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We investigate the presence of fractionally charged states in the massless sector of our superstring-
derived standardlike model. We show that these states are divided into three classes. The states in two
of these classes will receive a Planck mass, at the trilinear level of the superpotential, by giving a vacuum
expectation value to a set of neutral singlets in the string model, while the states of the third class are ex-
otic color triplets and are therefore confined and may become superheavy at the nonrenormalizable level

of the superpotential.

PACS number(s): 12.10.Gq, 11.17.+y, 11.30.Pb, 14.80.Pb

Superstring theory [1] is a unique candidate for the
consistent unification of all the known fundamental in-
teractions. However, this miraculous unification occurs
at an energy scale which is much above our observational
capability. The only way we know how to connect be-
tween the scale of the string and the low-energy scale is
by using N =1 space-time supersymmetry. However, by
using space-time supersymmetry, we are faced with the
problem of proton decay. In the supersymmetric stan-
dard model we have the trilinear terms in the superpoten-
tial that can lead to fast proton decay,

mufdfdf+n,dfQL ,

where generation indices are suppressed. If 7;,7, are of
order 1, the proton will decay in a matter of minutes.
These terms can be avoided if the gauge symmetry of the
standard model is extended by an additional U(1) gauge
symmetry which is a combination of B —L, baryon num-
ber minus lepton number, and T3R [2]. Moreover, it may

eventually turn out that the only possible way to avoid
proton decay in a supersymmetric string model is by hav-
ing gauged B — L for the following reason: If we extend
the gauge symmetry, the matter spectrum is extended to
include the right-handed neutrinos, N, LC The effective
quartic, gauge-invariant terms can then be formed:

n(ufdSdENEI®+n,(dFQLNE)D |

where @ is a combination of fields that fixes the string
selection rules [3] and gets a vacuum expectation value
(VEV) of O(mp,). Because of the nonperturbative nature
of the string, one has to check that such terms are not in-
duced to all orders of such nonrenormalizable terms.
Even though it is not possible to rule out the existence of
a symmetry that will forbid those terms to all orders, it is
hard to believe that such terms will not be induced to all
orders of such nonrenormalizable terms. Therefore, if we
assume that the B — L symmetry is broken by a VEV of
the right-handed neutrino, it is seen that the scale of the
B — L symmetry breaking controls the rate of proton de-
cay. In Ref. [4], we derived a string model in the four-
dimensional free fermionic formulation [5]. The gauge
symmetry after the application of the Dine-Seiberg-
Witten [6] mechanism is SU(3)XSU(2)XU(1)p_,
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XU(1)y. .' In Refs. [7,8], motivated by proton decay,
3

R
we considered the possibility that the additional U(1)
symmetry remains unbroken down to low energies. It
was found that the extra Z' is expected at M, ~1 TeV
[7] and that the 7 neutrino is expected at a mass scale of
~10 MeV, while the lighter neutrinos can be light
enough to avoid any cosmological problems because of
the heaviness of the top quark relative to the other
quarks [8].

In spite of its appealing phenomenology, our model
suffers from the problem of fractional charges in the
massless sector of the string model. It has been observed
in several papers that the string theory has some
difficulties with fractional charges. In Ref. [9] the pres-
ence of fractionally charged particles in Calabi-Yau
compactification with an E4 gauge group broken by Wil-
son lines was discussed. Schellekens has recently argued
[10] that their presence is a generic feature of models de-
rived from the superstring with a level-one Kac-Moody
current algebra. While many experimental searches for
fractional charges have been conducted, no reported ob-
servation of a fractionally charged particle has ever been
confirmed and there are upper bounds on the abundance
of any such particles in the range of 1079210726 [11] of
the nucleon abundance for charges between 1 and 1.
This may be a fundamental property of nature or merely
an accidental property of the low-energy spectrum that
we have been able to observe so far, and indeed fraction-
ally charged particles may exist provided they are
sufficiently heavy or sufficiently rate. In this paper we in-
vestigate the presence of fractionally charged states in the
massless sector of our superstring-derived standardlike
model. We show that these states can be divided into
three classes and that most of them can be made extreme-
ly heavy (mp,), at the trilinear level of the superpotential,
by giving a VEV to some neutral singlets in the string
model, while the rest of those states are exotic color trip-
lets and are therefore confined by QCD and may be ex-
pected to become superheavy at the unrenormalizable
level of the superpotential.

