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Long-range forces in direct dark matter searches

N. Fornengo,"? P. Panci,”*> and M. Regis'?

'Dipartimento di Fisica Teorica, Universita di Torino, I-10125 Torino, Italy
2Istituto Nazionale di Fisica Nucleare, Sezione di Torino 1-10125 Torino, Italy
*CERN Theory Division, CH-1211 Genéve, Switzerland
“Consorzio Interuniversitario per la Fisica Spaziale (CIFS), 1-10133 Torino, Italy

SIstituto Nazionale di Fisica Nucleare, Laboratori Nazionali del Gran Sasso, 67010 Assergi (AQ), Italy
(Received 1 September 2011; published 2 December 2011)

We discuss the positive indications of a possible dark matter signal in direct detection experiments in
terms of a mechanism of interaction between the dark matter particle and the nuclei occurring via the
exchange of a light mediator, resulting in a long-range interaction. We analyze the annual modulation
results observed by the DAMA and CoGeNT experiments and the observed excess of events of CRESST.
In our analysis, we discuss the relevance of uncertainties related to the velocity distribution of galactic
dark matter and to the channeling effect in Nal. We find that a long-range force is a viable mechanism,
which can provide full agreement between the reconstructed dark matter properties from the various
experimental data sets, especially for masses of the light mediator in the 10-30 MeV range and a light
dark matter with a mass around 10 GeV. The relevant bounds on the light mediator mass and scattering
cross section are then derived, should the annual modulation effects be due to this class of long-range

forces.
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L. INTRODUCTION

Dark matter direct-detection experiments have been
providing exciting results in terms of measured features
which have the right properties to be potentially ascribed to
a dark matter (DM) signal. The typical effect of annual
modulation of the recoil rate [1] has been put under deep
scrutiny by the DAMA/Nal Collaboration starting more
than a decade ago [2]. Annual modulation of the rate with
viable DM interpretation was observed. The upgraded
DAMA/LIBRA detector has confirmed [3], with much
larger statistics, the annual modulation effect, reaching
the unprecedented result of an evidence of 8.9¢0 C.L. for
the cumulative exposure [4]. The DAMA annual modula-
tion effect has been shown to be compatible with a DM
effect which, for the case of a coherent scattering, refers to
arange of DM masses which spans from a few GeV up to a
few hundred GeVs and cross sections between 1074? and
1073 cm? [2—-4], and with some noticeable differences due
to the galactic halo modeling [5,6].

More recently, the CoGeNT experiment first reported an
irreducible excess in their counting rate [7], which could be
in principle ascribed to a DM signal. In the last months, the
same experiment reported an additional analysis which
shows that the time series of their rate is actually compat-
ible with an annual modulation effect [8]. The evidence of
modulation in CoGeNT is at the level of 2.8¢0 C.L.

The interesting feature is that the DAMA and CoGeNT
results appear to be compatible for relatively light DM
particles, in the few GeV to tens of GeV mass range
and coherent scattering cross section around 10™#' to
10749 ¢cm? [6] (as usual, the actual relevant range of
masses and cross section depends on the assumptions on
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the galactic DM properties, namely, the velocity distribu-
tion function and the local DM density [6]). Further rele-
vant analyses can be found in Refs. [9-26].

In this paper we discuss an alternative possibility,
namely, the case of a DM particle that scatters on the
nucleus with long-range interactions, similar to those that
are induced by a light mediator, such that the nature of the
DM-nucleus cross interaction is not contactlike. An ex-
ample of these kinds of interactions is given by mirror
photons in models of mirror dark matter [9,27-33]. We
analyze if and under what circumstances a long-range
force can explain the positive hints of a signal in direct
detection experiments and what kind of bounds could be
derived by those evidences on the light mediator mass
and scattering cross section (or, alternatively, coupling
constants).

We discuss the impact of the light-mediator parameters
(mostly its mass, which determines the level of deviation
from the standard case of a contactlike scattering) on the
reconstruction of the DM mass. We show that long-range
forces mediated by a 10-30 MeV boson may provide
compatibility between the different experimental direct-
detection results. These results are discussed for some
variation of the galactic halo models.

We concentrate our analysis mostly on the DAMA and
CoGeNT results, since they are based on a specific feature
of the DM signal, namely, the annual modulation, which is
hardly mimicked with the correct features (period, phase,
energy range, size) by background sources. However we
will also discuss the relevance of the CRESST irreducible
excess of events [34,35], which is currently based on the
total event rate (without resorting to time dependence), but
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nevertheless points toward an additional indication of a
possible signal.

CDMS and XENON experiments have recently reported
a small number of events which pass all the selection cuts
(2 events for CDMS [36] and 6 events for XENON 100,
reduced to 3 events after postselection analysis [37]), but
still too few to be correlated to a signal. They therefore can
provide upper bounds on the DM scattering cross section.
The actual response of these detectors to the light DM case
which is here under scrutiny has been critically analyzed
and appears to be uncertain and model dependent for light
DM [38-40]. We will show the results obtained from
CDMS and XENON in our analysis on long-range forces,
but we will not strictly adopt those bounds.

I1. DIRECT DETECTION SIGNALS

Direct detection relies on the direct scattering of DM
particles off the nuclei of ordinary matter, the two main
processes being elastic scattering:

X + N(A> Z)at rest — X + N(A, Z)recoi]! (1)
and inelastic scattering:
X + N(A’ Z)dt rest X/ + N(A’ Z)recoil~ (2)

In Egs. (1) and (2) y and y' are the dark matter particles
and its excited state and A, Z are the atomic mass and
atomic number of nucleus N, respectively. In the detector
rest frame, a DM particle with velocity v and mass m,
would produce a nuclear recoil of energy Ex. The minimal
velocity providing a nuclear recoil energy Ej is

myE MmonO
Umin(ER) = 2N2 R<1 + xn ): (3)
Myn myEg
where 6 = m/, — m, is the mass splitting between y and

x'. Elastic scattering occurs for § = 0, while § # 0 im-
plies inelasting scattering.

In this paper we will consider only the case of elastic
scattering, but we will extend the mechanism of interaction
to the possibility that a light mediator may induce a long-
range interaction, instead of the typical situation where the
scattering cross section is obtained through a contact in-
teraction, such as is the case for the exchange of heavy
bosons. Long-range forces alter the detector response to
DM interaction, as outlined in the remainder of the section,
and can make low-threshold detectors (such as CoGeNT
and DAMA) especially sensitive to the presence of these
long-range forces.

A. Generalization of the pointlike cross section
to long-range interactions

Long-range interactions can be described by means of a
light (massless in the extreme limit) mediator ¢ which, in
the nonrelativistic limit, suitable for the DM-nucleus scat-
tering in DM direct detection, corresponds to the presence
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of a Yukawa potential, whose scale is determined by the
mass m,, of the mediator. A specific realization is offered
by models of mirror dark matter and models where mirror
photons possess a kinetic mixing with ordinary photons
[9,27-33,41-55]. In this case, the mirror charged particle
couples to the ordinary nucleus with electric charge Ze (Z
being the number of protons in the nucleus), with an
effective coupling €Z’ g gaic (With Z’ g 4. being the coupling
between DM and the mirror photon, and with € parame-
trizing the kinetic mixing between the mirror and the
ordinary photon). The radial dependent Yukawa potential
of the interaction can be cast in the form:

77/
V(r) = (asmagan)'? =

e ", “)

where agy = e?/(47) is the electromagnetic fine structure
constant and @ g,y = g5,/ (47). In a more general frame-
work, one replaces [(asy@gak)/2€ZZ'] with the relevant
coupling factors between DM and the nucleus, which may
be just on protons, or on protons and neutrons with suitable
strengths determined by the specific model. For definite-
ness, we consider here the case motivated by mirror pho-
tons, which implies interactions with protons only.

