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Abstract

In an extended effective operator framework of isospin violating interactions with light mediators, we
investigate the compatibility of the candidate signal of the CDMS-II-Si with the latest constraints from
DarkSide-50 and XENON-I1T, etc. We show that the constraints from DarkSide-50 which utilizes Argon
as the target is complementary to that from XENON-1T which utilizes Xenon. Combining the results of
the two experiments, we find that for isospin violating interaction with light mediator there is no parameter
space which can be compatible with the positive signals from CDMS-II-Si. As a concrete example of this
framework, we investigate the dark photon model in detail. We obtain the combined limits on the dark
matter mass m y, the dark photon mass m 4, and the kinetic mixing parameter ¢ in the dark photon model.
The DarkSide-50 gives more stringent upper limits in the region of mediator mass from 0.001 to 1 GeV, for
my <6 GeV in the (m 4/, €) plane, and more stringent constraints for m, <8 GeV and & ~ 10~8 in the
(my, m4) plane.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

* Corresponding author.
E-mail addresses: lichunyuan @mail.sdu.edu.cn (C.-Y. Li), zgsi@sdu.edu.cn (Z.-G. Si), yfzhou@itp.ac.cn
(Y.-F. Zhou).

https://doi.org/10.1016/j.nuclphysb.2019.114678
0550-3213/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP?.


http://www.sciencedirect.com
https://doi.org/10.1016/j.nuclphysb.2019.114678
http://www.elsevier.com/locate/nuclphysb
http://creativecommons.org/licenses/by/4.0/
mailto:lichunyuan@mail.sdu.edu.cn
mailto:zgsi@sdu.edu.cn
mailto:yfzhou@itp.ac.cn
https://doi.org/10.1016/j.nuclphysb.2019.114678
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nuclphysb.2019.114678&domain=pdf

2 C.-Y. Li et al. / Nuclear Physics B 945 (2019) 114678

1. Introduction

Although the existence of dark matter (DM) has been strongly supported by many astro-
physical and cosmological observations, its particle nature remains largely unknown. Weakly
interacting massive particles (WIMPs) are the popular candidates of DM [1-3]. In this scenario,
DM may have weak interactions with the ordinary matter. At present, numerous underground
DM direct detection experiments are built to search for the possible signals arising from the
interactions between WIMPs and the Standard Model (SM) particles.

In recent years, several DM direct detection experiments have reported potential signals for
WIMPs with masses around few GeV to several ten GeV, including DAMA [4-7], CoGeNT
[8-10], and CDMS-II-Si [11], while other experiments only reported upper limits on the scatter-
ing cross section. The region of parameters favored by DAMA is excluded by other experiments
which with different targets, such as LUX [12], XENON [13], DarkSide [14], SuperCDMS
[15], and XMASS [16], etc. In order to cross check the potential DM signal of DAMA, sev-
eral experiments utilize the same Nal(TI) detectors to search for DM, like COSINE [17,18] and
ANAIS-112 [19] etc. Although the ANAIS-112 can detect the annual modulation in the 3o re-
gion compatible with the DAMA results, the COSINE-100 still does not observe the event rate
that excess over the predicted background. The results of CoGeNT are inconsistent with the
negative results from CDEX [20-23] which utilizes the same type of germanium detector. The
CDMS-II-Si reported three WIMP-candidate events. It favors a DM particle mass ~ 8.6 GeV
and a spin-independent DM-nucleon scattering cross section ~ 1.9 x 10~#! cm?. These results
are also in tension with the limits of other experiments, when interpreted in terms of DM-nucleus
elastic scattering in the simple DM model.

The interpretations of the experimental data involve simplified assumptions. For instance, the
interactions between DM particles and target nuclei are often assumed to be isospin conserving,
contact, and elastic etc. Simplified assumptions are also adopted on the DM velocity distribution,
DM local energy density, nuclear form factors, detector responses, etc. The interpretations of the
experimental data can be changed dramatically if some of the assumptions is modified. In order to
reconcile the conflicts among the experiments, several mechanisms have been discussed, such as
the isospin violating interactions [24-26], the light WIMPs-nucleus mediators [27-29], exother-
mic scattering [28-32], the different DM velocity profile [33-36] and halo-independent [37-39],
etc.

