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We study the fermionic dark matter (DM) particle interacting with Standard Model quarks via a light
pseudoscalar mediator. We consider separately the scenarios for which the DM-pseudoscalar coupling is
CP conserving or CP violating. We show that taking a contact interaction is not suitable, even when the
mediator has a mass of the same order of magnitude as the typical momentum transfer at the direct-
detection experiments, such that the allowed DAMA region is excluded or considerably modified by the
correct relic density requirement. The DAMA result seems to indicate that the CP-violating interaction is
dominant at direct searches. We find that, if the proton-to-neutron effective coupling ratio is−60 ∼ −40, the
exclusion limits set by SuperCDMS, XENON100, and LUX are highly suppressed, and the DAMA signal
can thus be easily reconciled with these null measurements. For this model, the allowed region determined
by the DAMA signal and correct relic density can successfully satisfy the conditions required by the
thermal equilibrium, big bang nucleosynthesis, and DM self-interactions. The results of future measure-
ments on flavor physics will provide important constraints on the related models. Precise measurements
performed by COUPP, PICASSO, SIMPLE, and KIMS should be able to test this model in the near future.
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I. INTRODUCTION

The evidence for existence of dark matter (DM) in
the Universe has been established by various astronomi-
cal observations and astrophysical measurements. Our
Milky Way galaxy is believed to be surrounded by a
halo of DM, the composition of which remains unknown. It
was suggested that the DM may be composed of the so-
called weakly interacting massive particles (WIMPs) with
mass of order 10–103 GeV, which can connect with
new-physics phenomenology at the electroweak scale.
The WIMPs can easily model the relic abundance, match-
ing the observed (cold) dark matter density ΩDMh2 ¼
0.1198� 0.0026 [1,2].
The direct-detection searches from DAMA [3,4],

CoGeNT [5], CRESST-II [6], and CDMS-Si [7] have
observed an excess number of events over the background
in their counting rates; DAMA in particular has claimed to
observe events at a very high significance of 9.3σ. These
results have been interpreted as evidence for DM with a
massOð10Þ GeV. However, these results are not supported
by the null measurements [8–14]. DM interactions with
the nucleus through the ordinary spin-independent and spin-
dependent operators, which at the quantum level are
independent of momentum transfer and of relative velocity,
have been well studied. Nevertheless, such theoretical
predictions did not explain the experimental anomalies.
The momentum-dependent DM interaction with ordinary
matter mediated by a pseudoscalar coupling were then

motivated [15–23], but the related response form factors
were not well studied until 2012 [24,25]. The most general
nonrelativistic (NR) effective theory for one-body dark
matter-nucleon interactions was stressed recently in
Refs. [24,25], where the relevant nuclear response form
factors for each of the NR operators were computed.
From analyzing the Fermi Gamma-ray Space Telescope

(Fermi-LAT) data, several studies have found a GeV
gamma-ray excess arising from the region of the Galactic
center (GC) [26–33]. Boehm et al. [34] have shown that the
Dirac fermionic (Coy) DM χ with mass mχ ∼ 30 GeV,
interacting with Standard Model (SM) particles f via a
pseudoscalar mediator A with CP-conserving Yukawa-like
couplings (gfp ∝ mf=v),

Lint ⊃ gp;χAχ̄iγ5χ þ iA
X
f

gfpf̄γ5f; ð1Þ

can explain the GC gamma-ray excess, and result in a strong
suppression in other experimental searches. It was shown
that the forthcoming run of the LHC can constrain regions of
the parameter space where mA > 2mχ [34,35]; see also
extensive works in Refs. [36–45].
In this paper, taking a bottom-up approach, we will

consider the fermionic DM particle interacting with the
SM quarks via a light pseudoscalar mediator with a
CP-conserving χ̄−χ−A coupling described by the
Lagrangian in Eq. (1) and, separately, with a CP-violating
χ̄ − χ − A coupling Lint ⊃ gs;χAχ̄χ. Taking into account the
correct response form factors, the latter has not been pre-
viously systematically studied. Although this CP-violating*kcyang@cycu.edu.tw
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interaction, for which the DM annihilates through p-waves
into SM quarks, is not suitable for explaining the GC
gamma-ray excess, the unresolved millisecond pulsars
may instead be responsible for the excess observation
[46]. We perform a detailed study of the couplings and
the mediator’s mass that may be allowed by current
experimental constraints. Naively, one would expect
gs;χ ≪ gp;χ due to the smallness of the CP-violating effect.
Interestingly, the CP-violating interaction could be even
stronger than the CP-conserving one in the direct-detection
experiments if gs;χ=gp;χ > j~qj=ð2mχÞ [44,47], where ~q is the
momentum transfer in the DM-nucleus scattering. We will
show that theCP-violating interaction can offer a good fit to
the DAMA data [3,4], where j~qj=ð2mχÞ ∼ 10−3 is satisfied.
We reexamine the DAMA modulation signal and focus

on the phenomenology related to the light mediator with
mass mA < mχ , especially in the sub-GeV region. This is
motivated by the study in Ref. [39] where the authors
pointed out that the model with a light pseudoscalar mass
mA ∼ 50 MeV and a CP-conserving coupling between the
Dirac DM and a pseudoscalar can provide good fits not
only to the DAMA signal, but also to the correct relic
density and GC gamma-ray excess. However, in Ref. [39],
the pseudoscalar propagator squared gp;χgp=ðj~qj2 þm2

AÞ is
replaced by the contact form 1=Λ2 in the direct-detection
study (where the coupling gp will be defined in Sec. II). We
will show that such a replacement is not suitable. We take
into account the full interaction form, because the value of
mA could be of the same order of magnitude as the typical
momentum transfer at the direct-detection experiments.
Our results show a different conclusion: for Yukawa-like
couplings, under the correct relic density requirement, the
DAMA signal can be accommodated only within a narrow
parameter region where the long-range interactions, instead
of contact interactions, occur in the DM-iodine scatterings.
We then show that the direct-detection rates are roughly

proportional to c2pF
ðp;pÞ
Σ00 þ c2nF

ðn;nÞ
Σ00 þ 2cpcnF

ðp;nÞ
Σ00 , where

cp and cn are proton and neutron effective couplings,

respectively, and FN;N0
Σ00 are response form factors with

N;N0 ≡ n; p. Choosing a suitable set of the quark spin
contents of the nucleon andmu=md, the exclusion limits set
by XENON100 [8], SuperCDMS [9], COUPP [10],
PICASSO [11], and LUX [12] can be highly suppressed
due to the destructive interference among terms containing
different response form factors, such that the DAMA signal
is easily reconciled with these null measurements.
We further explore the DAMA-allowed region con-

strained by B and K decays involving the pseudoscalar
in the reaction. Because we consider a simplified model, the
effective couplings between the pseudoscalar and quarks
should originate from a higher scale through integrating
out heavy states. Therefore, the induced flavor-changing
neutral currents (FCNCs) may arise at the one-loop level
from diagrams with quarks and W bosons, such that the

parameters can be further constrained byB andK decays.We
estimate the flavor constraints, assuming that the relevant
new physics occurs at the scale of 1 TeV [44]. In addition, we
discuss parameter bounds required by the thermal freeze-out
and astrophysical observations related to the big bang
nucleosynthesis (BBN) and DM self-interaction.
The layout of this work is as follows. In Sec. II, we

introduce a general form of a Lagrangian that describes the
interactions of a pseudoscalar mediator with SM quarks and
the DM particle. The methods used in the analysis of the
direct detections are described in Sec. III. The relevant
formulas for the relic abundance are presented in Sec. IV.
Then, in Sec. V, we show the numerical results for DAMA,
the correct relic density, and the null measurements in
direct searches. Section VI contains the parameter con-
straints from B and K decays, the requirement of the
thermal freeze-out, and astrophysical observations related
to the big bang nucleosynthesis and DM self-interaction. A
summary is given in Sec. VII.

