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Supersymmetric grand unified models with fractionally charged color singlets (“frac-
tons”) are considered. It is shown that the minimal supersymmetrized fracton model,
which occurs in SU(7), gives a value of sin?6(my,) that is naturally lower than the minimal
SU(5) supersymmetric grand unified theory prediction, and can be in agreement with ex~

periment for fracton charge g =e/3.

PACS numbers: 11.30.Pb, 11.30.Ly, 12.10.En, 14.80.Pb

The reported observation of fractional electric
charge,' if confirmed, poses a serious problem
for theoretical physics. Either color is broken®
or grand unified theories (GUT’s)® must be en-
larged?*-® to accommodate color singlets with
fractional electric charge: “fractons” (to agree
with experiment at least some of the fractons
must carry 3 ~integral electric charge). We will
discuss only the latter possibility.

With unbroken color, the minimal grand unifica-
tion group beyond the Georgi-Glashow SU(5) that
allows fractons is SU(7), as described in Refs. 4
and 5, where a nontrivial charge embedding is
necessary. This model has two normal SU(5)
families 2(5 +19*)L and two charge-shifted con-
jugate families (5*+10)* /3 that must be light
(< 1000 GeV) since they only acquire mass after
the breaking of the electroweak SU(2)® U(1) group.
The charge-shifted families contain both fraction-
ally charged leptons and quarks with charges not
in the sequence (% +n)e, n integer. Hence a frac-
ton may be either a lepton or a hadron.

The symmetry in the SU(7) model of Ref. 4 is
broken directly to SU(3)®SU(2)® U(1) at the super-
heavy mass scale by scalars in irreducible repre-
sentations (irreps) of high dimensionality, e.g.,
756, 840, etc., which cannot couple directly to
fermions.

In order to have agreement with the experiment-
al value of sin®0(m,) many light Higgs doublets
must be added®* in an ad hoc way, since otherwise
the Weinberg angle is much too small. In Ref. 5
a satisfactory Weinberg angle is obtained instead
by introducing vacuum expectation values (VEV’s)
at a relatively low mass (~10° GeV) for the irrep
which fixes the charge shift (i.e., the 756 and/or
the 840) of the two conjugate families. Here we
shall show how supersymmetrizing the SU(7)
model avoids paying either of these two prices
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for fractionally charged particles.

Supersymmetric grand unified theories have the
advantage that supersymmetry, if unbroken, pro-
tects mass relations set up at the grand unifica-
tion mass scale mgyr, by means of nonrenormal-
ization theorems.” This offers the hope of a solu-
tion® of the long-standing hierarchy problem.®

If m g is the supersymmetry-breaking mass
scale then we expect, and so assume, that am
smy. Our assumption allows for the possibility
of generating m,, either at the tree level or radi-
atively at the one-loop level (the breaking of
supersymmetry and of the electroweak group is
not discussed here). The consequences of allow-
ing m g to range all the way up to m syt has been
discussed.®

If we require am, <m,, then the predictions
for sin®0(m,) appear to be somewhat too high in
the minimal SU(5) supersymmetric GUT*! (see,
however, Ref. 10). Including fractons necessarily
increases TrQ? at msyr, hence reducing
sin®0(mcyr), while also changing its evolution.
We will find that a minimal SU(7) fracton super-
symmetric GUT with the minimum two light Higgs
doublets and no intermediate mass scales (neither
gauge- nor supersymmetry-breaking mass
scales) can give a value for sin*0(m,) in agree-
ment with experiment.

Let us summarize the properties that we as-
sume for SU(W) fracton supersymmetric GUT’s'2;
(a) light fermions (i.e., those in complex irreps)
in totally antisymmetric (1*) irreps only (this
disallows color exotics); (b) light scalars in (1%)
irreps only; (c) anomaly freedom; (d) family
unification'®'*; (e) the standard charge assign-
ment and embedding in minimal SU(5) [i.e., N
~5+(N =5)1]; () pure vector couplings for
SU(3)® U.,(1); and (g) color singlets with fraction-
al electric charge.
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The implication of property (f) with the charge operator given by

Q=diag(%’%,0:'1:q1:q2,° sy s dpaysye - -

and arranged withg; #0 for ¢=1,2,...,p and q;
=0 for i >p is that the fermion representation {F}
must reduce to a “spinor” form at SU(5+p).!* By
this we mean to the spinor ¢ of SO(10+2p) which
has the reduction

o—-1'+134+15+, ., (2)
under
SO(10+2p)~ SU(5+p). (3)

Furthermore, p must be even; otherwise the
number of families is zero. Other choices for
{F} always lead to unpaired charged massless
Weyl fields.

