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We discuss a supersymmetric model for cogenesis of dark and baryonic matter where the dark
matter (DM) has mass in the 8-10 GeV range as indicated by several direct detection searches
including most recently the CDMS experiment with the desired cross section. The DM candidate
is a real scalar filed. Two key distinguishing features of the model are the following: (i) in contrast
with the conventional WIMP dark matter scenarios where thermal freeze-out is responsible for the
observed relic density, our model uses non-thermal production of dark matter after reheating of
the universe caused by moduli decay at temperatures below the QCD phase transition, a feature
which alleviates the relic over-abundance problem caused by small annihilation cross section of light
DM particles; (ii) baryogenesis occurs also at similar low temperatures from the decay of TeV scale
mediator particles arising from moduli decay. A possible test of this model is the existence of colored

particles with TeV masses accessible at the LHC.

Introduction- The CDMS Collaboration [1] has re-
cently announced results from a blind analysis of data
taken with Silicon detectors of the CDMSII experiment
in 2006-2007. The collaboration reports dark matter
(DM) events that survive cuts with a significance of 3.1c
corresponding to DM mass mpy ~ 8 GeV and spin-
independent scattering cross-section ogy ~ 10~4 cm?.
The excess reported by the CoGeNT collaboration hints
at light dark matter in a similar region of parameter
space, while CDMS II Ge and EDELWEISS data do not
exclude it [2]. While XENON100 data would appear to
rule out this result at the present time, XENON10 is not
that inconsistent with it [2], clearly warranting further
probes of this region.

If a light dark matter with cross sections given above
is confirmed, it will pose a challenge to most scenar-
ios where DM is a weakly interacting massive particle
(WIMP)[4] e.g., the conventional ones in the context of
the minimal supersymmetric standard model (MSSM),
since exchange of O(TeV) particles would lead to a
smaller cross section for such low masses and hence an
over-abundance of relic DM at the current epoch as-
suming standard cosmological evolution. On the other
hand, this is suggestive of scenarios which address the
DM-baryon asymmetry coincidence problem, that focus
on the curious observation that the energy densities in
baryons and DM are of the same order of magnitude
(roughly ~ 1 : 5 [5]) often despite the quite different
mechanisms used to generate them [6]. It would seem
natural to point towards scenarios in which this appar-
ent coincidence is addressed by an underlying connection
between the DM production and baryogenesis scenarios,
such that the number densities of DM and baryons are
roughly equal.

In this work, we present a simple extension of MSSM

which has a DM candidate of O(10 GeV) mass and a de-
sired scattering cross-section resulting from the exchange
of a new TeV scale colored particle. It also implements a
low-scale baryogenesis scenario without adding any extra
features and addresses the coincidence problem. Satisfy-
ing the DM scattering cross-section typically leads to a
region of parameter space where thermal freeze-out gives
an over-abundance of DM particles. We thus rely on
non-thermal DM production [7] which, is useful in several
ways: (i) the over-abundance of thermal DM can be ad-
dressed within a non-thermal scenario by producing the
correct number density from a late decay without relying
on further DM annihilation, (¢7) non-thermal baryogene-
sis can be achieved with O(1) couplings of the new fields
to the MSSM fields and (éi7) the coincidence problem
is addressed through the framework of Cladogenesis, in
which the dilution factor due to the decay of a modulus
field is mainly responsible for the observed relic densities,
while roughly equal number densities for baryons and DM
may be obtained due to comparable branching fractions
of the DM and the baryon asymmetry per modulus decay
[7].

We emphasize that the DM candidate in our model
is a scalar field, which is needed in order to generate
a large DM-nucleon cross-section hinted by the recent
CDMSIT results. Recently, in an attempt to explain
the coincidence problem, it was shown [8] that the non-
supersymmetric version of the model can naturally give
rise to a fermionic DM candidate with a mass on the or-
der of the proton mass. However, og; is hierarchically
smaller in this case due to the Majorana nature of the
DM candidate. The two scenarios may also be distin-
guished at colliders.

The Model- We start with the MSSM and introduce

new iso-singlet color-triplet superfields X and X with



respective hypercharges +4/3 and —4/3, and a singlet
superfield N with the following superpotential which is
added to the usual MSSM superpotential [9]

7 M
Wiew = N X Nu§+X\; XdSdS + My XX + TNNN. (1)

Here i, j denote flavor indices (color indices are omit-
ted for simplicity), with Aj; being antisymmetric under
i <> j. We assume the new colored particles associated
with the X, X superfields to have TeV to sub-TeV mass
and the scalar partner of singlet N, denoted by N, will
be assumed to have mass in the 8 — 10 GeV range and
will be identified with the DM particle. We first wish to
clarify that even though the particle content and the su-
perpotential of this model is identical to that in Ref. [9],
the cosmological scenario outlined here is vastly different,
as we describe below.