II. THE FERMIONIC DARK MATTER MODEL

We focus on the study of the fermionic dark matter that
couples to SM quarks via a pseudoscalar mediator A. For
simplicity, we consider the DM particle to be a Dirac
fermion, but the generalization to the Majorana fermionic
DM case is straightforward. For the Dirac DM, we assume
its chemical potential is negligible, i.e., the DM particle χ
and antiparticle χ̄ have the equal number density. We
include the CP-violating coupling between the DM and
the pseudoscalar A. The effective Lagrangian is

Lint ¼ Aχ̄ðgs;χ þ igp;χγ5Þχ þ iA
X
q

gqpq̄γ5q; ð2Þ

where gp;χ and gs;χ are theCP-conserving andCP-violating
couplings, respectively. For theMajorana fermionicDM, the
factor 1=2 needs to be inserted in front of every Majorana
fermionic bilinear; therefore, the expressions for direct
detection and annihilation cross sections are identical with
the Dirac case. When we compute the scattering rate at
direct-detection experiments, the interaction occurs with the
whole nucleus scattered due to the small kinetic energy of
the WIMP. Therefore, we need to perform the calculation at
the nucleon level with the Lagrangian rewritten as

Lint ¼ Aχ̄ðgs;χ þ igp;χγ5Þχ þ iA
X
N¼p;n

cNN̄γ5N; ð3Þ

and further take into account nuclear form factors that
describe the composite structure of the nucleus. Here the
effective coupling constants are given by

cN ¼
X

q¼u;d;s

mN

mq

�
gqp −

X
q0¼u;…;t

gq
0

p
m̄
mq0

�
ΔqðNÞ; ð4Þ
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where m̄ ¼ ð1=mu þ 1=md þ 1=msÞ−1 and the values

ΔuðpÞ ¼ ΔdðnÞ ¼ þ0.84; ΔdðpÞ ¼ ΔuðnÞ ¼ −0.44;

ΔsðpÞ ¼ ΔsðnÞ ¼ −0.03 ð5Þ

are adopted for the quark spin contents of the nucleon [48]
which, depending on the axial-vector form factors, are
obtained using ðg3A; g8A; g0AÞ ¼ ð1.2701; 0.46; 0.37Þ.
We will consider three different types of quark-

pseudoscalar interaction: (i) quark universal couplings
for which gqp ¼ gp are constant, i.e., independent of quark
flavors; (ii) quark Yukawa-like couplings for which gqp ¼
gp

ffiffiffi
2

p
mq=v with v ¼ 246.2 GeV, the vacuum expectation

value of the SM Higgs; and (iii) quark first-generation
couplings for which gup ¼ gdp ¼ gp ≠ 0, and zero for the
rest. However, for simplicity, we exclude the couplings of
the pseudoscalar to lepton sectors.
The type of quark Yukawa-like couplings is consistent

with the minimal flavor violation (MFV) ansatz [49], and
can be related to Higgs-portal or axion-portal DM models
[50]. The interaction with quark universal couplings has a
non-MFVstructure and has been studied inRefs. [39,44,51];
it introduces a larger jcp=cnj ratio such that the DAMA
signal can be easily reconciled with null direct-detection
experiments [39,51].1 However, because the flavor con-
straints may provide stronger exclusions in most parameter
regions, we further consider the interaction with quark
first-generation couplings, for which the relevant FCNC
couplings are reduced at least by 5 orders of magnitude
compared to the case of quark universal couplings.

III. DIRECT DETECTION

In a direct-detection experiment, the differential recoil
rate for DM-nucleus scattering can be expressed as

dRT

dER
¼ NT

ρ⊙
mχ

Z
vminðERÞ

vf⊕ð~v; tÞ
dσT
dER

d3v; ð6Þ

whereNT is the number of target nuclei per unit mass, ER is
the recoil energy of the target nucleus, ρ⊙ ≃ 0.3 GeV=cm3

is the local DM density near Earth [52],2 dσT=dER

is the DM differential cross section, and f⊕ð~v; tÞ
is the DM velocity distribution in the Earth frame. Here

vmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mTER=2μ2

p
is the minimal DM velocity needed for

an elastic scattering with a recoil energyER to occur, withmT
being themass of the target nucleus andμ¼mχmT=ðmχþmTÞ
being the reduced mass of the DM-nucleus system. f⊕ð~v; tÞ
can be obtained in terms of the velocity distribution in the
Galactic frame, ~fð~vÞ, as

f⊕ð~v; tÞ ¼ ~fð~vþ ~v⊕ðtÞÞ; ð7Þ

where ~v⊕ is the relative velocity of the Earth with respect
to the Galactic frame, and its magnitude is approximately
equal to its component projecting in the Galactic plane,

v⊕ðtÞ≃
�
v⊙ þ uE cos γ cos

�
2π

t − 152.5 days
365.25 days

��
km=s;

ð8Þ

with v⊙ ≃ 232 km=s arising from the Galactic rotational
motion and the Sun’s peculiar velocity. The relative velocity
between the Earth and Sun has a value uE ≃ 30 km=s and
is inclined of an angle γ ≃ 60° with respect to the Galactic
plane [52–54]. We simply assume the DM velocity distribu-
tion in the Galactic frame to be an isotropic Maxwellian
distribution with cutoff at the Galactic escape velocity vesc ¼
544 km=s [55],

~fMBð~v; v0; vescÞ ¼
1

NE
e−v

2=v2
0Θðvesc − vÞ; ð9Þ

withNE ¼ π3=2v30ðerfðzÞ − 2z expð−z2Þπ−1=2Þ, z ¼ vesc=v0,
and v0 ¼ 220 km=s being the most probable velocity.
For the direct-detection searches, the relevant effective

operators for the CP-conserving (CPC) and CP-violating
(CPV) interactions between Dirac DM and nuclei can be
represented as

ON
CPC ¼ ðχ̄iγ5χÞðN̄iγ5NÞ; ð10Þ

ON
CPV ¼ ðχ̄χÞðN̄iγ5NÞ; ð11Þ

respectively. To compute the scattering amplitudes, wemust
take into account the bound-state effects and then sum up
the interaction amplitudes over all nucleons in the nucleus.
The nuclear response of these types, different from the
standard spin-independent and spin-dependent responses
that are usually adopted, has been systematically studied in
Refs. [24,25]. First, we express the corresponding non-
relativistic operators in terms of the nucleonmatrix elements
of operators,

hχðp0Þ; Nðk0ÞjON
CPCjχðpÞ; NðkÞi → 4O6

¼ 4ð~q · ~SχÞð~q · ~SNÞ; ð12Þ

1However, we find that for the Yukawa-like couplings, if we
choose another set of the quark spin contents of the nucleon given in
Eq. (39) andmu=md≃0.58, the DAMA signal is instead reconciled
with null measurements by LUX, XENON100, and SuperCDMS;
this is not the case for quark universal couplings.

2The local DM density 0.3 GeV=cm3 has usually been adopted
in direct-detection studies. However, a value between 0.2 ∼
0.8 GeV=cm3 is still allowed. Because we are interested in
taking comparisons among direct-detection experiments, the
conclusion is thus independent of the value of the local density.
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hχðp0Þ; Nðk0ÞjON
CPVjχðpÞ; NðkÞi → −4mχO10

¼ −4mχi~q · ~SN; ð13Þ
where the momentum transfer is ~q ¼ ~p0 − ~p, and ~SN and ~Sχ
are the nucleon spin andDMspin operators, respectively. The
differential DM-target nucleus interaction cross section reads

dσT
dER

ðv; ERÞ ¼
1

32π

1

m2
χmT

1

v2
jMT j2; ð14Þ

where

jMT j2 ¼
16g2p;χ

ðj~qj2 þm2
AÞ2

1

2jχ þ 1

1

2jþ 1

×
X
spin

X
N;N0¼p;n

cNcN0 jhχ0; T 0jO6χ
þχ−NþN−jχ; Tij2

¼ j~qj4g2p;χ
ðj~qj2 þm2

AÞ2
m2

T

m2
N

X
N;N0¼p;n

cNcN0FN;N0
Σ00 ð15Þ

for the CP-conserving interaction and

jMT j2 ¼
16m2

χg2s;χ
ðj~qj2þm2

AÞ2
1

2jχ þ1

1

2jþ1

×
X
spin

X
N;N0¼p;n

cNcN0 jhχ0;T 0jO10χ
þχ−NþN−jχ;Tij2

¼ 4j~qj2g2s;χ
ðj~qj2þm2

AÞ2
m2

χm2
T

m2
N

X
N;N0¼p;n

cNcN0FN;N0
Σ00 ð16Þ

for theCP-violating interaction, with j and jχ being the spins
of the nucleus and DM particle, respectively. Here the mass
difference of the proton and neutron is neglected, ðχþ; NþÞ
and ðχ−; N−Þ are nonrelativistic fields involving only creation
and annihilation fields, respectively, for theDMparticle χ and
nucleonN, andT denotes the target nucleus. Thenuclear form
factors FN;N0

