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We study a Dirac Dark Matter particle interacting with ordinary matter via the exchange of a
light pseudo-scalar, and analyze its impact on both direct and indirect detection experiments. We
show that this candidate can accommodate the long-standing DAMA modulated signal and yet
be compatible with all exclusion limits at 995% CL. This result holds for natural choices of the
pseudo-scalar-quark couplings (e.g. flavor-universal), which give rise to a significant enhancement of
the Dark Matter-proton coupling with respect to the coupling to neutrons. We also find that this
candidate can accommodate the observed 1-3 GeV gamma-ray excess at the Galactic Center and
at the same time have the correct relic density today. The model could be tested with measurements
of rare meson decays, flavor changing processes, and searches for axion-like particles with mass in

the MeV range.

INTRODUCTION

Direct Dark Matter (DM) search experiments have
underwent astonishing developments in recent years,
achieving unprecedented sensitivity to Weakly Interact-
ing Massive Particles (WIMPs) in the mass range from
few GeV to tens of TeV. The most stringent limits on the
DM parameter space are set by LUX [1], XENON100 [2],
and SuperCDMS [3] for spin-independent interactions,
with PICASSO [4], SIMPLE [5], COUPP [6], and KIMS
[7] setting relevant bounds for spin-dependent interac-
tions and DM-proton couplings. While these and other
searches did not find evidences for DM, four experiments
have signals that can be interpreted as due to WIMP
scatterings [8—11]. The significance of the excesses is mild
(from 20 to 40), except for DAMA’s result [12], where the
observation of an annually modulated rate as expected
from the simplest model of DM halo, reaches the very
high significance of 9.30. This achievement however has
received a long-standing series of criticisms, given that
the interpretation of the DAMA data in the light of many
models of WIMP interactions is incompatible with all ex-
clusion bounds.

Another claim of possible evidence of WIMP interac-
tions comes from a 1-3 GeV ~7-ray excess observed in
the Galactic Center (GC) [13] by the Fermi satellite. Al-
though milli-second pulsars may be responsible for ex-
plaining the excess [14], the possibility of DM annihila-
tion has attracted a lot of attention by the community. In
fact, the excess can be fitted with models of annihilating
DM which roughly provide the correct thermal relic den-
sity. In [15] for instance it was shown that a Dirac WIMP
interacting with Standard Model (SM) fermions through
a pseudo-scalar mediator can achieve the desired annihi-
lation cross section, avoiding at the same time constraints
from DM collider searches, cosmic antiprotons and solar
neutrino fluxes, and the cosmic microwave background.
In fact, the point of Ref. [15] is that the DM might be

‘Coy’, meaning that it can have a single detectable sig-
nature (in this case the annihilation into v-rays) while
escaping all other searches.

In this letter we show that Coy DM with a light pseudo-
scalar mediator can fit at the same time the GC y-ray
excess and the DAMA data, while being compatible with
all null direct detection experiments.

THE DARK MATTER MODEL

The DM is a Dirac fermion y with mass mpy;, which
interacts, with a coupling gpm, with a (real) pseudo-
scalar @ with mass m, coupled to the SM fermions:
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In the following we will consider two types of fermion
couplings g: flavor-universal couplings gy = 1 inde-
pendent of the fermion type, and Higgs-like couplings
proportional to the fermion masses gy = my/174 GeV.
Furthermore, for the direct detection analysis we will
consider also the case of DM coupled equally to protons
and neutrons (isoscalar interaction,® also called “isospin-
conserving”), as assumed e.g. by [16, 17]. In all cases
we denote with g a multiplicative factor common to all
couplings of @ with SM fermions.

DIRECT DETECTION

When computing scattering cross sections at direct de-

tection experiments, it is necessary to bear in mind that

1 Notice that our use of the term ‘isoscalar’ refers to the isospin
symmetry between proton and neutron. As it will become clear
later on this does not imply, nor is implied by, isospin symmetry
at the quark level.



the scattering occurs with the whole nucleus due to the
small WIMP speed. Therefore, starting with an interac-
tion Lagrangian with quarks as in (1), one needs first to
determine the DM-nucleon effective Lagrangian and then
to properly take into account the composite structure of
the nucleus which results in the appearance of nuclear
form factors in the cross section.

The first step is accomplished in our case by taking the
following effective DM-nucleon interaction Lagrangian,
valid in the regime of contact-interaction:

Lt = 2A2 > ovx*x NY°N, (2)
@ N=p,n

where A, = m,/+/gpmg. The proton and neutron cou-
pling constants are given by

= X s Y at]ay
g=u,d,s q'=u,...,t
where m = (1/m.,, + 1/mg +1/m,)~! and we use
AP =AY = +0.84,
APV = AW = —0.44, (4)

AP =AM = 0,03

for the quark spin content of the nucleon [18].