Let us systematically search for an SUN) mod-
el with properties (a)-(g). For simplicity we will
consider only models with the breaking

SUWV) - SU(3)@SU(2)® U(1). (4)

It has been pointed out that phenomenology may
necessitate an extra U(1) for models that are
supersymmetric down to the weak-breaking mass
scale' " (but see also Ellis, Nanopoulos, and

Rudaz'®), and so we could have included that pos-
sibility here.

One more remark is in order at this point. Al-
though SU(5) supersymmetric GUT’s are in agree-
ment with experiment for the ratio m, /m, and
with the lower limit on the proton lifetime, the
value of sin®6 calculated at m,, (0.23 < sin®0 < 0.26)
is somewhat higher than the measured value:

H qN-s)

1

sin®6(expt)= 0.215.'>'® The reason for this higher
value of sin®f is that the gauge coupling runs more
slowly since the gauge-field contribution to the g8
function is reduced by a factor of &, %! because
of the fermionic partners of the gauge fields.
Thus the calculated value of sin?6 does not drop
quickly enough to reach the experimental value.
The addition of light Higgs doublets gives a posi-
tive contribution to sin®0, which only makes the
problem worse. We will see below how this situ-
ation can be improved by including fractons.
SU(7).—The nonsupersymmetric case has al-
ready been thoroughly investigated.*® Thus let
us consider an SU(7) supersymmetric GUT. In
fact, let us consider a generalization of the non-
supersymmetric model with

1 1 1

Q=diag(§,§,§,0,—1,q,—q), (5)

where ¢q is real and nonzero but otherwise un-
specified. Next we assume that the breaking (4)
is possible (this will be justified when we fix q;
see below). In order to fix ¢ we make the further
requirement: (h) The predicted value of sin%0
must fall within the experimentally accepted
range. To satisfy (h) we now carry out the sim-
ple one-loop renormalization-group analysis.

In the notation of Georgi, Quinn, and Weinberg
(GQW)?2 we find by straightforward manipulation
of the one-loop renormalization-group equations
that

) 1 1 @ C2(b, -b,)
sin0lmy) = gz - [1+c2 - I] T+ b, ~ (1+Cp, ° ()
The b; are given by | metry breaks at ~m,, because they are protected
1672b,=— 9+N; , (7a) by the nonrenormalization theorems.” If these
singlets were heavy, as, say, in the conventional
167%h,=— 6+ N, + 3Ny, (7b) SU(7) model, then they would modify b, (and b,
167, =N, +5C™2N, (7c) only) by replacing N, with N, — 2 /4%,

where N, is the number of light quark flavors and
Ny is the number of light Higgs doublets (N; must
be an even number in supersymmetric GUT’s).

As an aside, we observe that for the classifica-
tion SU(7)~ SUg(5), the 7 in Eq. (5) gives T—5
+17%+17%. We have assumed that the two charge-
shifted singlets are light; in fact, they must be
massless at tree level when SU(7) breaks via (4)
and so they must stay massless until supersym-

Using the above values for the b; we find

sin®6(my)=A +Ba(m,)/a (my), (8)
with
A=(3+3Ny)/(18+36¢%+Ny), (9)
B =[10-3Ny+49%(6 - 3N )]/(18+ Ny + 3642).
(10)

Here we used 2 Tr@?=1+C?=§ + 4¢>.
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These formulas have a suggestive structure.
First, note that for Ny=q =0 we obtain A =€1 , B
=%, exactly as in the GQW analysis® for minimal
Georgi-Glashow SU(5)3; as is well known, this
gives a very successful prediction for sin?6(m,).
In minimal supersymmetric GUT’s, where Ny
> 2 and even, the value of A is raised (for Ny=2)
from 3 to £: This is the root of the problem with
fitting the Weinberg angle. Increasing Ny to >4
makes matters worse.