Σ00 , of which the explicit results for various nuclei
can be found in Refs. [24,25], are functions of the dimension-
less variable y ¼ ðj~qjb=2Þ2, where b≃ ½41.467=ð45A−1=3 −
25A−2=3Þ�1=2 is the harmonic oscillator parameter, and
j~qj ¼ ð2mTERÞ1=2.
Finally, the rates can be expressed as

dRT

dER
¼ NT

ρ⊙
mχ

1

32π

mT

m2
χm2

N

j~qj4g2p;χ
ðj~qj2 þm2

AÞ2

×
X

N;N0¼p;n

cNcN0F ðN;N0Þ
Σ00 ðy; T; tÞ; ð17Þ

for the CP-conserving interaction, and

dRT

dER
¼ NT

ρ⊙
mχ

1

8π

mT

m2
N

j~qj2g2s;χ
ðj~qj2 þm2

AÞ2

×
X

N;N0¼p;n

cNcN0F ðN;N0Þ
Σ00 ðy; T; tÞ; ð18Þ

for the CP-violating interaction, where

F ðN;N0Þ
Σ00 ðy; T; tÞ≡

Z
vminðERÞ

d3v
1

v
f⊕ð~v; tÞFðN;N0Þ

Σ00 ðy; TÞ:

ð19Þ
Note that for the case of the Dirac DM, no additional factor
of 2 should appear in Eqs. (17) and (18) to account for the
interaction due to χ̄, because such an effect has already
been included in ρ⊙ ¼ mχðnχ þ nχ̄Þ.
The nuclear response form factors FN;N0

Σ00 are relevant to,
with respect to the momentum transfer ~q, the longitudinal
component of the nucleon spin. It is interesting to note that,
in j~qj → 0 limit, we can obtain the following approximation:X
N;N0¼p;n

cNcN0FN;N0
Σ00 ð0Þ

≈
4

j~qj2
m2

N

m2
T

1

2J þ 1

X
spins for T;T 0

����XN¼p;n
cNhT 0j~q · ~SN jTi

����2

≈
4

3

J þ 1

J
ðcphSpi þ cnhSniÞ2; ð20Þ

where the spin average is taken for the target nucleus, J is the
spin of the initial target nucleus, and hSpðnÞi≡ hTjSpðnÞjTi are
the expectation values of the proton (or neutron) spin for the
nuclearground state. In thenuclear shellmodel calculation, the
unpaired nucleon mainly contributes to hSNi and J, such that
we can have the approximation cphSpi þ cnhSni →
coddhSoddi, where the subscript “odd” represents for the
kind of the unpaired nucleon [56]. Therefore, considering
various nuclides that are relevant to the direct-detection
experiments analyzed in this paper, only those with ground-
state spins ≥ 1=2 [19Fð1=2Þ, 23Nað3=2Þ, 73Geð9=2Þ,
127Ið5=2Þ, 129Xeð1=2Þ, and 131Xeð3=2Þ] contribute to
FN;N0
Σ00 , the spin-dependent form factors, of which the values

at j~qj ¼ 0 are summarized in Table I [24,25].
To evaluate the proton and neutron couplings, we use the

current quark masses for the light quarks in the MS
subtraction scheme [1],

mu ¼ 2.3þ0.7
−0.5 MeV; md ¼ 4.8þ0.5

−0.3 MeV;

ms ¼ 95� 5 MeV; ð21Þ

TABLE I. Values of form factors FN;N0
Σ00 at j~qj ¼ 0 for the

nuclides with nonzero spin, where NA≡ natural abundance and
J ≡ the spin of the nucleus.

Z NA (%) J Fðp;pÞ
Σ00 ð0Þ Fðn;nÞ

Σ00 ð0Þ Fðp;nÞ
Σ00 ð0Þ

19F 9 100 1=2 0.903 0.00030 −0.0166
23Na 11 100 3=2 0.132 0.00084 0.0105
73Ge 32 7.7 9=2 0.00010 0.368 0.0061
127I 53 100 5=2 0.130 0.0080 0.0323
129Xe 54 26.4 1=2 0.00021 0.247 0.0072
131Xe 54 21.2 3=2 0.000058 0.0878 0.00226
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corresponding to the scale 2 GeV, with the following ratio
constraints:

mu=md ¼ 0.48�10; ms=ððmuþmdÞ=2Þ¼ 27.5�1.0:

ð22Þ

For the heavy quarks, we use the running quark masses in
the MS scheme [1],

mc ¼ 1.275� 0.025 GeV; mb ¼ 4.18� 0.03 GeV;

mt ¼ 160þ5
−4 GeV: ð23Þ

All quark masses will be consistently rescaled to
μ ¼ 1 GeV. Using the central values of quark masses,
the effective coupling constants and their ratios are given by

cp ¼ −0.359gp; cn ¼ 0.022gp;

cp=cn ¼ −16.4; for quark universal couplings;

cp ¼ −0.0115gp; cn ¼ 0.0028gp;

cp=cn ¼ −4.09; for quark Yukawa-like couplings;

cp ¼ 3.18gp; cn ¼ −0.19gp;

cp=cn ¼ −16.8; for quark first-generation couplings:

ð24Þ

We fit the simplified model to the data using Bayesian
statistics. The approach is briefly described below.

A. DAMA

The DAMA experiment, using highly radiopure NaI(Tl)
scintillators, has observed an annual modulation in the
energy spectrum of the target sodium and iodine nuclei. In
the experiment, the measurable scintillation energy Eee (in
electron-equivalent units, keVee) that is transferred from
the nuclear recoil energy ER can be written as Eee ¼ qER,
where q is called the quenching factor. In this paper, wewill
use the quenching factors qNa ≈ 0.3 and qI ≈ 0.09 [57] for
the sodium and iodine, respectively. To fit the annual
modulation signal at DAMA to the theoretical models,
we shall use the data points (in the first 12 energy bins) in
the low-energy window (2–8) keVee, reported in Fig. 8 of
Ref. [4]. We neglect the data points with energies larger
than 8 keVee, because they do not show any statistically
significant modulation. The χ2 is then given by [58]

χ2DAMA ¼
X12
i¼1

1

σ2i
½SmðÊi

eeÞ − ŜmðÊi
eeÞ�2; ð25Þ

where σi are the errors associated with the data points
ŜmðÊi

eeÞ, and the expected annual modulation rate is
averaged over the energy bin interval,

SmðÊi
eeÞ ¼

1

2ΔÊee

Z
Êi
eeþΔÊee

Êi
ee

dÊee

×

�
dRT

dÊee

����
ðJune 2Þ

−
dRT

dÊee

����
ðDecember 2Þ

�
; ð26Þ

with ΔÊee ¼ 0.5 keVee being the width of the energy bins.
The observable differential rate as a function of the
scintillation energy can be represented by the convolution
of the Gaussian energy resolution function and potentially
possible rate,

dRT

dÊee
¼

Z
∞

0

dEeeð2πσ2Þ−1=2 exp
�
−
ðEee − ÊeeÞ2

2σ2

� ∂ER

∂Eee

×

�
dRT

dER

�
ER¼ERðEeeÞ

; ð27Þ

where Êee is the actually observed energy, Eee is the energy
potentially measurable, and the DAMA detector resolution
is [59]

σðEeeÞ ¼ 0.448
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eee=keVee

p
þ 9.1 × 10−3 Eee=keVee:

ð28Þ

B. Null direct-detection experiments

Following the approach given in Ref. [60], we determine
the 90% confidence level (C.L.) for exclusion limits from
COUPP, PICASSO, SuperCDMS, XENON100, and LUX.
The analysis is based on the explicit formalism [60]

χ2C.L.ðλ; mχÞ ¼ −2
X
k

Nobs
k ln

�
Nth

k ðλ; mχÞ þ Nbkg
k

Nbkg
k

�

þ 2
X
k

Nth
k ðλ; mχÞ; ð29Þ

where Nobs
k , Nbkg

k , and Nth
k are the event numbers for the

observation, expected background, and theoretical predic-
tion, respectively. Here each module or energy bin is
denoted by k.
The χ2 value is chosen to be a certain C.L., which

corresponds to the bounds on the parameter λ. Here, to
study the exclusion limits at 90%C.L., wewill adopt χ2C:L: ¼
2.71 for one single parameter λ≡ ðgp;χgpÞ1=2=mA or
ðgs;χgpÞ1=2=mA, corresponding to the CP-conserving inter-
action or CP-violating interaction.

