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Implications of CoGeNT and DAMA for light WIMP dark matter
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In this paper, we study the recent excess of low energy events observed by the CoGeNT Collaboration,
and discuss the possibility that these events originate from the elastic scattering of a light (mpy ~
5-10 GeV) weakly interacting massive particle (WIMP). We find that such a dark matter candidate may
also be capable of generating the annual modulation reported by DAMA, without conflicting with the null
results from other experiments, such as XENON10. The regions implied by CoGeNT and DAMA are also
near those required to produce the two observed CDMS events. A dark matter interpretation of the
CoGeNT and DAMA observations favors a region of parameter space that is especially attractive within
the context of asymmetric dark matter models. In such models, the cosmological dark matter density
arises from the baryon asymmetry of the Universe, naturally leading to the expectation that mpy ~
1-10 GeV. We also discuss neutralino dark matter from extended supersymmetric frameworks, such as

the next-to-minimal supersymmetric standard model. Lastly, we explore the implications of such a dark

matter candidate for indirect searches, and find very encouraging prospects for experiments attempting to

detect neutrino or gamma ray annihilation products.
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L. INTRODUCTION

The direct and indirect detection of dark matter has
recently become a topic of intense discussion and activity,
with a number of reported signals having been interpreted
as possible detections of particle dark matter. Among direct
detection experiments, the DAMA Collaboration, which
has collected over 1.17 tonyr of data, reports an annual
modulation in their event rate with 8.90 significance,
which they interpret as evidence of dark matter [1]. The
CDMS experiment has also observed a small excess (2
events, corresponding to less than 2o significance) in their
low energy nuclear recoil window [2]. Furthermore, the
CoGeNT Collaboration has very recently announced the
observation of an excess of events at low energies [3]. If the
CoGeNT excess is interpreted as a detection of dark matter,
this points to dark matter with a mass in the range of
approximately mpy; ~ 5—-10 GeV, and an elastic scattering
cross section with nucleons of approximately o ~ 7 X
107%" cm?. Remarkably, a dark matter candidate with
this approximate mass and cross section would also be
capable of producing both events observed by CDMS,
and the modulation signal reported by DAMA.

Indirect detection efforts have also recently produced a
number of tantalizing, if unconfirmed, signals of dark
matter. The PAMELA experiment has reported an excess
of cosmic ray positrons between 10 and 100 GeV relative
to the predictions of standard cosmic ray models [4]. The
Fermi Gamma Ray Space Telescope (FGST) Collaboration
has also reported a significantly harder spectrum of elec-
trons (plus positrons) than had been anticipated [5]. In
addition, there are apparent excesses in radio and gamma

1550-7998/2010/81(11)/115005(14)

115005-1

PACS numbers: 95.35.+d

rays originating from the inner kiloparsecs of the Milky
Way: the WMAP haze [6], and the recently reported Fermi
(gamma ray) haze [7]. Lastly, it has recently been shown
that the spectrum and angular distribution of gamma rays
from the Galactic center, as observed by the FGST, is
consistent with an annihilating dark matter interpretation
[8]. Although each of these observations is consistent with
annihilating dark matter, it is not yet possible to rule out
less exotic astrophysical origins, such as pulsars [9].

In this paper, we focus on recent results from direct
detection experiments, and examine the implications of
the detections made by CoGeNT, DAMA, and CDMS.!
We begin by discussing the compatibility of these obser-
vations with each other, and with the null results of other
experiments, in particular, the recent low-threshold analy-
sis of the XENON10 Collaboration [11]. We then turn to a
discussion of dark matter models that are naturally able to
accommodate the observations of CoGeNT, DAMA, and
CDMS. Particularly attractive within this context are asym-
metric dark matter (ADM) models [12,13], in which the
dark matter abundance is related to the baryon asymmetry
of the Universe. In such models, the dark matter’s mass is
predicted to be a factor of several times heavier than the
proton, precisely within the region indicted by CoGeNT.
We also explore supersymmetric models in which these

'The dark matter candidates giving rise to direct detection
signals considered here are not the same as could generate the
positron excesses in Fermi and PAMELA, though multiple
components of dark matter could simultaneously generate mul-
tiple signals of different type in direct and indirect detection
experiments [10].
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signals can be produced. In particular, we discuss neutra-
linos within the context of the next-to-minimal supersym-
metric standard model (NMSSM). Lastly, we turn our
attention to the prospects for indirect dark matter searches.
We find that, while the region implied by CoGeNT is not
ruled out by any indirect detection experiments, the out-
look for dark matter’s indirect detection is very encourag-
ing in this scenario. In particular, neutrino and gamma ray
searches for dark matter annihilation products are currently
within a factor of ~2 of the sensitivity required to test
many of the models capable of generating the signals
reported by CoGeNT, DAMA, and CDMS.

II. COGENT, DAMA, CDMS, AND XENON

In this section, we explore whether a dark matter inter-
pretation of the CoGeNT excess is consistent with the
signals reported by DAMA and CDMS, and whether
such an interpretation is consistent with the null results
of XENON10 [14] and the CDMS silicon analysis [15,16].
In particular, we follow Refs. [17-20] in studying direct
detection signals in the low mass weakly interacting mas-
sive particle (WIMP) region, including the possible effects
of channeling in the DAMA experiment [21].

A. Detection rates

The differential rate of dark matter elastic scattering
events per unit detector mass in nuclear recoil energy is
given by

do

dR PpM [ >
— =N Povf(o, v,)—, 1
dE, el f(@,v,) dEr €))

where Ny is the number of target nuclei per unit mass, mpy;
is the dark matter particle mass, ppy = 0.3 GeV/cm? is
the local dark matter density, ¥ is the dark matter velocity
in the frame of the Earth, 9, is the velocity of the Earth
with respect to the galactic halo, and f(v, ¥,) is the distri-
bution function of dark matter particle velocities, which we
take to be a standard Maxwell-Boltzmann distribution:

L.
(@, ,) -

=_ o (0+8.)/v]
(’7T‘U(2)) e 0. 2)

The Earth’s speed relative to the galactic halo is v, =
Vo + Vo, cO8y cos[w(r — 1y)] with vy = vy + 12 km/s,
Vo = 30 km/s, cosy = 0.51, t, = June 2nd, and w =
24r/yr. The parameter v, is expected to be roughly v,
[22], and we will consider vy = 220 km/s and v, =
270 km/s in analysis as representative values. The upper
limit of the velocity integration of Eq. (1) is the galactic
escape  velocity, 490 km/s < v, = 730 km/s  at
90% C.L. [23], and the minimum dark matter velocity,

Vmin» is
’E m
Umin = 2RM Nr (3)
1
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where Ej is the recoil energy, my is the mass of the target
nucleus, and w is the dark matter-nucleus reduced mass.
For a spin-independent cross section between dark matter
particles and nuclei, we have [24]

do _ my oy [_pr+fn(A_Z)]2

dEg  2v° fa

F*(Eg), (4

where w, is the reduced mass of the dark matter particle
and nucleon (proton or neutron), o is the scattering cross
section of the dark matter particle with neutrons, Z and A
are the proton and atomic numbers of the nucleus, and f,, ,
are the coupling strengths of the dark matter particle to
neutrons and protons, respectively. The couplings f, , are
calculated from a coherent sum over the couplings to the
quark constituents of the nucleon. We use the Woods-
Saxon form factor, F(E) [25,26].