From the potential in Eq. (4), one obtains the differential
Cross section:

2myA 1

do(v, Eg)
= — F2(Ey), 5
dqz (q2 + m%b)2 U2 ( R) ( )

where g*> = 2myEjy is the square of the momentum trans-
ferred in the interaction, v is the speed of the DM particle,
F(ER) denotes the nuclear form factor which takes into
account the finite dimension of the nucleus, and

. 2T\ gk € 222"

(6)
mpy

The differential cross section of Eq. (5) exhibits two limits.
The pointlike limit of the interaction occurs when the mass
of the mediator is much larger than the transferred mo-
mentum, i.e. when my4 > ¢. By “pointlike” in this context
we mean that the mechanism of interactions is realized
through a contact interaction. In this regime the differential
cross section reduces to the standard case:

do(v, E 1
oW Er) _ my 1o, RER), (7)
dER 2“/\/]7 v
where u , is the DM-nucleon reduced mass, and the total

pointlike cross section per nucleon for such coupling is
given by

o 167TEZZQCYSMadark 2

Ty = m‘; Mxp: ®)

Equations (7) and (8) can be generalized to the case of
scattering off both protons and nucleons with a change
such that Z* — [Z + f,/f,(A — Z)]*, where A is the mass
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number of the nucleus and f,, are factors which differ-
entiate the coupling on protons and neutrons. The case we
are considering, motivated by a mirror-photon exchange,
refers to f, = 0. The allowed regions and bounds we will

derive in the plane O'Zy — m, will therefore reflect this

fact, and, in particular, will be shifted with respect to the
standard case f, = f, which usually arises for many
DM candidates. For analyses which relax the assumption
fp = fn see, e.g., [15,16,20,45,56-63].

The long-range nature of the interaction occurs when
mg < g. In this regime the differential cross section ac-
quires an explicit dependence on the nuclear recoil energy
and a Rutherford-like cross section emerges:

do(v, Eg) _ A

1 -
= S PE B )

o)

The E,;z dropoff of the cross section, which is not
present in the pointlike case, makes experiments with
low energy thresholds (such as DAMA and CoGeNT) to
respond better to the interaction mechanism, as compared
to experiments with relatively high energy threshold
(CMDS and XENONI100 have stable thresholds of the
order of/larger than 10 keV), and so may in principle
improve the compatibility among those experiments. The
recoil energy at which the interaction becomes effectively
long range depends on the mass of the target. In particular,
the larger the mass, the smaller the transition energy.
Therefore, for intermediate mass of the dark photon, a
possible feature may arise, such that, at a given recoil
energy, the interaction might be effectively long range in
experiments with large target mass, while being in the
pointlike limit in low target-mass experiments.

Considering a typical mass of targets my ~ 100 GeV
and nuclear recoil energy windows around a few to tens of
keV, the long-range nature of the interaction manifests
itself if the mass of the dark photon is less than 10 MeV.

More generally, the differential cross section of Eq. (5)
in terms of a normalized total cross section of 0'557 =

da’(v,ER): my i 2 ( ﬁ?%b/(zmzv)
dEg 2u3, v PY\Eg + m(zb/(2mN)

2
) F(Ey),
(10)

where my = 1 GeV =~ m,. We will use as free parameters
in our analysis U;y and m, an alternative choice being
m, and the effective coupling of the DM with the nucleon

€8 dark-
As for the nuclear form factors, we adopt the standard

form described by Helm in Ref. [64]:

Jl(q rn)
rn

F(gry) = exp[—(gs)?/2] (11
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where j; is the spherical Bessel function of the first kind
with n = 1:

cos(gry)
(qry)

sin(gry)
(gry)®

In Eqgs. (11) and (12) ry is the nuclear radius and s is
estimated trying to reproduce the more accurate results
obtained from numerical evaluation of the Fourier trans-
form relative to a Fermi distribution of scattering centers.
A good agreement is obtained for s =~ (197 MeV) ™! and
ry = ((1/(164 MeV)A'/3)2 — 552)1/2. We remind one that
this expression of a spin-independent form factor is derived
assuming a Fermi distribution for the nuclear charge and
that all the parameters used in this parametrization may be
affected by sizable uncertainties.

Jilgry) = (12)

B. Rate of nuclear recoils

The differential recoil rate of a detector can be defined as

dR :NTj.dO'(U, ER)

TER 'Udl’l

dE x (13)
R

where N7 is the total number of targets in the detector (N,
is Avogadro’s number), and dn, is the local number den-
sity of DM particles with velocities in the elemental vol-
ume d3v around . This last term can be expressed as a
function of the DM velocity distribution fz() in the
Earth’s frame, which is related to the DM velocity distri-
bution in the galactic frame f;(w) by a Galilean velocity
transformation as f;(¥) = fg(¥ + Ug(z)), where vy(7) is
the time-dependent Earth (or detector) velocity with re-
spect to the galactic frame. The prominent time depen-
dence (on the time scale of an experiment) comes from the
annual rotation of the Earth around the Sun, which is the
origin of the annual modulation effect of the direct detec-
tion rate [1]. More specifically,

The galactic rotational velocity of our local system ¥; and
the Sun’s proper motion vy are basically aligned and
their absolute values are vg = vy = 220 = 50 kms™!
and vg = 12 kms™!, while the Earth’s rotational velocity
U (1) has a size vg = 30 kms™!, a period of 1 year, and a
phase such that it is aligned with ¥; around June 2nd and it
is inclined at an angle of y = 60° with respect to the
galactic plane. More details can be found, for instance, in
Ref. [65]. Summarizing,

dny, = n,fr(®)dv, (15)

where n, = & po/m, is the local DM number density in
the Galaxy and is determined by the local DM matter
density p, and, in general, on a scaling factor ¢ which
accounts for the possibility that the specific DM candidate
under consideration does not represent the entire amount of
DM. For all practical purposes, we can just assume & = 1

115002-3



N. FORNENGO, P. PANCI, AND M. REGIS

here. In Eq. (15) the velocity distribution function needs to
be properly normalized. This can be achieved by requiring
that in the galactic frame

f Pofe®) =1, (16)

where v, denotes the escape velocity of DM particles in
the Milky Way. For definiteness, we will adopt here
Vese = 650 kms™!.

When considering the generalization of the differential
cross section to the case of long-range forces, the differ-
ential rate of nuclear recoil can be cast in the form,

dR E.po m
a5, 0 =N ;X‘) 2;%, (2207 ) I (Vin, DG(Eg), (17)
where
m2/2my)  \2
(TN N2
60 = (5 3z fom) B (19
and

T (Vpin, ) = f Md% (19)
vzvmin(ER)

with v, (Eg) given in Eq. (3). The detection rate is a
function of time through I (v, ), as a consequence of
the annual motion of the Earth around the Sun. The actual
form of the function I(v,, f) depends on the velocity
distribution function of the DM particles in the halo. We
will consider two cases: an isothermal sphere, whose ve-
locity distribution function in the galactic frame f;(v) is a
Maxwell-Boltzmann (MB) function, and a triaxial model,
with an anisotropic f;(2). We will discuss in more detail
our choices in the next section.

Since the Earth’s velocity vz(¢) has an explicit depen-
dence on time due to the movement of the Earth around the
Sun, and since this last velocity component is relatively
small when compared to the main boost component repre-
sented by v + Ug, it is convenient to define a time-
dependent parameter 7(¢) as

ne(t) = o + Ancos[2w(t — ¢)/7], (20)

where 1o = (vg + vg)/vy and An = vg cosy/v,, with
An <K 74, and where ¢ = 152.5 days (June 2nd) is the
phase and 7 = 365 days is the period of the Earth’s motion
around the Sun. In Eq. (20) the time ¢ is clearly expressed
in days. By means of the approximation in Eq. (20) we can
define a convenient expansion of the recoil rate, which is
suitable for velocity distribution functions which are not
strongly anisotropic,

dR dR 9 dR
ARy P AR
dEg dEg | yp=no 9ME dER | p,=y,

X Ancos[27(t — ¢p)/7]. (21)
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In order to properly reproduce the experimental recoil
rate, we should account for effects associated with the
detector response. We therefore need to include both the
effect of partial recollection of the released energy
(quenching) and the energy resolution of the detector.
This can be done by the following energy transformation
and convolution:

dR dR, E
dE—det(Edet) = [dEIK(Edct: E')g dEy (ER = f>,

(22)

where the index i runs over the different nuclear species of
the detector, E,. is the detected energy, and ¢, are the
quenching factors of each of the nuclear species. The
function K(Ey, E') takes into account the response and
energy resolution of the detector, for which we assume, as
is generally done, a Gaussian behavior.

