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1 Introduction

Identifying dark matter (DM) is a key challenge for modern astro-particle physics [1]. Its
presence has been inferred solely through gravitational interactions but it is theoretically
well-motivated to assume that DM consists of new particles arising in physics beyond the
Standard Model (SM). It would then be natural for the strength of DM interactions to be less
even than that of the weak interactions, consistent with the inferred collisionless behaviour
of DM on cosmological scales. The relic abundance of weakly interacting massive particles
(WIMPs) which decoupled from thermal equilibrium in the early universe is also naturally
of order the observed DM abundance if they have a weak scale mass of O(100) GeV — the
so-called ‘WIMP miracle’. Another attractive possibility is that the DM particles inherited
the same matter-antimatter asymmetry as baryons are observed to have — their mass would
then have to be of O(5)GeV. In either case, the most direct way to identify DM is with
well-shielded underground experiments which can detect the energy deposited by a recoiling
nucleus when a passing DM particle from the Galactic halo scatters on it.

Many such searches have been conducted for over three decades but the overwhelming
majority have focussed on DM particles of mass 100 . mχ/GeV . 1000, motivated simulta-
neously by the WIMP miracle and by the existence of a natural particle candidate viz. the
neutralino in supersymmetric extensions of the SM. Less attention has been paid to searching
for lighter particles, both in the absence of as clear a theoretical motivation for these, as well
as the increased difficulty in distinguishing nuclear recoils from background at low energies.
However in recent years results from several experiments have suggested mχ . 10 GeV. This
mass range is favoured by an excess of events over the expected background observed by
CoGeNT [2] and CRESST-II [3] as well as the long-standing annual modulation signal seen
by DAMA [4]. However, constraints set by other leading experiments, notably XENON10 [5],
XENON100 [6] and CDMS-Ge [7, 8], are in strong tension with these results and have cast
doubt on the DM interpretation of these signals (see e.g. [9–14]).

The direct detection of ‘light’ DM is particularly challenging, because it is hard to
reliably determine the detector response to a potential DM signal at such low recoil ener-
gies [15, 16]. Moreover, the interpretation of the data is sensitive to the assumed properties
(in particular, velocity distribution) of the DM halo [17–20]. To minimise these uncertainties,
an ideal experiment to probe the low-mass region would have target nuclei with low mass
number and a low energy threshold. Si detectors satisfy both criteria, making them an obvi-
ous choice for this purpose. With increasing interest amongst theorists in developing particle
physics models for light DM (and its co-genesis with baryons), the experimental community
is becoming increasingly aware of the importance of looking in this mass region.

The CDMS-II collaboration has recently presented two analyses of data taken with
Si detectors. While no candidate events were found in the small data set from the first
‘Five-Tower Run’ of CDMS-II [21], the longer exposure of 140.2 kg-days during 2007–08 [22]
revealed 3 events in the DM search region, compared to a background expectation of 0.62
events. Considering only the number of events the signal is compatible with background at
the ∼ 2σ level, but taking into account their distribution, a background+DM interpretation
of the data is preferred over the background-only hypothesis with a probability of 99.8%.
The highest likelihood is found for a DM particle with mass 8.6 GeV and cross-section
1.9× 10−41 cm2, which is significantly below the DAMA and CRESST-II regions, but still in
tension with bounds from XENON10/100.

We investigate under what conditions the tension between CDMS and XENON10/100
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can be ameliorated or even resolved. In particular, we find the bound from the ‘S2-only
analysis’ of XENON10 to actually be weaker by nearly a factor of 10 than the published
value [5]. However, the tension with XENON100 [6] remains and cannot easily be evaded
by appealing to experimental or astrophysical uncertainties. We therefore consider vari-
ous particle physics modifications of the interactions between DM and SM quarks. While
a momentum- or velocity-dependence in the cross-section does not improve the situation,
we find that isospin-dependent couplings as well as exothermic DM-scattering can bring
XENON10/100 and CDMS into better agreement. We do not attempt, however, to find a
common interpretation of the CDMS results and the signals found by DAMA, CoGeNT and
CRESST-II.

In § 2, we introduce the standard framework for interpreting DM signals and review
both the CDMS best-fit region and the bounds from XENON10/100. We pay particular
attention to the XENON10 bound and its dependence on the form of the ionisation yield Qy,
which is essential to understand the energy scale. In § 3, we briefly review vmin-space, which
enables comparison of results from different direct detection experiments without having to
assume a specific DM velocity distribution. We show that CDMS and XENON10/100 probe
much the same region of vmin-space, hence the tension between them is independent both
of astrophysical uncertainties concerning the DM halo and any momentum- and velocity-
dependence of the cross-section. We illustrate this by giving some examples for possible
modifications. Then in § 4 we consider possible changes in the underlying particle physics,
which can suppress the sensitivity of Xe targets relative to Si, and thus bring CDMS and
XENON10/100 into better agreement. We present our conclusions in § 5.

