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Abstract. We present comparisons of direct dark matter (DM) detection data for light
WIMPs with exothermic scattering with nuclei (exoDM), both assuming the Standard Halo
Model (SHM) and in a halo model — independent manner. Exothermic interactions favor
light targets, thus reducing the importance of upper limits derived from xenon targets, the
most restrictive of which is at present the LUX limit. In our SHM analysis the CDMS-II-
Si and CoGeNT regions become allowed by these bounds, however the recent SuperCDMS
limit rejects both regions for exoDM with isospin-conserving couplings. An isospin-violating
coupling of the exoDM, in particular one with a neutron to proton coupling ratio of —0.8
(which we call “Ge-phobic”), maximally reduces the DM coupling to germanium and allows
the CDMS-II-Si region to become compatible with all bounds. This is also clearly shown in
our halo-independent analysis.
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1 Introduction

WIMPs, weakly interacting massive particles, are the dark matter (DM) candidates most
actively searched for. Several potential signals for “light WIMPs”, i.e. WIMPs with mass
around 1-10 GeV/c?, have appeared in four direct detection searches: DAMA [1H3] (here
DAMA stands for both DAMA and DAMA/LIBRA), CoGeNT [4-8], CRESST-II [9], and
more recently CDMS-II-Si [10], either as an unexplained excess of events (in CoGeNT,
CRESST-IT and CDMS-II-Si) or as an annual modulation of the rate as expected for a
DM signal (DAMA and CoGeNT). It was first shown in 2004 [II] that light WIMPs with
spin-independent isospin-conserving interactions with nuclei could simultaneously provide a
viable DM interpretation of the DAMA annual modulation [I] and be compatible with all
negative searches at the time, assuming the Standard Halo Model (SHM) for the dark halo
of our galaxy. The interest in these candidates intensified as new hints of light WIMPs ap-
peared, first in the DAMA 2008 data [2] (see e.g. [I12]) and then in the data of CoGeNT,
CRESST-II and CDMS-II-Si. In the following we do not include the regions of interest due
to CRESST-II because of the difficulty we found in the analysis of their data, but we include
all the other regions, and the most relevant limits derived from direct DM searches with null
results by the LUX [13], XENON10 [14], CDMSlite [15], SuperCDMS [16] and SIMPLE [17]
collaborations (with SIMPLE relevant only for isospin-violating [I8, [19] interactions).

As pointed out recently in previous direct DM detection data analysis [20-23], of par-
ticular interest for the compatibility of the potential CDMS-II-Si and CoGeNT signals with
all present limits is the possibility of having DM with inelastic exothermic collisions with
nuclei, originally called “exciting DM” [24] in the context of indirect DM detection and later
“exothermic DM” (exoDM) [25] [26] in the context of direct dark matter detection. Having
a complicated “dark sector” [25H28] with neutral particles of slightly different masses leads
naturally to the idea of having two different states constituting the DM at present, the light-
est being stable and the heaviest metastable. It can then happen that the heaviest may
down-scatter off nuclei, but the scattering of each state to itself is suppressed or impossible
because of the DM couplings to the mediator of the interaction, and the up-scattering of
the lightest state is kinematically forbidden (as we will see below, the required speeds for
the models we consider would be above 1000 km/s and these high WIMP speeds are not
available in the halo of our galaxy). This type of DM favors lighter targets with respect
to heavier ones, thus it suppresses the limits derived from experiments using xenon, which
provide otherwise some of the most restrictive limits at present.

Here we consider exoDM as a potential explanation of the signals found in direct detec-
tion data, both assuming the SHM and in a halo-independent manner. The halo-independent
analysis of direct DM detection data was proposed and later used in different forms in
Refs. [29H38]. The method was generalized in [36] to be applied to WIMP-nucleus scattering
cross sections with any type of speed dependency [38]. This method consists in mapping the
rate measurements and bounds onto vy, space, where vy, is the minimum WIMP speed
necessary to impart a recoil energy Er to the target nucleus. This method allows to factor
out a common function of vy, which gives the dependency of the rate on the DM velocity
distribution, and use this as a detector-independent variable. Since vy, is also a detector-
independent quantity (while Er depends on the target mass), outcomes from different direct
detection experiments can be directly compared in vnyiy space.

The data analysis in this paper is the same as in [38], except for the binning of the
CoGeNT data for our halo-independent analysis (here we took two bins, 0.5-2.0 KeVee and



2.0-4.5 keVee, the same as in [7]). The SHM is also the same as in [38] except that here we
take the escape speed from our galaxy at the location of the Solar System to be the median-
likelihood value of the most recent Radial Velocity Experiment (RAVE) 2013 results [39],
533751 km/s (instead of the more frequent choice of 544 km/s — the median-likelihood value
of the RAVE 2006 results [40]). However, this change of escape speed has negligible effects
in all the plots we show.