As a final step, we need to average the recoil rate of
Eq. (22) over the energy bins of the detector. We therefore
define the unmodulated components of the rate Sy, and the
modulation amplitudes S,,, for each energy bin k of width
AE; as

1 dR
Sy = —— dE g —— , 23
0k AEk _[AE‘ det dEdet R ( )
1 d dR
S = [ dEgq—— 1 An. (24
AEk AE; et 577E dEdet NE="No 7 ( )

Sox and S, are the relevant quantities we will use in the
analysis of the experimental data of DAMA and CoGeNT.
In the case of experiments which do not address the annual
modulation effect, only S, are relevant.

II1. DATA SETS AND ANALYSIS TECHNIQUE

Let us now move to the discussion of the techniques we
use to analyze the various data sets.

For DAMA, CoGeNT, and CRESST, we adopt the same
technique of Ref. [6]: We test the null hypothesis (absence
of modulation for DAMA and CoGeNT, and absence of
signal on top of estimated background for CRESST). From
this test we obtain two pieces of information: (i) the level at
which each data set allows one to reject the null hypothesis
(we will find a confidence level of about 8—9¢ for DAMA,
1-20 for CoGeNT, and 40 for CRESST); (ii) in the
relevant DM parameter space (defined by the DM mass
m,, and the DM-proton cross section a'g ,) we will deter-
mine the domains where the values of the likelihood func-
tion differ more than no from the null hypothesis (absence
of modulation), and thus the corresponding evidence of the
DM signal. We willuse n =7, 8, n = 1, and n = 3, 4 for
DAMA, CoGeNT, and CRESST, respectively [6]. This
choice (test of the null hypothesis) allows a more proper
comparison between the results arising from experimental
data sets with different statistical significances and, for the
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case of DAMA, allows one to implement a requirement of
a very high C.L.

Our statistical estimator is a likelihood function, defined
as L =T]];L;, where i stands for the ith energy bin in
DAMA and CoGeNT, and for the ith detector in CRESST.
L, is the likelihood of detecting the number of observed
events given the expected background and DM signal. L;
are taken to be Gaussian for DAMA and CoGeNT and
Poissonian for CRESST, since in this case the number of
events in each subdetector is low. Defining L, as the
likelihood of the absence of a signal (i.e., without the
DM contribution), the function § = —21InL,,/L is as-
sumed to be distributed as a y? variable with 1 degree of
freedom, for each value of the DM mass (note that in the
DAMA and CoGeNT cases, y simply reduces to j =

X3, — X°)- From the § function we extract, for each value

of the DM mass, the interval on o-f;y where the null

hypothesis (absence of modulation, i.e. 0'5)7 = () can be

excluded at the chosen level of confidence 7o (outer
region) or 8¢ (inner region) for DAMA and lo for
CoGeNT). From this, regions in the m, — 0'5) y plane arise.

Constraints from null experiments are derived by con-
structing again a similar likelihood function A =
—2InL/L,,, where L is the likelihood of detecting the
number of observed events (2 and 3 for CDMS and
XENONI100, respectively) over the whole energy range
of the experiment given the expected background and the
DM signal, while in £, the DM signal is not included.
Both likelihoods are taken to be Poissonian and A is
assumed to follow a y? distribution. Bounds are conserva-
tively shown at 5-0 C.L.

A. DAMA

DAMA, located at the Laboratori Nazionali del Gran
Sasso, is an observatory for rare processes based on the
developments and use of highly radiopure scintillators. The
former DAMA/Nal and current DAMA/Libra experiments,
made of radiopure Nal(Tl) crystals, have the main aim of
investigating the presence of DM particles in the galactic
halo by looking at their annual modulation signature.

The signal in DAMA is the energy deposited in scintil-
lation light. On the other hand, the scattered nucleus is
losing energy both electromagnetically and through nu-
clear interactions: This effect is taken into account by the
quenching factors ¢ which convert the total nuclear recoil
energy Ej to the energy seen by the detector Ey; = gEp.
For Nal crystals we take gy, = 0.3 and ¢; = 0.09 [66].
Notice that the uncertainty on the actual values of the
quenching factors in Nal [6,67] can have a visible impact
on the reconstructed DM properties [6].

However, it has been appreciated [66,68] that nuclei
recoiling along the characteristic planes of crystals can
travel large distances without colliding with other nuclei
and essentially deposit all their energy electromagnetically

PHYSICAL REVIEW D 84, 115002 (2011)

(which corresponds to ¢ = 1 and thus Ey; = Eg). This
process is known as channeling and its relevance in DM
direct detection experiments (and, in particular, for Nal
crystals) is currently under scrutiny [69-71]. Since the
actual amount of channeling in a detector such as DAMA
is not currently known, we take the following threefold
approach: (i) we show the effect induced by a sizable
channeling effect, at the level estimated by the DAMA
Collaboration in Ref. [69], by employing an energy-
dependent channeling fraction f, as reported in Fig. 4 of
[69]; (ii) we consider the case of a negligible channeling
effect; and (iii) due to these uncertainties in the knowledge
of the amount of channeling, and considering that the
actual value of f, is likely to lie between the two previous
cases, we smoothly vary f, between them and marginalize
over it. We consider this last approach as the most general
and we will adopt it for most of our analyses. Notice that a
small fraction of channeling is exactly what would easily
reproduce a clear agreement between DAMA and CoGeNT
results also in the standard case of a pointlike interaction
(see for instance the results in Ref. [6]). Therefore, allow-
ing for a variation of f, appears to be a useful approach
when comparing results from different experiments.

We consider the whole set of DAMA/Nal [3] and
DAMA/LIBRA [4] data, which correspond to a cumulative
exposure of 1.17 ton X yr. We analyze the modulation
amplitudes S7P reported in Fig. 6 of Ref. [4] by using
our statistical technique discussed above. The modulation
amplitudes of Ref. [4] can be considered as a data reduc-
tion of the time- and energy-dependent data in 8 energy
bins. The actual values of S;,7 of Ref. [3] are valid under
the assumption that annual modulation occurs with phase
and period fixed at 152.5 and 365 days, respectively. We do
not directly use the time series of the data (which would be
a better option for our statistical technique of studying the
null hypothesis) since these are available only in three
energy bins in Refs. [3,4], while instead the SF are
provided in 8 energy bins [4], therefore supplying more
information especially for light DM. We checked that the
results obtained by using the S f:,f are in full agreement with
the results of Ref. [6], where the same type of statistical
analysis has been employed directly on the DAMA data.

In addition, we use the information on the total rate as a
constraint, by requiring that the DM contribution S, does
not exceed the corresponding experimental value S;° in
the 2-4 keV energy range, measured by DAMA [72].
Summarizing, for the DAMA data sets our approach re-
quires one to determine

y==2InL=x*(e,my,m,)

_ G SR (=P
0'% 0'2

O(So—Sy"), (25
k=1

where o and o are the experimental errors on S F and

Sy, respectively, and © denotes the Heaviside function.
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The last term in Eq. (25) implements the upper bound
on the unmodulated component of the rate S, by penaliz-
ing the likelihood when S, exceeds S . For the detector
energy resolution we use a Gaussian function of width
0, (E) = E(0.448/+/E + 0.0091) [73].

B. CoGeNT

The CoGeNT experiment is made by Ge detectors with
very low threshold (about 0.4 keVee, where keVee denotes
keV electron-equivalent energy). Thanks to this property,
CoGeNT has the capability of being very sensitive to DM
candidates with m, < 10 GeV, although large background
contamination may be present at these low energies.

In 2010, the CoGeNT Collaboration reported the detec-
tion of an excess not identifiable with a known background
and potentially compatible with a DM interpretation [7].
More recently, the temporal evolution of the measured
rate in different energy bins for data taken between
4 December 2009 and 6 March 2011 (442 live days) has
been presented [8]. Atlow energies, CoGeNT data favor the
presence of an annual modulation which can be fitted by a
weakly interacting massive particle (WIMP) signal [8].