In this work, we reinterpret the results from CDMS-II-Si with the new data from DarkSide-
50 [14], XENONIT [13], CDEX-10 [23], etc., in the extended effective operator framework [27,
40—43] with both isospin violating interactions and light mediators. The effective operator frame-
work is actually the secluded DM scenario, where the DM and the mediator compose a hidden
DM sector. The mediator may have sizable coupling with the DM, but its coupling with SM
particles is usually very weak by some mechanism. The isospin-violating interaction and light
mediators are the popular methods to ameliorate the tensions in the direct detection experiments.
In the scenario of isospin violating, the DM particle couples to proton and neutron with different
strengths, the possible destructive interference between the two couplings can weaken the bounds
from different experiments. The value of m, favored by the CDMS-II-Si data increases with the
mediator becomes lighter. As a concrete example of this framework, we investigate the dark
photon model in detail. The existence of dark sectors is theoretically and phenomenologically
motivated, which may contain new particles like dark photon. In the dark photon model [44—49],
we focus on the more stringent constraints on dark photon from DarkSide-50, XENON-1T, etc.,
in the (m 4/, €) plane and the (m,, m 4/) plane, respectively.
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The paper is organized as follows. In Sec. 2, we present the general framework for DM direct
detection. In Sec. 3, we show our results for combining isospin violating interactions and light
mediators. In Sec. 4, we use the dark photon model to focus on the data from DarkSide-50
and XENON-1T and give the upper limit in the plane (m 4/, €) and the lower limit in the plane
(my,m4). Finally, a short summary is given.

2. General framework for DM direct detection

The DM direct detection experiments is one of the most promising techniques to detect par-
ticle DM. If the galaxy is filled with WIMPs, many of them should pass through the Earth. As
a result, it is possible to look for the interaction of such particles with ordinary matter. In this
paper, we consider the scenario where WIMPs elastically scatter off a target nucleon N in elastic
process via exchanging a mediator particle ¢ in t-channel. If the mass of mediator ¢ is much
larger than 3-momentum transfer of the scattering process, the interactions can be effectively
described by a set of local Lorentz-invariant operators [27,40-43]

0; = %(;zrm(ﬁr;zv), (1)

where ¢; are the coefficients, and A is the mass scale of the mediator particle. The matrices I';,
I'} are Lorentz-invariant combinations of the Dirac matrices. When the mediator is relatively
light, the correction to this effective operator approach can be obtained by a replacement A2 —
@+ mé), where ¢ is the 3-momentum transfer and mg is the mass of the mediator.

The differential cross section for x N scattering can be written as

doy |Myn |2
——5 (g% v) = —4——, 2)
dg 64mrmymy v

where | M, y|? is the squared matrix element averaged over the spins of initial particles, and v
is the velocity of the WIMP in the nucleon rest frame. The total DM-nucleon scattering cross
section oy are defined by

qrzﬂax
dO‘N
on(v) = / dg® 5 (q%v), 3)
q
qrznin

where qﬁlin is an infrared cutoff which value can be related to the energy threshold of DM direct
detection experiment, g2, = 4ui U2 is the maximal value allowed by kinematics, and 4,y is
the WIMP-nucleon reduced mass.

Since oy (v) is in general a function of v, it is useful to define a velocity-independent
cross section oy = oy (vref), Which is the total cross section at a reference velocity Urer ~
200 km - s~ 1. Thus the differential cross section for x N scattering can be rewritten in the con-
ventional form [27]

doy ON
-7 (@ v =G v), )
q 4,uxNv

where G(g?, v) is a factor containing the g>-dependence and the rest of v-dependence which is
defined by
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(G2 — g2 I Myn|?
2

[ dg2 My n (g2, vrer) 2

2
9min

G(g* v) = 5)

and where g2, = 4,ui U

Concretely, the corresponding formulae of G(g2, v) can be explicitly obtained for different
operator. According to the momentum and velocity dependencies, the effective operators are
catalogued into six types. In this paper, we only consider spin-independent scattering, so we only
focus on the following three type operators [27],