2 General framework and discussion of experimental results

We first review the standard method of analysing DM direct detection experiments and then
apply this to the silicon data from CDMS-II (CDMS-Si in short) and the XENON10/100
experiments. The event rate in a given detector depends on the flux of Galactic DM particles
passing through the detector and the DM-nucleon scattering cross-section. In the laboratory
frame the differential event rate with respect to recoil energy ER is given by

dR

dER

=
ρ

mNmχ

∫

∞

vmin

vf(v + vE(t))
dσ

dER

F 2(ER) d
3v , (2.1)

where ρ is the local halo DM density, mχ and mN are the DM and target nucleus mass
respectively, f(v) is the local DM velocity distribution evaluated in the Galactic rest frame,
v = |v| and vE(t) is the velocity of the Earth relative to the Galactic rest frame [23, 24].
We have separated the differential scattering cross-section into the piece for scattering off a
point like nucleus, dσ/dER, and the nuclear form factor F (ER), which accounts for the finite
size of the nucleus. For elastic scattering the minimum velocity required for a DM particle
to transfer the energy ER to a given nucleus N is:

vmin(ER) =

√

mNER

2µ2
, (2.2)

where µ is the reduced mass of the DM-nucleus system.
For a detector with energy resolution ∆ER, the number of events N(E1, E2) expected

in an energy range [E1, E2] is:

N(E1, E2) = Ex

∫

Res(E1, E2, ER) ǫ(ER)
dR

dER

dER , (2.3)

– 3 –



5 10 20
10-43

10-42

10-41

10-40

10-39

10-38

mΧ @GeVD

Σ
n
@c

m
2 D 1 2 5 10 20

0
2
4
6
8

ER @keVD

Q
y
@e
-
�k

eV
D

Ionisation yield for XENON10

XENON100

XENON10

CDMS-Si

Figure 1. CDMS-Si confidence region (68% and 90% CL) together with the 90% exclusion curves from
XENON10 and XENON100 from our analysis, assuming standard elastic spin-independent scattering
and equal coupling to protons and neutrons. Our CDMS-Si confidence region and XENON100 bound
agree well with the results from the respective collaborations [6, 22], however, our XENON10 bound
is significantly weaker than the published one [5]. We consider three choices of the ionisation yield
Qy at low energy to illustrate the corresponding variation of the extracted bound.

where Ex is the exposure of the detector, ǫ(ER) is the detector acceptance and

Res(E1, E2, ER) =
1

2

[

erf

(

E2 − ER√
2∆ER

)

− erf

(

E1 − ER√
2∆ER

)]

(2.4)

is the detector response function [25].
We now focus on whether CDMS-Si is compatible with XENON10 and XENON100.

We consider only spin-independent scattering in this work since only a very small fraction of
naturally occurring Si contains an isotope with nuclear spin. The usual parameterisation for
a spin-independent cross-section is

dσ

dER

= C2
T(A,Z)

mNσn
2µ2

nχv
2
, (2.5)

where µnχ is the reduced DM-nucleon mass, CT(A,Z) ≡ (fp/fnZ + (A− Z)), A and Z are
the mass and charge number of the target nucleus and fn,p denote the effective DM coupling
to neutrons and protons, respectively. Experiments typically quote results in terms of σn, the
DM-neutron cross-section at zero momentum transfer. The above parameterisation of the
cross-section holds e.g. for DM-nucleus scattering mediated by a heavy CP -even scalar boson
or by a heavy vector mediator. However, other interactions can give rise to a cross-section
that cannot be parameterised in this way. We consider two such examples in § 3.

Unless otherwise stated, we adopt for the astrophysical parameters the Standard Halo
Model (SHM), i.e. a Maxwell-Boltzmann distribution for f(v) with v0 = 220 km s−1 and
vesc = 544 km s−1, and take ρ = 0.3 GeV cm−3. We use the Helm form factor [26] and take
fn/fp = 1. The results of our calculations for this choice of parameters are shown in Fig. 1.

– 4 –



For XENON100 we take the data from an exposure of 20.9 kg-years [6], combined with
the recent measurements of Leff [27]. We calculate the energy resolution under the assumption
that it is dominated by Poisson fluctuations in the number of photoelectrons and obtain
exclusion limits using the ‘maximum gap method’ [28]. As noted already, CDMS-Si found
3 events after background rejection in data from an exposure of 140.2 kg-days [22]. For
our analysis we assume an energy resolution of ∆ER = 0.3 keV [29] and use the detector
acceptance from [22]. We take the normalised background distributions from [30] and rescale
the individual contributions in such a way that 0.41, 0.13 and 0.08 events are expected from
surface events, neutrons and 206Pb, respectively.

To calculate the allowed parameter region, we employ the extended maximum likelihood
method [31]. The contours we show correspond to 68% and 90% confidence level (CL) — these
agree well with the ones shown by the CDMS-II collaboration [22]. In excellent agreement
with their analysis, we find that the best-fit point is mχ = 8.55GeV with σn = 2×10−41 cm2,
and that the background+DM hypothesis is favoured over the background-only hypothesis
with a probability of 99.6%. We find that varying the normalisation of the background within
the range suggested in [22] while keeping its shape fixed does not sensibly affect either the
significance of the background+DM hypothesis, nor the shape of the best-fit region.