It is important to notice here that g, is naturally larger
(in modulus) than g, in both the flavor-universal and
Higgs-like coupling scenarios. This will have important
phenomenological consequences. In fact, since the in-
teraction (2) measures a certain component of the spin
content of the nucleus carried by nucleons [19], a large
gp/gn will favor those nuclides (like 2*Na, 2T and F)
with a large spin due to their unpaired proton rather than
129,131 X e nuclei with an unpaired neutron. Given that
the most stringent bounds for most DM-nucleus inter-
actions are given at present by experiments using xenon
(LUX, XENON100)? while DAMA employs sodium and
iodine, a large value of g,/g, would go in the direc-
tion of reconciling them. From the values in (4) we get
9p/gn = —16.4 for flavor-universal and —4.1 for Higgs-
like interactions. The relative size of the two couplings
depends on the actual values of the AEIN)’S which are
uncertain (see e.g. Table 4 in [20] for a comparison of the
different values found in the literature); the values in (4)
are conservative in the sense that they minimize the ratio
9p/gn, respect to what obtained with other choices of the

A((JN)’S (a second set of values from [18], which brackets
from above the possible values of g,/gn, yields a coupling

2 We do not consider germanium detectors as their sensitivity to
spin-dependent interaction via unpaired protons is smaller than
e.g. COUPP in the mass range relevant for Coy DM.

ratio which is 2.7 and 1.3 times larger than the one given
by (4), for flavor-universal and Higgs-like couplings re-
spectively). Notice that, as long as g, = g4 = gs, the
contribution of the light quarks cancels in (3), and one
may therefore set g, = g4 = gs = 0 as in hadronic axion
models [21]. Finally we will also use isoscalar interac-
tions, i.e. by setting g = g, = g, without using Eq. (3),
as assumed in [16, 17].

Once the DM-nucleon Lagrangian is established, one
needs to determine the DM interaction cross section
with the nucleus. This is customarily done by coher-
ently adding the amplitudes of interaction with the dif-
ferent nucleons in the nucleus, and multiplying by an
appropriate nuclear form factor that parametrizes the
loss of coherence in the scattering with increasing ex-
changed momentum. While form factors for the stan-
dard spin-independent and spin-dependent interactions
have been extensively studied, little is known of form fac-
tors for other interactions. Notice that the Lagrangian
(2) corresponds in the non-relativistic limit to a DM-
nucleon interaction (gx Q) (Sy - q), with gx, Sy and ¢
the DM spin, nucleon spin and exchanged momentum re-
spectively, while the standard spin-dependent interaction
corresponds to §X - Sxn. At the nuclear level, the differ-
ence stands in the fact that the former interaction only
measures the component of the nucleon spin in the nu-
cleus that is longitudinal to ¢, while the latter couples to
both longitudinal and transverse components. Therefore
it is not justified to use the standard spin-dependent form
factor for the interaction in (2) as done e.g. in [15, 22],
although in some cases it could be used as a proxy [16].
The form factor to be used in this case has been com-
puted in [19] using standard shell model techniques.

The DM interaction cross section with a target nucleus
with mass my is

dopr 1 @ mr 1
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(5)

with v the DM speed in Earth’s frame, Er = ¢?/2my

the nuclear recoil energy and FS,Y7N/) the (squared) form
factors. The large suppression factor ¢*/m? for large me-
diator mass is the reason why the interaction in (2) has
often been neglected. Given this suppression in the non-
relativistic limit, one should check that radiative correc-
tions do not produce unsuppressed interactions that are
therefore comparable to the Born cross section at low
velocities; however the Lagrangian (2) is known to not
produce such interactions [23]. It should also be checked
that higher order QCD corrections do not spoil the en-
hancement of the WIMP-proton coupling respect to the
WIMP-neutron one, as from Eq. (3) which is valid at
lowest order [24, 25]. However, since pseudo-scalar cur-
rents can only be coupled to an odd number of mesons as
opposed e.g. to scalar currents, we only expect potential



10% corrections [26].
The scattering rate is
dRp
dEg

& p / 3 _ dor
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with &p the target’s mass fraction in the detector, p the
local DM density, and f(¥) the DM velocity distribution
in Earth’s frame, corresponding to a truncated Maxwell-
Boltzmann with characteristic speed vy and escape veloc-
ity vesc in the galactic frame. Considering elastic scatter-
ing and denoting with pup the DM-nucleus reduced mass,
Vmin = \/mTER/Q/ﬁT is the minimum speed a WIMP
needs in order to impart the target nucleus with a recoil
energy ERr. In order to compare with the experimental
results, the rate in (6) must be convolved with the de-
tector resolution function and the experimental efficiency
(see e.g. [20, 27]).