CoGeNT is an ultralow noise detector operating in the
Soudan mine, consisting of 0.33 kg (fiducial mass) of
germanium. Over a period of 56 days, the CoGeNT detec-
tor recorded approximately 100 events (with characteris-
tics corresponding to interactions in the bulk of the crystal)
above their expected background with ionization energy
between 3.2 keVee® and their threshold of 0.4 keVee [3].
The CoGeNT Collaboration has pointed out that their
events can be fit very well by a ~10 GeV dark matter
particle with an elastic scattering cross section of ~7 X
10*! cm?. In Fig. 1, we confirm this conclusion, where we
show the parameter space region in which elastically scat-
tering dark matter can accommodate the CoGeNT excess at
90% confidence. We have used v, = 220 km/s and v, =
500 km/s in the left panel, and v, = 270 km/s and v, =
490 km/s in the right. The constraints from XENON10
appear to rule out the DAMA favored region. However,
there are significant sources of uncertainty in such con-
straints, and the allowed regions of parameter space are
very sensitive to the assumptions one makes about the
analysis and various experimental parameters. In Fig. 2,
we show the parameter space region with more optimistic
assumptions, the effects of which will be discussed in
much more detail in the following sections. Here, and
throughout this paper, 90% (99%) confidence regions are
defined as contours of x? = 2. +4.61 (9.21), while
constraints from null experiments are defined as 90% limits
based on the maximum gap [27] method. To carry out this
fit, we have assumed that the background is well described
by an exponential plus constant, and we have required bin
by bin that the background not exceed the amplitude of the

lonization energies are given in units of keVee, or keV
electron equivalent. For a 1 keV nuclear recoil, for example,
the equivalent electron energy (in keVee) is g, X 1 keV, where
q, is the quenching factor for the nuclear material composing the
scintillator. For the germanium target used in CoGeNT, the
quenching factor is approximately 0.2 to 0.3 for events in the
energy range of the observed excess. For the materials compos-
ing the DAMA detectors, gy, = 0.3 and ¢g; = 0.09.
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FIG. 1 (color online). Left panel: To illustrate the effect of
uncertainties in the XENONI1O0 scintillation factor, Ls, we show
the CoGeNT and DAMA allowed regions alongside constraints
from the new XENON10 analysis using L. = 0.19 (light gray
dashed curve), and L at the central and lower 1o values from
the new measurement [33] (two thick black dashed curves). In
between the central and lower 1o L. curves we have taken
- %o’ L values in only the three energy bins near XENON10’s
threshold (black dotted curve). We also show constraints from
the CDMS silicon analysis (red dot-dashed curve), and the
region in which the two events observed by CDMS can be
produced (blue long dashed curve). Here, we have used v, =
220 km/s and v, = 500 km/s. With the lower values of L.
values, the tension between XENON10 and CoGeNT is allevi-
ated. Right panel: To illustrate the effect from changing the halo
model, CoGeNT, CDMS, XENONI10, and DAMA results are
shown, but with v, = 270 km/s and v, = 490 km/s.
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FIG. 2 (color online). The regions in the elastic scattering
cross section (per nucleon), mass plane in which dark matter
provides a good fit to the CoGeNT excess, compared to the
region that can generate the annual modulation reported by
DAMA at 90% confidence (darker gray regions). In this figure,
we have adopted vy = 270 km/s and use two values of the
galactic escape velocity: ve = 490 km/s (left panel) and
Veee = 650 km/s (right panel). In calculating the DAMA region,
we have neglected the lowest energy bin (the effect of this is
shown in later figures) and treated channeling as described in
Ref. [28]. If a smaller fraction of events are channeled in DAMA
than is estimated in Ref. [28], the DAMA region will move
upward, toward the yellow regions (near oy =~ 1073%° cm?,
which include no effects of channeling), improving its agree-
ment with CoGeNT. Also shown is the 90% C.L. region in which
the 2 events observed by CDMS can be produced. If the escape
velocity of the Galaxy is taken to be relatively large, this region
can also approach those implied by CoGeNT and DAMA.
Constraints from the null results of XENON10 and the CDMS
silicon analysis are also shown. For the XENON10 constraint,
we have used the lower estimate of the scintillation efficiency (at
10) as described in Ref. [33].
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dark matter signal. Without a constraint on dark matter
signal to background, the entire spectrum is well fit by a
pure exponential background. Tighter constraints on the
amplitude of the background will correspond to the dark
matter signal region shifting to larger cross sections. We fit
the data in 0.05 keVee bins from threshold at 0.4 to
1.8 keVee where the dark matter signal is negligible.
Peaks in the data (consistent with a background from
radioactive tin) at 1.1 and 1.29 keVee are fit by
Gaussians of relative height 0.4 and with width consistent
with the experimental resolution at those energies (0.0774
and 0.078 keVee, respectively). We can see that for appro-
priate choices of the halo model and the fraction of chan-
neled events in DAMA, the CoGeNT region can be
consistent at 90% C.L. with the DAMA signal and the
null results XENON and CDMS-Si. Some consistency
between the preferred region for CDMS with DAMA and
CoGeNT can also be found. We now turn to discussing in
detail how this occurs.

The DAMA experiment [1] observes an annual modu-
lation in their count rate, which can be parametrized as

R; = RY + S! cos[w(t — 1,)]. ©)

The subscript i in this expression denotes different energy
bins. The constant term R? is composed of both a signal
component coming from dark matter initiated processes,
and a background component arising from other sources of
nuclear recoil: R? = b + SV. The expressions for S? and
S! are obtained by integrating Eq. (4) over a given energy
bin.