For XENON10, we use the S2-only analysis [5]. The sensitivity of this analysis depends
strongly on the behaviour of the ionisation yield Qy at low energies [16]. To calculate the
central bound (thick dashed blue line) in Fig. 1 we adopt the original choice of Qy made
in [5], assuming that Qy vanishes for ER < 1.4 keV. We assume that the energy resolution
is given by ∆ER = ER/

√

ERQy(ER) and use the maximum gap method to set a bound.
We have checked that the ‘pmax method’ [28] and the ‘binned Poisson method’ [25, 32] give
comparable bounds. In every case, we find bounds that are significantly weaker than the
published one [5] — even when we assume exactly the same values of Qy — but in good
agreement with other independent analyses [10, 16, 33, 34].1 It has been suggested that the
XENON10 data be analysed by converting recoil spectra to photoelectrons and using Poisson
statistics to model the detector response [35]. We find that this procedure gives even weaker
bounds at low DM mass. Therefore we assume Gaussian fluctuations in order to enable fair
comparison with other results in the literature.

We also consider values of Qy that have recently been determined by the XENON100
collaboration by comparing calibration data to Monte Carlo simulations. We adopt the range
of values given in Fig. 3 of [27], which we have reproduced together with the choice of Qy

from [5] in Fig. 1 (inset). Most of the sensitivity for detecting low-mass DM relies on recoil
energies below 3 keV, where Qy cannot be reliably extracted from the data. We therefore
extrapolate Qy in two different ways that bracket the range of possibilities: the pessimistic
choice (light dashed blue line in Fig. 1) assumes that Qy follows the lower bound of the
range given in [27] and then drops to zero at 2 keV. The optimistic choice (light dotted blue
line in Fig. 1) assumes that Qy follows the upper bound of the range, continuing to rise up
to 8 e−/keV below 3 keV, and then drops to 0 at 1 keV. Even for the optimistic case we
do not extrapolate Qy below 1 keV, i.e. we follow the approach of [5] and neglect upward
fluctuations. Changing Qy also changes the energy scale shown in Fig. 2 of [5] so we convert
the energies of the observed events appropriately when setting the bound. It is clear from
Fig. 1 that although the XENON10 S2-only analysis does constrain the CDMS-Si parameter

1This conclusion is not affected by the different choices of astrophysical parameters, which we discuss in

more detail in the following section.
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region, an unambiguous bound cannot be placed at low mass because of uncertainty in the
value of the ionisation yield Qy at low energy.

Henceforth we present only one XENON10 bound, adopting the original choice of
Qy from [5]. As this is significantly weaker than the published bound [5], CDMS-Si and
XENON10/100 are actually consistent at about 90% CL. Nevertheless there is some tension
between these results. We will now explore possible ways to ameliorate this tension.

3 Analysing the experiments in vmin-space

We have seen that many parameters need to be specified before a theoretical prediction for
the number of scattering events in a direct detection experiment can be compared with the
observed number. While a parameter such as the local DM density affects all experiments
in the same way, other parameters can change the number of events in one experiment
while having no impact on another experiment. A useful technique to gain insight into this
involves mapping the experimental result into vmin-space [36]. If experiments probe different
regions of this space, they will be affected differently by varying parameters such as the local
escape velocity vesc; conversely, if experiments probe the same region of vmin-space, then
modifying such parameters cannot improve agreement between the experiments. We first
apply this technique in the usual way to astrophysical parameters, before applying it also to
momentum-dependent interactions. Our discussion and notation closely follow [37].

3.1 Varying astrophysical parameters

After substituting the usual parameterisation of the cross-section for spin-independent scat-
tering from Eq. (2.5) into Eq. (2.1), we see that direct detection experiments do not di-
rectly probe the local velocity distribution f(v), but rather the velocity integral g(vmin) =
∫

vmin
f(v)/v d3v, where vmin is defined by Eq. (2.2). For our purposes, it will be convenient to

absorb the DM mass, cross-section and density into this definition and consider the ‘rescaled
velocity integral’:

g̃(vmin) =
ρ σn
mχ

g(vmin) . (3.1)

Since g(vmin) is a monotonically decreasing function of vmin [38], we can use experimental
null results to place upper bounds on g(vmin) for vmin = v̂min using the standard techniques
for setting an exclusion limit, but with [36, 37]

g̃(vmin) = g̃(v̂min)Θ(v̂min − vmin) . (3.2)

The resulting bounds from XENON10 and XENON100 are shown as the blue (dashed) and
purple (dot-dashed) lines in Fig. 2, respectively.

In order to deduce information on g̃(vmin) from CDMS-Si, we need to infer the differ-
ential event rate and use the formula:

g̃(vmin) =
2µ2

nχ

C2
T (A,Z)F 2(ER)

dR

dER

. (3.3)

The differential event rate is found most easily by binning both the observed events and
the background expectation. We subtract the background using the Feldman-Cousins tech-
nique [39], which allows us to calculate an upper and lower bound on the signal event rate at
1σ CL. The orange data points in Fig. 2 show the result of this procedure for mχ = 9GeV
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Figure 2. The CDMS-Si and XENON10/100 results translated into vmin-space. The upper panels
show the case mχ = 9 GeV for two choices of binning. In the left (right) panel the bin width is 2 keV
(3 keV). The choice of binning does not alter our conclusions. For all the cases considered, the region
of vmin-space probed by CDMS-Si is constrained by XENON10/100.

(upper panels) and mχ = 7GeV and mχ = 11GeV (lower left and lower right panels respec-
tively). Binning the data introduces a certain arbitrariness so we check the robustness of our
results by considering two choices of the bin width: 2 keV and 3 keV for the upper left and
right panels of Fig. 2 respectively. The inferred values for g̃(vmin) agree well, implying that
our conclusions are largely independent of the choice of bin width. In all cases, the highest
bin is in significant tension with the XENON100 bound except for the case mχ = 7GeV,
corresponding to the least constrained mass in Fig. 1.