IV. RELIC ABUNDANCE CONSTRAINTS

We focus on the case of mA < mχ , which usually
corresponds to TA

f < Tχ
f, where TA

f and Tχ
f are the freeze-

out temperatures for A and χ, respectively. The Boltzmann
equation for the DM χ of number density nχ is given by
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a−3
dðnχa3Þ

dt
¼ hσvMoli½ðnð0Þχ Þ2 − n2χ �;

where hσvMoli is the thermal average of σvMol, with vMol as
the Møller velocity, and the equilibrium number density of

theDMdenoted asnð0Þχ . After the freeze-out temperature, the
DM abundance is constant within a comoving volume. By
solving the Boltzmann equation, the thermal DM relic
abundance and freeze-out temperature are given by [61,62]

ΩDMh2 ≃ η
1.04 × 109 GeV−1

J
ffiffiffiffiffi
g�

p
mpl

;

xf ≃ ln
0.0382gχmplmχhσvMoliδðδþ 2Þffiffiffiffiffiffiffiffiffig�xf

p ; ð30Þ

where

J ¼
Z

∞

xf

hσvMoli
x2

dx; ð31Þ

η ¼ 2 (or 1) for the Dirac (or Majorana) DM particle, h≃
0.673 is the scale factor for the present-dayHubble constant,
mpl ≃ 1.22 × 1019 GeV is the Planck mass, xf ≡mχ=Tf,

δ≡ nχ=s − nð0Þχ =s with s the total entropy of the universe,
gχ ¼ 2 is the number of degrees of freedom of the χ particle,
and g� is the number of relativistic degrees of freedom
(DOF). Here g� ≳ 87.25, and we will adopt g� ≈ 87.25,
which is the sum of the relativistic DOF of theA particle and
SM for 4 GeV < Tf < 80 GeV. The current value for the
DM density, coming from global fits of cosmological
parameters to a variety of observations, is ΩDMh2¼
0.1198�0.0026 [1,2], which follows xfJ∼η×0.634 pbc,
corresponding to a typical magnitude about the electroweak
interaction. It turns out that a convenient choice for the best-
fit result is δðδþ 1Þ ¼ nðnþ 1Þ, where n ¼ 0 corresponds
to the s-wave annihilation, n ¼ 1 for p-wave annihilation,

and so on [62]. Numerically, we obtain that xf ≈ 20 (or 21)
for s-wave dominated annihilations if mχ ∼ 10 GeV (or
∼40 GeV), and xf ≈ 19 (or 20) for p-wave dominated
annihilations if mχ ∼ 10 GeV (or ∼40 GeV). The require-
ment of the correct relic abundance can further result in the
constraint on the magnitudes of mA and the interacting
strength between the thermal DM and SM particles.
For temperature T ≲ 3mχ , the thermal average can be

written as a single-integral formula [61],

hσvMoli ¼
1

8m4
χTK2

2ðmχ=TÞ

×
Z

∞

4m2
χ

σ
ffiffiffi
s

p ðs − 4m2
χÞK1ð

ffiffiffi
s

p
=TÞds; ð32Þ

where K1;2 are the modified Bessel functions and s is the
center-of-mass energy squared. Note that it has been shown
that hσvMoli taken in the cosmic comoving frame is equal
to the result that is performed in the laboratory frame in
which one of the incoming particles is treated to be rest,
i.e., hσvMoli ¼ hσvlabilab [61]. In the calculation, we
expand the annihilation cross sections in powers of ϵ,
σvlab ¼ aþ bϵþ � � �, where ϵ ¼ ðs − 4m2

χÞ=ð4m2
χÞ is the

kinetic energy per unit mass in the laboratory frame. We
can then obtain the thermally averaged annihilation cross
sections

hσvMoli ¼ aþ 3

2

b
x
þOðx−2Þ; ð33Þ

with x≡mχ=T. The abundance of the DM is determined
by the s-channel annihilation into a SM quark pair through
the exchange of the pseudoscalar A, and by t- and u-
channel annihilations into two A’s. For the CP-conserving
interaction, the thermally averaged cross section for the
Dirac DM particles χ̄χ annihilating into a q̄q pair, which is
a s-wave process, is given by

hσvMoliχ̄χ→q̄q ≃
X
q

8<
: g2p;χg

q
p
2ncm2

χ

2π½ðm2
A − 4m2

χÞ2 þm2
AΓ2

CPC�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
q

m2
χ

s

þ 3g2p;χg
q
p
2nc½16m4

χðm2
A − 4m2

χÞ þm2
qð80m4

χ − 24m2
Am

2
χ þm4

A þm2
AΓ2

PPÞ�
8π½ðm2

A − 4m2
χÞ2 þm2

AΓ2
CPC�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

q=m2
χ

q
x

9=
;; ð34Þ

where nc ¼ 3 is the number of the quark’s colors, and the s-wave contribution starts at Oðx0Þ and involves Oðx−1Þ, which
gives about 15% correction to the leading term. For the CP-violating interaction, which is the p-wave process, this is
obtained by

hσvMoliχ̄χ→q̄q ≃
X
q

3g2s;χg
q
p
2nc

4π

m2
χ

ð4m2
χ −m2

AÞ2 þm2
AΓ2

CPV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
q

m2
χ

s
1

x
. ð35Þ

For the thermally averaged cross section into two A’s, the results can be expressed as
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hσvMoliχ̄χ→AA ≃ g4p;χ
4π

mχðm2
χ −m2

AÞ5=2
ð2m2

χ −m2
AÞ4

1

x
; ð36Þ

for the CP-conserving interaction, and

hσvMoliχ̄χ→AA≃g4s;χ
4π

m2
χð9m4

χ −8m2
χm2

Aþ2m4
AÞ

ð2m2
χ −m2

AÞ4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

m2
A

m2
χ

s
1

x
;

ð37Þ
for the CP-violating interaction. It is interesting to note that
the DM annihilations into SM quarks are s-wave and p-
wave processes for CP-conserving and CP-violating
interactions, respectively, while the annihilation to the
pseudoscalars is a p-wave process for both interactions.

The total widths of the A for the two types of interactions
are the same, ΓCPC ¼ ΓCPV ¼ Γ, because A → χ̄χ is for-
bidden for mA < mχ. In the present case mA < mχ , the
width of the pseudoscalar satisfiesmAΓ=ð4m2

χÞ ≪ 1, so that
it can be negligible in the calculation (see also Fig. 2 of
Ref. [44] and the discussion therein).