Channeling is a potentially important but difficult-to-
predict theoretical effect which can significantly change
the interpretation of DAMA’s signal, especially when com-
paring this signal to the results of other direct detection
experiments. In a typical nuclear recoil event, only a
fraction of the total energy is detected (as a combination
of scintillation light, heat, and ionization, depending on the
detector). The ratio of the observed energy to the total
recoil energy is known as the quenching factor. For crystal
scintillators, however, such as those used by the DAMA
Collaboration, a portion of the events will be ““‘channeled,”
causing most of the recoil energy in those events to be
observed (effectively changing the quenching factor to g =
1). This occurs when the incident particle interacts only
electromagnetically with the scintillator material, which
can occur for certain energies and incidence angles. The
importance of this effect for the DAMA experiment was
first discussed in Ref. [21], and an analysis of its effect was
performed by the DAMA Collaboration in Ref. [28]; we
refer the reader to these references for a more detailed
discussion.

Questions of how to quantitatively account for the ef-
fects of channeling in DAMA have made efforts to inter-
pret their results, and to compare their results to those of
other experiments, somewhat difficult. In particular, the
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compatibility of the DAMA modulation with the CoGeNT
and CDMS excesses (and the compatibility of DAMA with
the null results of XENON and other searches) depends
strongly on the fraction of elastic scattering events which
are channeled rather than quenched. An estimate of the
fraction of channeled events based on simulations is given
in Fig. 4 of Ref. [28]. We use the following simple pa-
rametrization in our analysis [29]:

1 1
~ R fI ~ .
[+ 1.14Eg(keV) 1+ 0.75Ex(keV)

f Na (6)
It should be noted, however, that channeling at DAMA has
not been experimentally verified, and studies of Nal at
energies above the region of interest for DAMA have failed
to find such an effect [30]. We also consider the DAMA
preferred region if channeling is not present. In this case,
scattering off of iodine cannot reproduce the DAMA signal
at the low masses of interest. Scattering off of sodium is
relevant, however, and is shown as a yellow, lightly shaded
region in each frame of Fig. 2. The cross sections required
to explain DAMA without any channeling are somewhat
too high to explain CoGeNT, but the range of masses
needed to explain the two experiments is surprisingly
similar.

In Fig. 2, we show alongside the CoGeNT region the
parameter space that can accommodate DAMA’s annual
modulation signal. In addition to the DAMA and CoGeNT
regions, we also show the region of the parameter space in
which the 2 events observed by CDMS can be generated
(consistent with the small excess recently reported [2]). If
the actual fraction of channeled events is smaller than its
estimated value in Eq. (6), then the DAMA region simply
shifts upward in cross section to accommodate the change.
Thus, in the left panel of Fig. 1, one can see by eye how
modifying the channeled fraction to 60% of its estimated
value easily moves the DAMA region into better agree-
ment with CoGeNT. In the right panel of Fig. 1 we also see
how v shifts the DAMA region to lower masses. The two
constraint plots in Fig. 1 are considerably more favorable
for a light elastically scattering WIMP interpretation of
DAMA than previous results [31], the reason for this being
that the allowed region of parameter space depends quite
sensitively on assumptions about the halo model and the
XENONI0O scintillation efficiency. We next turn our atten-
tion to these details and how they impact the constraints
from CDMS and XENON10.

B. Consistency with null results

In the light WIMP window, the null results of
XENONI0 are among the most constraining, due to its
relatively low threshold of 4.5 keV. Recently that threshold
was lowered further to 2 keV [11], although no constraint
was derived on low mass, elastically scattering dark matter
in that analysis. To derive the XENON10 constraint, soft-
ware efficiencies given in Ref. [11] are coupled with an §,
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12 electron efficiency and an S; detector acceptance effi-
ciency taken from Ref. [32]. At face value, the XENON10
constraint appears to completely rule out the regions of the
low mass window favored by DAMA and CoGeNT.

There are reasons to be skeptical of such a conclusion,
however. In particular, a new measurement was recently
made of the scintillation efficiency (the fraction of nuclear
recoil energy that goes into scintillation light) of liquid
xenon, L. [33]. According to the new measurement, the
scintillation efficiency is significantly lower than previ-
ously reported by the XENON10 Collaboration, who take
Ly = 0.19 in their analysis. A lower scintillation effi-
ciency translates to a reduced sensitivity of xenon-based
detectors to light dark matter. Although the central values
of the new L.; measurement still lead to considerable
tension with the region implied by CoGeNT, if we adopt
values of L.y which are 1o below its central values, we
find that consistent regions can be found. This constraint is
included in Fig. 1, along with the constraint from the
CDMS silicon analysis [15,16]. We show in Fig. 1, for
comparison, the constraints from XENON10 using the old
L = 0.19, alongside those using the new measurement
with and without taking into account the 1o uncertainty in
each bin. Note that the XENONI1O excluded region
changes rather drastically with L . Although this allows
us to conclude that the CoGeNT region is consistent with
the XENONIO constraint, the region favored by DAMA
still appears to be disfavored by XENON10. The most
important measurements of L.y are in the energy bins
near XENON10’s threshold, since these determine the
lowest recoil energies that XENON10 can probe. For illus-
tration, we also show in Fig. | the constraint taking the
— %Leff values only in the three bins centered on 4.9, 5.7,
and 6.4 keV (and — iLeff at 3.9 keV so that scintillation
always increases with recoil energy), and central values
elsewhere.

The second significant effect that we have taken into
account is shifts from uncertainty in the halo model. It is
generally considered that v, = 220 km/s is a useful start-
ing point for the halo model; however, if the distribution of
velocities is broader, then lighter dark matter will be
favored, bringing the DAMA region below the
XENONIO0 constraint curve. Taking v, = 270 km/s, we
see in the right frame of Fig. 1 that the region consistent
with DAMA shifts to lower masses, and becomes consis-
tent with both the constraints of the null experiments and
with the CoGeNT preferred region.

