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Exotic Baryon-Number Nonconservation: Another E6 Superstring Variation
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A supersymmetric gauge model based on E6 particle content which conserves lepton number but not

baryon number is derived from the requirement of a single, simple Z2 discrete symmetry. The proton is

stable because no physical final state having zero lepton number is available for its decay. Neutrinos are
massless and left-handed as in the standard model or one is massless and left-handed while the other two

are massive Dirac particles. Interesting experimental consequences of this model abound. Some are
briefly discussed.

PACS numbers: 12.10.Dm, 11.30.Er, 14.60.Gh, 14.80.Ly

Well-motivated theoretical extensions of the standard
model which include more particles and interactions at
energies within reach of the next generation of accelera-
tors are clearly not devoid of interest. In the context of
superstring theory, a candidate model of this kind is the
supersymmetric SU(3) SSU(2) SU(1)SU(1)' gauge
model populated by particles belonging to the 27 repre-
sentation of E6. Now it is also generally assumed that
those terms in the superpotential which are not allowed

by E6 are absent as well in the low-energy theory.
Hence there is an additional global U(1)" symmetry
which serves to differentiate between particles transform-

ing identically under the low-energy gauge group. Note
that U(1)" can be broken by soft terms in the Lagrange-
an which also break the supersymmetry. In Table I, the
various components of the 27 are listed against their
SU(3) SU(2) 18t U(1) |gt U(1) '8 (1)" contents. The
known particles are of course Q, u', d', L, and e', where

the superscript c denotes charge conjugation and all

states are taken to be left-handed. Without the global
U(1)", d', L, and N' are indistinguishable from h', E,
and S, respectively. With the global U(1)", the model is

still invariant under the simultaneous exchange of the

TABLE I. Transformation properties of the various com-

ponents of the 27 representation under SU(3) eSU(2)
eU(1)eU(1) 'e U(1)".

two sets of fields. However if the low-energy gauge
group is not exactly as given, this switch would corre-
spond to different physics. 2

There are eleven possible terms in the superpotential.
Five are necessary for the spontaneous generation of fer-
mion masses, namely Qu'E, Qd'E, Le'E, SEE, and Shh'
for m„, md, m„mq, and mh, respectively. Hence the
neutral scalar components of E, E, and S must pick up
vacuum expectation values. Of the remaining six terms,
a few must be absent to prevent rapid proton decay.
Therefore, some additional effective symmetry at low en-

ergies is inevitable for such models. Consider now the
simplest possibility, i.e., a single Z2 discrete symmetry.
It has already been shown that Q, u', and d' can be
chosen to be even in this case without loss of generality.
Consequently, at least eight models can be defined de-

pending on whether (L,e'), N', and (h, h') are even or
odd, as detailed in Table II. The corresponding allowed

and forbidden terms are indicated in Table III. Models
6 and 8 are not realistic because rapid proton decay is

unavoidable. Model 7 is fine, but h has very little to do

here, and is stable. Models 1 and 2 are natural first

choices and have been discussed extensively. The term
LN'E generates a nonzero Dirac neutrino mass and must
have a very small coupling. Hence it may be desirable to
forbid it so that the three known neutrinos either are ex-

actly massless or pick up small masses through radiative
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TABLE II. Possible transformation properties of (L,e'), N',
and (h, h') under Z2.
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Model 8 of Ref. 3
Model 2 of Ref. 3
To be discussed
Rapid proton decay
Stable h
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TABLE III. Allowed (J) and forbidden ( —) terms in the
various models defined in Table II and in the text.

LN'E
QLh'
u'e'h
d'N'A

QQh
u'd'h'

2 3 4 5 6 7 8

corrections. The latter turns out to be impossible if the
discrete symmetry does not distinguish among genera-
tions. 6 However, a simple model' does exist for three or
more generations where a Z3 discrete symmetry is added
to distinguish among generations in the E, E, and S sec-
tors. This is listed in Table III as model I '. If LN'E is
forbidden only for that E which has a nonzero vacuum
expectation value, then models 3 and 4 are the same as
the ones discussed in Ref. 3. Model 5 is then the only
one left to be discussed and it appears at first sight that
it will also cause rapid proton decay as models 6 and 8

do, and must be discarded. But that would be too hasty
a decision. After all, N is not a known particle. If it is
indeed the right-handed mass partner of the neutrino,
then certainly p rr+N' is possible and model 5 is ruled
out. However, if N' has a mass greater than the proton,
then the model may still be in the running. In what fol-
lows it will be shown that this is indeed a realistic model
and some of its rather unusual consequences will be dis-
cussed.

Let the superpotential of model 5 be given by

W =Xi gu'E+ 12gd'E+ 13Le'E+14SEE+&5Shh'

+~sggh+g7ucdchc+~ dcNch (1).