V. RESULTS

A. DAMA and null direct-detection measurements

We fit the DAMA signal with two free parameters,
ðgpðsÞ;χgpÞ1=2

mA
andmχ , with respect to various values ofmA. The

results are summarized in Tables II–VII. The best fit is

TABLE III. Same as for Table II except for Yukawa-like couplings between the pseudoscalar mediator and quarks.

mA (GeV) ðgp;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value ðgp;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value

5.0 28.2 8.07 9.96 0.44 10.6 33.1 10.3 0.41
1.0 28.2 8.07 9.96 0.44 10.6 33.1 10.3 0.41
0.30 28.2 8.08 9.96 0.44 11.0 33.7 10.4 0.41
0.10 28.7 8.15 9.98 0.44 13.9 37.0 11.0 0.36
0.050 30.2 8.32 10.1 0.44 21.2 40.8 11.8 0.30
0.030 33.5 8.74 10.2 0.42 32.4 42.4 12.8 0.24
0.010 63.1 10.2 11.1 0.35 90.8 42.2 14.7 0.15
0.0020 289 10.9 11.8 0.30 447 41.8 15.2 0.13

TABLE II. CP-conserving interaction and quark universal couplings. Results of spectral fits to the DAMA annual modulation signal
with respect to various values of mA, where the type of interaction is CP conserving and the pseudoscalar mediator couples to quarks
with universal couplings. For χmin, the corresponding p value is given.

mA (GeV) ðgp;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value ðgp;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value

5.0 5.01 8.07 9.96 0.44 1.87 33.2 10.3 0.41
1.0 5.01 8.07 9.96 0.44 1.87 33.2 10.3 0.41
0.30 5.03 8.08 9.96 0.44 1.93 33.8 10.4 0.41
0.10 5.11 8.13 10.0 0.44 2.45 37.3 10.8 0.37
0.050 5.36 8.36 10.0 0.44 3.73 41.0 11.7 0.30
0.030 5.97 8.74 10.2 0.42 5.73 42.7 12.7 0.24
0.010 11.2 10.2 11.3 0.35 16.1 42.6 14.5 0.15
0.0020 51.4 11.0 11.8 0.30 79.1 42.2 15.0 0.13

TABLE IV. Same as for Table II except for that the pseudoscalar mediator directly couples only to first-generation quarks with the
universal couplings.

mA (GeV) ðgp;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value ðgp;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value

5.0 1.68 8.07 9.95 0.44 0.627 33.2 10.3 0.41
1.0 1.68 8.07 9.95 0.44 0.629 33.2 10.3 0.41
0.30 1.69 8.08 9.96 0.44 0.650 33.8 10.4 0.41
0.10 1.71 8.15 9.97 0.44 0.822 37.3 10.8 0.37
0.050 1.80 8.30 10.1 0.44 1.25 41.1 11.8 0.30
0.030 2.00 8.74 10.3 0.42 1.92 42.7 12.7 0.24
0.010 3.78 10.2 11.1 0.35 5.39 42.6 14.5 0.15
0.0020 17.3 11.0 11.8 0.30 26.6 42.2 15.0 0.13
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performed over 12 − 2 degrees of freedom. We obtain two
qualitatively different best-fit regions, where one with a mχ

of 10 GeV is mainly due to scattering on sodium and the
other with a mχ of order 40 GeV is mainly due to scattering
on iodine. Taking a good fit with a p value > 0.05
(95% C.L.) which corresponds to χ2 < 18.3, we find that,
for the CP-violating interaction, the fit with a heavier DM
mass of order 40 GeV becomes poor when mA ≲ 40 MeV.
Here p ¼ 1=ð2ν=2Γðν=2ÞÞ R∞

χ ðC2Þðν−2Þ=2 exp½−C2=2�dC,
with ν ¼ 12 − 2 ¼ 10, for which a too-low value of p
means the DAMA data are not consistent with being drawn
from the model. For numerical results, the interesting
points are as follows.

(i) Comparing Eq. (17) with Eq. (18), we know that, to
fit the DAMA data, gs;χ ≈ gp;χ j~qj=ð2mχÞ ∼ 10−3gp;χ
should be satisfied for the CP-violating interaction,
where the typical momentum transfer satisfies j~qj ∼
80 MeV if the signal is mainly due to scatterings on
iodine or j~qj ∼ 20 MeV if it is mostly due to
scatterings on sodium. Our results given in Ta-
bles II–VII are consistent with this kinematic re-
quirement that gs;χ=gp;χ ≃ ð1=30Þ2 under the same
conditions for mA, gp, and mχ .

(ii) As shown in Tables II–VII, for the best-fit solutions
with mχ of order 40 GeV and mA ≳ 300 MeV (or
with mχ of order 10 GeV and mA ≳ 100 MeV), we

TABLE VII. Same as for Table II except for the CP-violating interaction where the pseudoscalar mediator directly couples only to
first-generation quarks with the universal couplings.

mA (GeV) ðgs;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value ðgs;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value

5.0 0.0547 9.17 10.8 0.37 0.0209 37.5 11.6 0.31
1.0 0.0547 9.17 10.8 0.37 0.0210 37.6 11.6 0.31
0.30 0.0548 9.18 10.8 0.37 0.0216 38.6 11.7 0.31
0.10 0.0555 9.30 10.8 0.37 0.0266 43.7 12.4 0.26
0.050 0.0579 9.64 10.9 0.37 0.0393 47.8 15.0 0.13
0.030 0.0635 10.2 11.0 0.36 0.0574 46.6 21.1 0.020
0.010 0.116 12.8 12.0 0.29 � � � � � � � � � � � �
0.0020 0.526 14.1 12.6 0.25 � � � � � � � � � � � �

TABLE V. Same as for Table II except for the CP-violating interaction.

mA (GeV) ðgs;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value ðgs;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value

5.0 0.163 9.17 10.8 0.37 0.0623 37.5 11.6 0.31
1.0 0.163 9.18 10.8 0.37 0.0624 37.6 11.6 0.31
0.30 0.163 9.18 10.8 0.37 0.0640 38.6 11.7 0.31
0.10 0.166 9.30 10.8 0.37 0.079 43.8 12.4 0.26
0.050 0.172 9.65 10.9 0.37 0.117 47.7 15.0 0.13
0.030 0.189 10.3 11.0 0.36 0.171 46.5 21.1 0.020
0.010 0.345 12.8 12.0 0.29 � � � � � � � � � � � �
0.0020 1.57 14.1 12.6 0.25 � � � � � � � � � � � �

TABLE VI. Same as for Table II except for the CP-violating interaction with Yukawa-like couplings between the pseudoscalar
mediator and quarks.

mA (GeV) ðgs;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value ðgs;χgpÞ1=2
mA

(GeV−1) mχ (GeV) χ2min p value

5.0 0.916 9.17 10.8 0.37 0.355 37.3 11.6 0.31
1.0 0.916 9.18 10.8 0.37 0.356 37.3 11.6 0.31
0.30 0.917 9.18 10.8 0.37 0.365 38.3 11.7 0.31
0.10 0.930 9.30 10.8 0.37 0.450 43.3 12.5 0.25
0.050 0.969 9.65 10.9 0.37 0.664 47.2 15.2 0.11
0.030 1.06 10.3 11.0 0.36 0.967 46.2 21.7 0.017
0.010 1.94 12.8 12.0 0.29 � � � � � � � � � � � �
0.0020 8.81 14.1 12.6 0.25 � � � � � � � � � � � �
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can take the following replacement in the DAMA
data analysis:

gpðsÞ;χgp
j~qj2 þm2

A
ON

CPC ðCPVÞ →
1

Λ2
ON

CPC ðCPVÞ; ð38Þ

where the resultant Λ ¼ mA=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffigpðsÞ;χgp

p weakly de-
pends on the value of mA owing to m2

A=
ðj~qj2 þm2

AÞ ≳ 0.95. However, such a replacement
is invalid even when the value of mA is comparable
with the typical momentum transfer j~qj; the deviation
may give rise to different conclusions in the global
analysis (see also Figs. 4 and 5).

(iii) For mA ≳ 300 MeV, compared with the usual spin-
independent case, the additional factors j~qj4 and j~qj2
for CP-conserving and CP-violating interactions,
respectively [see also Eqs. (17) and (18)], deplete the
spectrum at low recoil energies and, hence, result in
smaller DM masses for a good fit. However, as for
mA ≲ j~qj, the factor ðj~qj2 þmAÞ−2 will further move
the DM best-fit regions to higher masses.

