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Abstract

Perturbative gauge coupling unification in realistic superstring models sug-
gests the existence of additional heavy down-type quarks, beyond the mini-
mal supersymmetric standard model. The mass scale of the heavy down-type
quarks is constrained by requiring agreement between the measured low energy
gauge parameters and the string—scale gauge coupling unification. These addi-
tional quarks arise and may be stable due to the gauge symmetry breaking by
“Wilson lines” in the superstring models. We argue that there is a window in
the parameter space within which this down~-type quark is a good candidate

for the dark matter.
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Substantial observational evidence indicates that most of the mass in the universe
is invisible. The determination of the nature of this “dark matter” is one of the
most important challengés confronting modern physics. In this paper we study the
possibility that the dark matter is composed of heavy QCD color triplets that arise in
superstring derived standard-like models. These are regular down-like heavy quarks
with the standard down-type charge assignment. The existence of such heavy quarks
is motivated from string—scale gauge coupling unification [1]. Due to its role in the
string unification, we refer to this type of particle as the uniton. The uniton can
be stable due to the breaking of gauge symmetries by “Wilson lines” in superstring
models. The additional down-like quarks are obtained in the superstring models
from sectors that arise due to the “Wilson line” breaking. As a result they acquire
“fractional” charges under the U(1)z gauge symmetry while the Standard Model
states have the standard SO(10) charge assignment. Thus, the stability of the uniton
results from a gauge U(1) symmetry, which is left unbroken down to low energies,
or from a local discrete symmetry [2]. It forms bound heavy meson states with
the Standard Model down and up quarks. We estimate the electromagnetic mass
difference between the charged and neutral heavy U-meson states and argue that,
over some region of the parameter space, the neutral meson state is the lighter one.
We estimate the contribution of the uniton to the relic density. We examine other
astrophysical and terrestrial bounds on a stable uniton, and propose that there exist
a window in the parameter space in which the uniton can be a good candidate for
the dark matter. In this paper we shall present our main results and further details
of the analysis will be given in ref. [3].

In their low energy limit, heterotic string theories give rise to N = 1 super-
symmetry. While many other possible extensions of the Standard Model are highly
constrained or ruled out by experiments, supersymmetric theories are in agreement
with the available data. In recent years it has also been suggested that the success of
gauge coupling unification in the Minimal Supersymmetric Standard Model (MSSM)
provides evidence for the validity of supersymmetric unification. The tremendously

attractive motivation for supersymmetric theories is not without flaw. Indeed, while
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the successful unification of the gauge coupling in the MSSM occurs at a scale
Myssm =~ 2 x 10 GeV, string theories predict a somewhat larger unification scale
[4], typically Mstring = Gstring X 5 X 1017 GeV where gsiing ~ 0.8 at the unification
scale. Thus, an order of magnitude separates the MSSM and string unification scales.

It would seem that in an extrapolation of the gauge parameters over fifteen orders
of magnitude, a problem involving a single order of magnitude would have many pos-
sible resolutions. Indeed, in superstring models there are a priori many possible effects
that can account for the discrepancy. Surprisingly, however, the discrepancy is not
easily resolved. The validity of string gauge coupling unification must be examined
in the context of realistic string models. The superstring models in the free fermionic
formulation represent a class of phenomenologically appealing models. Not only do
these models naturally yield three generation with a plausible fermion mass spectrum,
but perhaps of equal importance is the fact that these models predict sin? 8y = 3/8
at the string unification scale. This rather common result from the point of view of
regular GUT models is highly non trivial from the point of view of string models. In
ref. [1] It was shown, in a wide range of realistic free fermionic models, that heavy
string threshold corrections, non-standard hypercharge normalizations, light SUSY
thresholds or intermediate gauge structure, do not resolve the problem. Instead, the
problem may only be resolved due to the existence of additional intermediate matter
thresholds, beyond the MSSM spectrum {5, 6]. This additional matter takes the form
of additional color triplets and electroweak doublets, in vector-like representations.
Remarkably, some string models contain in their massless spectrum the additional
states with the specific weak hyperchafge assignments, needed to achieve string scale
unification [6]. Possible scenarios to generate the needed mass scales from the string
models have been discussed in the literature.