One could perform an analysis similar to the one
realized for DAMA by deriving the modulation ampli-
tudes S, from the data presented by the COGeNT
Collaboration in Fig. 4 of Ref. [8]. To this aim we fix the
period of modulation at 365 days and the phase at June 2nd
(day 152.5), as for the DAMA data set. We obtain
S = 0.12 = 0.08 counts/day in the 0.5-0.9 keV energy

ml
bin and S} = 0.26 = 0.17 counts/day in the 0.9-3.0 keV
energy bin. However, as mentioned above, for our statisti-
cal technique (test of the null hypothesis) acting directly on
the time series of the data is more appropriate, and so for
CoGeNT we follow this path. In addition to the modulation
amplitude, we treat the total rate measure by CoGeNT as a
constraint and, similar to the case of the analysis of the

DAMA data, we define
y=—2InL = x*(e mg, m,)

E S = Sob)” | & Sk = S550)°

= 2”“’ +Z 2

=1 Ok k=1 Tk
& (Soj = So;)? x
+> > L—0(So; — S50 (26)

j=1 gj

where S, = 1/At, Jas, 1Sy cos[2m(t — ¢)/7], with

At being the temporal bin of experimental data, S =

RP — (Ry") with R being the total rate shown in Fig. 4
of Ref. [8], and (R;,") being the rate R, ¥ averaged over a
cycle (1 year). We compute the total rate in the 0.9-3.0 keV
energy bin by simply subtracting the rate in the
0.5-0.9 keV bin to the rate in the 0.5-3.0 keV bin, and
with a Gaussian propagation of errors. S and o ; denote

the counts and their corresponding errors given in Ref. [8]

PHYSICAL REVIEW D 84, 115002 (2011)

(31 bins in the energy interval 0.4-2 keVee), with the
L-shell peaks removed, but without any further back-
ground removal.

Notice that with the procedure of Eq. (26) we do not
require that the whole total (unmodulated) spectrum of
CoGeNT is due to DM scattering: We just require that
the spectrum is not exceeded by our theoretical model.

The unmodulated spectrum Sg* acts therefore as a bound,

leaving room in it for an unknown background component.

The total fiducial mass of the CoGeNT experiment is
330 g, the energy resolution is described by a Gaussian
function with the form of the width o taken from [74],
and the quenching factor follows from the relation
E = 0.2E%'? below 10 keV [75].

C. CRESST

The CRESST experimental setup [34] at the Gran Sasso
Laboratories includes 300 g of scintillating CaWO* target
crystals. The particle interaction is detected through
phonons by the phase transition thermometer and through
scintillation light by a separate cryogenic detector. Results
from 730 kg days of data taking have been recently pre-
sented by the CRESST Collaboration [35]. Sixty-seven
events are found in the WIMP acceptance region, and
background contributions from leakage of e/y events,
neutrons, « particles, and recoiling nuclei in « decays
are not sufficient to explain all the observed events. A
likelihood-ratio test rejects the background-only hypothe-
sis at a significance larger than 4-o [35].

To perform our analysis, we compute DM signal events
in each of the nine CRESST detector modules. We consider
acceptance regions and the number of observed events, as
provided in Table 1 of Ref. [35], and background events are
derived according to estimates in Sec. 4 of Ref. [35].
Performing a likelihood-ratio test, we obtain evidence for
the best-fit DM signal over a background-only scenario at
4.1-0 C.L., thus in good agreement with the result of the
Collaboration.

However, we do not have at our disposal all of the
information needed to perform a full analysis, so our
derived contours and allowed regions must then be consid-
ered as indicative. In particular, we assume an exposure of
400/9 kg X days for each module, and a constant effi-
ciency. Moreover, in order to be able to properly discrimi-
nate among DM models inducing different recoil spectra,
we d need the energies of events in each detector, rather
than the total number in the whole acceptance region. This
is the reason why our allowed regions for the standard
pointlike case do not overlap with the regions presented
in Ref. [35] for large dark matter masses. On the other
hand, at masses below 50 GeV (which is the main focus of
this paper), the agreement becomes very good.

The likelihood function y is used as described above to
determine the allowed regions in the parameter space of
our model.
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D. CDMS

The CDMS experiment, located at the Soudan
Underground Laboratory in Minnesota (similar to
CoGeNT), has operated cryogenic semiconductor detec-
tors to simultaneously measure phonons and charge in
order to reject most of the dominant radioactive back-
ground and disentangle a DM signal. Only the Ge detector
was completely functioning and fully exploited to set con-
straints on DM properties.

In this paper, we consider the ‘“‘standard” 2009 CDMS-
II results [36]. They are based on Ge data taken between
July 2007 and September 2008, applying conservative
nuclear recoil selection cuts and assuming a 10 keV energy
threshold. The total exposure is 612 kg X days and effi-
ciency has been taken from Fig. 5 in Ref. [76] (black curve)
with a quenching factor of g =~ 1.' Two signal events were
seen in the 10-100 keV energy window [36] against an
expected background of 0.9 = 0.2 (which are the numbers
we use to derive constraints).

E. XENON100

The XENON100 experiment searches for DM scatter-
ings on a target of purified liquid Xe by measuring scintil-
lation and ionization signals. We consider results presented
in Ref. [37], corresponding to an exposure of 100.9 days in
a 48 kg fiducial volume. After the implementation of all the
cuts three events have been reported in the DM signal
region with an expected background of 1.8 = 0.6 events.

The XENON Collaboration selected the energy window
for the WIMP search region to be between 4 and 30 photo-
electrons (in terms of prompt scintillation light in the
liquid), corresponding to recoil energy of 8.4-44.6 keVnr
(nuclear recoil equivalent) (based on the L parametriza-
tion in Ref. [37]). However, recoils at lower energy can
contribute as well, especially close to threshold, due to the
Poissonian tail. Both the statistics and the quenching of a
few keV nuclear recoil equivalent in liquid Xenon are not
completely understood (for recent discussions, see, e.g.,
Ref. [39] and reference therein). For definiteness, we con-
sider a Poissonian distribution of photoelectrons and in-
clude a single-photoelectron resolution of 0.5. The L
function is a very crucial ingredient at this low level of
photoelectrons and for light DM. We adopt two different
approaches, in order to bracket a possible (but definitely
not exhaustive) uncertainty on the derived bounds from
XENON100: (i) we adopt the nominal central value of L
shown in Fig. 1 of Ref. [37], which heavily relies on linear
extrapolation below 3 keVnr; (ii) more conservatively, we
increase the photomultiplier threshold to 8 photoelectrons,
in order to determine a situation which is nearly indepen-

'For the case of interest (low DM masses), a similar analysis
can be performed by exploiting combined data from CDMS and
EDELWEISS experiments (see Fig. 1 in Ref. [77]), obtaining
basically the same results.

PHYSICAL REVIEW D 84, 115002 (2011)

dent of the knowledge of L below 3 keVnr. The value of
8 photoelectrons has been chosen for this purpose (namely,
it is the lowest value satisfying such a requirement). Notice
that these two recipes do not exhaust the possibilities of
alternative assumptions that can be done to determine the
XENONI100 response to light DM. For more discussion
and additional considerations, see, e.g., Refs. [38,39].
Because of the large uncertainties inherent in the derivation
of bounds from XENON100 for light DM, it still appears to
be preliminary to assume those bounds as strictly firm. We
nevertheless show them, but without enforcing them in our
discussion. In any case, conservatively, we consider the 8
photoelectrons bound as more appropriate since it is less
dependent on the L extrapolation.

Finally, to compute the expected signal we follow
Egs. (13)-(16) in Ref. [78]. In both the cases of CDMS
and XENON, we derive upper bounds as discussed at the
beginning of Sec. III.