2 Inelastic exothermic scattering

In certain particle models, a DM particle of mass m may collide inelastically with a target
nucleus producing a different state with mass m’ = m + § while the elastic scattering is
either forbidden or suppressed [41]. In inelastic scattering, the minimum speed vy, the DM
particle must have in order to impart a nuclear recoil energy Er to a nucleus of mass myp
depends on the mass splitting 8. For uz|§| /m? < 1, vy is

1
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where § can be either positive for an endothermic scattering [41] or negative for an exothermic
scattering [24H26] (with § = 0 for elastic scattering). Here pur is the WIMP-nucleus reduced
mass. The same equation relates the speed of a DM particle v with the maximum, and in
this case also minimum, recoil energy the particle can impart to a nucleus. Inverting this
equation one finds the maximum and minimum recoil energies for a fixed DM particle speed
v: Eg (v) < Eg < Ef (v), with
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Fig. [1] shows these two functions for a silicon target for several WIMP masses m and
negative values of §. For a particular recoil energy ER only the speeds to the right of the
Umin (ER) line are allowed, while for a fixed speed v only the recoil energies in between the
two lines Fy (v) and Ef(v) are allowed. The maximum possible value of v is the sum of
the escape speed and the speed of the Earth with respect to the Galaxy, which for our
SHM is 765 km/s. The maximum and minimum recoil energies Ef(v) and Eg (v) meet
with a value Ef(vs) = Eg(vs) = prl|6|/mr = Ej, where vs is the minimum possible
value of vpin. For 6 > 0, vy = \/20/ur, and for § < 0, vs = 0. For positive & we get
vs ~ 1000+/(5/50 keV)(10 GeV/m) km/s if we assume that the WIMP is much lighter than
the target nucleus so that ur ~ m (a good approximation in all the cases we consider
here). This value of vy is too large for WIMPs in the dark halo of our galaxy, thus inelastic
endothermic collisions cannot happen for a |5 of 50 keV/c? or larger. In an exothermic
scattering, the energy of the recoiling nucleus is peaked around Ej, which is proportional
to the splitting between the dark matter states and is inversely proportional to the nuclear
mass. Consequently, the nuclear recoils caused by exoDM are more visible in experiments
with light nuclei and low thresholds [26].

In the same plot, we compare the allowed recoil energy values in silicon with the energies
of the three events observed by CDMS-II-Si (horizontal lines). We took the recoil energies
to coincide with the observed energies (i.e. perfect energy resolution), which is not a bad
approximation for CDMS-II-Si. The values of m and § are those corresponding to some of
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Figure 1. Recoil energy range in Si as a function of the WIMP speed v with respect to the Earth
for different values of the WIMP mass m and mass splitting d, compared with the energies of the
three events observed by CDMS-II-Si (horizontal lines), assuming that the observed and recoil energies
coincide. We see that for negative § values with |§| > 300 keV /c? not all three events can be contained
within the possible DM recoil energy range in the SHM (the halo model determines the maximum
possible value of v, which here is 765 km/s).

the best fit points allowed by all upper limits (and coincide with the values of the halo-
independent analysis we show later in the paper). We see that for negative ¢ values such
that |§] > 300 keV/c? not all three events can be contained within the possible recoil energy
range for the SHM, i.e. either the largest energy event (or events) or the lowest energy event
(or events) must be due to background. However, even for smaller negative 0 values, such
as 6 = —200 keV/c?, we find that, in the SHM, best fit regions are obtained when the
highest-energy of the three CDMS-II-Si observed events is considered background.
The event rate in a detected energy interval [Ef, FY| is
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Here the sum runs over all the different target nuclides T', C'r is the mass fraction of the target
T, p is the local DM density, f(v,t) is the DM velocity distribution in the reference frame
of the Earth, and €(E’) is the experimental acceptance. Gr(ERr, E') is the detector target-
dependent resolution function expressing the probability that a recoil energy Fg is measured
as F’', and incorporates the mean value (E') = Qp(ERr)Egr (with Qp the quenching factor)
and the detector energy resolution.