We now discuss the general structure of the superstring models and the properties
of the extra vector-like matter states. A model in the free fermionic formulation is
generated by a consistent set of boundary condition basis vectors [7]. The physical
spectrum is obtained by applying the generalized GSO projections. The first five
basis vectors in our models consist of the so—called “NAHE-set” {1, S, b1, b2, b3} [8].




At the level of the NAHE set the gauge group is SO(10) x SO(6)® x Eg, with 48
generations. The number of generations is reduced to three and the SO(10) gauge
group is broken to SU(3) x SU(2) x U(1)? by adding to the NAHE set three additional
basis vectors, {a, 8,7}. The basis vectors a and § break the SO(10) symmetry to
SO(6) x SO(4). The basis vector -y breaks the SO(2n) symmetries to SU(n) x U(1).

It is useful to note the correspondence between free fermionic models and orbifold
models. The free fermionic models correspond to toroidal Z; x Z, orbifold models with
nontrivial background fields. The Neveu-Schwarz sector corresponds to the untwisted
sector, and the sectors by, b, and b3 correspond to the three twisted sectors of the
orbifold models. The three sectors which break the SO(10) symmetry correspond to
Wilson lines in the orbifold terminology.

The massless spectrum of the superstring standard-like models consists of three
16 representations of SO(10) from the sectors b;, b, and b3 decomposed under the
final gauge group. The Neveu-Schwarz sector produces three pairs of electroweak
doublets and several SO(10) singlet fields. The sector b; + b, + a + 8 produces one
or two additional electroweak doublet pairs and SO(10) singlet fields. Additional
massless states are obtained from sectors that arise from combinations of the vectors
{a, B,~} with the vectors of the NAHE set. The sectors b; + 27 (j = 1, 2, 3) produce
three 16 representations of the hidden SO(16) gauge subgroup decomposed under the
final hidden gauge group. All the states above can either fit into SO(10) multiplets
or are SO(10) singlets.

The massless spectrum of the superstring models contain additional massless
states that do not fit into SO(10) multiplets. For example, in the model of ref. [6] the
sector 1 4+ a + 2 produces a pair of color triplets with quantum numbers (3,1, 1/6)
and (3,1, —1/6) under SU(3) x SU(2) x U(1)y. The sectors 1-+b; 93+ a-+27 produce
three pairs of electroweak doublets with charges (1,2,0). Such states are obtained
from sectors that break the SO(10) symmetry to SO(6) x SO(4) and therefore also
appear in the SO(6) x SO(4) superstring models [9]. These states carry fractional
electric charge and cannot be candidates for dark matter, as there are strong con-

straints on their possible mass scale and abundance.




In addition to the states above there is an additional class of massless states that
are more interesting from cosmological considerations. These states are regular down—
like quarks with the regular down-type charge assignments. These states are obtained
in the superstring standard-like models from sectors that break the SO(10) symmetry
to SU(5) x U(1). For example, in the model of ref. [6] the sectors by + by3 + B+ v
produce two pairs of color triplets with charges (3,1,1/3) and (3,1, —1/3). However,
because these states arise in the string models from sectors that break the SO(10)
symmetry, they carry fractional charges under the U(1)z symmetry. This U(1)z
symmetry is embedded in SO(10) and is orthogonal to U(1)y. Consequently, these
color triplets cannot fit into multiplets of SO(10). This property enables the possible
stability of this type of color triplets. To examine whether these states can decay
into the Standard Model states we must examine their interactions. For example,
examination of the superpotential terms of the model of Ref. [10} shows that such
interactions terms are obtained if the U(1)z symmetry is broken. The near stability
of the uniton in this case can be associated with the existence of a low energy Z’
gauge boson. However, this need not be the case. Analysis of the nonrenormalizable
terms in the model of ref. [6] shows that superpotential terms between the uniton
and the standard model states are not generated at any order {11]. In this model the
uniton cannot decay into the standard model states even if the U(1)z symmetry is
broken. Therefore, in this model the uniton is stable. In the case of this model the
stability of the uniton may be associated with a local discrete symmetry [2].