Type-I operators

1 _ 1 _
O11)=——5XXNN, 010 = ——xY"xNyu.N,
(€3] q2+mi 2) q2+m2 n

¢
01 = =X NN, O1ay = ————(* T )N VAN 6
1) = 53X XNN,O14) = ———= (" du x)Ny"N. (6)
q=+mg q°+mg

Type-II operators

L o s % 2my s
021y = —5—5 XV XNN, Oy = ——=5x XNy N. 7
q°+my q°+my
Type-III operator
I s
O3 = —5——5 Xy "y xNyuN. ®)
q°+my

The factor G(qz, v) can be written as [27,29]

2 2 qz/ 42) 3 Ui/ rzef
614 = e O = o Oala) = ©)
and
2 : Lol i m=1— b, (10)

=7’I= —_—
A+a)(1+b) 2 b-a ‘1ta

where a = qéﬁn, b= qrzef, v1 =v+q/(2uyn) is the transverse velocity of the DM particle, and
vl =02 —¢?/ (4/13( - For type-III, the reduced mass 1,y in the expression of vy will be
replaced by 1, 4, because the nucleon velocity operator v acting on the nucleus wave function
will pick up the nucleus mass [27,29,50].

At nucleus level, for the three type operators, the spin-independent WIMPs-nucleus differen-
tial cross section can be written as

d(oa)i _ 6p
dq? 4uz v

S[Z+EA - D)PGi(g* v)FA(gD), (11)

where i = [, I1, III, Z is the number of protons and A is the number of atomic mass number of the
target nucleus, v is the relative velocity of the WIMP in the nuclear rest frame, and § = f,,/f»
where f},( f,) are the DM couplings to protons (neutrons). In the simple model, the scattering is
isospin conserving (IC), & ~ 1. However, in the general model with & # 1, the true value of o,
(the cross section for the DM particle scattering off a free nucleon) differs from o; € (the cross
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section be defined under the assumption that the scattering is isospin conserving) by a factor
K (fn/fp) which depends on the ratio f;,/f), and the target material

op=K(falfp)o} . (12)

If fn/fp <0, the interference between the contributions from proton and that from neutron scat-
tering to the value of K (f,/fp) is destructive, which can lead to K(f,/fp) > 1. Thus it is
possible that the o, value can be a few order of magnitudes larger than 0’1{ €. For a given single
target material T, the particular value of f,/f, corresponding to the maximal possible value of

K (fu/fp) can be written by [26]

Y Nalym,, Z(Aa — Z)
Za naﬂimh (Ag — 2)*°
where (ym, 1s the reduced mass for the DM and the nucleus with atomic mass number Ay, 7

denotes the isotopes abundance, and « denotes different isotopes. As a concrete example, for Xe
and Ar, £y, = -0.7 and &4, = -0.82. The nuclear form factor F;f: (qz) is given by [51]

3j1(gR)
FA<q2)2=(—“q(fel ‘)) e, (14)

&r =

(13)

where j; is the first spherical Bessel function, R =‘/R/24 — 552 with the effective nuclear ra-

dius Rq ~ 1.2A'3 fm and s ~ 1 fm. The factor G(¢g?) reflects the difference between the light
mediators interaction and the standard point-like interaction.
The differential recoil event rate per unit detector mass is given by

dR 2Nrmapy / 3 doy
= d —, 15
dEx . Vf(V)va,q2 (15)
Umin
= La0 74 e A PR ER) / G(Er )LD, (16)
2my 1, v
Umin

where Eg = g°/(2m,) is the nuclear recoil energy, m, is the mass of the target nucleus,

py =03 GeV-cm™3 is the local WIMPs energy density, Upin = /mAER/(ZuiA) is the min-
imal velocity that required to generate the recoil energy Eg in elastic scattering process,
f) = fc(v + vE; v, Uesc) 1s the DM velocity distribution function in the Earth rest frame,
and the fg(v) is the DM velocity distribution in the Galactic halo frame. For the DM velocity
profile we adopt the standard halo model [52]