(iv) Because the detectors at experiments for DAMA,
COUPP, PICASSO, SuperCDMS, XENON100, and
LUX [8–12] are made of NaI, CF3I, C4F10, Ge, Xe,
and Xe, respectively, the main contributions to
DAMA, COUPP, and PICASSOmeasurements arise
from the unpaired protons (inside the abundant

isotopes 19F, 23Na, or 127I), while the SuperCDMS,
XENON100, and LUX data are mostly due to the
contributions from the unpaired neutrons (inside the
abundant isotopes 73Ge, 129Xe, or 131Xe).3

(v) In Fig. 1, we show that as mu=md ≈ 0.525, the value
of jcp=cnj goes to infinity (due to cn→0) for
interactionswith quark universal couplings andquark
first-generation couplings. Meanwhile, as mu=md ≈
0.58, a larger value for jcp=cnj ≈ 9 can be obtained
for the Yukawa-like couplings. The detection rates

are roughly proportional to c2pF
ðp;pÞ
Σ00 þ c2nF

ðn;nÞ
Σ00 þ

2cpcnF
ðp;nÞ
Σ00 . In experiments employing Xe (LUX

and XENON100) and Ge (SuperCDMS) as detector
materials, whose spins are mostly due to the unpaired

neutron, the interference between 2cpcnF
ðp;nÞ
Σ00 and

ðc2pFðp;pÞ
Σ00 þ c2nF

ðn;nÞ
Σ00 Þ is destructive for cp=cn < 0

(see also Table I). Numerically, we find that as
cp=cn ≈ −60 ∼ −40, the exclusion limits set by
SuperCDMS, XENON100, and LUX are highly

FIG. 1. The effective coupling constants as functions of mu=md. The central values of quark masses (mu, ms, mc, mb, mt) given in
Eqs. (21) and (23) and the values of ΔqðNÞ ’s given in Eq. (5) are used.

3Although FN;N0
Σ00 for 12C are not given in Refs. [24,25], their

values equal to zero [63]. The results are expected since 12C has
neither an unpaired proton nor an unpaired neutron. In the present
study, we neglect the contribution from 13C due to the smallness
of its natural abundance, 1.1%.
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FIG. 2. The DAMA 2σ- (inner shaded region) and 3σ- (outer shaded region) allowed regions vs 90% C.L. upper limits from LUX
(solid blue), XENON100 (dashed red), SuperCDMS (long-dashed brown), PICASSO (dot-dashed green), and COUPP (dotted orange)
for the CPC interaction, where we have taken mA ¼ 100 MeV as a benchmark. For the DAMA, the two regions with the gray color (at
mχ ∼ 8 GeV) and with the purple color (at mχ ∼ 37 GeV) correspond to scattering on the sodium and iodine, respectively. The central
values of ΔqðNÞ and quark masses (rescaled to μ ¼ 1 GeV) given in Eqs. (5), (21), and (23) are used, except that md ¼ mu=0.51 is used
in the lower panels.

FIG. 3. Same as for Fig. 2 except that this is for the CPV interaction.
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suppressed4; using Eq. (5), we find that when
mu=md ∈ ð0.506; 0.514Þ such suppression occurs
for the cases of quark universal couplings and quark
first-generation couplings. The results are shown in
the lower panels of Figs. 2 and 3.5

(vi) One should note that cp=cn depends not only on
mu=md, but also on the values of ΔqðNÞ ’s. Choosing
mu=md ¼ 0.58 and another set of ΔqðNÞ ’s given in
Ref. [48],

ΔuðpÞ ¼ΔdðnÞ ¼þ0.85; ΔdðpÞ ¼ΔuðnÞ ¼−0.42;

ΔsðpÞ ¼ΔsðnÞ ¼−0.08; ð39Þ

corresponding to the use of ðg3A; g8A; g0AÞ ¼
ð1.2701; 0.585; 0.34Þ, we find that cp=cn ¼ −8.49;
−8.30, and −22.7 for the quark universal, quark
first-generation, and quark Yukawa-like couplings,
respectively, such that the Yukawa-like couplings
can instead reconcile the DAMA signal with the
null measurements of LUX, XENON100, and
SuperCDMS.

(vii) Figures 2 and 3 show the contour plots for the
DAMA modulation result and the upper bounds for
the null experiments in the ½mχ ; ðgp;χgpÞ1=2=mA� and
½mχ ; ðgs;χgpÞ1=2=mA� planes, respectively, where
mA ¼ 100 MeV is used as a benchmark. We show
the results using the central values of ΔqðNÞ and
quark masses given in Eqs. (5), (21), and (23) as
inputs. For comparison, we also show the plots using
the same parameters except for md ¼ mu=0.51,
which correspond to cp=cn ¼ −49.8 and −52.0 for
the cases of quark universal couplings and quark first-
generation couplings, respectively, while cp=cn ¼
−4.9 for the quark Yukawa-like couplings. For the

FIG. 4. 3σ-allowed DAMA regions (gray) vs allowed regions for the correct relic abundance (red). The range between dashed lines is
for the contact limit. For the left panels [(a-1), (b-1), and (c-1)], the DM mass is of order 10 GeVand the DAMA signal is dominated by
scattering off sodium, while for the right panels [(a-2), (b-2), and (c-2)], the DMmass is of order 40 GeVand the DAMA signal is mostly
due to scattering off the iodine target.

4In the analysis, we use the LUX results published in 2014
[12]. Though the LUX experiment has recently released the new
result [64], our conclusion remains unchanged.

5All figures shown in this paper are relevant to the Dirac
fermionic DM. As for the Majorana DM, the allowed parameters
can be approximately obtained with the following substitutions:
gpðsÞ;χ → gpðsÞ;χ=21=4, gp → gp=21=4, and mA → mA=21=4, which
originate from the factor η in Eq. (30).
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DAMA, we present the best-fit region corresponding
to 95.45% (99.73%) C.L. for a two-dimensional
parameter space, i.e., 2σ (3σ) corresponding to
Δχ2 ¼ 6.18 (Δχ2 ¼ 11.83). For the null experi-
ments, we show the exclusion limits at 90% C.L.
The DAMA signal can be reconciled with the null
measurements of LUX, XENON100, and
SuperCDMS for cp=cn ≈ −60 ∼ −40. However, the
DAMA signal is still in tension with COUPP and
PICASSO because the target nuclei in these three
experiments have unpaired protons.6 The COUPP
and PICASSO experiments employing fluorine (F),
which is light compared to sodium’s mass, are
relevant to constraining the DM scattering on sodium
(Na) in the DAMA, while COUPP also employing

iodine (I) can constrain the DM scattering on iodine
in the DAMA.

B. Relic abundance constraint on the DAMA signal

The parameters extracted by the DAMA measurement
can be further constrained by the requirement of the correct
relic density. We will substitute the value of mχ , obtained
from the DAMA data, into the relic density formula; i.e.,
mχ is a function ofmA. In Figs. 4 and 5, we plot 3σ-allowed
DAMA regions, and also include uncertainties due to
variations of quark masses and ΔqðNÞ, and correct relic
density regions in the ðmA;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffigpðsÞ;χgp
p =mAÞ plane.

The range between dashed lines corresponds to the
DAMA signal extracted in the contact limit, with the
replacement gpðsÞ;χgp=ðj~qj2þm2

AÞ→1=Λ2. Our results
show that such a replacement is not suitable for the light
mediator case. Moreover, though the DAMA signal is
incompatible with the correct relic density requirement
for the CP-conserving interaction with quark universal
couplings,7 for the CP-conserving interaction with

FIG. 5. Same as for Fig. 4 except for the CPV interaction.

6A recent measurement [65] shows the Na quenching factor
may be ∼0.19 at 6 keVee to ∼0.15 at 2 keVee, significantly
smaller than that reported by the DAMA Collaboration at low
energies. A lower value of the quenching factor indicates larger
recoil energies at DAMA and, consequently, favors a larger
DM mass to fit the data. However, numerically we find that
using a smaller (or larger) sodium or iodine quenching factor,
encountered in the literature [65,66], does not significantly
improve the fits.

7A similar conclusion for quark universal couplings was
obtained in Ref. [44].
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Yukawa-like couplings only a small parameter region
mA ≲ 15 MeV can be accommodated, where the long-range
interactions, instead of contact interactions, occur in the
DM-iodine scatterings; the allowed result in Fig. 4(b2) is
located in the DAMA iodine region with confidence
level larger than 90% (≳1.64σ). (See Ref. [67] for further
discussions on GC gamma-ray excess.) Our results seem to
indicate that if the pseudoscalar has universal couplings to
quarks or Yukawa-like couplings to quarks, the fermionic
DM-nucleus scattering mediated by a light pseudoscalar is
dominated by the CP-violating interaction, i.e., gs;χ ≫
10−3gp;χ .
It should be noted that although the case of quark first-

generation couplings covers a widely allowed parameter
region, it is, however, not helpful for explaining the GC
gamma-ray excess. The resultmχ ≈ 20 GeV extracted from
the relevant channel χχ → q̄q in the GC excess data
[32,33], is out of the range that we have obtained from
the DAMA signal.