The uniton forms bound meson states with the up and down quarks. In order
to estimate the mass splitting of these two heavy mesons, we borrow from recent
work of Luty and Sundrum [12] who have given a general formula for the mass
splitting of two heavy-light mesons (Q@,@d). We set AM = M~ — M° to be the
mass difference between the negatively charged meson and the zero charged one
respectively. Intuitively, there are 2 contributions of opposite sign which contribute
to the splitting : the difference in mass between the two constituent quarks, and the
electromagnetic splitting. The basic strategy [12] is to relate the order e? isospin

breaking corrections to the forward Compton scattering amplitude, T. The heavy




quark effective theory, in the large N, limit, is then used to write T in terms of heaV};
meson form factors by introducing a dispersion relation. The largest contribution to
the spectral function comes from the lowest-lying single heavy meson states, while
the continuum contribution is negligible. The infinite sum over the intermediate
states is truncated after the first few terms, and includes, beside the contribution of
the first excitation of the heavy meson, also a minimal sets of light mesons p, o/ w
and w’. These are introduced in order to obtain consistency (at large N.) with the
asymptotic behavior of the form factors from the heavy quark theory, as expected
from the dimensional counting rules.

In the case of our heavy meson system the O(1/m?) corrections are negligible.
The result then is

My+ — Myo ~ +1.7

2
-0.13 (EG—&/?) —-0.03 (@%) , (1)
where 3 ~ 1/mg measures the matrix element of the decay of the first excited
heavy meson state into the ground state plus a photon. The particle data book
reports for the current quark masses m, = 2 — 8 MeV, my = 5 — 15 MeV and
my/mg = 0.25—0.70. Thus, for example, for the extreme values we obtain m, —mg =
0(1 MeV) and consequently My+ — Myo ~ 1 MeV. It should be emphasized that
both the experimental determination of the light quarks current masses as well as
the theoretical estimate of the electromagnetic mass difference are not precise. An
exact calculation is not possible with our present understanding of low energy QCD.
It is not unplausible that the electromagnetic mass difference and the meson mass
splitting are of the order of a few MeV. We therefore conclude that there exists a
region in the parameter space in which the neutral heavy meson is the lighter one.
We now discuss the cosmological and astrophysical bounds. The uniton is a
strongly interacting particle and therefore it remains in thermal equilibrium until
it becomes nonrelativistic. To calculate the relic density of the uniton we need to

know its decoupling temperature from the thermal bath. In the nonrelativistic limit,




T/M < 1, the uniton annihilation rate is given by

TNa?
(2)

I'=<olv] > ne =~ 7z e

where M is the mass of the uniton, o is the strong coupling at decoupling, n., is the
number density of the uniton at equilibrium. N is a summation over all the available
annihilation channels and is given by N = 3" ay. The amplitudes a; are obtained by
calculating the annihilation cross section of the uniton to all the strongly interacting
particles, which include the six flavors of quarks and squarks and the gluons and the
gluinos. The final states are taken to be massless. We obtain a = 4/3 for quarks;
a = 50/27 for gluons; a = 4/3 for squarks and a = 43/27 for gluinos.

The uniton decouples from the thermal bath when its annihilation rate falls behind
the expansion rate of the universe. In the expanding universe, the evolution equation

of the particle density in comoving volume is

day _
oo = A v -YY). (3)
Here Y =n/s, x = M/T and
<ol >s o GxS My
A= =270 20 83Na2 B2 (4)
H ol V3. M

Here the entropy s is (27%/45)g.sm*z 3. The decoupling condition dY/dz ~ 0 gives
[14]

Tgee = In[(2 + ¢)Aac] — %In{ln[(Z + ¢)Aac]}, (5)
where a = 0.145(g/g.s) and c is Y (Tgec)/ Yeq(Taec), which is of order one. We approx-

imately estimate the decoupling temperature to be of the form

M
Tgee = —————. 6
¢ In(mu /M) ©)
The uniton density at the present universe is
Yb _ 3~79xdec (7)

VImuM < alv] >’




where we set g, = gys, since the decoupling temperature is high. Since the relic
energy density of a massive decoupled particle is py = Ms¢Yp, we can estimate the

ratio of energy density to the critical energy density at the present universe to be