To further investigate the source of the remaining ten-
sion, we examine the effects of both removing the lowest
bin from the DAMA data sample, and making the errors in
those bins a factor of 2 larger. In the left frame of Fig. 3, we
have modified the DAMA constraint by showing the region
when the lowest bin is neglected altogether (grey, 90% and
99% constraints), as well as the region when the errors are
doubled on the lowest two bins (again, for 90% and 99%
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FIG. 3 (color online). Left panel: The DAMA region and
XENONIO constraint are the same as in the right panel of
Fig. 1 but, for illustration, with the effects of removing the
lowest bin of data from the DAMA region (gray region), or
with the effects of increasing the errors in those bins by a factor
of 2 (90% and 99% confidence levels). We see that the DAMA
region is shifted to smaller masses and becomes more consistent
with the XENON10 constraint. Right panel: The same as in the
left frame, but with dark matter couplings only to neutrons, f, =
I and f,, = 0. The constraints from CDMS silicon relative to the
DAMA region are weaker than for f, = f,. Only the 90%
confidence limit for DAMA removing the lowest bin is shown.

TABLE I. Relevant features of the null experiments used in
our analysis. Efficiencies and cut acceptances are taken from the
references above.

Experiment Target Exposure (kgd) Threshold Ref.

CDMS-1I Ge 612.0 10 keV [66]
Si 833 7 keV [15,16]
XENONIO  Xe 316.0 2 keV [11]

with Leff =0.19

confidence levels). We can see that most of the remaining
tension is removed: much of the inconsistency seems to
stem from the lowest one to two bins in the DAMA data.

In the results shown so far, we have assumed that the
couplings of the dark matter to protons are equal to those to
neutrons. If the dark matter couples to neutrons more
strongly than to protons, we can further relax the con-
straints of the CDMS silicon analysis. For example, taking
Sn = 1, f, = O we find the results shown in the right frame
of Fig. 3 (see Table I for the parameters used for null
results).

III. MODELS OF LOW MASS DARK MATTER

We begin this section by carrying out a relatively model
independent operator analysis of the low mass window
relevant for CoGeNT, DAMA, and CDMS. We then turn
to discussing two classes of models: those arising from
models of ADM, and from supersymmetry.’

3Singlet scalars [34], mirror models [35], and “WIMPless”
models [36] also give rise to light WIMPs, though we do not
discuss those models here. We refer the reader to these refer-
ences for details.
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A. Operator analysis

The operators connecting dark sector Dirac fermions y
or complex scalars ¢ to visible sector fermions f are

G, -
£fs=\/—§X’Xff, @)
G _
Ly = \/—g)‘(v“xf Yl (®)
_ﬂ ¥ 47
s—-J§¢ off, )
F, =
Ly= J—f2i¢*aﬂ¢fwf. (10)

1. Fermionic dark matter

For fermionic dark matter, the scattering cross section
obtained from these operators is given by

da ma,,m3
P pmMMy .
m (mpy + my)

(pr + (A - Z)fn)z’ (11)

where A and Z are the atomic mass and atomic number of
the target nuclei, and a is a number dependent on whether
the fermion is Dirac of Majorana. For Majorana fermions
a = 1, while for Dirac fermions, a = 1/4. The effective
couplings to protons and neutrons, f ), ,, can be written in
terms of the WIMP’s couplings to quarks and depend both
on the spin of the DM particle and the mediator. In terms of
the dark matter’s effective couplings, we can write

Z (P")m f(pl’l) ﬂ p.n
q= uds mq q=c,b,t\/§ m

12)

where G, denotes the dark matter’s effective coupling to a
given quark species. The first term reflects scattering with
light quarks, while the second term accounts for interac-
tions with gluons through a heavy-quark loop. The values

of f;’: ") are proportional to the matrix element, (Gq), of

quarks in a nucleon. In our numerical calculations, we use
values for these quantities based on recent lattice QCD
results [37,38]. If the dark matter scatters with nuclei
through a scalar interaction, both of the terms in Eq. (12)
typically yield sizable contributions to the cross section. If,
on the other hand, the dark matter scatters through a vector
interaction, then heavy-quark loop contribution is negli-
gible, and the nucleon level couplings simplify to
G, Gd _ G, Gd
=) + —4 _|_ -4
The effective operator relates to the parameters in the
underlying Lagrangian through
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ﬂ _ 8pm8f
M

where s denotes the mediator, and gpy, g5 denote the
mediator’s couplings to the dark matter and standard model
fermion, respectively.

The annihilation cross sections for Dirac fermions
¥x — ff, through scalar and vector mediators, are

: (14)

2,2
S v'm
Oy = 167]3-M fz szccf(l - m]%/m]%M)yz, (15)

2
fv .. _ Mpm 2 272 \1/2
TannV = 7477_ ;chf(l mf/mDM)

2 4
"y My

m? 8_41112 +5m4
X [<2+ Zf)+< M DM)vz]. (16)
Mpm 24(1 — =L
MM

2. Scalar dark matter

There are related expressions for scalar dark matter
scattering and annihilation cross sections:

2

_a my 2
o=————=(Zf,+(A-2)f,), (17)
7 (mpy + my)? 7
with
F m 2 F, m
_ (p,n) "*p.n (p,n) q "pn
fon= —= &2+ = —= ,
8 q=§,d,s \/z / 27 qg=c,b,t \/z m’i
(18)
for scalar mediators, and
F F F F
d u d (19)

- A R N
for vector mediators. For scalar mediators, a = 1(1/4) for
real (complex) scalars, and for vector mediators, a = 4(1)
for real (complex) scalars.

For scalar mediators, the effective coupling is related to
the underlying parameters in the Lagrangian through

Fp o gomy (H)
N AR T

where v is the Higgs vacuum expectation value (VEV),
v/\2 = (H) = 174 GeV, and M, is its mass, derived from
a term in the Lagrangian

L = gpyHTHSTS + y Hff. (21)

(20)

For vector mediators (and complex scalars), the effective
coupling is related to the underlying parameters through

Fy _ 8pmEfMpm

22
2 le/, (22)
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The corresponding annihilation cross sections for a
complex scalar ¢ ¢p — ff, through real scalar and vector
mediators, are

1
ol v = ng}%c,f'(l - 111]2(/111]231\,[)1/2
f

m2 3m?
<[(1- ) + ()] @

Mpm 8mpy
V2 m%
Tt = 3 SFe 1 = w14 5 )

DM
(24)

3. CoGeNT and thermal WIMPs

Beginning with the case of a fermionic WIMP, we can
consider either scalar or vector interactions with quarks to
produce a spin-independent elastic scattering with nuclei.
Following Ref. [39], we show results for each of these
cases in Fig. 4. In the upper left frame, we have assumed
that the dark matter’s effective scalar couplings to fermions
are proportional to the mass of the fermion, G o« m, but
are otherwise universal. To produce an elastic scattering
cross section capable of generating the excesses observed
by CoGeNT and DAMA (shown as a dotted region), we
need an effective coupling of Gy X (1 GeV/my)~
2 X 107 GeV~2. If this is the only interaction experi-
enced by the WIMP, however, it will be significantly over-
produced in the early universe, resulting in a thermal relic
abundance in excess of the measured abundance of dark
matter (see e.g. [34,40] for related conclusions concerning
the DAMA favored cross sections). The solid lines in each
frame of Fig. 4 denote the effective coupling strength that
leads to the desired thermal dark matter abundance, assum-
ing no other interactions further deplete the relic density.
For details pertaining to the dark matter’s annihilation
cross section and the thermal relic abundance calculation,
see Ref. [39]. Note that we use a temperature dependent
number of relativistic degrees of freedom in our relic
abundance calculation (see, for example, Ref. [41]).