_ exp(—vz/vg)
Nesc(ﬂv(z))3/2

fo) O (Vese — V), (17

where Nege = erf(z) — 2zexp(—z2) /nl/ 2 is the normalization constant, with z = vegc /v, Vo X
220 km-s~! is the most probable velocity of the DM particle [53], vesc & 544 km - s~ is Galactic
escape velocity from the solar system [54], vE =vs 4+ vEs & 232 km - s~ is the velocity of the
Earth relative to the rest frame of the Galactic halo, vg is the velocity of the Sun relative to the
rest frame of the Galactic halo, and vg is the velocity of the Earth to the Sun which can lead to
annual modulation. The velocity integrals can be read from [27].
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3. Experimental results and analysis

In different DM direct detection experiments, the measured signals are different. For instance,
the electron-recoil equivalent energy E.e, the scintillation signal S1, the ionization electron
charge signal S2, and the phonon signal, etc. The relation between the measured signals and
nuclear recoil energy can be written by

s =Q(ER)ER =Vv(ER), (18)
where Q is called quenching factor, for Ge crystal detector, such as CDEX, the Q can be read
form TRIM software [55]. The differential signal event rate can be written by [27]

o]

— [ dEres)Ps. Ep) 2R (19)
—/ RE(S S, LR m,
0

where € (s) is the efficiency of detecting the singles, and P (s, ER) is the possibility of probing the
single when given the recoil energy Eg. If a detector with perfect signal resolution, P (s, Eg) =
8(s — v(ER)). The expected number of recoils in the range [sy, sp] is given by

dR
ds

sb
dR
N =Ex- | ds—, (20)
ds
Sa
where Ex is the exposure given by different experiments. For the target material which composed
of multiple elements or isotopes, we sum over the contributions from each component.

We compare the theoretical expected differential signal rate with the energy spectrum or the
number of events by experimental measurements, and constrain the parameters related to the
WIMPs properties such as m,, mgy, & and &, through evaluating the function x>=->2InL,
where L is likelihood function. If the number of events given in the experiment is relatively small,
and the corresponding recoil energy is given, the likelihood function £ is chosen according to
the extended maximum likelihood method [28,56]

L= ™ ] [(iﬂ) n (‘jl_B> ] @1
. N i S i

where N and B is the expected total number of signal events from WIMPs and background re-
spectively in the measured range, (d N /ds); and (d B/ds); is the differential event rate at the i-th
event (i=1,2...n). The Xr%lin is the minimal value of the x2, then calculate Ax2 = x2 — Xéin which
is assumed to follow a x? distribution. For two degrees of freedom, when A x? = 4.6 and 6.0,
the allowed parameter space regions at 90% and 95% C.L. For one degrees of freedom, when
Ax? =2.7, the allowed parameter space regions at 90% C.L.

3.1. The experimental data

With the update of many experiments, the largest scale experiments are approaching a back-
ground from solar neutrinos that called neutrino wall. At present, the most stringent constraints
on the spin-independent cross sections come from the data of DarkSide-50 and XENON-1T. In
the (my, op) plane, the favored regions from CDMS-II-Si is for few GeV to several ten GeV,
so we also focus on these regions. In this work, we shall mainly focus on the interpretation and
compatibility of the following experiments.
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o CDMS-II-Si. The CDMS-II-Si utilizes silicon detector to measure the ionization electrons
signal and the photons signal, at the Soudan Underground Laboratory. The CDMS-II-Si [11]
reported an observation of 3 possible DM-induced events with recoil energies at Eg=8.2,9.5
and 12.3 keV, respectively, based on a raw exposure of 140.2 kg-days. The estimated back-
ground from surface event is 0.41fg:ég(stat.)fgéi(syst.). Other known backgrounds from
neutrons and 2°°Pb are < 0.13 and < 0.08 at the 90% C.L., respectively. We adopt the ac-
ceptance efficiency from Fig. 1 of Ref. [11], and assume the resolution to be perfect. We use
the extended maximum likelihood function (21).