IV. RESULTS

Let us now move to the discussion of our results in terms
of long-range interactions of DM on protons. In this section
we show the effect of moving from the pointlike case
(parametrized, for convenience, in terms of a massive
mediator ¢, for which we use a reference value for its
mass of 1 GeV, larger values reproducing the same results)
to the very long-range case (which refers to the extreme
case of my = 0), going through the intermediate case of
relatively light ¢. To this aim, we sit where the sensitivity
to m is largest, which is for values ranging from several
MeVs to a few tens of MeVs. This fact can be seen, in an
illustrative case, in Fig. 1, where we show, in the plane € vs
m, the isocontours of constant rate (chosen as 1 cpd/kg)
on a Na target, for a 10 GeV DM-particle scattering and for
various values for the energy threshold of a Na detector
(for definiteness, we set here Z' = 1 and a g,y = agy). AS
discussed in Sec. II, for values of the mediator mass
smaller than a few MeV (the actual value depending on
the recoiling nucleus and detected energies) the differential
cross section and the corresponding experimental rate
become proportional to €2/E%, typical of a very long-range
interaction, and the dependence of the isocontours of con-
stant rate becomes effectively insensitive to m. Figure 1
shows that this long-range limit is reached, for typical
nuclei and recoil energies in the range of interest of actual
experiments, for my, = 1 MeV. On the contrary, for values
of mg larger than several tens of MeV, the cross section
reaches the pointlike limit: In this case the detection rate is
proportional to €2/ m‘; and the isocontours of constant rate
follow the linear behavior (in log-log scale) shown in the
figure. The transition regime is then obtained for m, for
values ranging from a few MeV to a few tens of MeV. For
definiteness, in our analyses we will adopt the values of
mg = 10 and 30 MeV.
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FIG. 1 (color online). In the plane € vs m,, isocontours of
constant rate (chosen as 1 cpd/kg) on a Na target, for a 10 GeV
DM particle scattering and for various values for the energy
threshold are shown. The galactic halo model is an isothermal
sphere with MB velocity distribution with velocity dispersion
vy = 220 kms~! and local density p, = 0.3 GeV cm .

Since the response of direct detection experiments is
quite sensitive to the DM distribution in the galactic halo
[5], especially in velocity space, we perform our analysis
by considering two kinds of variations in this respect.

First, we analyze the direct detection data sets by using a
standard isothermal model, which basically implies a trun-
cated Maxwell-Boltzmann velocity distribution function,
but we take into account uncertainties on the velocity
dispersion v, as discussed in Ref. [5]. We recall that in
the case of an isothermal model, the DM velocity disper-
sion is directly linked to the asymptotic value of the rota-
tional velocity supported by the DM halo: Uncertainties in
the velocity dispersion v are therefore representative of
the uncertainties in the local rotational velocity [5].
Following Ref. [5] we will use the three values vy =
170, 220, and 270 kms~! which bracket the uncertainty
in the local rotational velocity. Let us notice that also the
value of the local DM density p, is correlated to the
adopted value of v, as discussed, e.g., in Ref. [5]. This
case corresponds to the model denoted as AO in Ref. [5],
and we adopt the case of minimal halo, which implies
lower values of local DM density (since a fraction of the
galactic potential is supported by the disk/bulge). In turn,
this implies the adoption of py=0.18, 0.30, and
0.45 GeVem™3 for vy = 170, 220, and 270 km s71 re-
spectively [5].

Second, we consider a different form for the galactic
halo, and in order to somehow emphasize the difference
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with the isothermal sphere, we adopt a triaxial halo model
[79] with anisotropic velocity dispersions. We adopt the
model denoted by D2 in Ref. [5], which corresponds to
the case when the Earth is located on the major axis of the
potential ellipsoids, with vy = 220 kms~!' and maximal
halo, which implies p, = 0.84 GeV cm ™3 [5].

A. Pointlike scenarios

We start with the pointlike scenario. Figure 2 shows the

scattering cross sections on proton a'g yasa function of the

dark matter mass m,. The galactic halo has been assumed
in the form of an isothermal sphere with velocity disper-
sion vy =220kms™! and local density p,=
0.3 GeVcm 2. In the left panel we show the allowed
regions compatible with the annual modulation effects in
DAMA, the CoGeNT excess, as well as the region which
turns out to be compatible with the CRESST excess, when
interpreted as a DM signal. Specifically, the solid green
contours A denote the regions compatible with the DAMA
annual modulation effect [3,4], in absence of channeling.
The solid red contours B refer to the regions compatible
with the DAMA annual modulation effect, when the chan-
neling effect is considered at its maximal value.” The
dotted blue contour refers to the region derived from the
CoGeNT annual modulation effect [8], when the bound
from the unmodulated CoGeNT data is included. The
dashed brown contours denote the regions compatible
with the CRESST excess [35]. For all the data sets, the
contours refer to regions where the absence of modulation
can be excluded with a C.L. of 7o (outer region), 8o (inner
region) for DAMA, 1o for CoGeNT and 3¢ (outer region),
and 4o (inner region) for CRESST. The right panel, in-
stead, shows further analyses for the DAMA data: The
solid orange contours refer to the results obtained by
varying the channeling fraction f, in its allowed range,
as discussed in Sec. III A. We can therefore see the extent
of the DAMA allowed region when f, is marginalized
over. We will adopt this procedure of treating the channel-
ing effect in DAMA in the remainder of the paper.

From Fig. 2 we notice that, in the case of a pointlike
cross section, the DAMA and CoGeNT regions both point
toward a DM with a mass in the 10 GeV ballpark (more
specificlly, from about 5 up to about 20 GeV) and cross
sections from a few X 10™#! to 10738 c¢m? (with our choice
of galactic halo model and for our situation of scattering on
protons only), a result which confirms similar analyses
[6,9-13]. The DAMA and CoGeNT regions are largely
overlapped. This is especially clear in the right panel of

DAMA is a multitarget detector and allowed regions at large
DM mass correspond to scattering on I, while at small DM mass
regions correspond to scattering on Na. Note that the region at
DM mass around 10 GeV is given by scattering on Na targets in
the no-channeling case, and by scattering on I targets in the
maximal channeling case.
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FIG. 2 (color online). Pointlike scattering cross sections on a proton, as a function of the dark matter mass. The galactic halo has
been assumed in the form of an isothermal sphere with velocity dispersion v, = 220 kms~! and local density p, = 0.3 GeV cm 3.
Left panel: The solid green contours A denote the regions compatible with the DAMA annual modulation effect [3,4], in absence of
channeling. The solid red contours B refer to the regions compatible with the DAMA annual modulation effect, when the channeling
effect is considered at its maximal value. The dotted blue contour refers to the region derived from the CoGeNT annual modulation
effect [8], when the bound from the unmodulated CoGeNT data is included. The dashed brown contours denote the regions compatible
with the CRESST excess [35]. For all the data sets, the contours refer to regions where the absence of modulation can be excluded with
a C.L. of 70 (outer region), 8¢ (inner region) for DAMA, 1o for CoGeNT and 3¢ (outer region), 4o (inner region) for CRESST. Right
panel: The same as in the left panel, with the following difference: the solid orange contour refers to the DAMA annual modulation
data, when the fraction of channeling is varied in its allowed interval [69]. Again, the contour refers to the region where absence of

modulation can be excluded with a C.L. 70, 80

Fig. 2, where we marginalize over the channeling fraction:
Even a small amount of channeling is enough to make
DAMA and CoGeNT regions perfectly overlap.

It is interesting to note that, when channeling is intro-
duced, there is an allowed region for DM mass of 4-5 GeV,
which corresponds to the signal given by the scattering of
DM particles on the fraction of Na targets undergoing
channeling. This region is very seldom considered in
analyses of DAMA data, and the reason resides in the
statistical technique adopted. Indeed, the statistical evi-
dence associated with this region is very high when com-
pared to the absence of signal (up to 8-o), but its y? is
substantially larger than the best-fit DM model (which is
for DM mass around 10 GeV). Therefore, when regions are
drawn assuming that a DM signal is present and including
models that fall within a certain C.L. from the best-fit case
(as is often done in the literature, except in the analysis
performed by the DAMA Collaboration itself, see, e.g.,
Refs. [5,6,69,80]), such a region disappears (unless allow-
ing extremely large C.L. with respect to the minimum y?).
(This is also the case in our Fig. 13, where we show
“preferred” regions, i.e., domains which include models
having a y? within a given C.L. with respect to the best-fit

Xx°.) An allowed region for DM mass of 4-5 GeV is
particularly interesting, especially in light of the fact that
it is compatible with both DAMA and CoGeNT data, and
can easily satisfy constraints from other experiments, such
as CDMS and XENON100 (independently of the method
employed to derive the latter).