We observe from Fig. 2 that all three experiments probe essentially the same region
of vmin-space. This suggests that it will not be possible to significantly improve the consis-
tency of CDMS-Si and XENON10/100 by varying astrophysical parameters. To explicitly
demonstrate that this is so, we consider two variations in astrophysical parameters. In the
left panel of Fig. 3 we keep the usual Maxwell-Boltzmann velocity distribution but choose
v0 = 250 km/s and vesc = 650 km/s, which are at the upper end of the allowed range for these
parameters (see e.g. [17] and references within). Although we see that the CDMS-Si region
and XENON10/100 bounds move towards lower masses by ∼ 1GeV, the tension between the
experiments remains essentially unchanged. As a more radical modification we consider the
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Figure 3. The CDMS-Si region and XENON10/100 bounds calculated for different astrophysical
parameters. The left panel shows the SHM, but with higher values of v0 and vesc. The right panel
shows the effect of a debris flow which contributes 20% to the local DM density. Although the signal
region and bounds move by a few GeV, the consistency of CDMS-Si and XENON10/100 is unchanged
in either case, since all experiments probe the same region of vmin space.

effect of a ‘debris flow’ in the presence of which g(vmin) is given by [40, 41]

g(vmin) = (1− α) g(vmin)halo + α×







1
vflow

if vmin < (vflow − vE)
vflow+vE−vmin

2 vflow vE
if (vflow − vE) < vmin < (vflow + vE)

0 if vmin > (vflow + vE)

,

(3.4)
where vflow is the velocity of the flow in the Galactic rest frame and α is the contribution
of the debris to the local DM density. In the right panel of Fig. 3 we have chosen α = 0.2
and vflow = 400 km/s. We see again that although the preferred mass changes, the overall
agreement does not.

3.2 Non-standard momentum and velocity dependence

We have seen that CDMS-Si and XENON10/100 probe the same region of vmin-space so the
tension between these experiments is independent of astrophysical uncertainties. We now
consider the effect of modifying the particle physics to introduce an additional momentum-
or velocity-dependence of the cross-section which can change the recoil energy spectrum.

Non-trivial momentum dependence can be studied using the simple parameterisation [42]

dσ

dER

=

(

dσ

dER

)

0

(

q2

q2ref

)n

(3.5)

where (dσ/dER)0 is the differential cross-section introduced in Eq. (2.5), q =
√
2mNER is

the momentum transfer and qref is an arbitrary normalisation. The crucial observation is
that the momentum transfer q is related to the minimal velocity vmin by

vmin =
q

2µ
. (3.6)
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Figure 4. Two examples for modifications of the momentum- and velocity-dependence of the differen-
tial cross-section. Left: Long-range interactions, which enhance the cross-section for small momentum
transfer. Right: Anapole interactions, which suppress the cross-section for small momentum transfer
and small velocity (note the change of vertical scale).

For light DM, mχ ≪ mN, hence µ ≈ mχ independent of mN. Consequently, experiments
that probe the same range of vmin will also probe the same range of q (see also [43]). We
cannot therefore significantly shift the parameter region favoured by CDMS-Si relative to the
XENON10/100 bounds by introducing a momentum dependence. This is illustrated in the
left panel of Fig. 4 for qref = 10MeV and n = −2, which corresponds to long-range interactions
arising from a (nearly) massless mediator. As expected, no significant improvement is found.

In many realistic models, the cross-section depends not only on the momentum transfer
but also on the velocity v of the incoming DM particle. This is the case e.g. for dipole
interactions [44–46] and anapole interactions [47, 48]. Since we know already that both
CDMS-Si and XENON10/100 probe the same part of the DM velocity distribution, such
an additional velocity dependence is not expected to change the picture significantly. We
confirm this expectation for the case of anapole interactions, which lead to a differential
scattering cross-section [48]:

dσ

dER

=
mN σref
2µ2

Z2

v2

[

v2 +
q2

2m2
N

(

1− m2
N

2µ2

)]

. (3.7)

Our results are shown in the right panel of Fig. 4. As expected, because of the momentum-
and velocity-suppression, the CDMS-Si favoured parameter region and the XENON10/100
bounds are moved to much larger cross-sections, but their relative position remains un-
changed. For the anapole operator we do in fact observe a slight shift of the CDMS-Si region
compared to the XENON10/100 bounds. This shift can be traced back to the fact that for
anapole interactions DM particles couple to protons only leading to a factor of Z2 rather
than A2 in the cross-section. We explore the effect of different DM couplings to protons and
neutrons in more detail in the next section.
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Figure 5. Two examples for inelastic scattering. Left: Inelastic interactions with δ > 0, which
suppress the scattering rate on light target nuclei. Right: Exothermic interactions with δ < 0, which
enhance the scattering rate on light target nuclei. Note the change of scales in these figures.

4 Reducing the tension between CDMS-Si and XENON10/100

As we have seen CDMS-Si and XENON10/100 cannot be brought into better agreement
by modifying either the DM velocity distribution or the velocity/momentum dependence of
the cross-section. To weaken the constraints from XENON10/100, we need to reduce the
enhancement of the cross-section for heavy nuclei. In this section, we discuss two possible
modifications of DM interactions that can increase the sensitivity of light targets compared
to heavy ones: inelastic DM [49] and isospin-dependent couplings [50–53].