There are already constraints on the parameters of
the model from observations for the assumed mass range
of the particles above. The exchange of X, X particles
in combination with the Majorana mass of N lead to
AB = 2 and AS = 2 process of double proton decay
pp — KTK*. Current experimental limits on this pro-
cess from the Super-Kamiokande experiment [10] imply
that the combination A2\2, < 10719 for My ~ 100 GeV.
Since we will need \; ~ 1 for further considerations, the
above constraint implies that A5 ~ 107°. We also note
that My > O(GeV) is needed in order to avoid rapid pro-
ton decay p — N + et + v, (if My = m,, the fermionic
component of N can be the DM candidate but ogy will
be much smaller than that indicated by the CDMS ex-
periment [8]).

To discuss the DM candidate N , we note that after su-
persymmetry breaking, the real and imaginary parts of
2

this field acquire different masses my, = M3 + m?\? T
1,2

By My, where my is the soft breaking mass of N and
By My is the B-term associated with the MNN2/2 term
in the superpotential. We have assumed that By My is
positive, which can be achieved by a proper field rota-
tion. The lighter of the two mass eigenstates N7 will
be assumed to be the lightest supersymmetric particle
(LSP). We assign quantum number +1 under R-parity to
the scalar components of X, X and the fermionic com-
ponents of N. The scalar component of the N-superfield
will then have odd R-parity. R-parity conservation then
guarantees the stability of the LSP, N;, which then be-
comes the DM candidate. One can make N7 arbitrarily
light by adjusting the three terms that contribute to my, .

The superpotential coupling \; X Nu§ yields an effec-
tive interaction between N7 and a quark v via s-channel
exchange of the fermionic component of X. The am-

plitude is given by 15‘\}‘22 (WK )y"(k))Qp, where k,, is
X

the quark momentum, p,, is the momentum of Ny, and
Q. = ku + pu. This results in the following spin-

independent DM-proton elastic scattering cross section

s Ialt (2)
Ni—p ™ 16r My’

where m,, is the proton mass [9]. It is seen that for
[Adi] ~ 1 and Mx ~ 1 TeV, which is compatible with
the LHC bounds on new colored fields [11], we get
O']S\~]I1 L O(107*!) cm?. We note that this scenario easily
evades bounds coming from monojet searches at collid-
ers [12]. The pair production of fermionic components of
X, X superfields, which are R-parity odd, will produce
4 jets plus missing energy final states at the LHC in this
model. In the non-supersymmetric version of the model
[8], where N fermion is the DM candidate, the absence of
R-parity fields results in missing energy final states with
2 and 3 jets only, which will allow us to distinguish the
two scenarios.

Dark Matter Production and Baryogenesis- The
superpotential coupling A\; X Nu§ also results in annihila-
tion of N; quanta into a pair of a right-handed quark and
left-handed antiquark of the up-type. Considering that
myg, ~ O(10 GeV), only annihilation to up and charm
quarks is possible when temperature of the universe is
below my, . The annihilation rate is given by

o) o P Dl + 2N |72
annUrel/) — S M;L(a

3)

where P’ is the momentum of annihilating N; particles.
It is seen that for [A1] ~ [A2] ~ 1, mg, ~ O(10 GeV),
Mx ~ 1 TeV we have (GannUrel)thermal < 3 x 10726
cm® s™!. Therefore thermal freeze-out yields an over-
abundance of N; particles.

This implies that obtaining the correct DM relic den-
sity requires a non-thermal scenario. An attractive sce-
nario involves a scalar field S whose late decay reheats the
universe below the freeze-out temperature Ty of DM an-
nihilation, dilutes the over-abundant relics to negligible
levels via extra entropy production, and simultaneously
produces DM particles [13]. Following the decay of S, two
options are possible: (i) DM particles produced from the
decay of S undergo further DM annihilation or (i¢) no
further annihilation occurs. The first option can happen
if (GannVrel)thermal > 3 X 10726 ¢cm?® s71, which implies
thermal under-abundance of DM particles. Thus an im-
portant requirement for implementing the late decay sce-
nario in our model (which has thermal over-abundance)
is that the branching ratio for the production of R-parity
odd particles (which eventually decay to N7) from S de-
cay must have the correct magnitude to yield the right
DM abundance directly. In this connection, it is worth
noting that the super-partner of the modulus field which
is also weakly coupled does not pose any challenge to cos-
mology as, if present after inflation, its energy density is
subdominant to that of S and decays along with it.