e XENON-1T. The XENON-1T utilizes a liquid xenon time projection chamber with an ex-
posure of 1.3 x 278.8 t-days, at the Gran Sasso underground laboratory in Italy. This DM
search combines data from two science runs, SRO [57] and SR1. The event found in [57] did
not pass event selection criteria in later analysis. The total efficiencies are shown in Fig. 1 of
Ref. [13]. The data of DM search in the fiducial mass are shown in Fig. 3 of Ref. [13]. Table
I of Ref. [13] shows the number of events predicted in these regions by the post-fit models
as well as the number of observed events after unblinding. The differential signal event rate
in dual-phase xenon experiments can be written by [28,58]

dR

00 [o)0]

dR

Yol =20:8(51)Gauss(51|n,ﬁoPMT)/Poiss(n|v(ER))gsz(ER)deR, (22)
0

where S1 is the primary scintillation light, S2 is the ionization charge, ¢(S1) is the S1 de-
tection efficiency, s> (ER) is an efficiency cutoff, n is the PE number, vg, is the expected
number of PE for a given recoil energy Er. The corresponding single photoelectron resolu-
tion is between (35-40)% [59,60].

e DarkSide-50. The DarkSide-50 utilizes dual-phase argon time projection chamber to search
DM at Laboratorio Nazionale del Gran Sasso in Italy. The detection mechanism is similar
to that of the liquid xenon experiment. The bulk of the background for the DarkSide-50
experiment is from ordinary radioactivity, producing ionizing electron recoils. This can be
identified and rejected by looking at the shape of the S1 signal of each event. Previous Dark
Matter searches with DarkSide use pulse shape discrimination on the primary scintillation
signals S1 to suppress electron recoil backgrounds. Those analyses were sensitive to the DM
masses above a few tens of GeV. The DarkSide-50 [14] presents a search for Dark Matter
with a much lower recoil analysis threshold. Their analysis is sensitive to DM masses down
to 1.8 GeV. From the analysis of the last 500 days of exposure, the DarkSide-50 N,- spectra
at low recoil energy can be read from Fig. 7 of Ref. [14].

e CDEX-10 and PandaX-II. CDEX and PandaX are two direct detector experiments of
China, both located at the China Jinping Underground Laboratory. The CDEX-10 [23] uti-
lizes a P-type point-contact germanium detector with an exposure of 102.8 kg- days and the
analysis threshold of 160 eVee. The lower reach of m, is extended to 2 GeV, and the date
can be read from the Fig. 3 of Ref. [23]. The PandaX-II [61] utilizes dual-phase xenon time-
projection chamber, with the exposure of 2.6 x 104 kg- days. One event was found below the
nucleon recoil median curve with an expected background event number of 2.41“8:;, in the S1
range 3 to 45 PE. The detection efficiency from the black solid curve and the dashed line at
1.1 keVnr indicates the cutoff used in the WIMP limit setting in Fig. 2 of Ref. [61]. We read
v(ER) from Fig. 4 of Ref. [61] by digitizing (S1, Er) values along the (red) centroid NR
curve. The expected spectrum of PandaX-II is also calculated using the function of Eq. (22).
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3.2. Results

In this section, we consider several combinations of the two typical mechanisms that isospin-
violation and light mediator, in order to make the CDMS-II-Si data be compatible with the other
null experiments. In our analysis, the isospin violation parameter is fixed at £ =-0.7 or -0.82, and
the mediator mass is fixed at my = 200 or 1 MeV. We choose gnin to be zero for simplicity. In
the following, we investigate the 68% and 90% C.L. favored regions from CDMS-II-Si [11] as
well as the 90% C.L. upper limits from XENON-I1T [13], DarkSide-50 [14], CDEX-10 [23], and
PandaX-II [61], in the (m, o)) plane.