The statistical significance for the presence of a signal
due to DM scattering is reported in Table I, which confirms
that for DAMA the interpretation in terms of a DM signal is
highly favored (9.60 for the case under consideration, i.e.,
isothermal sphere with central value of vg). In the case of
CoGeNT the effect is at the level of 1.8, a fact that simply
reflects the current lower statistics of the CoGeNT data
sample.

Let us stress that we are not considering here a number
of sources of uncertainties of experimental origin which
can be relevant in the analysis, such as, for instance, the
uncertainties on the quenching factors in Na, I, and Ge [6].
Those effects would somehow enlarge both the DAMA and
CoGeNT (and CRESST, too) regions, allowing a wider
range of DM masses.

Figure 2 also shows, as brown contours, the preferred
region derived from the CRESST excess. We remind one
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TABLE I. Statistical evidence of the presence of modulation
for the DAMA and CoGeNT data sets in the case of a pointlike
interaction (mg = 1 GeV). This table refers to the analysis
performed under the assumption of an isothermal sphere with
a Maxwell-Boltzmann (MB) velocity distribution function and
for the triaxial halo model discussed in the text. For the MB case,
the results for three different values of the dispersion velocity are
reported. The analysis for the DAMA experiment refers to the
annual modulation data, bounded by the total (unmodulated) rate
[3,4,72], with the fraction of channeling varied in its allowed
interval [69]. The CoGeNT analysis considers the fit to the
modulation amplitude [8], bounded by the total (unmodulated)
rate with L peaks subtracted.

Pointlike (m4 = 1 GeV) DAMA ChF CoG Mod
MB halo (v, = 170 km/s) 9.560 1.900
MB halo (v, = 220 km/s) 9.570 1.770
MB halo (v = 270 km/s) 8.670 1.460
Triaxial halo 9.550 1.820

that some assumptions on unknown features of the data
were needed. In particular, without energy spectra of recoil
events for each module, the discrimination between a
large-mass WIMP (nearly flat spectrum) and a small-
mass WIMP (exponential spectrum) becomes difficult.
The total spectrum shown in Fig. 11 of Ref. [35] points
toward the latter rather than the former case. Therefore, at
small masses, we do not expect CRESST regions to be
drastically modified by an analysis with the full set of
information. Indeed, our preferred region perfectly over-
laps with the one found in [35] for DM mass below 50 GeV.

PHYSICAL REVIEW D 84, 115002 (2011)

The picture is different at large masses, where our
CRESST regions are affected by our imperfect knowledge
on relevant detection information.

In the current situation, the analysis shows that the
contours perfectly overlap with the DAMA and CoGeNT
regions, and it is very intriguing that all three “‘positive”
experimental results point to the same sector of DM pa-
rameter space.

The effect induced by the variation in the DM dispersion
velocity is shown in the two panels of Fig. 3. In the case of
vy = 170 kms ™!, regions are not significantly modified as
compared to the case of v, = 220 kms~! (except for the
overall normalization, a fact which reflects the different
values of local DM density in the two cases). Table I shows
that also the statistical significance is similar to the vy =
220 kms™~! case. Larger dispersion velocities, instead, are
more favorable for lighter DM masses. The right panel of
Fig. 3 shows in fact that the allowed regions are shifted
toward lower masses for v, = 270 kms~'. Regions still
overlap, although they shrink to more defined ranges, both
in DM mass and cross section. In this case, the DM mass
cannot extend much above 10 GeV. From Table I we see
that the statistical significance is reduced by about 1o for
DAMA. Clearly this level of reduction is not sizable
enough to allow exclusion of the vy = 270 kms™! case.

B. Long-range force scenarios
We now proceed to discuss the situation when the me-
diator mass mg, falls in the range of transition from the
pointlike to the nonpointlike case. Let us first summarize
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the effect of long-range interactions in direct detection
experiments. As described in Sec. II, do/dEp «

(Eg + mé /(2my))~2, which tells us that the larger the

target mass my is, the smaller the recoil energy corre-
sponding to the transition from the pointlike to the non-
pointlike case, and that, in the long-range limit, events at
low recoil energy are enhanced with respect to the ones
occurring at large recoil energy. Those simple arguments
can be applied to understand the behavior of the unmodu-
lated signal. For the modulated signal, on the other hand,
the picture is less straightforward. Indeed, if the minimal
velocity providing a nuclear recoil can be significantly
smaller than vg then the (cosinelike) modulated signal is
suppressed. It can happen at low recoil energy [see Eq. (3)],
and in this case the long-range interaction would not
enhance the modulated signal.

A first set of results are shown in Fig. 4, where we report
the results for the two reference values of m, = 10,
30 MeV. The galactic halo is in the form of an isothermal
sphere with local dispersion velocity v, = 220 kms™~! and
local density p, = 0.3 GeV cm 3. The panels in Fig. 4 can
be directly compared to the right panel of Fig. 2. We notice
that moving from the pointlike case to the case of an
intermediate-mass mediator, the allowed regions are siz-
ably modified (especially for DAMA). In the case of
DAMA, the DM low-mass region becomes increasingly
preferred over the 100 GeV DM mass region, which basi-
cally disappears for m,4 = 10 MeV. The statistical signifi-
cance of this case is similar to the pointlike case, as can be
seen in Tables II and III. The same occurs in the case of
CoGeNT. Following the arguments explained above, we

find that in the case of scattering on I in DAMA, the
unmodulated signal is enhanced at low energy by the
long-range interaction while the corresponding modulated
signal is not, and so the region at mass above 50 GeV (and
most of the channeled region at 10 GeV) is ruled out. Note
also that the enhancement of the signal on Na at very low
recoil energies cuts out the region with a large cross section
and very small masses. In the CRESST case, we consider a
signal in O, Ca, and W, with the target mass of the formers
being significantly smaller than the latter. This means that,

TABLE II. The same as in Table I, for the case of a mediator of
mass mg = 10 MeV.

(my = 10 MeV) DAMA ChF CoG Mod
MB halo (v, = 170 km/s) 9.170 1.690
MB halo (v = 220 km/s) 8770 1.550
MB halo (vy = 270 km/s) 1. 740 1.290
Triaxial halo 9.0lc0 1.630

TABLE III. The same as in Table I, for the case of a mediator
of mass my = 30 MeV.

(my = 30 MeV) DAMA ChF CoG Mod
MB halo (vy = 170 km/s) 9.500 1.840
MB halo (v = 220 km/s) 9.400 1.690
MB halo (v = 270 km/s) 8.390 1.400
Triaxial halo 9.520 1.770
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in the W case, the long-range interaction nature manifests
itself at larger mediator mass (or, equivalently, at larger
recoil energy). Therefore, while in the pointlike case the
region at large DM masses is mostly given by signal on W,
the contributions of O and Ca become increasingly impor-
tant as the mediator mass decreases (strictly speaking,
when the mass of the mediator decreases, so also does
the cross section needed to reproduce a given signal, until
the long-range limit is reached (see Fig. 1), but this process
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stops earlier in the W case). In the CoGeNT case, the
region remains basically unchanged, partly because we
have at our disposal only two energy bins, a fact that makes
it difficult for any disentanglement of energy-dependent
effects.