In a plausible scenario, a gravitationally coupled mod-

ulus S mainly decays into scalar components of X, X



superfields (denoted by X, X respectively), which are R-
parity even fields, through a coupling K D> Ax ST X X /Mp
in the Kahler potential. This term gives rise to the La-
grangian term L D )\XXXDS/MP + h.c., which results

in direct decay of S into X and X particles without re-
lying on supersymmetry breaking. The decay into the
R-parity even fermions suffers chiral suppression. The
decays of S to R-parity odd gauginos can be suppressed
by suitable geometric criteria e.g., by constructing the
visible sector at a singularity and selecting S to be the
volume modulus in large volume compactification sce-
narios [15]. The decay of S to other R-parity odd MSSM
fields like squarks and sleptons is suppressed after using
the equations of motion. The decay to gravitinos can
also be suppressed for a gravitinos mass ms,s > O(ms),
which enables us to avoid overproduction of DM by
late-time gravitino decay [16]. Such a gravitino mass
ms/9 ~ 100 — 1000 TeV is compatible with O(TeV) soft
masses in the visible sector. (In fact, even for superheavy
gravitinos mg o ~ 10'? GeV it is possible to get O(TeV)
soft masses as shown in [15].) Finally, the decay of S
to Nl,g is suppressed by preventing the Kéahler potential
coupling Ay STN?/Mp.

The above scenario can be achieved in a natural man-
ner by considering the theory to be invariant under a dis-
crete symmetry Zig. The various fields have the follow-
ing quantum numbers under Z1g (which happens to be

a subgroup of baryon number): (u¢,d¢) — e (uc,de),
Q= e¥Q, (X, X) = (7 X, e

v X), N — es N, and
§—e 5" 6, with all other fields being neutral.

The superpotential Wi,ey, in Eq. (1) is now replaced by:
Whew = MX Nug + X; Xd§dS + Mx XX + fONN + r6°.
The scalar component of the ¢ superfield (also denoted
by §) will be assumed to acquire a vacuum expectation
value (VEV) after supersymmetry breaking to give rise
to the superpotential mass term My N?/2 with My =
2f < § >. One can have the following Kahler term K D
AN STEN? /M2 where the modulus S is a singlet under the
Z1g. It is important to note that the coupling of S to J~\~f
is suppressed o (§)/Mp compared to its coupling to X X,
which arises without any Planck mass suppression. As a
result, S field will predominantly decay to XX rather
than N as assumed above.

DM and ordinary matter will be produced in subse-
quent decay of X and X. The abundance of DM parti-
cles thus produced is given by (ny /s) = YsBryg, . Here
Ys = 3T:/4mg is the dilution factor due to S decay,
where mg and T} are mass of S and reheat temperature
of the universe from S decay respectively. Bry denotes
the branching ratio for producing R-parity odd particles
from the decay of X, X.

Assuming that the squarks and gluinos are heavier
than X, X, the decays of latter do not produce any
R-parity odd particles at the leading order. Decay
to dfd; and Nuf final states results in a decay width

Ig g~ (\)\Z|~2 + [X;|?)mg /87, where m; denotes the
mass of X, X. Three-body decays into qu B can pro-
duce R-parity odd particles provided that the Bino B is

lighter than X, X. This leads to Brg, ~ 1073,

The measured DM relic abundance for mg —~
O(10 GeV) is (ng, /s) = 5 x 10!, One therefore needs
a dilution factor ~ 5 x 1078, which can be achieved for
mg ~ 1000 TeV and T; ~ 10 MeV. For a decay width
I's = (¢/2r)(m% /M%), the reheat temperature is given
by T, ~ c'/?(mg/100TeV)3/2 x 10 MeV. Thus, one re-
quires ¢ ~ 0.01, which can be obtained in specific con-
structions.

S decay substantially dilutes any previously generated
baryon asymmetry. Since T, ~ 10 MeV, a mechanism
of post-sphaleron baryogenesis [17] is required to pro-
duce the desired value of baryon asymmetry np ~ 10719,
where ng = (np — ng)/s. The asymmetry will be gen-
erated from the S decay dilution factor times the baryon
asymmetry () generated from the decay of X, X. A

minimal set up includes two copies of X, X fields and the
interference between tree-level and one-loop self-energy
diagrams gives rise to the baryon asymmetry. In Fig.
1, we show diagrams responsible for generating baryon
asymmetry from X;, X; decays. Since the the dilution
factor is 1078, we need € ~ 1072 and the masses of X1, Xs
do not need to be close in our scenario.