e We extract the favored regions with & = -0.7 and my = 200 MeV from the experiments
mentioned above. The corresponding results are displayed in Fig. 1. For type-I operator,
although the XENON-I1T constraint is maximally weakened for the case & = -0.7, the 68%
and 90% C.L. favored regions from CDMS-II-Si is excluded by XENON-1T. For the region
my < 9 GeV, the DarkSide-50 can give the most stringent constraints. For type-1I and type-III
operators, the conclusions are similar. There are about three order of magnitude difference
between the value of the favored region and the upper limits of type-I (type-III) and that of
type-11.

e In order to investigate the effect of light mediator to relax the tension between these experi-
mental results, we fix my = 1 MeV and & = -0.7, and display the results in Fig. 2. It is clear
that for the three operators the value of m, favored by the CDMS-II-Si data increases when
the mediator becomes lighter, and the upper limits from XENON-1T and PandaX-II become
weaker towards high DM particle mass. XENON-1T has a slightly weaker limit in low-mass
range, while DarkSide-50 can give more strict limits. For the type-I operator with mgy = 1
MeV, DarkSide-50 can give the most stringent constraints in the region m, < 20 GeV. The
favored regions from CDMS-II-Si are excluded by DarkSide-50 and XENON-I1T.

e The results with the & = -0.82 and my = 1 MeV are shown in Fig. 3. The constraint of
DarkSide-50 is maximally weakened, and gives the most stringent constraints in lower mass
region. The restrictions on CDMS-II-Si become weaker in the high mass range. For the
type-I operators with my = 1 MeV, DarkSide-50 can give most strict limits in the range
my < 5.5 GeV, but cannot exclude the favored regions for m, 2 11 GeV. For the other
two operators, one can obtain the similar conclusions. Compared with Fig. 2, the constraint
from XENON-1T becomes more stringent. The favored regions from CDMS-II-Si are still
excluded by DarkSide-50 and XENON-1T.

Focusing on the complementary constraints from XENON-1T and DarkSide-50, it is found
that in the standard halo model the isospin violation cannot make CDMS-II-Si be consistent with
all the other experiments anymore.

4. Dark photon model

In the previous section, we investigate the 68% and 90% C.L. favored regions from CMDS-
II-Si [11], as well as 90% C.L. upper limits from XENON-IT [13], DarkSide-50 [14], CDEX-
10 [23] and PandaX-II [61] in the general DM model with light mediator. As a concrete example,
the light mediator may be a dark photon. In this work, we illustrate the power of the latest data
in constraining the dark photon model which is well-motivated and has been extensively studied.
To introduce an extra U (1)’ gauge group is an simple extension of the Standard Model. The dark
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Fig. 1. The 68% and 90% C.L. favored regions from CMDS-II-Si [11], as well as 90% C.L. upper limits from XENON-
IT [13], DarkSide-50 [14], CDEX-10 [23] and PandaX-II [61] in the (my, o)) plane. For type-1, II, III operators (from
left to right) with my = 200 MeV, and the isospin violation parameter is fixed at § =-0.7.

photon A’ arises from the extra U (1)" gauge group, and can mix with the ordinary photon via a
kinetic mixing terms [45-49]. After the kinetic mixing terms diagonalization, the Lagrangian of
the dark photon model is given by [49,62]

LY fi(—eqpy" Ay —eceqpy" Al —mp) fi + X (—gxv" Al —mpy)x
i
1 F/,H) 1 F/ F//,Ll) 1 2 A/2 23
_Z v — Z v + Em A s ( )
where m 7, m, and m 4’ denote the masses of the SM fermion, DM particle and the dark photon,
respectively. F*” and F'*" are the fields strength of the ordinary photon A and that of the dark
photon A’, ¢ is the kinetic mixing parameter in the physical basis, g, is the coupling between
the dark photon and the dark sector, o, = g)z( /(4m) is the dark fine structure constant.
In the dark photon model, the differential cross section for x N scattering at the non-relativistic
limit can be written as [47,63,64]
SnaemaxezmT 1

do 2 2
— W, Ep)=——F————Z5F°“2mrER), 24
dER( R) OmrEx +m§v)2 S 4T (2mrER) (24)
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Fig. 2. Legend is the same as Fig. 1 but for my = 1 MeV and § =-0.7.