In order to investigate the dependence of the results on
some astrophysical assumptions, we report in Figs. 5 and 6
the analysis for the intermediate-mass mediator (same
reference values my = 10, 30 MeV) when the dispersion
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FIG. 7 (color online). The same as in Fig. 4, except that the
interaction is pointlike, and for a triaxial galactic halo with the
Earth located on the major axis [79], with velocity dispersion
vy = 220 kms~! and local density p, = 0.84 GeVcm ™3 [5].

velocity of the MB distribution is changed: Fig. 5 refers to
vy = 170 kms~! (which, for consistency in the halo mod-
eling required a local density p, = 0.18 GeVcm ™3 [5]),
while Fig. 6 shows the case of vy =270 kms™! (p, =
0.45 GeV cm ™2 [5]). As expected from kinematics of the
DM scattering process, lower average velocities of DM
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FIG. 8 (color online).
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(smaller values of v) require larger values of the DM mass
in order to reproduce the same effect in a detector: This
implies an extension of the allowed regions toward larger
DM masses for vy = 170 kms~'. This is manifest in
Fig. 5. The opposite is true when v, becomes large, as is
clear from Fig. 6. Tables II and III show that all these
models with intermediate-mass mediators are viable at
the same level as the pointlike scenario, with no significant
variation of the statistical significance, except again for the
case vy = 270 kms~! which gets worse when the mass of
the light mediator becomes small. This is confirmed in
Table III, where the case my = 0 is reported. We can
conclude that large dispersion velocities and light media-
tors are slightly disfavored by the DAMA data (still not at
the level of considering them as excluded), while in the
case of dispersion velocities in the range from vy =
170 kms~! to about v, = 220-250 kms~! the statistical
agreement is basically stable over variation of my4 and vy
In the case of CoGeNT, we do not observe significant
variation of the statistical significance when we change
mgy: A mild preference toward smaller values of vy is
present also with intermediate-mass mediators, as in the
case of pointlike interactions, but not statistically
significant.

To further discuss the dependence on astrophysics, we
extend the analysis to a different velocity distribution
function, by adopting an anisotropic halo model, instead
of the isotropic MB velocity distribution. For this, we adopt
a triaxial halo model where the Earth is located on the
major axis and the velocity anisotropy is tangential [79].
The anisotropic velocity dispersion is taken as in model D2
of Ref. [5]. The results for this class of halo models are
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The same as in Fig. 4, for a triaxial galactic halo with the Earth located on the major axis [79], with velocity

dispersion v, = 220 kms~! and local density p, = 0.84 GeVcm ™3 [5].
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FIG. 9 (color online). The same as in Fig. 4, except that the
interaction is long range (m, = 0 MeV), for the isothermal
sphere and for a dispersion velocity v, = 220 kms™~! and local
density py = 0.3 GeVem™3.

shown in Figs. 7 and 8 for the case of a pointlike cross
section (Fig. 7) and in the case of mediator masses mgy =
10, 30 MeV (Fig. 8). This model presents a relatively
large degree of anisotropy in the velocity dispersion, and
this sizably modifies the recoil rate [5]. When compared
to the isotropic MB case, the triaxial halo model tends to
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somehow enlarge the range of allowed DM masses,
especially in the case of the intermediate-mass mediator.
From the tables, we notice that the triaxial halo models
are all viable.

The case of very long-range forces is shown in Figs. 9
and 10 for the isothermal sphere and in Fig. 11 for the
triaxial halo model, where we set the extreme case of
my = 0, and the statistical significances are reported in
Table IV. We notice that in the case of my = 0, the allowed
regions move toward lighter DM, even sizably as in the
case of an isothermal sphere with large dispersion veloc-
ities. However, this last case is disfavored by the statistical
analysis shown in Table IV: While the analysis of the
CoGeNT data does not exhibit significant variation with
the change of halo model, in the case of DAMA a very
long-range interaction together with large dispersion ve-
locities is significantly worse (by about 2¢) than the other
cases under analysis. The CoGeNT, CRESST, and DAMA
data can have a common DM interpretation and the com-
patibility increases for large intermediate m, and small
intermediate v (see Figs. 2—11), leading to similar con-
clusions as the ones derived above for each single data set.

Constraints that can be derived from the null experi-
ments (CDMS and XENON 100) are shown in Fig. 12. The
different lines refer to the various galactic halo models
discussed in our analyses: The broken lines refer to the
isothermal sphere with v, =170 kms™' and p, =
0.18 GeVcm ™3 (short dashed lines), v, = 220 kms™!
po = 0.3 GeVecm ™3 (medium dashed lines), and v, =
270 kms ™! and p, = 0.45 GeV cm? (long dashed lines).
The solid lines refer to the triaxial halo model [5,79]. For
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10?

my [GeV]

10_45 :I T T T LI T T T T T 1T I:
F Long range (my = 0) 3
i MB Halo (v = 270 km/s) -
CE 10746 & 3
o, £ ]
R :
- L
S
g 10747 =
% -
Z i
|©)] L
s
S 10¥E CoGMod (lo) e
E CRESST (30.40) 3
L DAMA ChF (70,80) 1
10_49 =] 1 1 I | 1 1 1 [

Dark Matter mass  m, [GeV]
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(right panel).
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FIG. 11 (color online). The same as in Fig. 4, except that the
interaction is long range (my4 = 0 MeV), for the triaxial halo
model.

the XENON detector, all the constraints refer to a threshold
of 8 photoelectrons. In the first panel, the dashed line
stands, instead, for a threshold of 4 photoelectrons and
for an isothermal sphere with v, = 220 kms™! and p, =
0.3 GeVem™2. We notice the extent of variation of the
constraints when the galactic halo model and/or the mecha-
nism of interaction is varied. As expected, when comparing
long-range interactions with the pointlike case, the relative
impact of the bounds from XENON and CDMS at small
DM mass is enhanced with respect to the large mass, as can
be seen by comparing the first panel to the other three.
However, this effect is less pronounced than in experiments
with lower threshold (such as DAMA and CoGeNT).

C. Constraints on the mass of the light mediator
and on the kinetic mixing

We finally move to derive bounds on the light-mediator
mass m, and on the kinetic mixing parameter €, under the
hypothesis that the mechanism of long-range forces is
compatible with the annual modulation results in direct
detection.

TABLE IV. The same as in Table I, for the case of a long-range
interaction (m, = 0).

Long range (my = 0 MeV) DAMA ChF CoG Mod
MB halo (vy = 170 km/s) 8. 760 1.61o
MB halo (v = 220 km/s) 8.230 1.480
MB halo (v = 270 km/s) 7270 1.230
Triaxial halo 8.640 1.550

PHYSICAL REVIEW D 84, 115002 (2011)

As a first analysis, we discuss the bounds on the media-
tor mass by showing the allowed regions in the plane m 4 vs
the dark matter mass m,, obtained by adopting a maximum
likelihood method. For definiteness, we adopt the DAMA
data set, since this shows a clear modulation effect with a
very large C.L. The results are reported in Fig. 13. The case
of an isothermal sphere with v, = 220 kms~ ! is shown in
the left panel, while the triaxial halo case is reported in the
right panel. The regions are obtained by marginalizing over
the channeling fraction.

For both halo cases, two regions of compatibility are
present, one for DM masses around 10 GeV and one for
DM masses close to 50-60 GeV. In the case of heavier DM,
long-range forces are excluded (the mass bound on m is
set around 100 MeV). In the case of light DM, which is also
the overall preferred region, long-range forces are viable
for the whole range of the mediator masses. However, the
best agreement is obtained for mediator masses larger than
20 MeV. A 99% C.L. lower bound on m, is about 10 MeV.
A variation of the DM halo properties does not dramati-
cally change the results, as long as the (mean) dispersion
velocity is not changed. In fact, the comparison between
the isotropic (in velocity space) isothermal sphere and the
anisotropic triaxial model shows that the allowed region is
slightly enlarged in the anisotropic case: both with respect
to the DM mass and to the mass of the mediator ¢.

In Fig. 14 we show the bounds obtained in the plane
€ —mgy.In this case, we choose to focus on bounds derived
for a kinetic mixing between dark and ordinary photons,
which is described by a Lagrangian term of the form
SF i“,ﬁ[F('j’;r’f( These types of couplings can produce experi-
mentally observable effects in many different physical
situations. A summary of those constraints is discussed
e.g. in Refs. [81,82] (and references therein) and is repro-
duced in Fig. 14 as (blue) regions on the left. They con-
strain large couplings and very light mediators.