This apparent conflict between the couplings required to
produce the desired elastic scattering rate and the measured
dark matter abundance can easily be resolved, however, if
the fermionic WIMP also annihilates through other pro-
cess, such as through pseudoscalar or axial interactions
(which do not, in turn, generate a contribution to the spin-
independent elastic scattering cross section). In the upper
right frame of Fig. 4, we show the effective pseudoscalar
coupling that leads to the desired dark matter abundance. A
9 GeV WIMP, for example, with effective scalar and
pseudoscalar couplings of Gz ~3 X 107° GeV~2X
(my/1 GeV) would satisfy both the elastic scattering and
relic density requirements. Alternatively, one could also
consider effective couplings that are not universal across
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FIG. 4. The effective dark matter-fermion couplings required to generate a given spin-independent elastic scattering cross section
with nucleons (dashed lines), and to produce a thermal abundance consistent with the observed dark matter density (solid lines). In
each frame, the dotted region represents the approximate range of couplings and masses that leads to a signal consistent with that
reported by CoGeNT. The various frames show results for a fermionic dark matter particle with scalar interactions (upper left panel),
pseudoscalar interactions (upper right panel), vector interactions (center panel), or a scalar dark matter particle with scalar interactions
(lower left panel), or vector interactions (lower right panel). In the case of a scalar dark matter particle with approximately universal
scalar couplings to standard model fermions, the coupling size required to generate the excesses observed by CoGeNT and DAMA is
also approximately the size required to thermally generate the observed density of dark matter in the early universe.

all fermion species. If the dark matter couples preferen-
tially to leptons, for example, its relic abundance could be
reduced without increasing the elastic scattering cross
section.

As a simple example, we could consider a light fermi-
onic dark matter particle that couples to quarks through the
exchange of the standard model Higgs boson. This sce-
nario, however, is unlikely to be able to generate the
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excesses reported by CoGeNT and DAMA. In particular,
even if we take the dark matter’s couplings to the Higgs to
be of order unity, the effective couplings to quarks would
only be Gegr ~4 X 1077 GeV~2(m;/1 GeV), or approxi-
mately an order of magnitude smaller than is needed to
generate the observed number of events. From this ex-
ample, we see that the mediator must either be consider-
ably lighter than the standard model Higgs collider limits,
or must have coupling to quarks that are larger than those
of the standard model Higgs.

If the dark matter is a Dirac fermion, vector couplings
can also generate a spin-independent elastic scattering
cross section. In the center frame of Fig. 4, we show the
effective couplings required in this case. Here, we have
assumed that G is the same for all species of standard
model fermions. Once again, we find that the couplings
required to generate the desired elastic scattering rate are
not sufficient to yield the observed dark matter abundance,
and other interactions are required to avoid the overpro-
duction of dark matter in the early universe.

If instead of a fermion, the WIMP is a scalar particle, we
again can rely on either scalar or vector interactions as the
source of the CoGeNT and DAMA excesses. In the case of
scalar interactions, we find that the effective coupling
required to generate the elastic scattering cross section
implied by CoGeNT and DAMA also leads to a thermal
relic abundance consistent with the observed dark matter
density (see the lower left frame of Fig. 4). So, in this
simplest case we have considered (a scalar dark matter
particle with approximately universal scalar couplings to
standard model fermions), we find that if we set the cou-
plings to the size required to generate the observed density
of dark matter, then we also predict an elastic scattering
rate that can easily account for the CoGeNT and DAMA
excesses (see [34] for earlier work interpreting this part of
parameter space in the context of DAMA). A scalar WIMP
with vector interactions, on the other hand, requires an-
other interaction to avoid being overproduced in the early
universe (see the lower right frame of Fig. 4).

B. Asymmetric dark matter

In most dark matter models, the abundance of dark
matter and the baryon asymmetry of the universe are
unrelated to each other. The dark matter density is gener-
ally determined by its mass and self-annihilation cross
section, which determine the temperature at which it ther-
mally freezes out in the early universe. The baryon asym-
metry, in contrast, is set by CP violating phases, and by the
strength of the electroweak phase transition. Within this
paradigm, the densities of dark matter and of baryons in the
universe have nothing to do with one another. But despite
this expectation, observations have revealed that the cos-
mological densities of these two sectors are similar:

PDM
— =5, 25
Pb 25)
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Within the context of most thermal dark matter models,
one must view this similarity as a coincidence (unless
anthropic arguments are invoked).

Motivated by this apparent coincidence, models in
which the dark matter abundance is tied to the baryon
asymmetry have been developed [12,13]. In ADM models,
a mechanism (in some cases a higher dimension operator)
enforces a relationship between the dark matter and baryon
chemical potentials:

ci(ny — ng) = n, — n;, (26)

where ¢, is a number O(1) whose precise value depends on
the operator transferring the asymmetry.

Once the symmetric thermal abundance, ny + ny, has
annihilated away, we are left with a relationship between
the asymmetric relic dark matter density and the relic
baryon number density, implying

27)

mMpm = 5¢ m P
which combined with Eq. (25) requires that the dark mat-
ter’s mass is roughly within the range of ~1-10 GeV.

In Ref. [13], a class of models was discussed in detail
that fits naturally within the CoGeNT, DAMA, and CDMS
windows. In one such model (a supersymmetric example),
the dark matter and baryon chemical potentials are related
to each other through a superpotential interaction

2
W= X LH. (28)

M

This operator transfers a lepton asymmetry to the dark
matter and predicts a dark matter mass of approximately
my ~ 11 GeV. Other classes of models have also been
discussed in which the dark matter is related to the baryon
density through the out-of-equilibrium decay of a new

heavy particle to both sectors.

