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DAMA observes an annual modulation in their event rate, as might be expected from dark matter

scatterings, while CoGeNT has reported evidence for a similar modulation. The simplest interpretation of

these findings in terms of dark matter-nucleus scatterings is excluded by other direct detection experi-

ments. We consider the robustness of these exclusions with respect to assumptions regarding the scattering

and find that isospin-violating inelastic dark matter helps alleviate this tension and allows marginal

compatibility between experiments. Isospin violation can significantly weaken the XENON constraints,

while inelasticity enhances the annual modulation fraction of the signal, bringing the CoGeNTand CDMS

results into better agreement.
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I. INTRODUCTION

Gravitational effects on astrophysical scales give con-
vincing evidence for a large abundance of particle dark
matter (DM) in the Universe, an observation which is
strongly supported by measurements of the cosmic micro-
wave background anisotropy [1]. In contrast, very little is
known about the properties of the DM particle. Among the
most promising strategies for its identification are direct
detection experiments, aiming to observe the scattering of
DM particles off target nuclei. While the recoil energy
spectrum has no features that allow for an unambiguous
identification of a DM signal, a characteristic annual
modulation of the differential event rate is expected
due to the motion of the Earth relative to the Galactic
halo [2,3].

Two DM direct detection experiments, namely, DAMA
[4] and CoGeNT [5,6], have published data or presented
preliminary results demonstrating evidence for such an
annual modulation. The combined results from DAMA/
NaI and DAMA/LIBRA have a statistical significance
exceeding 8�. CoGeNT has taken data for over a year
and also observes an annual modulation with a significance
of 2:8� [6]. The simplest explanation of these experiments
in terms of DM is spin-independent elastic scattering on
both protons and neutrons of a light, Oð10Þ GeV DM
particle [7,8]. However, this explanation is strongly disfa-
vored by other null results, most notably by the CDMS [9],
XENON10 [10], and XENON100 [11] experiments.

Various proposals toward reconciling all experiments
have been put forward. First of all, doubts have been raised
concerning experimental details, such as the proper cali-
bration of the nuclear recoil energy scale and the correct
assessment of the various quenching factors (see e.g. [12]).

Second, significant astrophysical uncertainties are present
in all analyses, which may considerably change the impli-
cations of the data [13,14]. Finally, it may well be that the
DM-atom interaction is not solely with the nucleus or that
the DM-nucleus interaction is more complicated than gen-
erally assumed.
In this paper wewill primarily focus on the third option in

the context of nuclear recoils. Of particular interest is the
combination of two effects that have been recently consid-
ered as possibilities to alleviate the tension between the
various experiments: isospin-violating dark matter
(IVDM) [15–17] and inelastic dark matter (iDM) [18–22].
In fact, if one assumes that DM scatters differently on
protons and neutrons, then for a particular choice of the
proton to neutron scattering fractions, it is possible to
weaken the limits from XENON, which would otherwise
give the strongest constraints [23]. On the other hand,
inelastic scattering of the DM particle can enhance the
annual modulation signal and reduce the tension between
CDMS and CoGeNT, which cannot be reduced by isospin-
violating couplings.
We only take the annual modulation of the signal mea-

sured by DAMA and CoGeNT as a hint of DM. We make
the important assumption that the background does not
modulate, and that the modulation is entirely due to DM
interactions. We do not fit to the unmodulated spectrum as
it is very difficult to interpret an exponentially falling
energy spectrum in the presence of an unknown back-
ground in terms of a DM particle. Rather we can use the
unmodulated recoil spectra for the sole purpose of calcu-
lating exclusion limits to constrain the parameter region
consistent with annual modulation.

II. DIRECT DETECTION OF DARK MATTER

The differential event rate for DM-nucleus scattering is
(see e.g. [24])*m.frandsen1@physics.ox.ac.uk
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with NT the number of target nuclei per unit mass, m� the

DM mass, and �� the local DM density. flocal is the

local DM velocity distribution, which we assume is an
isotropic Gaussian distribution with velocity dispersion
v0 ¼ 220 km=s, truncated at the galactic escape velocity,
which we take as vesc ¼ 544 km=s.