For our halo-independent analysis we follow the procedure presented in the Appendix



A of [36]. Changing the order of the integrations in v and Eg in Eq. (2.3), we have
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where vs is the minimum value vy, can take, with vy = 1/26/ur for § > 0 and vs = 0 for

0 < 0. opef 18 a reference cross section, which in this paper will be the WIMP-proton cross
section o, (see below). In compact form, Eq. (2.4) reads
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In almost all cases of interest, the differential cross sections, and thus the functions
H(g; my), depend only on the speed v = |v| and not on the whole velocity vector. This is true
if the DM flux and the target nuclei are unpolarized and the detection efficiency is isotropic
throughout the detector, which is the most common case. With this restriction, we define
the response function as the derivative of the “integrated response function” 3 B, Eé](v)
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The interaction rate is now (see [36] for details)
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Due to the revolution of the Earth around the Sun, the velocity integral 7(vmin, t) has an
annual modulation generally well approximated by the first two terms of a harmonic series,

7(Vmin, t) =~ ﬁo(vmin) + ﬁl(vmin) cos[w(t — to)] , (2.11)

where ¢y is the time corresponding to the maximum of the signal and w = 27 /yr. The
unmodulated and modulated components 7 and 7' enter respectively in the definition of
unmodulated and modulated parts of the rate. We can then proceed to find the averages



of 7% and 7! (the “crosses” in our halo-independent plots) and upper limits on them, as
functions of vpin, as explained in detail in [36] (for the data analysis see [38] and references
therein).

With respect to the WIMP-nucleus cross section and values of m and 4, in this pa-
per we proceed in a phenomenological manner, without referring to particular DM particle
models (although models with the required WIMP masses and mass splittings have been
proposed in [23] - see also references therein). We use the usual contact spin-independent
(SI) interaction cross section, which applies also to exoDM [26]
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Here Zr and Ap are respectively the atomic and mass number of the target nuclide T,
Fgir(ER) is the nuclear SI form factor (which we take to be the Helm form factor [42]),
fn and f, are the effective DM couplings to neutrons and protons, o, is the WIMP-proton
cross section and p, is the DM-proton reduced mass. Thus, in this paper the reference cross
section in the equations above is ot = o).

The isospin-conserving choice f,, = f, is usually assumed by the experimental collab-
orations. However, the value of f,/f, that minimizes the coupling > ,[1 + (fn/fp)(Ar —
Z1)]Z7)*(Cr/mr) for a particular target element, where the sum runs over its isotopes, is
also possible. The isospin-violating choice f,/f, = —0.7 [18, [I9] produces the maximum
cancellation of the WIMP coupling to xenon, suppressing very effectively the interaction
cross section for this target. In our case, the exothermic character of the DM interactions
weakens the xenon-based limits for large enough mass splitting. Thus we consider the value
fn/fp = —0.8, which suppresses most efficiently the WIMP coupling with a germanium tar-
get. This ad-hoc choice, which we could call “Ge-phobic”, weakens the SuperCDMS limits
maximally and it is equally motivated (or not motivated) as the “Xe-phobic” -0.7 choice.

3 SHM data comparison

Figs. andshow the 90% confidence level (CL) bounds and 68% and 90% CL allowed regions
for DAMA, CoGeNT 2014 and CDMS-II-Si in the WIMP-proton cross section o, vs WIMP
mass m plane, assuming the SHM, for spin-independent isospin-conserving interactions, and
for elastic and inelastic scattering with 6 = —50, —200 and —500 keV /c? (in Figs. a, b, a
and b respectively). As the mass difference 6 between the DM mass eigenstates increases,
it becomes progressively more difficult to insure that the lifetime of the metastable DM state
is larger than the lifetime of the Universe. Looking at Eq. 9 of [23] (see also [25]) it seems
that the values we consider are still safe in this respect.

The irregular shape of the limits, more noticeable for larger negative § values, is due to
the rapid change of the interval chosen as the maximum gap since the narrow allowed energy
range changes rapidly with m (see Fig. .

For CDMS-II-Si we found that, already for § = —200 keV/c?, in the lower mass part of
the best fit region the highest-energy event of the three observed events must be background
(since a DM interaction would be kinematically forbidden; see Fig. 1). For § = —500 keV /c2,
in the lower mass part of the allowed CDMS-II-Si region only the lowest-energy event is due
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Figure 2. 90% CL bounds and 68% and 90% CL allowed regions in the WIMP-proton cross section
op vs WIMP mass plane, assuming the SHM, for spin-independent isospin-conserving interactions for
a) (left) elastic scattering (6§ = 0) and b) (right) inelastic exothermic scattering with § = —50 keV /c?.
The DAMA region is due to scattering off sodium (with Q. = 0.30).
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Figure 3. Same as Fig. but for a) (left) § = —200 keV/c? and b) (right) 6 = —500 keV /c?.

to DM, while in the higher mass part only the two lowest-energy events are due to DM. This
is not a problem in our statistical analysis because we have included both the signal and
background contributions in the Extended Likelihood function [3§].

