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ABSTRACT

We demonstrate that all fractionally charged particles in the revamped flipped
SU({5) model are confined by 2 hidden analogue of QCD. This result applies to
states with mass ~ Mp; as well as to the lighter states discussed previously.
We give sufficient conditions on other string models to confine light fractionally
charged particles. The hidden sector of the revamped flipped ST7(5) model con-
tains metastable integer-charged hadron-like states. Such “cryptons” are likely
to be generic features of string models that confine unwanted fractional charges,
and should be present as dark matter in the Universe.
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1. Introduction

There have been many experimental searches for fractionally charged parti-
cles, largely inspired by the fractional charge assignments of the quarks in the
Standard Model. No reported observation 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 107!? to 107%% [1] of the nucleon abundance for charges
between 1/3 and 1. Comparison with the abundances calculated [2] in conven-
tional Big Bang cosmology implies that there can be no fractionally charged
particle state with mass below the reheating temperature when a large amount
of entropy was last dumped into conventional matter particles. An upper bound
on this reheating temperature is presumably set by the string Hagedorn temper-
ature, though it might be somewhat lower in inflationary cosmology or if there
were some late-decaying particle. Thus there are no light free fractionally charged

particle states, although some might be allowed if their masses were » mw.

The experimental lack of fractionally charged particles is a potential embar-
rassment to superstring models, since many of them are known to predict the
existence of particles with charges 1/n, where n is some model-dependent integer
[3]. Indeed, Schellekens has recently argued [4] that their presence is a generic
feature of models derived from the superstring with a level-one Kac-Moody cur-
rent algebra. One could hope to avoid this phenomenological embarrassment
by going to a higher-level Kac-Moody algebra. However, no viable higher-level
model is known, and the construction of any such model is beset with constraints
'5, 6] . Fortunately, there is another way to avoid detectable fractionally charged

particles, namely to confine them analogously to quarks in QCD.

This confinement solution was in fact proposed (7} before the full gravirty of
the fractional charge problem became apparent, in the context of the revamped

flipped SU(5) x U(1) model [7] . It was shown that all the light (m <« Mp)

fractionally charged hidden states had charges |Qem| = L and were in 4 or 4

&

representations of a hidden SU(4) gauge group which became strong at some



large mass scale Ag4. According to standard lore, one would expect all the 4
and 4 states to be bound into “hidden hadrons”—called here “cryptons” —with
charges Q. € Z. However, in that paper [7] the existence of any massive
(m ~ Mp;) fractionally charged states was left open, and this possibility was
indeed subsequently raised by Schellekens [4].

In this note we first prove that there are in fact no free fractionally charged
states at any mass level of the revamped flipped SU(5) x U(1) model. We also
give sufficient conditions under which other models that confine light fractionally
charged states also confine their massive sisters. On the other hand, the hid-
den sector of the revamped flipped SU(5) x U(1) model contains integer-charged
“cryptons”, with global quantum numbers that are conserved by the renormaliz-
able field-theoretical interactions. Hence, their lightest representatives are likely
to be metastable with lifetimes much longer than the age of the Universe, and
are therefore possible candidates for the dark matter which seems to abound in

the Universe.
2. Absence of fractionally-charged states at all mass levels

Our solution 7} to the charge quantization problem can be encoded in the
following experimentally motivated charge quantization dogma: All (massless)
fractionally charged particles must have nontrivial quantum numbers under un-
broken nonabelian gauge groups, such that when confinement sets in and thus
only gauge singlets are observable, the resulting physical states are integrally
charged. In a string-derived model this condition can be conveniently imple-
mented in the language of simple currents (8] of the Kac-Moody algebra un-
derlying the gauge group [4,6]. Compatibility with the string rules places severe
restrictions on the gauge groups and their Kac-Moody levels, which could enforce

such a quantization condition.

The revamped flipped SU(5) model of {7] has gauge group G = Gops X Ghiddens
with Ggpe = SU(5) x U(1) x U(l)‘i, Ghridden = SO(8)y x SO(10)4, and all sub-

groups are realized at level one. It can be shown 6] that the following charge
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quantization rule can be consistently imposed on the string-derived spectrum of
the model,
1

1 1
= —t Ly 4+ =
a 33+Q 244-24:62, (1)

where t3, t4, and ¢ are the triality, quadrality, and conjugacy class of the respective
SU{3)c, SO(6)y, = SU(4)s, and SO(10)p, representations. From the spectrum in
(7] one can readily verify that this condition is satisfied for all massless states in

the model. In fact, this condition holds at a/l mass levels, as we now show.