Our model is constructed by using the free fermionic

In Ref. [4] we have U(1)c=3U(1)z_, and U(1), =2U(1)r_ .
2 3R
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formulation [5]. In this formulation the extra degrees of
freedom which are needed to cancel the conformal anom-
aly are interpreted as internal fermionic degrees of free-
dom propagating on the string world sheet. Under paral-
lel transport around a noncontractible loop, the fermionic
states pick up a phase and the specification of the phases
for all the fermionic states around all the noncontractible
loops constitute a spin structure of the model. Requiring
the partition function to be invariant under modular
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transformation leads to a set of constraints on the possi-
ble spin structures. A model is constructed by choosing a
set of boundary conditions that satisfies these constraints.
The massless physical spectrum is then obtained by ap-
plying the generalized Gliozzi-Scherk-Olive (GSO) pro-
jections. In Ref. [4], we constructed such a model which
is generated by the following basis of eight vectors (in-
cluding the sector 1) of boundary conditions for all the
world-sheet fermions:

S=(1,...,1,0,...,0/0,...,0), (1a)
vt x!
b= (1,...,1, 0,...,0/1,...,1,0,...,0), (1b)
2o RARLE
FYTRY RS R R TR s
b,= (1,...,1, 0,...,0/1,...,1,0,...,0), (o)
2 2
P34y 100,y 552, 0%, 5 13 AN &
by= (1,...,1, 0,...,0]1, ,0,...,0), (1d)
RIS
P x%0, 0l 0%, 025%,5'%°, 0*e* oS
b,= (1,...,1, 0,...,0[1,...,1,0,...,0), (le)
N N
E 125356 5356 45t 055 7 ~-1s,7’1
a= (1,...,1, 0,...,0{1,...,10,...,0,A), (1f)
2l RGN
ok, X wlw3y3y6)71(716 c!)464)}2})2 ‘Zl--'?& =1 —2w4,5 =3
B= (L...,1, 0,...,0L,...,4B), (1g)
— [E—
¢,/,L )(34y5y5y3y6y‘w6y‘w6 w2(7)2 Jl"'5ﬁ1.2,3
[
with In this notation 1 stands for periodic fermions, O for an-
tiperiodi -
A=(1, 1,0,....0) (22) periodic, and 1 for those twisted by a phase —i. The
2 vertical line scparates real from complex fermions.
PO B We have_ chosen a basis in which all left movers
and (P )y o' i=1, ,6) are real, among which world-
sheet supersymmetry is realized nonlinearly, 12 right
B=(1,...,1,4,...,10,...,0). (2b) movers are real (y @) and 16 right movers
S gl -8
— T (" ,7%,¢" %) are complex. Pairs of two real
& jlgver 8 fermlons that have the same boundary conditions in all
TABLE 1. Fractionally charged states of class (A) with charges + %
F Sector SUBR):XSUR), Qc O @1 @ @5 Qi Qs Qs SOAXSUB) Q@ Q7 Qs Qo
Vi 1+b,+a+28 (1,1 o 1 o L+ o L o -1 (1,0 o 1 o -1
Va (1,1 o -1 o -1 o L o I (1,1 o —L o I
Vs (1,1 o 1 o -+ o LI o -1 (1,1 o -4+ o I
Via (1,1 o -1 o 1+ o L o I 1, o 41 o -1
Vas (1,2 o o o0 -+ o -1 o I 1D o 1 o -1
Vie (1,2 o o o L+ o —-L o -1 (1,1 o -+ o I
Vi,  I+a+28 (1,1) o 1 o o L+ L 1 o (1,1) o -+ o I
Vs (1,0 o -1t o o -4+ 1 -1 9 (LD o L o -1
Vis (1,1) o 1 o o —-i L 1 9 (1,1 o 1 o -1
Vso (1,0 o -1t o o L+ 1 -1 9 (1D o -4+ o L
Vs (1,2) o o o o —4 -1 1L 9 (1D o -4+ o I
Vs, (1,2 o o o o L -1 -1 9 (L1 o 1 o -1
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TABLE II. Fractionally charged states of class (B) with charges i%.
F Sector SUB)XSU()y Q¢ @1 @1 @ Q3 Q¢ Qs Qg SOWXSUB) Qn Q7 Qs @
H A (.0 AN S S S T SR LI C 3 3L 0 o
ik @ “F "1 "% "% "% "1 "y 0 @b = -3 0 0
H, 1£8 1,0 ¥ 1 ¥ 3 ¥ 3 3 0 (1LY -3 -5 -1 !
H, (1,1 B St St St St SN St SIS S
Hs (L) O S S S S S S S e
He @0 -~y "% "% —% % 3y 0wy 11 1
Hy,  1+b,%B (L, e T T T T O N S S R
Hy (1) STt it S S S SR S OV E
H, (1,1) 3 4 - -+ -1 0o —1 (1,1) -3 -+ -4 -1
Hio @0 Sk St Sk U S St SR (1,1 e
Hy T+1+b,:B (1,0 e T T R T (R Y 3L 0 o0
Hy (L1 iy % Tso Ty 05D 1L 0 o
H,; (1,1 -3 -1 -1 1 + 1 0o - (1,1 -1 -1 0 0
Hu (0 S S St ST SN SN S U SR 0 -3 -1 0 o0