Notice how the DAMA region moves progressively to lower WIMP mass values with
respect to the CoGeNT and CDMS-II-Si regions, as the negative § value increases. This is
because the signal in DAMA is the annual modulation of the rate, and the observed phase
of the modulation require WIMP speeds larger than approximately 200 km/s in the SHM
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Figure 4. 90% CL bounds and 68% and 90% CL allowed regions in the WIMP-proton cross section
op vs WIMP mass plane, assuming the SHM, for the spin-independent isospin-violating interactions
with f,,/f, = —0.8 and elastic scattering (§ = 0).

(for lower speeds the modulation amplitude changes sign, i.e. the times of maximum and
minimum rate are reversed). With exothermic interactions even WIMPs with very low speeds
could have energies above the experimental threshold of DAMA, unless the WIMP mass is
sufficiently small. The CoGeNT and CDMS-II-Si regions are derived from unmodulated rate
measurements instead.

Figs. [2| and [3| show that, when assuming the SHM, considering exoDM per se does
not bring about compatibility between the potential signal regions and the upper limits in
the m-o, plane. The exothermic scattering is effective in weakening the xenon-based limits
(the most important of which is LUX), but does little to suppress the germanium-based
SuperCDMS limit which remains very restrictive because of the very low energy threshold of
the experiment (1.6 keVnr).

On the other hand, as can be seen in Fig. [d] for WIMPs with isospin-violating “Ge-
phobic” f,/f, = —0.8 coupling and elastic scattering, the 90% CL LUX limit rejects all 90%
CL regions of interest (although the “Xe-phobic” coupling f,/f, = —0.7 allows a very small
sliver of the CDMS-II-Si). It is the combination of exothermic scattering (which weakens
the LUX limits) and the isospin-violating couplings that could allow the CDMS-II-Si to be
compatible with all present limits. This is shown in Figs. [f] [6] and [7] for § = —50, —200 and
—500 keV /c? respectively. Notice that the isospin-violating couplings separate the CoGeNT
and CDMS-II-Si regions, which instead overlap when isospin-conserving couplings are con-
sidered (see Figs. 2| and . Thus the CoGeNT region is rejected even when the CDMS-II-Si
is allowed.

Figs. [B] [6] and [7] show clearly the different effects of the “Xe-phobic” and “Ge-phobic”
choices in weakening maximally the LUX and the SuperCDMS limits respectively.
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Figure 6. Same as Fig. but for 6 = —200 keV /c?.

4 Halo-independent data comparison

Here we present the averages of 71° (vmin)c? (for CDMS-II-Si and CoGeNT) and 7' (vmin )¢ (for
DAMA) compared with the most relevant upper limits, as functions of vy,;,. For exothermic
scattering the relation between energy and vy, intervals is more complicated than for elastic
scattering. Notice in Fig. [I| that if the boundaries of an energy bin cross the upper Eg
branch, Ef{ , higher recoil energies correspond to higher values of vy, (the same happens for



F SHM
Vo = 232 km/s
vo =220 km/s -
Vese = 533 km/s 3
Contact ]
§=-500keV/c*

1077}
1073
10-%L

_ao0l \ ™~ ]
10 E E
E DAMA,Na 3

[ CDMS-1I-Si 1

_ CoGeNT2014 |
10 41 3

E SIMPLE
—a2|
107™F Lux

ESL(f/f, = —0.8)

oy [em?]

-

y
8-

1074

m [GeV/c?]
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DM.

elastic scattering, for which only the upper Er branch exists). This is the case in Figs.
and 9] for the three CDMS-II-Si energy bins we adopted, 7 to 9 keV, 9 to 11 keV and 11 to 13
keV (each containing one observed event). However, if the § and m values are such that the
boundaries of an energy bin cross the lower ERr branch, Er, the vy, intervals are inverted:
the largest vmin boundary corresponds to the smallest energy boundary and vice versa. If
instead Fy is included in the energy interval, vy, extends all the way to vy, = 0. This is
the case in Fig. [10] for the three CDMS-II-Si energy bins we adopted.