The full spectrum of the model falls into representations of the Virasoro al-
gebra. These are obtained by acting on the primary states with the Virasoro
creation operators, thus generating the so-called Verma module [9] . The pri-
mary states allowed in a conformal field theory are restricted by unitarity. For
the SO(2n) Kac-Moody algebras only the singlet, vector, spinor, and conjugate
spinor matter representations are unitary at level one. The spectrum of the
revamped flipped SU(5) model indeed contains the 1,4,4, 6 representations of
SO(6)s, and 1 and 10 representations of SO(10)4; the SO(10); 16,18 representa-
tions are expected to arise at the massive level. The Virasoro creation operators,
represented by fermion oscillator modes, correspond to vector representations of
these groups, since they have conformal dimension 1/2, and it is known that
the conformal dimension of the vector representation of SO(2n) at level one is
1/2 also. We then get a product of vector representations times the original
highest weight primary field representation. However, vector representations of
these groups have t4 = ¢ = 2, and hence they do not change the quadrality or
conjugacy class of the state mod 2. Eq. (1) then implies that if the highest weight
primary fields satisfy this condition, so will all states in the corresponding Verma

modules. Hence, there are no free fractionally charged particles at any mass level

of the revamped flipped SU(5) model.

« Indeed, the conformal dimension of the vector representation of an SO(2n) Kac-Moody
algebra is given by h, = C,/(2k + C4). WithC, =2n—1,Cq =4n — 4, and £ = 1 we get
h, = 1/2 191



In general, unified models which do not have the electric charge operator fully
within their SU(2)r x U(1)y subgroup, will have a priori fractional charged states
in their spectrum. This is notably the case in more general flipped-type models
'10] and in other models in which the weak hypercharge is a linear combination
of various U(1) subgroups [11]. In these models, if the massless spectrum (i.e., a
subset of all the primary fields) satisfies a charge quantization condition, we then
expect the massive states to do so as well. This expectation seems reasonable
since after all we expect the Virasoro generators to commute with the electric
charge operator. However, in many of these models the first condition is not

satisfied due to an inadequate hidden sector, and hence fractionally charged states

are expected to occur at both the massless and massive levels.

In string-derived models the magnitude of the electric charge quantum can be
related to the two-dimensional dynamics that originated the particular pattern
of gauge symmetry breaking, e.g., the Wilson line configuration [3]. Indeed,
in orbifold models with discrete symmetry group Zn, the electric charges are
multiples of 1/n {3]. The revamped flipped SU(5) model can be interpreted as
such a model with a Z, discrete symmetry  in the fermionic degrees of freedom
representing the STU7(3) x U(1) gauge group. In this model an 5O(10) gauge
symmetry is broken down to SU(5) x /(1) by a boundary condition vector of
order 4, and the electric charges of the states are indeed seen to be multiples of
/46,

3. Integer-charged “cryptons”

Models which do not have a hidden sector that is sticky enough to confine
the existing fractionally charged states will be doomed as explained above. On
the other hand, potentially realistic models that confine fractional charges will

then generally contain integer-charge “hidden hadrons” as their “solution” to the

« For a connection between the free fermionic language and the orbifold language see {12].

{ Here we are referring to states that exist in the SU(5) x U(1) model but not in the original
SO(10) 10 and 16,18 representations. The observable sector states form SO(10) multiplets
and hence have their traditional charge assignments.



charge quantization problem. The phenomenology of these “cryptons” depends
crucially on their lifetime. Should they be long-lived, then they could affect
significantly the whole evolution of the Universe. Should they be charged also,
then additional observational constraints could exist on their relic abundances.

We now address these issues in the context of the revamped flipped SU(35) model.