the sectors are paired to form complex fermions. The
specific choice of the projections coefficient

b,

1

b,

J
which were made in our string model, is summarized in
the following matrix form:

1 S b, b, by b, a P

C

>

1 | -1 1 =1 —1 =1 1 —1 i
s 1 1 1 1 1 1 1 1

b, | =1 =1 =1 =1 —1 —1 =1 i

b, | =1 =1 =1 =1 —1 —1 —1 i 3)
by | =1 =1 —1 =1 —1 —1 —1 —1

b, 1 -1 -1 —1 =1 1 —1 i

a | -1 =1 =1 =1 —1 -1 —1 1

B 1 -1 1 -1 1 1 -1 1

The model generated by this basis of boundary condi-
tions has the following properties: (1) N =1 space-time
supersymmetry; (2) three generations of chiral fermions;
(3) the gauge group is SU(3) XSU(2), X U(1)", where we
argued that n reduces to 1 or 2 after applying the Dine-
Seiberg-Witten mechanism [6]; (4) there are enough sca-
lar doublets and singlets to break the gauge symmetry in

J

a realistic way; and (5) all trilinear terms that give fast
proton decay are absent from the superpotential because
of the extra U(l) symmetries and the absence of Higgs
triplets from the Neveu-Schwarz sector.

The full massless spectrum was derived in Ref. [4];
here we list in Tables I-III only the states with fractional
charges. The massless fractional charged states are divid-
ed into three classes.

(A) Sectors of the form y=a+3k;b;, k;=0,1;
j=1,...,4 with (y-y)x=8 and y (¢, ;=0 and
¥4s=1). In these sectors all the fermionic states have
only periodic or antiperiodic boundary conditions. These
states are shown in Table I and carry electric charges 1.

(B) Sectors of the form y=B+3% k;b;, k;=0,1;
j=1,...,4 with (y-y)g=8. In these sectors some of
the fermionic states have rational J boundary conditions.
These states are shown in Table II and carry electric
charges +1.

(C) Sectors of the form y=ﬂ+a+2jkjbj, k;=0,1;
Jj=1,...,4 with (y-y)g =6. In this case the fractionally
charged states are obtained by acting on the vacuum with
1,3 and ¥}, ; to give electric charges 1. These states
are shown in Table III.

The trilinear superpotential of our string model is
straightforwardly calculated following the rules given in
Ref. [3] and is given by W=V 2g [W,+ W, ], where

Wi =I(u£‘Qx’71 +N1€1L1}71 +d£2Q2h2+e,sz2h2+e£3L3h3+d£3Q3h3)+h2171$12+}72h,¢12

+h3}71¢12+};3h1¢13+h3EZ¢23+}T3h2¢23+¢12$13$23+$12¢13¢23+(¢4$:¢+$4¢:1-)¢1} ’

(4a)

TABLE III. Fractionally charged states of class (C) with charges ir%.