Figs. [8| and |§| show the measurements of and upper bounds on 7%(vmin)c? (for CDMS-
II-Si and CoGeNT) and /' (vmin)c? (for DAMA) for inelastic exothermic scattering with
§ = —50 keV/c? for a WIMP with mass m = 3.5 GeV/c?. The two E}% branches for this
0 and m combination for scattering off Si are shown as the orange lines in Fig. The
CDMS-II-Si intervals in vmin, shown as the horizontal bars of the three ﬁo(vmin)c2 crosses,
are ordered in the same way as the three energy intervals. In Fig. [§| the interaction assumed
is spin-independent isospin-conserving and the tension between the CDMS-II-Si crosses and
the SuperCDMS and LUX limits is apparent. This tension is clearly alleviated in Fig. [9la
and b when the “Xe-phobic” choice f,/f, = —0.7 or the “Ge-phobic” choice f,/f, = —0.8
are respectively made. This is largely the same conclusion we reached in our SHM analysis.

Our last figure, Fig. is more difficult to interpret than the previous ones. It corre-
sponds to § = —200 keV/c? and mass m = 1.3 GeV/c?, a combination for which the two
E}% branches are shown in green in Fig. Because our halo-independent analysis extends
to larger speeds than in the SHM, up to 1000 km/s (accounting for potential extreme values
of the escape velocities encountered in some halo models), the three CDMS-II-Si events are
contained in the allowed recoil energy interval, as we can see in Fig. [ The difficulty comes
in the relation between the energy and the vy, intervals for CDMS-II-Si. It is clear from
Fig. [1] that the first CDMS-II-Si energy bin, 7 to 9 keV, crosses the lower Eg branch, and
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Figure 9. Same as in Fig. |§ but for isospin-violating couplings with a) (left) f,./f, = —0.7 and b)
(right) f,./f, = —0.8. The dashed gray lines show the SHM 7°c? (upper line) and 7j'c? (lower line) for
op =1x107%° ¢cm?, which in Fig. b is within the CDMS-II-Si region allowed by all upper bounds.

thus its corresponding vy, interval is inverted. It is also located at higher vy, values than
the interval corresponding to the second energy bin, 9 to 11 keV, which contains Fs and
thus extends to vpin = 0. Only the largest energy bin crosses the upper Er branch, and
is as expected in elastic collisions. It is clearly seen in Fig. that the SuperCDMS limit
is below the CDMS-II-Si crosses in Fig. a, where f,/f, =1, and it is instead above the
CDMS-II-Si crosses in Fig. b, where f,,/f, = —0.8. Notice that the LUX bound in this
case only affects vy, values above 800 km/s, i.e. above the maximum speed values in the
SHM.
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Figure 10. Measurements of and upper bounds on 7% (vmin)c? (for CDMS-II-Si and CoGeNT) and
7 (Vmin)c? (for DAMA) for inelastic exothermic scattering with § = —200 keV /c? for a WIMP with
mass m = 1.3 GeV/c? and a) (left) spin-independent isospin-conserving interactions or b) (right)
spin-independent isospin-violating coupling with f,/f, = —0.8. The dashed gray lines show the SHM
7%c? (upper line) and 77'c? (lower line) for a) o, = 1 x 10743 ¢cm? and b) 0, = 1 x 10~* ¢m? which
in Fig. Bla and Fig. [6]b respectively are within the CDMS-II-Si region allowed by all upper bounds.

In all our halo-independent plots there is only one cross in blue and only one in brown,
corresponding to the CoGeNT 2014 annual modulation and total rate respectively [7], in the
first of the two energy bins we adopted, extending from vy, = 0 to very large values of vpip-
These are almost entirely rejected by the SuperCDMS limit.

5 Conclusions

We have considered light WIMPs with inelastic exothermic scattering, in which a heavier
DM state becomes de-excited to a lighter DM state. In our SHM analysis the CoGeNT
and DAMA regions are rejected by present bounds. In our halo-independent analysis, the
situation seems of strong tension, since only the lowest v, portion of the data points remain
outside the upper limits.

In both our SHM and halo-independent analyses the conclusion we reach is similar,
namely that the CDMS-II-Si signal region can still be compatible with all present upper
limits, in particular the LUX and the SuperCDMS limits, with a combination of two as-
sumptions: exothermic scattering and spin-independent isospin-violating interactions. The
reason is that the exothermic character of the scattering weakens the xenon-based limits, the
LUX bound in particular, but does not weaken significantly the SuperCDMS bound because
of the low energy threshold of this experiment. This limit can be further relaxed by an
isospin-violating coupling which suppresses the WIMP-Ge coupling. In particular, the choice
of fn/fp = —0.8 for the neutron to proton coupling ratio reduces this coupling maximally.
We call this choice “Ge-phobic”.

That nature would choose for the dark matter the particular combination of character-
istics which weakens the best experimental upper limits at a particular moment seems too
much of a coincidence but, like always, more data will confirm or disprove this scenario.
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