In a direct detection experiment the minimum speed that
an incident DM particle must have in order to transfer an
energy ER to a recoiling nucleus is [18]

vmin ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mNER

p
�
mNER

�
þ �

�
: (2)

mN is the mass of the target nucleus,� is the reduced mass
of the DM-nucleus system, and � is the mass difference
between the incoming and outgoing DM particle.

For coherent spin-independent DM-nucleus scattering,
the DM-nucleus differential cross section is

d�

dER

¼ 1

2v2

mN�n

�2
�n

ðfpZþ fnðA� ZÞÞ2
f2n

F2ðERÞ; (3)

where ��n is the DM-nucleon reduced mass and �n is the

DM-neutron cross section at zero momentum transfer in
the elastic limit. fn;p are the effective coherent couplings

to the neutron and proton, respectively, while A and Z
denote the nucleon and proton numbers of the target nu-
cleus. The nuclear form factor FðERÞ encodes the loss of
coherence as the momentum transfer deviates from zero.

For DAMA, we fit to the latest data [4] and take the
sodium quenching factor to be QNa ¼ 0:3. In one case we
consider QNa ¼ 0:43, within the range QNa ¼ 0:3� 0:13,
deemed representative of experimental uncertainties in
[25]. We do not include channeling in our calculations
[26]. We find that scattering off of sodium dominates that
of iodine in the low mass DM region that we consider. We
use the detector resolution from [27] for DAMA/NaI and
[28] for DAMA/LIBRA and weight them appropriately.

For the CoGeNT parameter regions shown in Fig. 1, we
use modulation amplitudes of 1:20� 0:65, 0:54� 0:19,
and 0:08� 0:16 events=kg=day=keVee for 0.5–0.9,
0.9–3.0, and 3.0–4.5 keVee, respectively. We use the detec-
tor resolution and efficiency given in [5,6] and use a
quenching factor for germanium of 0.2.

A DM explanation of a signal in DAMA and CoGeNT
must be confronted with the exclusion limits obtained by
the XENON and CDMS collaborations. While heavy DM
is most strongly constrained by the recent results of
XENON100 [11], an even stronger bound for low mass
DM can be obtained from a dedicated low threshold analy-
sis of the XENON10 data [10]. For the XENON experi-

ments we assume a detector resolution dominated by
Poisson fluctuations and take Leff and Qy from the re-

spective papers. For the XENON10 data, we include the S2
width cut and assume the absence of fluctuations at the
low-energy threshold (i.e. impose a cutoff).
The ratio fn=fp depends on the underlying model of DM

and generally differs from 1. Equation (3) implies that if
the DM scattering satisfies fn=fp ¼ Z=ðZ� AÞ for a given
nuclear isotope, this isotope would then give no constraint.
In practice, experiments consist of targets with more than
one isotope, so they can still yield some constraints. As
considered in [16,17] the choice fn=fp ��0:7 reduces the

sensitivity of xenon experiments by 3 orders of magnitude.
Here, instead of treating fn=fp as a free parameter, we fix

the ratio in such a way that the constraint from xenon is
reduced as much as possible.
Themost restrictive limit fromCDMS results from a low-

energy analysis of the CDMS-II data from the Soudan
Underground Laboratory [9]. In this paper we only include
the detector with the best ionization resolution (T1Z5),
treating all observed events as potential DM signals. We
find that the constraint obtained with this simplification
agrees well with the limit published by CDMS. Since both
CoGeNT and CDMS are germanium target experiments
they cannot be reconciled using isospin-violating cou-
plings. Inelastic scattering increases the modulation frac-
tion, and hence reduces the tension between CDMS and
CoGeNT. However, for scattering on sodium in DAMA, the
tension between DAMA and CDMS increases as germa-
nium is greater in mass. Thus, wemust require � & 15 keV
in order for DAMA not to be excluded by CDMS.
Exothermic dark matter [29] has been proposed as a way

to reduce the tension between DAMA and CDMS.
However, the possibility of down-scattering will reduce
the modulation fraction and therefore bring the CoGeNT
modulation into disagreement with the constraint from the
absolute rate and the CDMS bound. Therefore, we only
consider � > 0, corresponding to endothermic inelastic
dark matter.
In Fig. 1 we show how the combination of the iDM and

