplitude arises from the diagram14 in

Fig. 2. Tts magnitudz is

H..a
A ALY b
577 BLy2 s _
AAB 5= ( b%) ) M£ — . a=Hor¢ . (13)
"sq g

Tha corresponding n-n mixing strength is given by 6mn_5 = AAB=2'¢(O)|4 .

In our modal II, we prefer VEL < Mp in ordar not to spoil thes neutrino mass

results. For instance, if we choosea, VgL_S 108 Gav , using 'q,(O),4 = 1073

Gev® | we Find, ém

. ,s25 .22 X ~ )
nem 10 K5R7 GaV , which for KS o 10 can laad

1

to mixing times, <T_ - 6 x 109 sec. This may be baraly accessible in futura

n-n
expariments with intensa cold neutron bgams. In the type II modais of

9 VEL ~ 1012 gev . 1In such modals, smaller values of A (~

nautrino masssas,
10—5) can also lead to ohsarvahble n-n oscillation. Finally, it is possible
that all three fislds in the matter field self coupling in egn. (4) do not
balong to tha sam; genaration, therzby weakening the constraints on Kl and

Ay o This may improve the situation with raspect to n-n oscillation.

In conclusion, we have outlinad scenarios for understanding small nesu-

12



trino masses in realistic superstring modals. Tn thess models, catastrophic
& , ]

proton deacays are avoidad. Furtharmorz, under certain circumstancas, they may

lzad to barsly observable neutron—antinsutron oscillation.

One of us (R.N.M.) would like to thank P.K. Mohapatra for uszful discus-
sions, and we also acknowladga useful discussions with G. Ross and L.E.
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Figure Captions

Fig. 1. Box diagram for A(B-L) = 0 decay mode of ths proton.

Fig. 2. Tree diagram for AB = 2 transitions such as N-N oscillation.
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Discrete Symmatry Gaugs Groups Bazlow
Planck Scale (prior to
intermadiate scale breaaking)

Z9 SU(6) x SU(2)y,

23 SU(3). x SU(3)g, x SU(3)p

Z4 SU(5) x SU(2)y, x U(L)

s SU(5) x SU(2)y x U(L)

Zg SU(3). x U(L)ax SU(2)y x SU(3)y
7, 0>7 SU(3), , SU(2)y, , ST(2)y , UL  U(L)

Tahle T: Low enzargy gauge groups helow Planck scale for

differant choice of discrate symmatrias.
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