We analyze data by LUX, XENON100, PICASSO,
SIMPLE, COUPP, KIMS and DAMA. We use Bayesian
statistics to infer the 995% credible interval for the ex-
clusion limits and both the 90% and 99% credible regions
for DAMA from the posterior probability density func-
tion, as detailed in [28, 29] where it was demonstrated
that the procedure is robust against the choice of prior
and matches well a profile likelihood analysis. We con-
sider log priors for both our relevant parameters: the
DM mass mpy, from 1 GeV to 1 TeV, and the scale
Ag, from 0.01 GeV to 100 GeV, not to favor a particular
mass scale range. For each experiment we marginalize
over the nuisance parameters, given by the uncertain as-
trophysical parameters p, vg, vesc (the central values for
the Gaussian priors are p = 0.3 GeV /cm?, 1y = 230 km/s
and Tese = 544km/s), as well as the experimental un-
certainties as described in [28, 29]. The details on the
likelihood functions for the LUX and COUPP experi-
ments are provided as Supplemental Material [30], which
includes Refs. [31-33].

Fig. 1 shows the results of our analysis for our three
choices of couplings: flavor-universal, Higgs-like and
isoscalar. The two DAMA regions correspond respec-
tively to scattering off Na (peaked around mpy ~ 8
GeV) and I (peaked around mpy ~ 40 GeV). Part of the
regions is compatible with all null experiments for flavor-
universal couplings at 995% CL. Notice how the large
enhancement of the WIMP-proton coupling with respect
to the WIMP-neutron coupling suppresses the LUX and
XENON100 bounds but not COUPP, PICASSO, SIM-
PLE and KIMS. For Higgs-like couplings the LUX and
XENON100 bounds are less suppressed due to the re-
duced g,/gn enhancement, and the exclusion limits disfa-
vor both sodium and iodine regions. In the isoscalar case
instead there is no enhancement and DAMA is largely
disfavored at 995% CL by both XENON100 and LUX.

It is intriguing that the allowed DAMA iodine region
lies in the ballpark of DM masses that can account for the
~v-ray GC excess. In the following we investigate whether

the two signals can be both accommodated within the
Coy DM scenario.

THE GC EXCESS

Various authors reported evidence for an excess of
1-3 GeV ~-rays from the GC. Taking as a reference
Fig. 15 of [13], DM particles with a mass mpy ~ 20—-40
GeV annihilating mostly into quarks with a cross section
(ov) ~ 1-2 x 10726 ¢cm?/s are shown to fit the spec-
trum of the observed excess. In particular, the results
of the fit are shown for models with flavor-universal and
Higgs-like couplings (right panel), and can be then di-
rectly compared with our results.?

In this section we show that the Coy DM interpreta-
tion of the DAMA data is compatible with a DM expla-
nation of the GC excess. In fact, x can annihilate to SM
fermions through s-channel pseudo-scalar exchange, thus
generating a secondary photon flux. The requirement of
fitting the y-ray excess can then be used to disentangle
the pseudo-scalar mass m, from the product gpmg in
A, that is the parameter constrained by DAMA. As we
will see, there is room in the parameter space favored by
DAMA (and allowed by the other experiments) to explain
the GC excess, for pseudo-scalar masses m, < mpuy.
This opens up the possibility to also break the degener-
acy between gpy and g by demanding that the correct
relic density is achieved in the early universe via yx — ff
and xYx — aa annihilations (the latter process being p-
wave suppressed today), since the two cross sections have
different dependence on gpy and g.

In summary, from the three observables: (i) DAMA
signal in direct searches, (ii) y-ray excess in the GC,
and (ii1) correct relic density obtained by solving the
Boltzmann equation, we can fully determine the free pa-
rameters of the Coy DM Lagrangian for our choices of
pseudo-scalar coupling to SM fermions, flavor-universal
and Higgs-like. Formulas for the annihilation cross sec-
tions are provided as Supplemental Material [30]. For
(ii), unlike direct DM searches, indirect detection sig-
nals are different if the DM particles couple democrat-
ically with all quarks or just with the heavy ones, and
we study these two cases separately. We dub these two
scenarios ‘Universal (democratic)’ and ‘Universal (heavy-
flavors)’, respectively. We neglect annihilation to lep-
tons as the produced ~-ray flux is smaller than the one
due to annihilation into quarks, at equal couplings; the
reduction factor can vary between 2 and 17 depending
on the choice of the couplings. Notice that coupling