In the former case, DM-nucleon interactions require the transition between two DM
states of slightly different mass. The minimum velocity required for a recoil of energy ER is
then:

vmin =

∣

∣

∣

∣

δ +
mNER

µ

∣

∣

∣

∣

1√
2ERmN

, (4.1)

where δ is the mass splitting between incoming and outgoing DM state. If the incoming
DM particle is lighter (δ > 0), scattering will be enhanced for heavy targets. However, if
only the heavier state is populated initially (δ < 0), lighter targets will be favoured. This
second case, referred to as exothermic DM [54, 55], thus seems a promising option to fully
reconcile CDMS-Si and XENON10/100. We present our results in Fig. 5. As expected,
the XENON10/100 bounds are strengthened for inelastic DM and weakened for exothermic
DM. In fact, a relatively small splitting of δ = −50 keV is sufficient to bring CDMS-Si and
XENON10/100 into good agreement.

Another possible route to concordance is based on the observation that the strength of
the XENON10/100 bounds results partially from the factor A2 in the cross-section, following
from the assumption that DM couples equally to protons and neutrons. If DM couples to
protons only (as for anapole interactions), the cross-section will be proportional to Z2, thus
favouring targets with a larger ratio of protons to neutrons. If the coupling to neutrons is
slightly negative, fn/fp < 0, targets with a large fraction of neutrons will suffer more strongly
from destructive interference between protons and neutrons. Such negative values of fn/fp
can arise e.g. in theories with a light Z ′ that mixes with the SM gauge bosons [56].
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Figure 6. Isospin-dependent couplings. Left: Combined parameter estimation of fn/fp, mχ and σn

(not shown) using a global maximum likelihood method (see text for details). As expected, there
is a preference for fn/fp = −0.7 but the 2σ confidence region extends up to fn/fp ≃ −0.2. Right:
CDMS-Si allowed parameter region and XENON10/100 bounds for fn/fp = −0.7. In both plots, the
best-fit point is indicated with a white cross.

To study this possibility, we scan simultaneously over fn/fp, σn and mχ and calculate
the likelihood for each set of parameters, using the maximum likelihood method described
in [10]. In particular, we assume that the likelihood for XENON10 and XENON100 for a
given set of parameters are given by LXe = exp(−Nmax), where Nmax is the number of events
expected in the largest interval determined using the maximum gap method. Since we use an
extended maximum likelihood method to fit CDMS-Si, the minimum value of the likelihood
depends on an arbitrary normalisation constant and does not carry physical significance. We
cannot therefore perform a goodness-of-fit analysis for our model, but we can infer confidence
regions for parameter estimation.

The results of this analysis are shown in the left panel of Fig. 6. As expected [56],
the best-fit point corresponds to fn/fp ≃ −0.7, which strongly suppresses the bounds from
XENON10/100, as shown in the right panel of Fig. 6. Note that in this particular case, the
strongest constraints on CDMS-Si arise from SIMPLE [57] and the CRESST-II commissioning
run [58] (not shown). For fn/fp = −0.7 these experiments require σn . 10−39 cm2 at
mχ ≃ 10GeV [37] and therefore do not significantly constrain the CDMS-Si preferred region.

In spite of the preference for fn/fp ≃ −0.7, we observe that much larger values of fn/fp
still give a good fit to the data. At 1σ confidence level, we find −0.76 < fn/fp < −0.58
and the 2σ confidence region extends up to fn/fp ≃ −0.2. To illustrate this point, we show
the cases fn/fp = −0.5 and fn/fp = −0.2 in Fig. 7. We conclude that little fine-tuning
is required to suppress the bounds from XENON10/100, in particular we do not require a
precise cancellation of proton and neutron contributions and are therefore not sensitive to
potential differences in the form factors as discussed in [59]. We would also emphasise that
even though fn = fp is strongly disfavoured compared to fn/fp = −0.7 when performing a
parameter estimation, this does not imply that such a value cannot give a good fit to the
data. In fact, as we have shown above, CDMS-Si and XENON10/100 are compatible at the
90% CL even for fn = fp.
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Figure 7. Alternative choices for isospin-dependent couplings. No significant fine-tuning of fn/fp
is required to weaken the XENON10/100 bounds relative to CDMS-Si. Note the change of scales in
these figures.

5 Conclusions

The report by the CDMS-II collaboration [22] of 3 events consistent with nuclear recoils
from scattering of Galactic DM particles with a mass of ∼ 8.6 GeV is both exciting and
intriguing. This low-mass region has been attracting increasing theoretical interest as DM
particles with such a mass can have a natural connection to baryons by virtue of sharing a
primordial asymmetry. However there appears, prima facie, to be a discordance with the
upper limits placed by the XENON10/100 experiments.

We have demonstrated that in fact the XENON10/100 experiments do not exclude the
entire CDMS parameter region; in particular, the bound from XENON10 is significantly
weaker than reported by the collaboration [5]. Moreover, this bound is rather sensitive to
the (unknown) behaviour of the ionisation yield at the relevant low recoil energies.

Nevertheless there is tension between the CDMS results and the XENON10/100 bounds
and we have shown explicitly that this is independent of astrophysical uncertainties concern-
ing the velocity distribution of halo DM e.g. the presence of a ‘debris flow’. Allowing a
possible momentum or velocity dependence in the DM scattering cross-section will also not
alleviate the tension as we have illustrated for both long-range and anapole interactions.