IVDM mechanisms can reduce but not completely resolve
the apparent conflict between the annual modulation ob-
served in both CoGeNT and DAMAwith exclusion limits
from other detectors [30]. Any alteration of these limits
due to uncertainties in low-energy efficiencies, astrophys-
ical parameters, quenching factors, or inclusion of chan-
nelling could weaken the limits sufficiently to allow a DM
interpretation of the CoGeNT and DAMA annual modula-
tion. As a demonstration, we consider a larger value of the
sodium quenching factor and find better agreement as
shown in the lower right panel of Fig. 1. In fact, it should
be noted that our 95% allowed and 90% exclusion regions
do not take into account uncertainties in all such astro-
physical and experimental parameters, and therefore are
not truly 90% regions.
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III. FUTURE CONSTRAINTS FROM DIRECT
DETECTION EXPERIMENTS

Even with fn=fp ¼ �0:7, the XENON100 limit re-

mains strong and cannot be suppressed much further due
to the different isotopes present in natural liquid xenon.
Consequently, additional data from XENON100, as well as

a dedicated S2-only analysis with lower threshold may
provide strong constraints for isospin-violating inelastic
DM. The CDMS collaboration has also collected data
from detectors with a silicon target. From the preliminary
data presented in [31], we find a limit which is more
constraining than the CDMS germanium low threshold
analysis. We have not included this in Fig. 1 because of

6 8 10 12 14 16 18

10 39

10 40

10 41

10 42

10 43

m GeV

n
cm

2
fn fp 1

QNa 0.30CoGeNT unmod
CDMS 90
XENON10 90
XENON100 90
DAMA 95
CoGeNT 95

6 8 10 12 14 16 18

10 36

10 37

10 38

10 39

10 40

m GeV

n
cm

2

0 keV

fn fp 0.7

QNa 0.30CoGeNT unmod
CDMS 90
XENON10 90
XENON100 90
DAMA 95
CoGeNT 95

6 8 10 12 14 16 18

10 36

10 37

10 38

10 39

10 40

m GeV

n
cm

2

15 keV

fn fp 0.7

QNa 0.30CoGeNT unmod
CDMS 90
XENON10 90
XENON100 90
DAMA 95
CoGeNT 95

6 8 10 12 14 16 18

10 36

10 37

10 38

10 39

10 40

m GeV

n
cm

2

15 keV

fn fp 0.7

QNa 0.43CoGeNT unmod
CDMS 90
XENON10 90
XENON100 90
DAMA 95
CoGeNT 95

FIG. 1 (color online). Allowed parameter regions for DAMA and CoGeNT (shaded regions) as well as exclusion limits from
XENON10, XENON100, CDMS-II, and the unmodulated CoGeNT signal. In the upper panels, � ¼ 0 keV and fn=fp ¼ 1 (left) and

fn=fp ¼ �0:7 (right). The lower panels have � ¼ 15 keV and fn=fp ¼ �0:7 (left and right). In the lower right panel we have taken

the sodium quenching factor to be QNa ¼ 0:43. In the other panels we take the standard value QNa ¼ 0:3. Notice the upper left panel
uses a different scale for �n. It is clear that employing the IVDM and iDM mechanisms significantly weakens the constraints from null
searches, and allows for a small region of agreement when the sodium quenching factor is varied within a reasonable range.
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uncertainties related to the calibration of the silicon nuclear
recoil energy scale [25,31,32]. We encourage the CDMS
collaboration to perform a dedicated analysis of the
Soudan silicon data.

Unpublished results from the CRESST experiment [33]
suggest an excess in the oxygen band of 32 events over an
estimated background of 8.7 events. Light DM-nuclei scat-
tering can offer an explanation of this excess, and the DM
mass and DM-nucleon cross section required take values
close to those required for an explanation of the DAMA
and CoGeNT observations. An approved analysis of the
data taken by CRESST could have a significant impact on
the preferred region in our scenario.