Then h, h', and N' must all have lepton number L=O
and baryon number 8= ——', ,

—', , and 1, respectively.
Contrast this with the conventional assignment of
L = —I and 8 =0 for N' in models 1 and 2 as required
by the LN'E term. Here this term is absent, and there is
no actual connection between v and N'. Each is a
separate massless particle and can take on unrelated
quantum numbers. As it is, the model conserves both 8
and L, with p rr+Nc almost immediately. This is of
course unacceptable. However, if the scalar component
of N' acquires a nonzero vacuum expectation value, then
N' will become massive through mixing with a gauge
fermion or with other neutral L =0 fermions, as will be
shown in detail later, and the above decay can be forbid-
den. Furthermore, even though baryon number is no

longer conserved, lepton number still is. Therefore, the
proton is stable because no physical L=O final state is
available for its decay. Massless neutrinos are now only
three in number for three generations as in the standard
model, instead of six as in models 1 and 2. The astro-

FIG. 1. One-loop contribution to the N'S mass in the pres-
ence of the soft supersymmetry-breaking d'hN' term.

physical upper limits is of course only four, and so mod-
els 1 and 2 may be in trouble already unless the mass
scale for U(l ) '

breaking is much higher than for
SU(2) SU(1).

The term d'N'h in Eq. (1) actually has 27 possible
couplings for three generations. These can be divided
into three sets of nine according to which N' is involved.
Call them Xs', i =1,2, 3. Let Nct be the fermion whose
scalar partner has a nonzero vacuum expectation value y;
then its coupling to the gauge fermion corresponding to
U(1)' will allow it to pick up a mass. The mass matrix
spanning the two states is of the form

gty
m=

,g iP'
(2)

where gt is the U(1)' gauge coupling, and p is an al-
lowed Majorana mass term which breaks the supersym-
metry but not the gauge symmetry. In models 1 and 2,
this mechanism can be applied9 in a 3x3 mass matrix
including also one particular neutrino v to obtain a small
Majorana mass for v, conserving 8 but not L in the pro-
cess. Here, since N' starts out with L=0 and B=l in-
stead of L = —

1 and 8=0, it is L and not 8 which is
now conserved. Consequently, N' can mix with other
L =0 fermions but not with v (L =1). All three known
neutrinos remain massless in this model. Note that of
the five neutral fermions in each generation, only v has
L=l while all others have L=O. This means that N'
can pick up a mass by pairing up with S, for example. A
typical diagram is depicted in Fig. 1. An order-of-
magnitude estimate for such a mass is a few gigaelec-
tronvolts if all unknown masses are a few hundred
gigaelectronvolts and all unknown couplings are not
suppressed relative to the gauge couplings. Therefore,
N$ and N3 are ex ected to have masses in this range be-
cause A, s( i and Xs are not phenomenologically restricted
to be small. On the other hand, Xsl'I is proportional to
the amount of d-h mixing, so that it has to be very
small. ' Fortunately, N& acquires its mass through Eq.
(2) independent of Xs' . A rough estimate of its magni-
tude is gty, which is a few hundred gigaelectronvolts.
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FIG. 2. Efkctive six-quark interaction for n-n oscillation.

8 invariance is broken, R=( —1)2'+'s+~ is also not
conserved, and so the lightest supersymmetric particle in
this model is not stable. For example, the photino y can
mix with N' through a diagram analogous to that shown
in Fig. 1, and decay into z p (n+P) and n n (z n) as
well. Of course, it must be assumed that m;) m~

—m,
or else p a+y would be possible. This opens up an in-

triguing possibility, namely that supersymmetric parti-
cles may have already been produced at present ac-
celerators, but the photino may not carry away missing
momentum, unless it lives long enough to be stable
within the detector. In conventional models where R in-
variance is broken because L invariance is broken, the
photino can still be tracked by its decay y yv, but here
the decay products are pions and nucleons which disap-
pear easily into the background.

Neutrinos There .—are three massless left-handed
neutrinos as in the standard model. All other neutral
fermions, twelve Higgs and three gauge, have L =0 and
mix with one another. A variation of the model allows
for one massless left-handed neutrino and two massive
Dirac neutrinos, as will be discussed.

Neutron antineutron -oscillation One .—effective in-
teraction which changes a neutron into its antiparticle
through gluino exchange has already been discussed in

the literature. ' Another is depicted here in Fig. 2,
which actually is forbidden if ¹ has only a Dirac mass.
This would be the case if each N' pairs up with a separ-
ate two-component spinor exclusively to form a four-
component spinor. However, because there is, in gen-
eral, mixing among all fifteen L =0 neutral two-
component spinors in this model, each N' is a linear
combination of fifteen Majorana spinors and they can
enter with different signs. The sum of all three contribu-
tions to the n ntransition -amplitude is then restricted by
the experimental limit' of about 3 years on the oscilla-
tion lifetime. However, barring accidental cancellations,
the effective Majorana masses for Nr2 and N i are prob-
ably not much less than a few gigaelectronvolts which
would then induce an n ntransition -several orders of

Note that d-h mixing is consistent with lepton-nuinber
conservation as long as m„=0, a condition which has al-
ready been pointed out. "