The spectrum of massless (m « Mp,) fields in the revamped flipped SU(5)
model {7] is given in Table 1. From this spectrum one can see that there are three

kinds of hidden SO(6) x SO(10) invariant bound states possible, as follows

“hidden mesons” : T;Tj, AiA;, FyF'j; (0, £1),
“cryptons” “hidden baryons” : ﬁf’j&k, FLF’jAk, (0,+1), (2)
“hidden tetrons” : F ﬁj ka -l, f’gf’jf_‘kﬁ'g; (0,%1, £2),

where we have indicated in parentheses the possible electromagnetic charges for

each class of crypton.

The trilinear superpotential involving hidden and hidden/observable cou-
plings can be straightforwardly calculated following the rules given in 1121, We

obtain

. 2z . 1 -
W = gv2{Al®g + A3d; — Ajdys + 2jds “\/_5*\‘4‘\‘5@3

- 1
. Tf@gg + T22¢31 - Tf@gg + Tszti)g]_ + —6T4T5@2
Vv

1 ~= - -= 1l ~ = .
+ E(F1F2¢4+F2F1<D1)+F2F2<D - §F3F3¢’3
+ FsFs®yy + FyFsy + F3F o5}, (3)
The gauge singlet fields appearing in W generally acquire vacuum expectation

values (v.e.v.’s) of O(€), § = (TrUA(l)gzv2a'/1921r2)1/2 [7,14], thus effecting
the breaking SU(3) x U(1) x U(1)* — SU(5) x U(1) near the string scale. This

« This result is in basic agreement with a similar calculation in {13], where some O(1) factors
were not kept.



is in order to preserve D- and F-flatness in the presence of a Fayet-Iliopoulos
D-term for the anomalous U4(1) in the model. Specifically, we find that, e.g.,
(@23, B31, P23, B31, a5, P45, &7, 87) # 0, whilst (&3, 813, &12) = 0. This pattern
of v.e.v.’s implies that A; 245 and 7} 2,45 acquire large masses at lowest-order
in superpotential interactions, as can readily be seen from W. Mass terms of
the form A;A; (0™, TiT; (¢™): ¢ and/or j = 3, where ¢™ is a product of gauge
singlets in the model, could in principle arise at the nonrenormalizable level.
However, conservation of global /(1) symmetries [12] in the model, together
with a peculiar global [7(1) charge assignment for A3 and T3, make these terms
vanish identically for all n. One can consider more general forms for (¢"), €.g.,
hidden sector condensates <Tz‘Tj, A{Aj,ﬁj’j, >, and/or v.e.v.’s arising after
SU(5) x I7(1) symmetry breaking. However, all these alternatives can be shown

to give no Aj or T3 masses < A4.

The F}F‘j mass matrix can be analyzed similarly. In this case only linear
combinations of ﬁl, ?1, F'z, :F:'g acquire O(£) masses. At the level of quartic non-
renormalizable interactions, one finds generic mass terms of the forms F, F4 (0%},
f‘:'ﬁ?ﬁ {0} which give (&%) masses to these fields. One can show that mass terms
of the form l—“:'j'j (@™}, i and/or j € {3,5}, vanish identically for all n, due to
global I/(1) obstructions as above. Also, more general forms for (¢") do not yield

any mass terms < \g.

Since a renormalization group analysis [13] suggests that A4 = 1012 GeV «
Al ~ 10'° GeV, we expect SU(4) bound states to be much lighter than SO(10)
bound states in general. The lightest SU(4) bound states are in turn expected
to be those made out of the 4/4 fields F'g,fs, I";';-,, and 1‘:”5, which have an ap-
proximate SU(2)r flavour symmetry as in QCD: among these states are two-
constituent mesons F's,sf‘g‘s. and four-constituent “tetrons” 1?’34‘5 and I‘?:E—s Be-
cause of its larger crypto-colour charge, one would expect bound states of the 8
field A3, namely the two-constituent meson A? and the three-constituent baryons
?3_,5?3,5 Az and fgj?&s&g to be somewhat heavier. We will not consider further

SU(4) bound states made out of massive constituents, nor SO(10) bound states.
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We expect the lightest hidden SU(4) meson to be analogous to the =°:
7r2 ~ 7%(?3?3 — f‘sﬁ's), with charged wf >~ (ﬁ3f‘5,F3§5) states slightly heavier

because of electromagnetic mass splitting analogous to that in QCD:

2

m"2 = A4 x mfs.s/ﬁa.s’ (4)
2 2 Gemny 2 2/, 2 -
Mo — My = (—) Ay In(Ay/mz). (5)

Asin QCD, we expect the Tjg o~ %{Fh Eg —5-1?5;‘:’5) state to be significantly heavier,
because of a [/4(1) anomaly. By analogy with the nucleon and A states in
QCD, the lightest tetrons are expected to be the neutral F’ffg and F’?;f? states,
with singly-charged F-:,?Fs, F’gf’?, f'?f’s, and ?’3?'53 states somewhat heavier, and

doubly-charged I':;, 1-'7-';, I‘:'?, and I‘?-; states even heavier.
4. Crypton decays

A complete discussion of the probable decay modes and likely lifetimes of all
these hidden sector bound states would be very model-dependent and take us
beyond the scope of this paper. However, we think it interesting to point out
that although some of these bound states are expected to be very short-lived,
some may have very long lifetimes and could be present as dark matter in the
Universe {15) . As an example of a very short-lived state, consider the rrg, which
can decay via the renormalizable trilinear ?3?’3 ®; and/or F’sﬁyf’lz interactions
in the superpotential (3). To discuss longer-lived states one must look for non-

renormalizable higher-order interactions using the rules of Ref. [12].

In the case of the mesonic cryptons, we found nonzero decay interactions
via N** order superpotential terms with the following matrices of values of N

corresponding to the different combinations of mesonic constituents (:™ means
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3 6t 6% 5 67
. 6+ 3 6 5 6"
ity — -+ + + + +
(hj=1...5 = & 6 676 (6)
5 5 67 3 3
\6+ 6% 6* 3 3 )

36+6+6+4\

67 3 6% 6% 5
I N Ll N
6 6% 6% 3 3
\¢ 5 6% 3
5 3 67 4 6T 67
3 3 6% 5 6% 67
~jj N 5 5 3 3 67 67 (8)
(i.j=1,...,8) 5 5 67 4 67 67
6 67 6~ 67 3 6*‘}

4 5 67 67 67 4

In the case of baryons, we find the NV = 3 term fgl‘f’sAl, no N = 4 terms, and the
following ¥V = 3, ff’: Ay and f‘?’ ;A terms, denoted by ijk and ik respectively:
141, 145,162, 223,231, 232, 235, 342, 344, 364, 443, 464. 663; 145.223,443,663. In
the case of tetrons, we find no ¥V = 4, FF Fsz or F’ F; F’kf‘"g interactions, and
the only nonzero interactions for ¥ = 5 are F.zng‘?@zs and Fl Ff@gl. As for the
lightest Fy5 and ?3_5 tetrons, we find no F';,SO?, (n < 3) interactions, where the
©; are generic light observable fields. Therefore, the decays of the lightest tetrons
could only arise via Nt* order interactions (where N = n + 4} with IV > 8, or
possibly via non-perturbative interactions.

_‘2’; N-3

For general N** order interactions, we expect strengths of order N-2/m ,
g g g /Mg

where g is the gauge coupling and mx = 10'7 GeV. This gives a decay rate ['y, =
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mx(mx/mK)Z(N‘a) for a generic state x of mass m, >~ Ay. When 4 < N < 8, we
expect such a state to decay when I'y =~ H, the Hubble expansion rate calculated
assuming that non-relativistic y states dominate the energy density. The decays

therefore occur at a characteristic temperature

I~ mx(ﬂ)wv*z)/s(Mpl)z/s’ )

mg My

and reheat the Universe to a temperature

. - my N-3 A’IP[ 1/2
Inoxm( =) (55) (10)
generating an increase in the entropy of the Universe by a factor
Tr\3 mi V=3, my \1/2
X. = -_—_— > 1 — —x . 11

When N > 8, we expect the y lifetime to exceed 10%y, in which case at least

some Y states could be around today as cosmological relics from the Big Bang.