ADM thus predicts dark matter with a mass near or
within the window implied by CoGeNT and DAMA. In
order to provide an explanation for these excesses, how-
ever, such a dark matter candidate must also possess an
appropriately large elastic scattering cross section. The
magnitude of this cross section is determined not only by
the properties of the dark matter particle itself, however,
but also on the mass and couplings of the mediator, which
makes it a somewhat more model dependent quantity. As
one possibility (as discussed in Ref. [13]), a simple Z’
mediator with mass around the TeV scale gives rise to a
scattering cross section of the magnitude observed by
CoGeNT and DAMA. Alternatively, a singlet scalar that
mixes with the Higgs may also give rise to an appropriately
sized elastic scattering cross section. This singlet may be
responsible for the mass of the singlet dark matter through
an operator

Wy = ASXX, (29)
and a mixing with the Higgs through the usual NMSSM
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term
Wn = gSHqu (30)

gives rise to the appropriate size scattering cross section for
CoGeNT and DAMA [10]:

i (ALY 1

2 4
T My, mg

~3x 104 cmz(%ﬂ?/\z)z(log2>2(20<é>e\/)2

% (100 GeV)4<10 GeV)4

mpo

on =

€1y
mg

where N, arises from the effective coupling of the Higgs to
the target nucleus.”

C. (Nonminimal) neutralino dark matter

Within the context of the minimal supersymmetric stan-
dard model (MSSM), light neutralino dark matter can
coherently scatter with nuclei through scalar Higgs ex-
change (and to a lesser extent, through squark exchange),
while annihilating fairly efficiently through pseudoscalar
Higgs exchange (which, unlike scalar exchange, is not
s-wave suppressed). The composition and couplings of a
neutralino lighter than m,/2 are constrained by the LEP
measurements of the invisible Z branching fraction, which
require I',_, 0,0 <3 MeV (at 20 C.L.) [42]. This approxi-
mately translates to a bound of [N3; — N?,| < 0.13 at 20,
where N7, and N7, are the up-type and down-type
Higgsino fractions of the lightest neutralino. If we max-
imize the neutralino-neutralino-Higgs couplings by satu-
rating this bound, and impose the constraints from the
Tevatron for Higgs boson production at large tan3, it has
been shown that the largest scattering cross section that can
be achieved is ~2 X 10™*" cm? [43]. This is near to the
CoGeNT and DAMA regions [40,44], but certainly on the
lower edge.

To obtain larger effective couplings (and thus larger
elastic scattering and annihilation cross sections), one
could consider interactions mediated by Higgs bosons
which are lighter than those allowed within the MSSM.
Within the context of the NMSSM, for example, light ( ~
1-100 GeV) scalar and pseudoscalar Higgs bosons can
exist, while not conflicting with existing collider con-
straints, as a result of their reduced couplings to standard
model fields. In particular, if the lightest scalar and pseu-
doscalar Higgs bosons contain a significant admixture of
the Higgs singlet, such particles can be much lighter than
the MSSM Higgs limits, increasing the corresponding
effective couplings of the lightest neutralino [45,46].

“Note that the relic abundance arguments described in
Sec. III A do not apply in the case of asymmetric dark matter.
Furthermore, the indirect detection prospects described in
Sec. IV do not apply to this class of dark matter candidates.
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As an example, we could consider a 5-10 GeV neutra-
lino which is mostly bino, but with a ~5% Higgsino
admixture. If such a particle annihilates through the ex-
change of a = 70 GeV mixed singlet-MSSM-like pseudo-
scalar Higgs, and if tang is relatively large ( ~ 30-50),
then we find that this process can yield the desired relic
abundance. Furthermore, if a down-type scalar Higgs (H,)
were also of a comparable mass, and comparably mixed
with the Higgs singlet, it would mediate an elastic scatter-
ing cross section consistent with the rate observed by
CoGeNT and DAMA. This example serves as an illustra-
tion of the more general conclusion that the range of
masses and scattering cross sections implied by CoGeNT
and DAMA requires a particle or particles that are either
relatively light or possess relatively large couplings to
mediate the interactions of the dark matter.

IV. IMPLICATIONS FOR INDIRECT DETECTION

Regions with high densities of dark matter are in many
cases predicted to produce potentially observable fluxes of
dark matter annihilation products. As the annihilation rate
of dark matter scales with the square of the inverse mass of
the particle, the prospects for indirect detection are par-
ticularly encouraging for dark matter masses as light as we
are considering in this paper. In this section, we discuss
some of the implications of the CoGeNT and DAMA
excesses for indirect dark matter searches using neutrinos,
gamma rays, and charged cosmic rays. We also comment
on the possibility that white dwarf stars could be used as a
probe of dark matter in models capable of generating the
observed excesses.

A. Neutrinos from dark matter annihilations in the Sun

If dark matter particles are present in the vicinity of the
solar system, they will scatter elastically with and become
captured in the Sun at a rate approximately given by [47]

0 ) (270 km/s)
0.3GeV/cm? 0]

10GeV -,
X( Mpm )ZFA(AZ X 10—40 Cm2)S(mDM/mA)’

A
(32)

C° =~ 1.3 X 10* s"(

where p, is the local dark matter density, ¥ is the local
root-mean-square velocity of halo dark matter particles,
and mpy, is the dark matter mass. The sum is over the mass
number of the chemical species present in the Sun, and the
quantity F, contains information pertaining to the solar
abundances, dynamical factors, and form factor suppres-
sion of each element (Fy = 1, Fy, = 1.1, etc.). The quan-
tity S is a kinetic suppression factor given by

3/2
A(x) ]2/3, (33)

0= [

115005-9



A. LIAM FITZPATRICK, DAN HOOPER, AND KATHRYN M. ZUREK

where

_ 3x <vesc> 2

v
The evolution of the number of dark matter particles in
the Sun, N, is described by

N = C°® — A°N? — E°N, (35)

where C© is the capture rate, A® is the annihilation cross
section times the relative WIMP velocity per unit volume,
and E® is the inverse time for a WIMP to exit the Sun via
evaporation (which is negligible for dark matter particles
heavier than approximately 3—4 GeV [48,49]). A® can be
approximated by

_ o)
Veff

A° , (36)

where V. is the effective volume of the core of the Sun
determined roughly by matching the core temperature with
the gravitational potential energy of a single WIMP at the
core radius. This was found in Refs. [49,50] to be