The way baryon asymmetry arises is quite interesting.
In the limit My = 0, one can assign a baryon number
+1 to the N-field so that the model conserves baryon
number. If we call the baryon number of quarks to be
B, and that of N-field to be By, the total baryon num-
ber Biot = By + By is what is conserved for My = 0.
Therefore, by Sakharov’s criterion, the net asymmetry
in Byot produced by X , X decay in this limit must van-
ish. As a result, any asymmetry in By, is balanced by the
asymmetry in By keeping the net asymmetry in Bt
zero. However, for My = 0 the N particle cannot be
observed, and hence we will observe the B, asymmetry
as the baryon asymmetry of the universe. When the Ma-
jorana mass of IV is introduced, it will break By by two
units and due to Majorana nature, N-field will decay
to u¢d®d® as well as u®*d“*d®* with equal branching ra-
tios and therefore will not add nor subtract from the B,
asymmetry. In consequence, the B, asymmetry remains
as the baryon asymmetry of the universe (if N were a
Dirac fermion, which is not the case under consideration,
the decays of N and its anti-particle would have erased
the B, asymmetry).

To calculate the baryon asymmetry, we note that the
primordial asymmetry produced per decay of X7, X; is
given by

* * 2
1 Zi,j’khn()\,lc YRV BBy My Mym’3,
8 X NP+ INP (mY —mE )

€1

The asymmetry parameter for Xo, )?2 decay €5 is ob-



tained by switching 1 <> 2. Here B; and By are the
B-term associated with the superpotential mass terms
M; XX, and M>X5X5 in Eq. (1), respectively, while
mg, and myg, denote the mass of Xl, X; and Xg, X,
respectively. Superscripts 1 and 2 on A, )\ denote the
couplings of superfields X1, X; and Xy, X, respectively.
We note that unlike the coupling Aj5, which must be
highly suppressed to meet the pp — KT K™ constraints,
the couplings |3 53 can be of order one. This allows one
to have large asymmetry parameters € a.

The observed baryon asymmetry normalized by the en-
tropy density s, denoted by 7p, is obtained from above
as follows:

1
’I]B ~ §Y5(61 + 62). (4)

Here we have assumed that S decays approximately
equally to X;, X; and X,, X, quanta. One typi-
cally finds €15 ~ 102 for natural values of couplings
AL~ |\l5.03] ~ 1, CP violating phases of O(1), and
m)”(l ~ m)”(2 ~ MX71 ~ MX,Z ~ BX1 ~ BXz- Entropy
generated in the reheating process dilutes this asymme-
try by the factor Yg which as discussed before is ~ 1078,
thus giving the observed baryon asymmetry in the right
range.

The ratio of DM abundance to baryon asymmetry fol-
lows from Eq. (4)

@ ~ 2BI“N1 le. (5)

PB €1 t+e2 my

Considering that Brg -~ 1073, the predicted value for
Pr,/pB can easily come in the ballpark of the observed
value ~ 6. The model can therefore provide a natural
explanation of the DM-baryon coincidence problem.

de

N
N _ de
X, X X, X,
- X-<- -€-X->-
d de
u’

=

FIG. 1: Tree-level and self-energy diagrams responsible for
generating baryon asymmetry from the decay of X;. There
is a similar diagram with particles in the loop interchanged
with particles in the final state, with incoming X1 instead of
X1. Similar diagrams for decay of X 2, )22 are obtained by
switching 1 < 2.

Finally we note that breaking of the Z;g symmetry by

the VEV of d-field will lead to domain walls. However,
the entropy generation during S decay will also dilute the
contribution of the domain walls to the energy density of
the universe. Furthermore, if there are Planck suppressed
terms that break the Z;g symmetry, they will be sufficient
to destabilize the walls making them cosmologically safe
[18].
Conclusion- We have discussed an extension of MSSM
where tantalizing hints for light DM indicated by several
direct detection experiments, including most recently the
CDMS experiment, can be explained if the universe expe-
riences a phase where its energy density is dominated by
a late-decaying heavy scalar (like a modulus field) whose
decay reheats the universe and yields the usual radiation
dominated phase. The decay of this heavy field produces
both the DM relic abundance as well as the baryon asym-
metry which are comparable in their magnitude thus ex-
plaining the coincidence problem. The dark matter in
our case is a scalar boson. A key ingredient of this model
is the existence of new TeV scale colored particles which
can be searched for at the LHC.
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