Combining the analyses of the two previous paragraphs, we see that the light-
est neutral tetrons are possible candidates to be the dark matter of the Universe,
Although part of our discussion has been specific to the flipped S5{7(3) model,
we believe that this conclusion is generic. String models that avoid fractionally
charged relic particles must confine them, and this means that they should ex-
pect integrally charged metastable states. These are neutral in the flipped ST(3)

case, but could have non-zero charges in other string models.
5. Cosmological constraints

Finally we turn to the cosmological constraints on, and implications of,
metastable cryptons like those found above in the flipped SU(5) model. Al-
though other constraints can be considered [16] , we concentrate on the following

key ones: big bang baryogenesis {BBB), big bang nucleosynthesis (BBN}, and
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the present density of cryptons in the Universe relative to the critical value (£2).
Although BBB has normally been discussed in the context of GUTs at a tem-
perature Tgpg ~ 10'° GeV there exist at least two possible scenarios for BBB at
a termperature of order 100 to 1000 GeV, namely the decays of coherent squark
and/or slepton fields [17] , and non-perturbative electroweak effects {18]. More-
over, crypton decays themselves could be the mechanism ;or BBB, in which case
BBB could occur at any time before BBN. Accordingly, we will not impose any
constraints on cryptons or other particles that, when they decay, reheat the Uni-
verse to a reheating temperature Tg > (TggB)min =100 GeV, and even consider
the possibility of BBB by crypton decay at some Tg as low as the characteristic
temperature for BBN, namely Tgpy ~ 0.1 to 1 MeV. The agreement between
BBN calculations and the observed light element abundances corresponds to a
baryon-to-entropy ratio 7 ~ 3 x 10™19 at Tgpny [19] . Accordingly, unless the
cryptons are responsible for BBB, the maximum possible increase in the entropy
due to the decays of cryptons or other particles giving reheating temperatures
Tr € ((Tep~)min >~ 0.1 MeV,.(TrBB)min = 100GeV) is about 10%. Subsequent
to this, an upper limit on the maximal entropy increase is provided by the agree-
ment between 1 as measured by astrophysicists and as estimated on the basis of
BBN, namely a factor < 10. As for the present density of the Universe, we assume
for reasons of naturalness and inflation that the total @ = I, -+ Qg + ... = 1,

and hence that the present crypton density Q. < 1.

This last constraint can be compared with the naive estimate of f2. which
would be obtained by taking over technicolour-inspired calculations 20] of the
relic density {37 of particles with mass m that annihilate strongly via a cross-
section ¢ ~ 1/m?:

2
fir = (100ﬂ’i‘ev) . (12)

Since our metastable cryptons are likely to weigh ~ 1012 GeV, as discussed above,
we would find Qf ~ 10'*! However, the naive technicolour-inspired estimate (12)

does not take into account possible entropy generation subsequent to annihilation.
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We interpret (12} as telling us that a factor 2 10}* of entropy should be generated
by one or more mechanisms after crypton annihilation. As discussed above, a
factor > 10 could have been generated after BBN, a factor 2 10° between BBN

and BBB, and there is no constraint on entropy release before BBB.

There are many possible mechanisms for entropy release in a string model
with metastable hidden sector particles, such as inflation, thermalization of co-
herent oscillations of some other scalar fields [21] , gravitino decay {22] , and the
decays of some other more unstable hidden sector particles. We now discuss each

one of these in turn, with specific comments on their realizability in the flipped

SU(5) model.

No general mechanism for inflation in superstring-inspired models has been
found (23] , but this does not mean that one does not exist, at least in some
specific models. Inflation with a reheating temperature between Ay and Tgpgg

would certainly solve the 2 problem (12).

Next we consider entropy generation by the thermalization of coherent os-
ctllations of some non-inflaton scalar field, such as the one (v§) that breaks
SU(5) x U{1) — SU(3) x SU(2) x U(1) in the fAipped SU/(5) model [21]. It is
well known that thermal effects could trap such a field in the symmetric phase
until it eventually escapes and produces an enormous entropy increase 24| . In
the specific flipped SU(5) model, strong non-perturbative S{7(5) effects are likely
to eject v from the symmetric phase, generating an entropy increase factor (21}