2 2
Qoh? = LN logln(mpl/M)M GeV~L. (8)
Pe Nag\/.—g:mpl

The cosmological data indicates that 0.1 < QA2 < 1. Using this condition we get an

upper bound on the mass of the uniton
M < 10%a, (N+/ga In(my/M))/? GeV. (9)

We now discuss the case with inflation and the decoupling temperature is greater
than the reheating temperature. If the reheating temperature T is smaller than the
decoupling temperature Ty, those particles will be diluted away and regenerated
after reheating by out-of-equilibrium production. Since the uniton is completely
diluted after the inflation, the relic density at the reheating temperature is 0. We
can approximate it as

(10)

with Y., = 0.145g/g.2%/%¢==. Integrating this relation from the reheating tempera-

ture to the present temperature we get

Ag? [0.145\°
RO

9«

where z, = M /Tg. Tr is the reheating temperature, and

200\ 14

Qoh? = 9 x 108 Nalg? =2 (—0—-> (x + -1-) e™ . (12)
M . 2

We can estimate the bound on the reheating temperature to be

Tr < 2M
R 12+ln(mpl/TR)'

(13)

Without inflation, we have a strict bound on the mass of the uniton, which is around
10° GeV. However, inflation can raise the mass bound to any arbitrary order, de-

pending upon the estimated value of the reheating temperature.




We remark that there are 3 windows W1, W2 and W3 for strongly interacting
dark matter [15] which possibly meet our requirements. In W1 we need 10 GeV
< M < 10* GeV and a scattering cross section of the heavy hadron to proton about
1072 ~ 10~%cm?. In W2 and W3 we need 10° GeV < M < 107 GeV and M > 101°
GeV, respectively, assuming a cross section less than 10™2%cm?. A charged bound
state will form a hydrogen-like atom and have a cross section about ~ 10~*cm=2.
The upper bound on the cross section is fixed by the neutron star lifetime [16].
Without the neutron star argument, the charged bound state can also be a dark
matter candidate.

We conclude that the uniton can evade all the currently available experimental
constraints. We therefore propose that the uniton is a good candidate for the dark
matter. The consistency of perturbative string unification with low energy data seem
to require the existence of additional matter, beyond the MSSM, at an intermediate
energy scale [17]. Remarkably, the same states that seem to be required for the.
string scale unification can at the same time solve the dark matter problem. As
there exist many possible scenarios for the scales of the additional matter states [1],
the string scale unification constraints can be compatible with the constraints on the
uniton dark matter [3]. In the free fermionic standard-like models the additional
matter states are obtained from sectors that correspond to “Wilson lines” in orbifold
models. It is well known that the “Wilson line” breaking in superstring models
results in physical states with fractional electric charge [18]. Due to electric charge
conservation, fractionally charged states are stable. As there exist strong constraints
on their masses and abundance, fractionally charged states cannot constitute the
dark matter. Such states must be diluted away or extremely massive. Remarkably,
however, the same “Wilson line” breaking mechanism, that produces matter with
fractional electric charge, is also responsible for the existence of states which carry
the “standard” charges under the Standard Model gauge group but carry fractional
charges under the U(1)z symmetry. In the free fermionic standard-like models the
three light generations are obtained from the three 16 representations of SO(10).

Consequently, due to the U(1)z charge conservation, the additional matter states



cannot decay into the standard model states. This may be the case even after U(1) Z"
symmetry breaking, in which case a local discrete symmetry is left unbroken. It
is very encouraging, in our opinion, that the stability of the uniton is associated
with a gauge symmetry or a local discrete symmetry. As global symmetries are in
general expected to be violated by quantum gravity effects, this fact is an important
advantage over some other dark matter candidates. Due to the general applicability
of the “Wilson line” breaking mechanism in superstring models, the uniton may in
fact be generic to string models that aim at obtaining the standard model gauge
group directly at the string scale. It will be of further interest to study additional
cosmological and phenomenological implications that this type of matter might have.
Such work is in progress.

We thank G. Bodwin, R. Field, D. Kennedy, P. Ramond, P. Sikivie and C.
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FG-0586ER40272 and by KOSEF.
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