Another consequence of ye0 is the possible existence
of a pseudo-Goldstone boson. ' This comes about be-
cause the global symmetry 8 L —is spontaneously bro-
ken. However, 8 L=—2(YL+ Yg) is part of E6, where

YL and Ytt refer to the weak hypercharges in the decom-
position E6&SU(3)cSU(3)LSSU(3)g, so that if
U(l)" is local instead of global, there would not be a
Goldstone boson. On the other hand, local U(1)" is bro-
ken at a high mass scale, and so the would-be Goldstone
boson here will pick up a very small mass from effective
nonrenormalizable interactions which break 8 Ls—ym-

metry. Experimentally, the nonobservation of K z +
nothing means again a very small A.s('. A technical
difficulty here exists' because a small Xs' may be in-

compatible with a large y if the spontaneous symmetry
breaking is driven by the evolution of parameters from
the Planck scale down to a few hundred gigaelectronvo-
lts. Alternatively, if 8 symmetry is allowed to be broken

by soft terms which also break the supersymmetry but
not the gauge symmetry, such as d'hS, then the would-

be Goldstone boson will be able to pick up a large mass
and a large y will also be possible. However, the mecha-
nism for soft supersymmetry breaking in such models is

not well understood and it is not clear how L is to be con-
served in this sector while 8 is not. Of course, if the
model is regarded merely as an extension of the standard
model without worrying about its possible superstring
antecedent, then there are no technical problems. In
fact, with these soft terms, except for the problem of n-n

oscillation to be discussed later, there is no need for ye0.
Hence d-h mixing can be avoided and ks' is not neces-
sarily small, while N; (i =1,2, 3) will still be able to pick
up masses of a few gigaelectronvolts as shown in Fig. 1

with (N') replaced by (S).
Proton stability. —Although baryon-number conserva-

tion is violated in this model, the proton is stable because
lepton number is still conserved. Systems of two or more
particles with total angular momentum —,

' and L =0 such

as tt+N' and z+e+e are all heavier than the proton.
Properties of¹.—Since the direct interaction of N'

always involves heavy particles such as h or the U(1) '

gauge boson, it is not easily produced. A possible
scenario is for the strongly interacting h or h to be pro-
duced in a hadron collider, for example, and then N' to
be found in the decays h dN' or h dN'. The decay
of N' itself is into udd (u'd'd') consisting of channels
such as n p (x+P) or z n (~ n) with an amplitude pro-
portional to XP.s/m&, which is certainly not greater than
GF. Hence the width of N' is at most of the order
GFm~, which is about 0.4 keV for m~. =5 GeV. Conse-

quently, it is hopeless to see N' as a resonance in low-

energy z p scattering, for example.
Absence of a stable supersymmetric particle Since.—
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magnitude greater than is allowed. There are two ways

to escape the above conclusion. The first is to postulate
that Nrt and N3 do not couple to the d quark but only to
the s and b quarks. This is possible but not very satisfac-

tory because there is no symmetry which can maintain

such a separation; hence fine tuning of parameters is

needed. The second is to postulate that N1 and N3 do

not couple to quarks at all. This can be achieved by
making Nrt and N3 odd under Z2, hence the model be-
comes a hybrid of models 2 and 5. From Table III, it
can be seen that Nrt and N3 will now pair up with two of
the three left-handed neutrinos to form massive Dirac
particles. Since Nrt and N1 can now be assigned L = —1,
and L is still exactly conserved, they do not contribute at
all to Fig. 2. A bonus of this solution is that it allows for
neutrino oscillations and thus offers a natural explana-
tion of the solar-neutrino puzzle in terms of the
Mikheyev-Smirnov-Wolfenstein effect. '4

With the assumption now that only N 1 contributes to
Fig. 2, the n nma-ss difference is then estimated to be

&m-() s&s"'/m~2)'p(gly) 'I y(0) I
',

where I tlt(0) I is the probability density of finding two

quarks at the same point in the neutron and is usually as-

sumed to be given by'
I y(0) I

=(trR ) ', where R is

the neutron radius of the order 1 fm. The quantities p
and giy are those of Eq. (2), and gty is probably a few

hundred gigaelectronvolts, but the value of p is unknown

and is assumed to be much smaller than gty for conveni-

ence. Let mt-, =1 TeV, giy =500 GeV; then [XP,I%' ] p
(3x10 'o GeV, which is not unexpected because Xs'

has to be very small to avoid any appreciable d-h mixing
in the first place. For example, if )j.s =2x 10
A, |I' =10, then tt (75 GeV. Note that these numbers

also correspond to a lower limit of about 10" years on

the deuteron lifetime. If y/mt, turns out to be much

greater than md-/mt-„ the previously mentioned contribu-

tion to Am from gluino exchange' is then likely to be

the more dominant.
In conclusion, a supersymmetric gauge model in which

baryon number is assigned also to a neutral color-singlet
fermion N' and its invariance is then spontaneously and

softly broken at a few hundred gigaelectronvolts is shown

to be consistent with all present data and leads to new

and interesting physics yet to be explored experimental-

ly.
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