VI. DISCUSSIONS

A. Flavor constraints

The effective couplings between the pseudoscalar and
quarks, which are not gauge invariant, should arise from a
higher scale by integrating out heavy states. Interactions of
these types may induce FCNCs, arising at the one-loop
level from diagrams with quarks and W bosons, such that
the parameters can be further constrained by the (in)visible
B and K decays. Here we will use the estimates given in
Ref. [44] where the relevant new physics is assumed to
occur at the scale of 1 TeV. The resulting Lagrangian for the
induced FCNCs is given by

LFCNC ¼ Ad̄ðhSds þ hPdsγ
5Þsþ As̄ðhSsb þ hPsbγ

5Þbþ H:c:;

ð40Þ

where the coefficients for the cases of quark universal and
quark Yukawa-like couplings are,8

hSds ≈ ð4.6 × 10−6 þ 2.0 × 10−6iÞgp;
hPds ≈ ð1.7 × 10−6 þ 7.3 × 10−7iÞgp;
hSsb ≈ ð6.3 × 10−4 − 1.2 × 10−5iÞgp;
hPsb ≈ ð2.0 × 10−4 − 3.8 × 10−6iÞgp; ð41Þ

and

hSds ¼ ð3.5 × 10−9 þ 1.5 × 10−9iÞgp;
hPds ¼ ð3.9 × 10−9 þ 1.7 × 10−9iÞgp;
hSsb ¼ ð2.3 × 10−5 − 4.2 × 10−7iÞgp;
hPsb ¼ ð2.3 × 10−5 − 4.4 × 10−7iÞgp; ð42Þ

respectively. Following the calculations in Ref. [44], the
coefficients for the quark first-generation couplings are
obtained as

hSðPÞsb ¼ −
αgpðmb �msÞmu

16πm2
W sinðθWÞ2

VubV�
us log

�
Λ2

m2
t

�
; ð43Þ

hSðPÞds ¼ −
αgpðms �mdÞmu

16πm2
W sinðθWÞ2

VusV�
ud log

�
Λ2

m2
t

�
; ð44Þ

where we will adopt Λ ¼ 1 TeV, corresponding to the new
physics scale, andm ¼ mt as the relevant mass scale for the
process under consideration. Numerically, we obtain

hSds ≈ ð−2.5 × 10−11Þgp;
hPds ≈ ð−2.3 × 10−11Þgp;
hSsb ≈ ð−1.8 × 10−12 þ 4.5 × 10−12iÞgp;
hPsb ≈ ð−1.8 × 10−12 þ 4.4 × 10−12iÞgp: ð45Þ

We have considered the scenarios that mA < mχ and that
dark matter couples only to the Standard Model quarks
through the pseudoscalar particle exchange directly.
Because mA < 2mχ , the pseudoscalar A has no invisible
decaymodes. Some possible experimental channels that can
constrain the parameters relevant to the present models will
be studied in this subsection. It is interesting to note that the
A’s lifetime could be so long that it escapes the detector
without decaying and, thus, behaves like an invisible particle
[44]. However, we do not consider this situation.

1. B-meson decays

CLEO has reported an upper limit for the FCNC proc-
esses, including b → sg; dg; sqq̄; dqq̄, which were referred
to collectively as b → sg [68]. In addition to using the fact
that the partialwidthΓðB → XsAÞ should be smaller than the
total width Γexp

Bs
, the experimental bound Brexpðb → sgÞ <

6.8% can be set as the upper limit for BrðB → XsAÞ, where
A decays hadronically and its corresponding mass should be
larger at least than 3mπ due toCP symmetry [44]. The semi-
inclusive decay width for B → XsA is [69]

ΓðB → XsAÞ ¼
1

8π

ðm2
b −m2

AÞ2
m3

b

jhSsbj2; ð46Þ

where Xs is an arbitrary hadron containing a strange quark.
The measurement of the inclusive partial branching ratio,

8For the Yukawa-like couplings, using the formula given in
Ref. [44], the value of hPsb that we obtained is smaller by a factor
of 3 compared to that in Ref. [44]. However, in the present study,
flavor constraints are only relevant to hSsb and hSds, not others.
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BrexpðB0 → K0XÞ ¼ ð195þ51
−45 � 50Þ × 10−6; ð47Þ

reported by BABAR [70] in the region where the momentum
of the K is greater than 2.34 GeV in the B rest frame, can
be used as the upper limit for BrðB → KAÞ. Using the
factorization approximation, the two-body decay width for
B → KA is given by

ΓðB → KAÞ ¼ 1

8πm2
B
pcðm2

B;m
2
K;m

2
AÞ½FBK

0 ðm2
AÞ�2

×

�
m2

B −m2
K

mb −ms

�
2

jhSsbj2; ð48Þ

with pcða; b; cÞ≡ ½ða2 − b2 − c2Þ2 − 4b2c2�1=2=ð2aÞ and
the light-cone sum rule result for the B → K form factor
as [71]

FBK
0 ðq2Þ ¼ 0.330

1 − q2=ð37.46 GeV2Þ : ð49Þ

2. Kaon decays

The Kμ2 experiment at KEK has also measured the
momentum spectrum of the πþ in the two-body Kþ decay
[72] to search for a bump due to a neutral boson. The upper
bound of such a neutral boson covers the mass range from
10 to 300 MeV, except for the narrow range around the π0

mass where the limit becomes weaker. This experimental
result can be used to constrain mA and the coupling
parameter gp from the Kþ → πþA decay, for which the
decay width, in analogy to B → KA, is

ΓðKþ → πþAÞ ¼ 1

8πm2
Kþ

pcðm2
Kþ ; m2

πþ ; m
2
AÞ½FKπ

0 ðm2
AÞ�2

×

�
m2

Kþ −m2
πþ

ms −md

�
2

jhSdsj2; ð50Þ

with FKþ
0 ðm2

AÞ≃ 1 [73]. The experimental bound for
the branching ratio was found be to ∼10−6 at 90% C.L.
for the mass range mA ≲ 70 MeV, relaxing to 10−5 at
mA ∼ 120 MeV. For the numerical analysis, we take
the bound from Fig. 2 of Ref. [72], together with the
constraint obtained by requiring its branching ratio to be
less than BrexpðKþ → πþπ0Þ ¼ ð20.67� 0.08Þ% [1] for
the region mA ∼mπ .

3. Results

In Fig. 6, we display the excluded regions set by various
precision measurements of B and K decays and compare
them with the allowed ðgp;mAÞ parameter regions deter-
mined by the DAMA signal and correct relic abundance.
For quark universal couplings and quark Yukawa-like

couplings, only the CP-violating interaction allows small
parameter regions, where the corresponding thermally
averaged annihilation cross sections are dominated by
hσvMoliχ̄χ→AA. For the former, the allowed regions are close
to mA ∼mπ and ≲3mπ , where the DM mass is of order
40 GeV. For the latter, the flavor constraints exclude almost
all DAMA regions with mχ ∼ 10 GeV apart from a small
triangle region formA ≲ 30 MeV, while the DAMA regions
with mχ ∼ 40 GeV are excluded except for 30 < mA <
420 MeV. Our results show that if the pseudoscalar couples
only to u and d quarks with the same coupling, the flavor
physics will provide a considerably weaker constraint due to
the fact that the FCNC couplings hSds and h

S
sb are reduced by

about 5 and 8 orders ofmagnitude, respectively, compared to
the case of quark universal couplings.
In summary, if the magnitudes of FCNC coefficients are

not overestimated, the cases of quark universal couplings
and quark Yukawa-like couplings are strongly constrained
by B and K decays, and very narrow parameter regions are

FIG. 6. Allowed ðmA; gpÞ parameter regions determined by the relic abundance constraint and DAMA data, where the gray regions are
for the CP-conserving interaction and blue ones for the CP-violating interaction. The DAMA regions for the DM particle scattering on
Na are bounded by the dot-dashed and dotted lines (where mχ ∼ 10 GeV), and on I are bounded by the dashed and solid boundaries
(wheremχ ∼ 40 GeV). Also shown are the exclusion contours on the ðmA; gpÞ plane from the various precision measurements and BBN,
where the excluded regions with colors of yellow, red, orange, green, and cyan are, respectively, related to the Bwidth, b → g, B → KX,
K → πA, and BBN. The horizontal line depicts the maximum value (4π) that allows the perturbative calculation to be valid.
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allowed. However, since the simplified model is a model-
independent bottom-up approach, a phenomenological
extension of this model may change the values of FCNCs
and the resultant flavor bounds.