3 Notice that Ref. [13] assumes, in the definition of the y-ray flux,
that the DM is self-conjugated. This implies that, in order to
predict the same signal in the GC, our cross section needs to be
a factor of 2 larger than the one found in Ref. [13].
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Universal (democratic) |22 GeV|[1.1 x 10 2° cm®/s
Universal (heavy-flavors) |31 GeV|[1.4 x 10~ 2° cm®/s
Higgs-like 33 GeV[1.6 x 10" cm?®/s

TABLE I. Approximate best fit values of the DM mass and
the thermally averaged annihilation cross section extracted
from Fig. 15 of Ref. [13], for different choices of the pseudo-
scalar coupling to SM fermions. The values for the Universal
(heavy-flavors) case have been determined by taking the av-
erage of the best fit values for the bb and cé channels.

to leptons is unessential for the purposes of fitting the
GC excess and of studying direct detection experiments,
unless much larger than the coupling to quarks. How-
ever, leptonic couplings are tightly bound by precision
measurements of the electron and muon anomalous mag-
netic moments. For a pseudo-scalar that only couples to
heavy quarks, our model is compatible with these mea-
surements as shown in the Supplemental Material to this
paper [30], which includes Refs. [34-38].

Table I reports the approximate best fit values of the
DM mass and the thermally averaged annihilation cross
section, as extracted from Fig. 15 of Ref. [13], for our
different choices of g;. Adopting these values, from con-
ditions (i), () and (44) we obtain the following sets of
values of the couplings gpy and g, together with the cor-
responding value of m, from the DAMA iodine best fit
point:

e Universal (democratic): ggy ~ 7.7 x 1073, gpm ~
0.64, and m, ~ 35 MeV. This scenario is favored
by direct detection (see Fig. 1, left), however the
DM mass required for the GC excess is outside of
the 99% CL of DAMA iodine region (see Table I).

e Universal (heavy-flavors): ggy ~ 1.8 x 10~2 for the
heavy flavors and 0 otherwise, gpm =~ 0.72, and
m, =~ 56 MeV. This is the best-case scenario, as

the DM mass required to fit the y-ray excess is
fully compatible with the DAMA iodine signal.

e Higgs-like: ggy ~ 1.15m;/174 GeV, gpm =~ 0.69,
and mg ~ 52 MeV. Here the GC signal is compati-
ble with the DAMA iodine allowed region, which
is however excluded at 995% CL by LUX and
XENON100 as shown in Fig. 1 (center).

For direct detection, the favored values of the pseudo-
scalar mass are of the same order as the typical momen-
tum transfer. Therefore we expect small changes in our
fit to DAMA data due to the onset of the long-range
regime, however this will not modify our conclusions.
Such a light mediator might be problematic in what it
could be stable or have a long lifetime (on cosmologi-
cal time-scales), thus constituting a sizable component of
the DM or otherwise injecting unwanted energy after the
time of big bang nucleosynthesis. However, the pseudo-
scalar state always decays before the time of big bang
nucleosynthesis, either at tree level or at one loop. Inter-
esting constraints on this model may come from studies of
rare meson decays, flavor observables, and from searches
for axion-like particles with mass in the MeV range. We
notice however that these small values of m, are below
the sensitivity of BABAR [39], which is the most con-
straining collider experiment for light pseudo-scalars. It
is intriguing that light mediators, with mass around 1—
100 MeV, are advocated by models of self-interacting DM
to solve the small scale structures problem of the colli-
sionless DM paradigm [40], although a careful study of
the self-interaction potential from the Lagrangian (1) is
in order to ensure that Coy DM can accommodate the
structure anomalies.



CONCLUSIONS

We have shown that a Dirac DM particle interacting
with ordinary matter via the exchange of a light pseudo-
scalar can accommodate the DAMA data while being
compatible with all null direct DM searches. Moreover,
it can provide a DM explanation of the GC excess in -
rays and achieve the correct relic density. The best fit of
both the direct and indirect detection signals is obtained
when the pseudo-scalar mediator is much lighter than the
DM mass and has universal coupling with heavy quarks,
as in hadronic axion models. The leptonic couplings are
strongly constrained by precision measurements of the
magnetic moment of electron and muon, but they do not
enter the analysis and can be safely taken to be zero.

The 995% CL compatibility of DAMA with the null
searches is determined by the significant enhancement
of the coupling to protons with respect to the coupling
to neutrons, occurring for natural choices of the pseudo-
scalar coupling to quarks. It is intriguing to notice that
our results could also be extended to the case of massless
mediator since the typical momentum transfer in direct
detection is of the order of m,.

Since the phenomenological success of this model relies
on the enhancement of the DM-proton coupling respect
to the DM-neutron one, as well as on the adopted nuclear
form factor, a careful assessment of uncertainties and cor-
rections to these quantities is in order. The model could
be tested with measurements of rare meson decays, flavor
changing processes, and searches for axion-like particles
with mass in the MeV range.
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