Remarkably, putting Ny=2 in Eq. (9), we can
restore A to its “canonical” GQW value A =3 by
setting ¢ =5 ! The second term in Eq. (8) has co-
efficient B reduced by only £ and since it multi-
plies the small ratio a/a; this reduces sin?6(m,)
only by 0.005 hence maintaining excellent agree-
ment. The price of extra Higgs doublets or new
intermediate mass scales need not be paid.

By fixing ¢ at 3 we are now able to specify the
Higgs representations that do the superheavy
breaking.* To be specific, we choose a 756 H
and an adjoint A along with their complex con-
jugates with VEV’s H . [1?® (see Ref. 4) for the
756 and (A) < A,,. Apart from Ny=2 light doublets
(coming from, for example, the adjointA), all
these particles are superheavy and do not affect
the renormalization-group analysis.

Taking N;=2 and using

87[C2b, +b, — (1+C?)b,] 1n<MWG—Lﬂ>
1 1+C?
Calm,)  agm,)

we find Mgyt in the range (8.8x10'%, 4.2x10%
GeV) and sin®0(m;) in the range (0.204, 0.186)
for @, within the phenomenologically acceptable
bounds (0.10, 0.19 GeV). This can be compared
with the range (0.210, 0.189) for sin?6(m,,) for the
one-loop predictions of the nonsupersymmetric
minimal SU(5) GUT for a, in the same range as
above.

This SU(7) model predicts (for dimension-six
operators) a measurable proton lifetime similar
to that of minimal SU(5). As pointed out in Refs.
18 and 24, there may also be dimension-five
operators which, if not eliminated by discrete
symmetries, predict p ~Kv,, etc. decay modes
whose partial rates are, however, supressed by
high powers of small unknown Yukawa coupling
constants.

We stress that we have made only the most
naive one-loop estimates here. Because of the
large number of superheavy threshoids, the new
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low-energy thresholds coming from the charge-
shifted families and their scalar partners, etc.,'®
we expect the errors in the one-loop values of
my, and sin®6 to be large enough to permit com-
plete agreement with experiment. (A full-blown
two-loop calculation including the effects of
Yukawa couplings?® would be necessary to rule
out this model.)

By requiring asymptotic freedom for a, we find
that the only other possibilities for fracton super-
symmetric GUT’s (or GUT’s) are the trivial em-
beddings of the above SU(7) model in SUW) [i.e.,
all g; =0 in Eq. (3) for i > 3] and in O(14). Note
that it is impossible to arrange @ in E; to include
fractons.

We summarize the state of fracton supersym-
metric GUT’s as follows:

(1) The nontrivial embedding of SU(5) allows
for agreement with the experimental value of
sin®6, without intermediate mass scales or a
proliferation of light Higgs doublets. Here, we
have decided to take at face value the quoted angle
sin?6(m,)=0.215+0.012 and hence found a pre-
diction of sin?6(m,)=0.245+0.015 to be unaccept-
ably high. Of course, the phenomenological anal-
ysis may change again as it has previously. If it
settles on the present value, however, we now
see the first justification for introducing particles
with charge 0<¢g <1, and in particular with g =%e.
In that sense, the confirmation of the observa-
tions of fractional charge' could provide indirect
evidence of supersymmetry.

(2) At least one fracton will be absolutely stable
and hence could explain the observations of Ref.
1.

(3) Astrophysics provides phenomenological
constraints on the production of fractons in the
big bang, on subsequent annihilation processes,
and on the present observed upper bound on their
number density in matter. These topics are dis-
cussed in detail by Goldberg.*®

(4) If, for instance, the stable fractons were
heavy ¢ = -% leptons, then they could bind to the
protons of hydrogen atoms and produce a shift
E, ~3%E, in the spectral lines. Hence fractons
may show up, with a distinctive signature, in the
infrared spectra of Population II (i.e., metal-
poor) stars. Concentrations of one part in 108
are about the level of the detection sensitivity of
present astronomical infrared detectors.?” 28

(5) The masses of fractons can be expected to
be on the order of the mass scale of the breaking
of the electroweak group and/or perhaps are as
small as 50-100 GeV. Thus they may soon show
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up in pp experiments at CERN or ine*e”™ at LEP.
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