However the tension is reduced if scattering of DM on heavy targets like Xe is suppressed
compared to light ones like Si, e.g. because DM couplings are isospin-dependent, leading to
interference between scattering rates on protons and neutrons. As another example for
enhancing scattering off light targets, we have briefly discussed exothermic DM.

In conclusion, the DM interpretation of the 3 events reported by the CDMS-II col-
laboration is not entirely excluded by XENON10/100. This mass region is very interesting
theoretically and can be accessed with relatively small experiments employing light target
nuclei. In view of our ignorance concerning the possible interactions of DM, it is essential
that experimental searches employ as many different target nuclei as is possible.
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Note added in Proof

The XENON10 Collaboration has issued an Erratum [60] acknowledging the error in their
published analysis [5] which we have pointed out in the present paper (§ 2). The corrected
limit is stated to be in good agreement with our result shown in Fig. 1.
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We thank Céline Bœhm, Matthew Dolan, Joachim Kopp, Thomas Schwetz and Martin
W. Winkler for discussions and Milan Kundera for inspiration. MTF acknowledges a ‘Sapere
Aude’ Grant no. 11-120829 from the Danish Council for Independent Research. FK is sup-
ported by the Studienstiftung des Deutschen Volkes, STFC UK, and a Leathersellers’ Com-
pany Scholarship at St Catherine’s College, Oxford. SS acknowledges support by the EU
Marie Curie Initial Training Network ‘UNILHC’ (PITN-GA-2009-237920). KSH acknowl-
edges partial support by the German Science Foundation (DFG) under the Collaborative
Research Center (SFB) 676 ‘Particles, Strings and the Early Universe’.

References

[1] S. Sarkar, Nonbaryonic dark matter, in NATO ASI Proc. 348: “Observational tests of
cosmological inflation”, Durham, 1990, pp. 91-102.

[2] CoGeNT Collaboration, C. Aalseth et al., Search for an Annual Modulation in a P-type Point
Contact Germanium Dark Matter Detector, Phys.Rev.Lett. 107 (2011) 141301,
[arXiv:1106.0650].

[3] CRESST Collaboration, G. Angloher et al., Results from 730 kg days of the CRESST-II Dark
Matter Search, Eur.Phys.J. C72 (2012) 1971, [arXiv:1109.0702].

[4] DAMA Collaboration, R. Bernabei et al., New results from DAMA/LIBRA, Eur.Phys.J. C67

(2010) 39–49, [arXiv:1002.1028].

[5] XENON10 Collaboration, J. Angle et al., A search for light dark matter in XENON10 data,
Phys.Rev.Lett. 107 (2011) 051301, [arXiv:1104.3088].

[6] XENON100 Collaboration, E. Aprile et al., Dark Matter Results from 225 Live Days of
XENON100 Data, Phys.Rev.Lett. 109 (2012) 181301, [arXiv:1207.5988].

[7] CDMS-II Collaboration, Z. Ahmed et al., Dark Matter Search Results from the CDMS II
Experiment, Science 327 (2010) 1619–1621, [arXiv:0912.3592].

[8] CDMS-II Collaboration, Z. Ahmed et al., Results from a Low-Energy Analysis of the CDMS
II Germanium Data, Phys.Rev.Lett. 106 (2011) 131302, [arXiv:1011.2482].

[9] M. T. Frandsen, F. Kahlhoefer, J. March-Russell, C. McCabe, M. McCullough, et al., On the
DAMA and CoGeNT Modulations, Phys.Rev. D84 (2011) 041301, [arXiv:1105.3734].

[10] M. Farina, D. Pappadopulo, A. Strumia, and T. Volansky, Can CoGeNT and DAMA
Modulations Be Due to Dark Matter?, JCAP 1111 (2011) 010, [arXiv:1107.0715].

[11] P. J. Fox, J. Kopp, M. Lisanti, and N. Weiner, A CoGeNT Modulation Analysis, Phys.Rev.
D85 (2012) 036008, [arXiv:1107.0717].

[12] C. McCabe, DAMA and CoGeNT without astrophysical uncertainties, Phys.Rev. D84 (2011)
043525, [arXiv:1107.0741].

[13] J. Kopp, T. Schwetz, and J. Zupan, Light Dark Matter in the light of CRESST-II, JCAP 1203

(2012) 001, [arXiv:1110.2721].

– 13 –

http://arxiv.org/abs/1106.0650
http://arxiv.org/abs/1109.0702
http://arxiv.org/abs/1002.1028
http://arxiv.org/abs/1104.3088
http://arxiv.org/abs/1207.5988
http://arxiv.org/abs/0912.3592
http://arxiv.org/abs/1011.2482
http://arxiv.org/abs/1105.3734
http://arxiv.org/abs/1107.0715
http://arxiv.org/abs/1107.0717
http://arxiv.org/abs/1107.0741
http://arxiv.org/abs/1110.2721


[14] C. Kelso, D. Hooper, and M. R. Buckley, Toward A Consistent Picture For CRESST, CoGeNT
and DAMA, Phys.Rev. D85 (2012) 043515, [arXiv:1110.5338].