B. Bounds from other requirements

In the following, we will discuss some parameter
constraints which may be required by the thermal
freeze-out and astrophysical observations.

1. Thermal equilibrium between the DM
and visible sectors

First, let us briefly discuss the lower bound of the
DM-quark coupling gp necessary for obtaining thermal
equilibrium between the DM and visible sectors. For a too-
small value gp, the thermally averaged annihilation cross
section will be dominated by the process χχ̄ → AA, such
that the DM may have a different thermal temperature
compared with the visible sector due to the decouple of the
interactions between them.
In order for the DM to still maintain the same temper-

ature with the visible sector before freeze-out, we impose
the condition that the reaction rate is larger than the
expansion rate of the Universe:

P
qhσvMoliq̄q→χ̄χn

q
eq ≳H,

where nqeq is the thermal number density of the quark q, and
the left-hand side is expected to equal to the production rate
of SM particles from the DM annihilation in the thermal
equilibrium [44]. The results for the CP-violating cases can
be obtained in the same manner as the CP-conserving ones
as given in [44]. The lower bounds are obtained to be
gp ≳ 3 × 10−7, 5 × 10−7v= ffiffiffiffiffiffiffiffiffiffiffimtmχ

p , and 5 × 10−7 for the
CP-violating interaction with quark universal couplings,
quark Yukawa-like couplings, and quark first generation
couplings, respectively, while gp≳2×10−7 [44], 3×10−7v=ffiffiffiffiffiffiffiffiffiffiffimtmχ
p [44], and gp ≳ 3 × 10−7 for the CP-conserving
interaction with quark universal couplings, quark Yukawa-
like couplings, and quark first generation couplings,
respectively. All the allowed parameter regions shown in
Fig. 6 are above these lower bounds of gp.

2. Big bang nucleosynthesis

Second, we discuss the BBN bound, where the pseu-
doscalar decays only to the SM particles because we
consider mA < mχ in this work. If the pseudoscalars
survived with a longer lifetime, for instance τA ≳ 1 s,
the deficit of the neutrino distribution functions due to
the insufficient thermalization weakens the weak interac-
tion rates between proton and neutron and the freeze-out
time thus becomes earlier, so that n=p ratio as well as 4He
abundance becomes larger than in the standard BBN [74].
Following the result given in Ref. [74], if the reheating
temperature is larger than 0.7 MeV (corresponding to
t≲ 1 s), the theoretical prediction of the 4He can remain

within the 95% C.L. limit of the observed abundance; we
thus require that the lifetime of the pseudoscalar is less
than 1 s. We will be interested in the low-mass region
mA ≲ 3mπ , where the constraint is stronger due to having a
longer lifetime than the heavier one, and the only decay
channel is A → γγ.9 The decay width is given by [75,76]

ΓðA → γγÞ ¼ α2m3
A

64π3

����Xq
NcQ2

qg
q
p
fðτqÞ
mqτq

����2; ð51Þ

where τq ≡m2
A=ð4m2

qÞ, Nc is the number of colors, Qq is
the electromagnetic charge of the quark, and

fðτÞ ¼
8<
:

arcsin2
ffiffiffi
τ

p
; τ ≤ 1

− 1
4

h
log 1þ

ffiffiffiffiffiffiffiffiffi
1−τ−1

p

1−
ffiffiffiffiffiffiffiffiffi
1−τ−1

p − iπ
i
2
; τ > 1

: ð52Þ

We find that gp < 10−8 is excluded in the low mA ≲ 3mπ

region for the cases of quark universal couplings and quark
first-generation couplings, while for the case of quark
Yukawa-like couplings the gp > 10−4 region is allowed.
The latter is shown in Fig. 6.

3. DM self-interaction

Third, we consider the constraint due to DM self-
interactions. The DM self-interactions can interpret the
small-scale structure of the Universe [77]. To be consistent
with astrophysical observations, the cosmological simula-
tions have shown that σ=mχ ≃ 0.1–10 cm2=g, where σ is
the DM self-interaction cross section [78–81]. It has been
pointed out that the self-interactions of the DMmediated by
a light dark force with the electromagnetic strength cou-
pling can flatten the density profile around cores of dwarf
galaxies [82,83].
For a pseudoscalar that couples to the DM particle via the

CP-violating coupling (Lint ⊃ gs;χAχ̄χ), the calculation for
the DM self-interactions is completely the same as for the
interactions arising from a scalar mediator with a CP-
conserving coupling to the DM particle.
Under the conditions g2s;χ=ð4πÞ ≲ 10−2 and 7 GeV≲

mχ ≲ 50 GeV, which are constrained by the DAMA data,
and using the results given in Ref. [83], we can place the
bound for the pseudoscalar mass as 0.001 GeV≲mA≲
0.3 GeV.
For a pseudoscalar with a CP-conserving coupling to the

DM particle (Lint ⊃ gp;χAχ̄γ5χ), the calculation will be
similar to the nucleon-nucleon interaction via one-pion
exchange in the nuclear physics. However, we omit this

9The pseudoscalar decays into pairs of leptons are irrelevant to
the present work, since we consider that A couples only directly
to the quark sectors. For mA ≲ 3π, A → ππ is forbidden by CP
symmetry, although it is kinematically allowed [44].
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part because the calculation is quite sophisticated and a
thorough treatment of it is beyond the scope of this paper.

VII. SUMMARY

Wehave studied the fermionicDMparticle interactingwith
the SM quarks via a light pseudoscalar mediator. Assuming
that theCP is not violated in the visible sector, we separately
consider the scenarios that the DM-pseudoscalar coupling is
CP conserving or CP violating.
Using the full form of interactions, we have shown that

the replacement gpðsÞ;χgp=ðj~qj2 þm2
AÞ → 1=Λ2 is not suit-

able even when the mediator mass is of the same order of
magnitude as the typical momentum transfer at the direct-
detection experiments, such that the allowed DAMA region
is excluded or considerably modified by the correct relic
density requirement (see Figs. 4 and 5).
Considering the cases of quark universal couplings and

Yukawa-like couplings, only a small parameter region
mA ≲ 15 MeV can be accommodated for the latter, where
the long-range interactions, instead of contact interactions,
occur in the DM-iodine scatterings. Our results seem to
indicate that the fermionic DM-nucleus scattering mediated
by a light pseudoscalar is dominated by the CP-violating
interaction, i.e., gs;χ ≫ 10−3gp;χ (see Figs. 4 and 5).
We find that the interference between the term containing

Fðp;nÞ
Σ00 and that containing Fðp;pÞ

Σ00 and Fðn;nÞ
Σ00 is destructive for

cp=cn<0. Especially for cp=cn≈−60∼−40, the exclusion

limits set by SuperCDMS, XENON100, and LUX are
highly suppressed, and the DAMA signal can thus be easily
reconciled with these null measurements (see Figs. 2 and 3).
For this fermionic DM simplified model, the allowed

region set by the DAMA signal and the correct relic density
can successfully satisfy the conditions requiring by the
thermal equilibrium, big bang nucleosynthesis, and DM
self-interactions. Most DAMA regions may be excluded
by flavor constraints for quark universal couplings and
Yukawa-like couplings (see Fig. 6). However, because the
simplified model is a model-independent bottom-up
approach, a phenomenological extension of this model
can change the values of FCNCs; in other words, the
present flavor constraints may be overestimated.
Nevertheless, the results of future measurements on flavor
physics will still provide important constraints on the
related models. In addition, more precise measurements
performed by COUPP, PICASSO, SIMPLE, and KIMS,
which contain target nuclei with unpaired protons as in the
DAMA experiment, will offer more information to test this
model. Thus, the tension between the DAMA results and
these measurements could be clarified.
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