Xoo, > Myt /(Mp2TH), (13)
where m is the scale of supersymmetry breaking in the observable sector and
T: £ A4 is the temperature of the Universe when v} oscillations begin. The cor-
responding reheating temperature is Tp ~ 1"7'13/2%[11,/!2/.11(3U1-. Taking Mgrr >~
1015 GeV, 7 ~ mw ~ 10°GeV, and T; ~ 10'* GeV, we find X,; = 10*® and
Tgr ~ 0.3 MeV, which would need to be combined with some other other mecha-

nism for entropy generation.
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In models where supersymmetry breaking originates in a hidden sector, so
that mg/s > mw, gravitino decay is a well-known possible source of entropy
[22] . Assuming that non-relativistic gravitinos dominate the Universe’s energy

density until they decay, while the density of relativistic particles decreases & T,

we find that gravitinos decay at a characteristic temperature Tg = mgﬁ‘; /E\r{f,/ls.

32 Mll,/zz, and thereby

They then reheat the Universe to a temperature Tg, =~ m3/2/‘

generate an entropy increase factor

Xypo = (in%)l/z: (g:f;:)l/s‘ (14)

For the range (Tggn)min = 0.1 MeV < Tg, < 100GeV =~ (TgpB)min, O €quiv-
alently 5 x 103 GeV < my;, <5 x 10" GeV, we get 5 x 107 2 X532 2 5 x 10°.
This entropy release is within our above limits, although not by itself enough to
reduce Q. below 1. However, gravitino decay could easily be combined with one
of the other entropy generation mechanisms discussed here. It should be noted
that my/ < 10° GeV is compatible with the uncertainties in m3/; in the flipped
SU(5) model.

As a final possible source of entropy, we discuss the decays of some more
unstable hidden sector particle x. As discussed above, if y decays through an
N (4 < N < 8) order nonrenormalizable interaction, then it will generate an
increase in the entropy of the Universe by a factor of X,. In the flipped SU(5)
model, with m, =~ 10*? GeV, equations (9)-(11) become

T. ~ 1010(11—2;’\[)/3 GCV, TH ~ 105(6.1—;\“ GETV, -“{x ~ 105(4\r—3.52). (15)

For N = 4,5 we obtain Tr, > 100GeV and X, < 107, which could be useful
when combined with one of the other mechanisms described above. For .V = 8,
we get T, ~ 3GeV and Xy ~ 10'2, which could be acceptable, within the
uncertainties, if BBB occurred in the decays of these cryptons. The case V =7

seems {0 be unacceptable.
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The above brief discussion indicates that suppressing the relic crypton density
so that Q. < 1 is not impossible, and we defer a detailed discussion to a future
publication. However, there is one point we would like to mention: in view of
the likelihood and necessity of generating a large entropy increase after crypton-

anticrypton annihilation, there is no natural reason why {Ic ~ 0.1 to 1 should be

realized.
6. Conclusions

The existence of fractionally charged particles has been emphasized as a dis-
tinctive, even unavoidable feature of many string models. We have shown previ-
ously how this conclusion can be evaded by confining the unwanted fractionally
charged particles. In this paper we have shown how this confinement mechanism
may also apply to massive string states. We have also emphasized that this con-
finement leads to the existence of metastable integer-charged states which could
be present as dark matter in the Universe. This possibility is severely constrained

by cosmology and astrophysics, but could serve as the long-sought “smoking gun”

of string.
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Table 1: The spectrum of massless hidden fields in the revamped flipped SU(5)
model. The superscripts indicate the U(1)y charge; the electric charge is given

byQ:-g-l-;.

State | SO(6)s x SO(10)4 Ui(1) State | SO(6), x SO(10)4 Ui(1)

Ay (8,1)° 0 -3 5 0|l T (1,10)° 0 -+ L o
Ay | (6,1)° -1 0 ;3 0| T (1,10)° -3 0 5 0
As (6,1)° -3 -3 0 3| Ts (1,10)° -3~z 0 -3
As (8,1)° 0 -3 3 0] T (1,10)° 0 3 -3 0
As (6,1)° Lo -3 0| I (1,10)° -1 0 ;3 o0
R O e e B T T B IS A R Ve b I
N R R T B T ] T R VA e S S
PR A I T N ] 2 G A I B
Bl (e R S I B %) LN I S S R
Bl @y -p } F o B | @t - g - 0
T VA o T e 1 I MV A S S S

16




	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17