[15] C. Savage, G. Gelmini, P. Gondolo, and K. Freese, XENON10/100 dark matter constraints in
comparison with CoGeNT and DAMA: examining the Leff dependence, Phys.Rev. D83 (2011)
055002, [arXiv:1006.0972].

[16] J. M. Cline, Z. Liu, and W. Xue, An optimistic CoGeNT analysis, Phys.Rev. D87 (2013)
015001, [arXiv:1207.3039].

[17] C. McCabe, The Astrophysical Uncertainties Of Dark Matter Direct Detection Experiments,
Phys.Rev. D82 (2010) 023530, [arXiv:1005.0579].

[18] A. M. Green, Astrophysical uncertainties on direct detection experiments, Mod.Phys.Lett. A27

(2012) 1230004, [arXiv:1112.0524].

[19] M. Fairbairn, T. Douce, and J. Swift, Quantifying Astrophysical Uncertainties on Dark Matter
Direct Detection Results, arXiv:1206.2693.

[20] L. E. Strigari, Galactic Searches for Dark Matter, arXiv:1211.7090.

[21] CDMS-II Collaboration, R. Agnese et al., Silicon Detector Results from the First Five-Tower
Run of CDMS II, arXiv:1304.3706.

[22] CDMS-II Collaboration, R. Agnese et al., Dark Matter Search Results Using the Silicon
Detectors of CDMS II, arXiv:1304.4279.

[23] G. Gelmini and P. Gondolo, WIMP annual modulation with opposite phase in Late-Infall halo
models, Phys.Rev. D64 (2001) 023504, [hep-ph/0012315].

[24] R. Schoenrich, J. Binney, and W. Dehnen, Local Kinematics and the Local Standard of Rest,
Mon.Not.R.Astron.Soc. 403 (2010) 1829, [arXiv:0912.3693].

[25] C. Savage, G. Gelmini, P. Gondolo, and K. Freese, Compatibility of DAMA/LIBRA dark
matter detection with other searches, JCAP 0904 (2009) 010, [arXiv:0808.3607].

[26] J. D. Lewin and P. F. Smith, Review of mathematics, numerical factors, and corrections for
dark matter experiments based on elastic nuclear recoil, Astropart. Phys. 6 (1996) 87–112.

[27] XENON100 Collaboration, E. Aprile et al., Response of the XENON100 Dark Matter
Detector to Nuclear Recoils, arXiv:1304.1427.

[28] S. Yellin, Finding an upper limit in the presence of an unknown background, Phys. Rev. D 66

(2002) 032005.

[29] CDMS-II Collaboration, D. Akerib et al., A low-threshold analysis of CDMS shallow-site
data, Phys.Rev. D82 (2010) 122004, [arXiv:1010.4290].

[30] K. A. McCarthy, Dark matter search results from the silicon detectors of the cryogenic dark
matter search experiment, Presented at the APS Physics Meeting, Denver, Colorado, 2013.

[31] R. J. Barlow, Extended maximum likelihood, Nucl.Instrum.Meth. A297 (1990) 496–506.

[32] A. M. Green, Calculating exclusion limits for weakly interacting massive particle direct
detection experiments without background subtraction, Phys.Rev. D65 (2002) 023520,
[astro-ph/0106555].

[33] T. Schwetz. private communication.

[34] M. W. Winkler. private communication.

[35] P. Gondolo and G. B. Gelmini, Halo independent comparison of direct dark matter detection
data, JCAP 1212 (2012) 015, [arXiv:1202.6359].

[36] P. J. Fox, J. Liu, and N. Weiner, Integrating Out Astrophysical Uncertainties, Phys.Rev. D83

(2011) 103514, [arXiv:1011.1915].

– 14 –

http://arxiv.org/abs/1110.5338
http://arxiv.org/abs/1006.0972
http://arxiv.org/abs/1207.3039
http://arxiv.org/abs/1005.0579
http://arxiv.org/abs/1112.0524
http://arxiv.org/abs/1206.2693
http://arxiv.org/abs/1211.7090
http://arxiv.org/abs/1304.3706
http://arxiv.org/abs/1304.4279
http://arxiv.org/abs/hep-ph/0012315
http://arxiv.org/abs/0912.3693
http://arxiv.org/abs/0808.3607
http://arxiv.org/abs/1304.1427
http://arxiv.org/abs/1010.4290
http://arxiv.org/abs/astro-ph/0106555
http://arxiv.org/abs/1202.6359
http://arxiv.org/abs/1011.1915


[37] M. T. Frandsen, F. Kahlhoefer, C. McCabe, S. Sarkar, and K. Schmidt-Hoberg, Resolving
astrophysical uncertainties in dark matter direct detection, JCAP 1201 (2012) 024,
[arXiv:1111.0292].

[38] P. J. Fox, G. D. Kribs, and T. M. Tait, Interpreting Dark Matter Direct Detection
Independently of the Local Velocity and Density Distribution, Phys.Rev. D83 (2011) 034007,
[arXiv:1011.1910].

[39] G. J. Feldman and R. D. Cousins, A Unified approach to the classical statistical analysis of
small signals, Phys.Rev. D57 (1998) 3873–3889, [physics/9711021].

[40] M. Lisanti and D. N. Spergel, Dark Matter Debris Flows in the Milky Way, Phys.Dark Univ. 1
(2012) 155–161, [arXiv:1105.4166].

[41] M. Kuhlen, M. Lisanti, and D. N. Spergel, Direct Detection of Dark Matter Debris Flows,
Phys.Rev. D86 (2012) 063505, [arXiv:1202.0007].