The CRESST experiment also offers the potential to test
the inelastic nature of the DM because of the presence of
both tungsten and oxygen in the detector. For an elastic
DM explanation of the oxygen band events a signal in the
tungsten band is implied. This signal lies at lower energies,
ER & 4 keV, and is usually small. However, for inelastic
scattering the picture changes, as scattering rates for tung-
sten are enhanced in comparison to oxygen. This enhance-
ment is strongly dependent on the splitting, and can, for a
splitting of �� 15 keV, enhance the ratio of tungsten-to-
oxygen scattering rates at low energies by over an order of
magnitude, in comparison to elastic scattering. In addition,
at ER � 4 keV, scattering on tungsten becomes dominant
over oxygen, which would lead to a sharp rise in the
number of DM-like events in the tungsten band below
ER & 4 keV. This does not, however, occur for elastic
scattering of light DM and thus a detector containing
both light and heavy elements, such as CRESST, could
potentially distinguish between the elastic and inelastic
light DM scenarios in the future.

IV. OTHER CONSTRAINTS AND IMPLICATIONS
FOR THE DARK SECTOR

Monojet [34–36] and dijet searches at the Tevatron
constrain the DM couplings to quarks. For light DM the
Tevatron limits on monojet production are relevant, but
sensitive to the mass of the particle mediating the DM
interaction with quarks [36]. Assuming the mediator is
heavy compared to the typical momentum transfer at the
Tevatron, the limits can be as strong as �n � 10�39 cm2.
However, if the mediator is light, or if the coupling is not
by a vector current, the constraints weaken. For example, a
mediator of mass M� 10 GeV interacting via a vector
current allows �n � 3� 10�34 cm2 easily allowing our
best fit CoGeNT and DAMA regions.

The couplings of the mediator to quarks gq are

separately constrained. In the case of a vector mediator
with a mass in the range M * 10 GeV the constraints are
gq & 0:1 from meson decay measurements [37] which

easily satisfies the constraints from the dijet measurements
at Tevatron. The DM-neutron scattering cross section may
be written as �n � f2ng

2
��

2
�n=ð�M4Þ, where g� is the DM

mediator coupling and the effective coupling constants via
the vector current �q��q, for the neutron (proton) are fn ¼
gu þ 2gd (fp ¼ 2gu þ gd). We can then reach the required

DAMA and CoGeNT cross section �n � 10�37 cm2 with
gq � g� � 5� 10�2, within the above bounds. If the light

dark matter results from strong dynamics in another sector

saturating the perturbativity bound g� � ffiffiffiffiffiffiffi
4�

p
[38] cou-

plings to quarks as small as gq � 10�3 are allowed.

If the DM has no particle-antiparticle asymmetry,
additional constraints from searches for the annihilation
products apply. For example, there are constraints coming
from neutrino telescopes searching for the annihilation
products of DM accreted in stars. In particular, annihila-
tions of light DM captured in the Sun are constrained by
SuperKamiokande which excludes the DAMA/CoGeNT
regions shown in Fig. 1 for DM annihilating into the c �c,
b �b, � ��, 	 �	, 4� channels (even with velocity suppressed
annihilations) [39]. Note that also inelastic, annihilating
DM is constrained by capture and annihilation in the Sun
[40,41] and compact stars [42,43] and for the small split-
tings we are considering the above mentioned limits still
apply.
An attractive framework which avoids the annihilation

constraints is asymmetric dark matter (ADM), where a
particle-antiparticle asymmetry 
� ¼ ðn� � n ��Þ=s in

DM, similar to that in baryons 
B, provides a natural
link between their observed energy densities. If some
process shares or cogenerates the two asymmetries ensur-
ing 
� � 
B, then the observed cosmological DM energy

density is realized for m� � 1� 10 GeV. Consequently,

ADM offers a motivation for the low DM mass favored by
the DAMA and CoGeNT data, and naturally avoids the
constraints from annihilation in the Sun [39]. We leave a
more thorough analysis of models within this framework
which realize the required isospin-violation and inelastic
splitting for future work.
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