F Sector SUB)XSUR2), Q¢ Q. @ 0; Qs Qs Q¢ SOMWXSUB) Q@ @7 Qs Qo
Hy  bytatp 3,0 T T I R SO R T
Hi b\ +by+bi+a G, 1) o1 1 1 1 9 -t o an -1 L 1.0
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1 e T ’ yy
Wy=—7={HHy$s+HyH,$y+ HsHedy+(H,Hy+ HoH o)y +(Hy +Hyp ) H 3+ Hyy by

V2

TV Vibst Vi Vaadat VasVaghs+ (Vg Vag + Vg Vo byt Vs Vs b4}

+[HsHg¢5s+H 7H 3056+ HigHyodse+ Hy Hoyse+ (Vi1 Vip+V 13V 143
F(VistVie)(VisHVig)di3+VigVagbis+ Vo Vardia + Vs Vaudys
H(Vas+ V6 ) Vo +Vig)b1ot+ Vg Vagbiat Vay Varboy+ Vs Vagdyy + HogHyod s+ HygHypdyy] . (4b)

W, includes states in the observable sector only and W,
has couplings between neutral singlets in the observable
sector and hidden states, most of them singles as well.

By examining the fractionally charged states and the
trilinear superpotential, it is seen that all the states from
class (A) and (B) receive a Planck mass by giving a VEV
to the neutral singlets ¢,, ¢,, ¢4, and ¢} which impose the
additional F flatness constraint (¢,8, + @,;)=0.

The states in class (C) come in pairs, so for each state
of this form, its complex conjugate exists in the massless
spectrum as indeed can be seen by examining Table III.
The states of class (C) are exotic color triplets and are
therefore confined by QCD. However, because these
states come from different sectors in the additive group,
they carry different quantum numbers under the addi-
tional horizontal U(1) symmetries and therefore they can
be expected to receive a Planck mass only at the non-
renormalizable level. In our model such a nonrenormal-
izable term, which satisfies all the string selection rules
[3], appears at the quintic level

W =H33H 4 H3 Hy ¢y 5

where H;,, H;g, and ¢,; are neutral under the standard-
model gauge group. Giving a VEV to these standard-
model singlets makes the exotic quark triplets heavy.
These VEV’s are constrained by the nonobservation of
exotic quark states at CERN e “e ™~ collider LEP and the
Collider Detector at Fermilab (CDF). A possible numeri-
cal scenario is given by taking ($,;) = (¢,;) ~Mp,, along
an F and D flat direction, which constrains
(H;)(H3;3)> to be above ~10'° GeV. A complete
determination of these VEV’s can only be obtained by
resolving the problem of supersymmetry breaking in
superstring models and is beyond the scope of this paper.
The additional horizontal U(1) charges also make these
states harmless from the point of view of proton decay.
It is interesting to note that the states from class (C) are

associated with the symmetry breaking down to
SU(3)XSU(2) at the string level, as can be observed by
examining fractionally charged states of other models in
the same formulation. The fractional charged states of
class (A) are associated with the symmetry breaking
SO(10)—SO(6) XSO(4) and they are found, for example,
in the model of Ref. [12] in which the gauge symmetry at
the string level is broken to SO(6) X SO(4) and is not fur-
ther broken to SU(3) XSU(2)X U (1)g _; X U(l)T3 . The
R

states of class (B) are found in the model of Ref. 13 and it
was suggested that, in this model, all those fractionally
charged states will be confined by a gauge group of the
hidden sector [13,14]. They result because of the use of
the rational . boundary conditions to break the O(n)
gauge symmetry to a U(n) gauge symmetry. The sectors
that give rise to the fractional charges of class (C) are
found in the model of Ref. [13] as well; however, there,
because of the orthogonality of the b, and b5 boundary
conditions, those states are projected out while in the
case of our model the b, and a projections are not or-
thogonal with respect to those states because a breaks the
SO(10) symmetry to SO(6)XSO(4). These states are
therefore a unique characteristic of the superstring-
derived standardlike models. Their phenomenological
implications will be investigated in a future publication.

To conclude, in this paper we have investigated the
presence of fractionally charged states in our
superstring-derived standardlike model. We have shown
that, by giving a VEV to a set of neutral singlets in the
string model, most of the fractionally charged states be-
come superheavy while the rest are confined by QCD to
give integrally charged states. We showed that these ex-
otic states become heavy at the quintic level of the super-
potential. We therefore conclude that, in the superstring
standardlike models, the problem with fractionally
charged states can be evaded by decoupling of these
states from the massless spectrum.
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