[42] S. Chang, A. Pierce, and N. Weiner, Momentum Dependent Dark Matter Scattering, JCAP
1001 (2010) 006, [arXiv:0908.3192].

[43] B. Feldstein, A. L. Fitzpatrick, and E. Katz, Form Factor Dark Matter, JCAP 1001 (2010)
020, [arXiv:0908.2991].

[44] V. Barger, W.-Y. Keung, and D. Marfatia, Electromagnetic properties of dark matter: Dipole
moments and charge form factor, Phys.Lett. B696 (2011) 74–78, [arXiv:1007.4345].

[45] T. Banks, J.-F. Fortin, and S. Thomas, Direct Detection of Dark Matter Electromagnetic
Dipole Moments, arXiv:1007.5515.

[46] E. Del Nobile, C. Kouvaris, P. Panci, F. Sannino, and J. Virkajarvi, Long-Range Forces in
Direct Dark Matter Searches, JCAP 1208 (2012) 010, [arXiv:1203.6652].

[47] A. L. Fitzpatrick and K. M. Zurek, Dark Moments and the DAMA-CoGeNT Puzzle, Phys.Rev.
D82 (2010) 075004, [arXiv:1007.5325].

[48] C. M. Ho and R. J. Scherrer, Anapole Dark Matter, arXiv:1211.0503.

[49] D. Tucker-Smith and N. Weiner, Inelastic dark matter, Phys.Rev. D64 (2001) 043502,
[hep-ph/0101138].

[50] A. Kurylov and M. Kamionkowski, Generalized analysis of weakly-interacting massive particle
searches, Phys. Rev. D69 (2004) 063503, [hep-ph/0307185].

[51] F. Giuliani, Are direct search experiments sensitive to all spin-independent WIMP candidates?,
Phys.Rev.Lett. 95 (2005) 101301, [hep-ph/0504157].

[52] S. Chang, J. Liu, A. Pierce, N. Weiner, and I. Yavin, CoGeNT Interpretations, JCAP 1008

(2010) 018, [arXiv:1004.0697].

[53] J. L. Feng, J. Kumar, D. Marfatia, and D. Sanford, Isospin-Violating Dark Matter, Phys.Lett.
B703 (2011) 124–127, [arXiv:1102.4331].

[54] P. W. Graham, R. Harnik, S. Rajendran, and P. Saraswat, Exothermic Dark Matter, Phys.Rev.
D82 (2010) 063512, [arXiv:1004.0937].

[55] R. Essig, J. Kaplan, P. Schuster, and N. Toro, On the Origin of Light Dark Matter Species,
arXiv:1004.0691.

[56] M. T. Frandsen, F. Kahlhoefer, S. Sarkar, and K. Schmidt-Hoberg, Direct detection of dark
matter in models with a light Z’, JHEP 1109 (2011) 128, [arXiv:1107.2118].

[57] M. Felizardo, T. Girard, T. Morlat, A. Fernandes, A. Ramos, et al., Final Analysis and Results
of the Phase II SIMPLE Dark Matter Search, Phys.Rev.Lett. 108 (2012) 201302,
[arXiv:1106.3014].

– 15 –

http://arxiv.org/abs/1111.0292
http://arxiv.org/abs/1011.1910
http://arxiv.org/abs/physics/9711021
http://arxiv.org/abs/1105.4166
http://arxiv.org/abs/1202.0007
http://arxiv.org/abs/0908.3192
http://arxiv.org/abs/0908.2991
http://arxiv.org/abs/1007.4345
http://arxiv.org/abs/1007.5515
http://arxiv.org/abs/1203.6652
http://arxiv.org/abs/1007.5325
http://arxiv.org/abs/1211.0503
http://arxiv.org/abs/hep-ph/0101138
http://arxiv.org/abs/hep-ph/0307185
http://arxiv.org/abs/hep-ph/0504157
http://arxiv.org/abs/1004.0697
http://arxiv.org/abs/1102.4331
http://arxiv.org/abs/1004.0937
http://arxiv.org/abs/1004.0691
http://arxiv.org/abs/1107.2118
http://arxiv.org/abs/1106.3014


[58] A. Brown, S. Henry, H. Kraus, and C. McCabe, Extending the CRESST-II commissioning run
limits to lower masses, Phys.Rev. D85 (2012) 021301, [arXiv:1109.2589].

[59] V. Cirigliano, M. L. Graesser, and G. Ovanesyan, WIMP-nucleus scattering in chiral effective
theory, JHEP 1210 (2012) 025, [arXiv:1205.2695].

[60] XENON10 Collaboration, J. Angle et al., Erratum: Search for Light Dark Matter in
XENON10 Data [Phys. Rev. Lett. 107, 051301 (2011)], Phys.Rev.Lett. 110 (2013) 249901,
[arXiv:1104.3088v4].

– 16 –

http://arxiv.org/abs/1109.2589
http://arxiv.org/abs/1205.2695
http://arxiv.org/abs/1104.3088v4

	1 Introduction
	2 General framework and discussion of experimental results 
	3 Analysing the experiments in vmin-space
	3.1 Varying astrophysical parameters
	3.2 Non-standard momentum and velocity dependence

	4 Reducing the tension between CDMS-Si and XENON10/100
	5 Conclusions