1 GeV)3/2

mpm

Veff =57X 1030 Cm3< (37)
Neglecting evaporation, the present WIMP annihilation
rate in the Sun is given by

I' = 14°N? = 1COtanh?(1,v/C°A®), (38)

where t, = 4.5 X 10° yr is the age of the Solar System.
For a 5-10 GeV WIMP, capture-annihilation equilibrium is
reached so long as the WIMP’s annihilation cross section is
larger than ov = 1073 cm3/s. Once equilibrium is
reached, the final annihilation rate (and corresponding
neutrino flux and event rate) has no further dependence
on the dark matter particle’s annihilation cross section.
As the dark matter particles annihilate, they can generate
neutrinos through a wide range of channels. Annihilations
to bottom quarks, charm quarks, and tau leptons each
generate neutrinos in their subsequent decays. In some
models, dark matter particles can also annihilate directly
to neutrino pairs. Once produced, neutrinos travel to the
Earth where they can be detected. For the mass range of
interest here, the strongest constraints on the capture and
annihilation rate in the Sun come from the Super-
Kamiokande experiment [51].° In Fig. 5, we show the
constraints on a light dark matter particle from Super-
Kamiokande (adapted from Ref. [53]). From this figure,
we conclude that if a dark matter particle responsible for
the excess observed by CoGeNT annihilates primarily to
neutrinos or tau leptons, it should have produced a flux of
neutrinos observable to Super-Kamiokande. If the dark

5See also [52], which discusses Super-Kamiokande constraints
on WIMPless dark matter DAMA interpretations.
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FIG. 5. The upper limit on a light WIMP’s spin-independent
elastic scattering cross section with nuclei from the Super-
Kamiokande experiment, for various choices of the dominant
annihilation channel. Also shown is the region of the plane
which provides a good fit to the excess observed by CoGeNT.
From this figure, we conclude that Super-Kamiokande excludes
a dark matter particle which annihilates entirely to neutrinos or
taus as a source of the CoGeNT excess. This figure was adapted
from Ref. [53].

matter annihilates significantly to the other, it could pro-
duce the rates observed at CoGeNT and DAMA without
coming into conflict with Super-Kamiokande’s observa-
tions. Alternatively, if the dark matter’s annihilation cross
section is highly suppressed (such as in the case of asym-
metric dark matter, as discussed in Sec. III B), then these
constraints do not apply.

Note that the results shown in Fig. 5 differ somewhat
from those found in Ref. [53]. This is because, in Ref. [53],
only scattering off of hydrogen and helium nuclei was
included, and a simplified treatment of the velocity distri-
bution was adopted [54]. The capture rates used to obtain
the limits found in Fig. 5 are in good agreement with the
publicly available code DARKSUSY [55].

B. Gamma ray searches from dark matter

In generality, the flux of gamma rays from dark matter
annihilations can be written as

1, N, 1
D (E, ) =~ —Vif 2dl, (39
v(Ey ¥) 20'|”|dE7 dmmby Jios” &9

where o|v| is the dark matter’s, ¢ is the angle observed, p
is the dark matter density, and the integral is performed
over the line of sight being observed. dN,/dE, is the
gamma ray spectrum generated per WIMP annihilation,
which depends on the mass of the dark matter particle and
on its dominant annihilation channels. The integral in
Eq. (39) depends on the distribution of dark matter and is
largest in the directions of the sky where very dense and
relatively nearby concentrations of dark matter are present.

115005-10



IMPLICATIONS OF CoGeNT AND DAMA FOR LIGHT ...

The brightest source of gamma rays from dark matter
annihilation is generally expected to be the region around
the center of the Milky Way [56]. Nearby dwarf spheroidal
galaxies are also very promising sources for indirect de-
tection [57].

To estimate the gamma ray flux from the Galactic center
region, we adopt a dark matter distribution which follows
the commonly used Navarro-Frenk-White (NFW) profile
[58]:

Po
(r/R[1+ (r/R)]*

p(r) = (40)

where r is the distance from the Galactic center, R ~
20 kpc is the scale radius, and p, is fixed by imposing
that the dark matter density at the distance of the Sun from
the Galactic center is equal to the value approximately
inferred by observations ( ~ 0.3 GeV/cm?).

In Fig. 6, we show the spectrum of gamma rays from
dark matter annihilations in the inner Milky Way, and
compare this to the spectrum measured by the FGST [8].
The curves shown in each frame are for the case of a 9 GeV
dark matter particle annihilating with a cross section of
ov =3 X 10720 cm?/s (the value estimated for a typical
thermal relic) to either bh or 7+ 7~. The left and right
frames show the flux predicted from within the inner 0.5°
and 3° around the Galactic center, respectively. The error
bars shown correspond to the measurements of FGST over
its first 14 months of observation (as shown in Ref. [8]).
Each curve has been corrected to account for leakage due
to FGST’s finite point spread function (see Ref. [8] for
details).

While the fluxes shown in Fig. 6 do not exceed those
measured by FGST, they are quite close—within a factor of
2-3 below 1-2 GeV. As more data are accumulated, and as
the astrophysical backgrounds in this region become in-
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FIG. 6 (color online).
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creasingly understood, FGST will likely become sensitive
to 5-10 GeV dark matter particles with annihilation cross
sections near that predicted for a simple thermal relic. The
lone caveat to this conclusion is the inner galaxy does not
contain a significant cusp (such as that described by the
NFW model), then the gamma ray fluxes from dark matter
annihilations could be considerably suppressed.

Recently, the FGST Collaboration has reported its first
limits on the gamma ray flux from a number of dwarf
spheroidal galaxies, and used this information to constrain
the properties of dark matter [59]. Although results are not
presented for dark matter particles as light as 5-10 GeV
(except in the special case of annihilations to u* ™), the
FGST Collaboration found that dark matter particles with a
30 GeV mass and which annihilate to bb are restricted to
olv| =6 X 1072 cm?/s, assuming an NFW profile
shape. Furthermore, the annihilation products of 5-
10 GeV dark matter particles are predicted to contribute
to the diffuse isotropic gamma ray flux at a level near the
current sensitivity of FGST [60].

C. Indirect detection with charged cosmic rays

In contrast to most other astrophysical processes, dark
matter annihilations are generally predicted to produce
equal fluxes of matter and antimatter. An excess of anti-
matter in the cosmic ray spectrum relative to the predic-
tions of astrophysical models could thus potentially
constitute a signal of dark matter annihilations taking place
in the halo of the Milky Way.