Coming to the relevant regions which can be derived
from the analysis of DM direct detection experiments, we
first notice that the DM signal depends on four ‘dark
sector” parameters: my, €, Z', and ag,. Essentially, it
involves an extra coupling (between DM and the dark
photon, proportional to Z',/ag,;) with respect to dark
photon signals in laboratory experiments. Therefore, there
is more freedom associated, and observational bounds on
the dark photon properties can only partially constrain the

allowed parameter space. In this respect, we define k =

7'\ a g/ asm and consider two benchmark cases, k = 1
and k£ = 10. In Fig. 14, we show a combined fit to DAMA
and CoGeNT annual modulation data. The analysis is
performed along the line explained in Sec. III. We combine
the two data sets by adding the x? of the two experiments
together, and show those regions where the absence of
signal can be excluded at 8-0 C.L. For DAMA, we vary
the fraction of channeling in its allowed range. From
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Constraints at 5o C.L. from CDMS [36] (black lines) and XENON [37] (red lines). Broken lines refer to the

isothermal sphere with vy = 170 kms™! and p, = 0.18 GeVcm ™3 (short dashed lines), v, = 220 kms™' p, = 0.3 GeVcm ™3
(medium dashed lines), vy = 270 kms™! and p, = 0.45 GeV cm ™3 (long dashed lines). Solid lines refer to the triaxial halo model
[5,79]. For the XENON detector, all the constraints refer to a threshold of 8 photoelectrons. In the first panel, the blue dashed line

stands for a threshold of 4 photoelectrons and for an isothermal sphere with v, = 220 kms™! and p, = 0.3 GeVcm 3.

Fig. 14 we see that in the “‘totally symmetric” case with
k = 1 (upper orange region), light mediators are excluded,
and only dark photons with my4 > 100 MeV can simulta-
neously satisfy the constraints and provide a suitable in-
terpretation for DAMA and CoGeNT data. However, for
k = 10, the whole range of light-mediator masses is al-
lowed. It is worth pointing out that such values of k can be
easily predicted in models with a strongly coupled dark
sector or including ‘““‘composite DM with large dark
charge.

Another class of constraints arises from bounds on DM
self-interaction in cosmic structures, a bound which de-
pends on the DM coupling with the dark photon and on the
mass of the dark photon, while it is independent of the
kinetic mixing parameter €. The long-range force between
DM particles implies that DM is more collisional than in
the standard WIMP case. A first example of such con-
straints comes from observations of systems of colliding
galaxy clusters, such as the bullet cluster [83], which
points toward collisionless DM. A robust bound of
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FIG. 13 (color online). Bounds on the light-mediator mass m,, as a function of the DM mass m , as obtained by the analysis of
the DAMA annual-modulation result. The allowed regions are reported for C.L.’s of 90%, 99%, and 99.99%. The left panels stands
for an isothermal halo with velocity dispersion v, = 220 kms™~! and local density p, = 0.3 GeV cm™?; the right panel refers to the
case of a triaxial halo with the Earth located on the major axis [79], with velocity dispersion v, = 220 kms™~! and local density

po = 0.84 GeVcem ™3 [5].

o/m, = 1.25 cm?/g has been placed on the size of the
self-scattering of DM [84]. To infer the constraint on the
mass of the dark photon, we compute the weighted cross
section

o = [@vidvswpre,) [0 520~ cos0)

27)

that measures the rate at which energy is transferred
in the system of colliding clusters. Here f(v) =
(7v3)¥2e~¥/v)” is the velocity distribution of dark matter
particles in the cluster, assumed to be Maxwellian, vy, is the
velocity dispersion, 6 is the scatter angle in the center of
the mass frame, and the cross section on the right-hand
side refers to the elastic processes. For dark matter
particles interacting with long-range forces, the self-
interaction is analogous to a screened Coulomb scattering
with the plasma, which is well fit by the following cross
section [85,86]:

2B In(l + 87, B=01,
¢
o (V) = fn—gﬁz/(l + 1.5B19), 0.1 <pB=10°

Z(1+WIB— 0582 B =10
4

(28)

where B = 2Z"”agymy/(m,vk) and vy = |9 — 0| is
the relative velocity of dark matter particles. Considering
the typical velocity of the collision in the bullet cluster of
4700 km/s, a dark matter mass of 10 GeV (to fit direct
detection observations) and two values of the parameter
k=(1,10) = Z” a4 = (asy, 100agy), we get that the
bound on the self-interaction is exceeded if the mass of
the dark photon is smaller than (1, 20) MeV.

A second class of constraints comes from the fact that
large DM self-interactions cause a rapid energy transfer
between DM particles and thus tend to drive DM halos into
spherical isothermal configurations [85-89]. The observa-
tion of DM halo ellipticity allows one to put further con-
straints on the size of self-interaction. To estimate the
impact that self-interaction via screened Coulomb scatter-
ing has in isotropizing the shape of dark matter halo, we
compute the relaxation time 7, = I';,!, where

1—‘av = fd3v1d3v2f(v1)f(UZ)n,\/Urela-(vrel)(vrel/UO)z
(29)

is the rate at which energy is transferred in the system. This
relaxation time provides an estimate on the effects of self-
interactions on the dynamics of a virialized astrophysical
object with number density n, = p, /m y and velocity
dispersion v. Indeed if it is much longer than the age of
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of the value of the effective coupling k of dark matter to the dark

photon (defined as k = Z'\Ja g/ asym): the upper (orange) re-
gions refer to k = 1, the lower (red) region refers to k = 10.

the object (say 7~ 10'" years for “old” objects), we
expect that self-interaction does not alter the dynamics.
On the other hand, much shorter relaxation times imply
that an isothermal configuration tends to form and thus
such a scenario would be excluded by the observation of a
few elliptical halos [85-89]. In the case of galaxy clusters
(py, ~ 1077 GeV/cm?® and v, ~ 1000 km/s), considering
again m, = 10 GeV and k = (1, 10), we get that the re-
laxation time is always much longer than the age of clus-
ters and thus the mass of the dark photon is basically
unbounded.

On the other hand, following the same analytic approach
for virialized halos at galactic scales, where the dark matter
energy density is higher (p, ~ 1 GeV/ cm?) and velocity
dispersion is lower (v = 240 km/s for a galaxy and v, =
10 km/s for a dwarf galaxy), one can in principle put very
stringent constraints on mg, excluding my =< 100 MeV.
However, Eq. (29) is only an approximation, and since
galaxies form in a fully nonlinear regime, an N-body
numerical simulation explicitly including long-range inter-
actions would be in order to properly address the size of
the constraint. Moreover, we note that interactions with

PHYSICAL REVIEW D 84, 115002 (2011)

baryons (possibly in the long-range regime as well) could
substantially affect the halo shape. This very interesting
subject deserves dedicate treatment which is beyond the
scope of this paper.

V. CONCLUSIONS

In this paper we have discussed the current positive
indications of a possible dark matter signal in direct detec-
tion experiments, in terms of a mechanism of interaction
between the dark matter particle and the nuclei occurring
via the exchange of a light mediator, resulting in a long-
range interaction. We have therefore analyzed the annual
modulation results observed by the DAMA and CoGeNT
experiments under the hypothesis of this type of long-range
interactions, and derived bounds on the relevant parameters
at hand, namely, the DM mass and the effective cross
section, as well as the mass of the light mediator.

We find that long-range forces are a viable mechanism
which is able to explain the modulation effects, and we
have obtained that the preferred range of masses for the
light mediator is for values larger than a few MeV. This is
correlated with a DM mass around 10 GeV. We have also
obtained that the long-range forces mechanism is more
constrained in the case of large dispersion velocities of
the DM particles in the galactic halo: In the case of
dispersion velocities larger than about vy ~ 250 kms™!
the long-range forces are less favored (although not ex-
cluded). This result is stable over the whole variation of the
light-mediator mass. We can therefore conclude that the
annual modulation effect reported by DAMA is compatible
with long-range forces when the DM mass is preferably in
the range from 8 to 20 GeV and the mediator mass is in
excess of about 10 MeV, depending on the actual galactic
halo model.
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