Once injected into the interstellar medium, cosmic rays
undergo a number of processes which can alter their spec-
tra as observed at Earth (for a review, see Ref. [61]). Such
processes include deflection by and diffusion through the
galactic magnetic field, diffusive reacceleration, convec-
tion, and various energy loss processes resulting from
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The spectrum of gamma rays from 9 GeV dark matter particles annihilating in the inner Milky Way, compared

to the measurements of the Fermi Gamma Ray Space Telescope (FGST). Here, we have assumed a dark matter distribution that follows
an NFW profile, and an annihilation cross section of v = 3 X 1072 cm?/s. See text for more details.
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interactions with gas, radiation fields, and magnetic fields.
To confidently interpret the measurements of the cosmic
ray spectrum, these processes must be understood and
adequately modeled.

At relatively high energies (E = 10 GeV), many of
these processes play only a relatively minor role. In par-
ticular, the effects of convection and reacceleration impact
the cosmic ray spectrum much more strongly at low en-
ergies. This enables one to interpret the high energy mea-
surements of PAMELA and (in the future) AMS-02
without introducing intractable uncertainties associated
with the cosmic ray propagation model. For dark matter
with a mass in the ~10 GeV range, however, the resulting
annihilation products will be of sufficiently low energy that
they will likely be significantly affected by convection and
reacceleration, as well as by interactions with the Solar
System’s magnetic field (i.e. solar modulation). Such ef-
fects may make it difficult to interpret these measurements
within the context of indirect dark matter searches. That
being said, lighter dark matter particles annihilate more
often than heavier particles, leading to a greater flux of
annihilation products to potentially detect [46,62]. Without
exploring these competing factors further, we simply com-
ment that light dark matter particles are generally expected
to produce large fluxes of antimatter in the ~GeV region of
the cosmic ray spectrum, but that the complicated nature of
cosmic ray propagation over this range of energies may
make it difficult to clearly identify such a contribution in
existing or future measurements.

D. Anomalous white dwarf heating

Dark matter particles with large elastic scattering cross
sections (such as those being considered here) can become
captured by and annihilate in compact stars at very high
rates. In relatively cool stars, such as very old white dwarfs,
the energy injected from these annihilations could poten-
tially compete with or exceed the star’s luminosity, leading
to observable effects [63,64].

As a result of the very high densities of nuclei in white
dwarfs, dark matter particles with elastic scattering cross
sections of o ~ 107%° ¢cm? will scatter numerous times as
they pass through the volume of the star. In this optically
thick limit, dark matter particles will be gravitationally
captured by a white dwarf at a rate given by

I ~ (877')1/2 3GRwpMwpppm

41
3 mDMﬁ ( )

where Ryp and My are the radius and mass of the white
dwarf, respectively, ppy is the dark matter density in the
region of the star, and v is the dark matter’s velocity
dispersion in that region. For a typical white dwarf (Rywp =
0.0083R,, Myp = 0.7M,,), this leads to a contribution to
the star’s luminosity given by [64]
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L =T mpy

~2.5 % 103 GeV/s( PDM )(220km/s)

1GeV/cm? ]

220km/s
= 4510 erg/ ;oo ) @
erg/s 1GeV/cm? D (42)

For comparison, the Stefan-Boltzmann law predicts the
luminosity of a blackbody to be

Lgg = 47R% 0 Tp

T 4
~ 1.9 X 10?8 ( WD )(
°r2/S\ 3000 K

RWD
0.0083R,

)2. (43)

Comparing Egs. (42) and (43), we see that a very old (T ~
3000 K) white dwarf in a typical region of the galactic disk
will have only on the order of 0.1% of its luminosity
generated by dark matter annihilations. In regions of high
dark matter density and low dark matter velocity disper-
sion, however, dark matter annihilations can play a con-
siderably greater role. The dark matter density and velocity
dispersions within the inner ~10-20 parsecs of dwarf
spheroidal galaxies are typically on the order of ppy ~
10> GeV/cm?® and ¥ ~ 10 km/s, respectively [65]. In such
an environment, dark matter of the type required to pro-
duce the excesses observed by CoGeNT and DAMA will
prevent white dwarf stars from cooling below ~5000 K
[64]. This provides an opportunity for future telescopes not
only to confirm a dark matter interpretation of the CoGeNT
result, but also to potentially map the density and velocity
dispersion of dark matter in regions such as dwarf sphe-
roidal galaxies.

V. CONCLUSIONS

In this paper, we have discussed the recent excess of low
energy events reported by the CoGeNT Collaboration, and
considered the possibility that these events, as well as the
annual modulation observed by DAMA, are the result of a
light (mpy ~ 5-10 GeV) dark matter particle. We find that
a common dark matter interpretation may be compatible
with the CoGeNT and DAMA signals, as well as the
modest excess recently reported by CDMS. We find that
this interpretation is also consistent with the null results of
XENONI10 and the CDMS silicon analysis.

Dark matter with the properties (mass and elastic scat-
tering cross section) required to produce the CoGeNT and
DAMA excesses can appear within a variety of theoretical
frameworks. From a model independent perspective, we
note that a ~5-10 GeV scalar dark matter particle with
approximately universal scalar couplings to standard
model fermions will naturally produce approximately the
observed event rates if its couplings are fixed to obtain the
desired thermal relic abundance of dark matter. Fermionic
dark matter particles are also a viable possibility, although
multiple types of interactions appear necessary if such a
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particle is also to satisfy relic density constraints. Within
the context of specific theoretical models, we have dis-
cussed both asymmetric dark matter models and neutrali-
nos within extended supersymmetric models, such as the
NMSSM. Asymmetric dark matter is especially attractive
as an explanation for the CoGeNT and DAMA signals, as
in such scenarios the dark matter’s mass is related to the
proton’s mass and is generally predicted to be roughly in
the range of mpy ~ 1-10 GeV.

We have also discussed the implications of the CoGeNT
and DAMA excesses for other dark matter search strat-
egies, and find that the prospects for indirect detection are
very favorable in many such scenarios. In particular, ex-
isting limits from low-threshold neutrino detectors, such
Super-Kamiokande, already constrain the dominant anni-
hilation channels of such a WIMP. Searches for dark matter
annihilation products with the Fermi Gamma Ray Space

PHYSICAL REVIEW D 81, 115005 (2010)

Telescope currently have a level of sensitivity that is very
close to being able to test dark matter in a form of a
~5-10 GeV thermal relic.
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