10?

where mr is the mass of the target nucleus, Z7 is the number of protons in the target nuclei,
F(Q2mr ER) is the Helm form factor [51,65], and o, = /4 is the electromagnetic fine struc-
ture constant. The dark fine structure constant oz, can be determined by the relic abundance of
DM. We take the DM particle to be a Dirac fermion, and consider the case that the present DM
abundance is set by thermal freeze out related to the annihilation process xx — A’A’. The cross
section of DM annihilation can be written as [66]

N 7TO£>2( (1 —mi,/mi)w2

(ov) ~ w2 11—, JamD) P

(25)

Reproducing the observed DM relic abundance of 2 Xhz ~ 0.11 requires (ocv) &~ 2.2 cm3 /s [67].
In the limit of m, > m 4, one finds
F My
~0.0245 <—) . 26
*x TeV (26)
The most stringent bounds on o, can also come from the imprint of DM annihilation products
on the cosmic microwave background (CMB) [68—70]. For this aim, the DM abundance is set

by non-thermal dynamics and allow o, to take its maximal experimentally-allowed value. The
corresponding maximum coupling «, can be read from [71]
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Before discussing the constraints from direct detection experiments in the dark photon model,
we briefly overview the constraints from other experiments.

My

TeV @7)

o«SMB < 0.17 (

e Beam dump experiments. In electron beam dump experiments, the dark photons can be
emitted in a process which is similar to ordinary bremsstrahlung due to the kinetic mixing.
The detector is placed behind a sufficiently long shield to suppress the SM background. Dark
photons can traverse this shielding due to their weak interactions with the SM particles and
can then be detected through their decay into leptons [72,73]. Several photon beam dump
experiments were operated in the last decades, such as experiments E141 [74] and E137
[75] at SLAC, the E774 [76] experiment at Fermilab, an experiment at KEK [77] and an
experiment in Orsay [78]. Proton beam dump experiments can also be used to search for dark
photons which decay through visible channels, the exclusion area from the reinterpretation
of LSND [79,80] at LANSCE, v-Cal I [81,82] at the U70 accelerator at IHEP Serpukhov,
and CHARM [83,84] at CERN are also shown in Fig. 4.
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Fig. 4. Constraints on the kinetic mixing. The excluded regions in the plane (m 4/, ¢), taking into account several beam
dump experiments (gray shaded areas), supernovae (blue shaded areas), BBN arguments (pink shaded areas), and the 90%
C.L. upper limits in the (m 4/, ) plane from XENON-I1T [13], DarkSide-50 [14], CDEX-10 [22] and PandaX-II [61]
for two DM masses: 6 GeV and 100 GeV, with different DM fine structure constant oz; (upper), agMB (down). (For
interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

o Supernova Bounds. Light dark photons with a mixing parameter in the range 1071 < ¢ <
107° are constrained by the neutrino energy spectrum observed after the explosion of super-
nova SN1987A [85-88]. In the standard picture, the vast majority of energy that liberated
from the collapsing star leaves the supernova in the form of neutrinos. If dark photon is
produced in large numbers, it can provide a new cooling mechanism. The cooling of the su-
pernova core becomes more efficient if enough SM photons from the explosion oscillate into
A’, and if enough A’ escape the supernova without further interacting nor decaying [89,90].
We show the fiducial exclusion from [91] as a blue shaded region in Fig. 4.

e Cosmology. In the past two decades, there has been impressive progress in our understanding
of the cosmological history of the universe. The kinetic mixing portal is one of the few
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Fig. 5. The XENON-IT [13] and DarkSide-50 [14] 90% C.L. lower limits in the (m p, m /) plane, with different DM
fine structure constant a)"; (left), aEMB (right). The lines are the exclusion lower limits from DarkSide-50 (solid), and

XENON-1T (dotted), with the different color lines (black, red, magenta) corresponding to three & values, 1077,1078,
and 2 x 1072 respectively. The same color marks the same mixing parameter, solid line (DarkSide-50) and dotted line
(XENON-1T). The shaded area is favored by observations in dwarf galaxies.

renormalizable interaction channels between the SM and a neutral hidden sector. We can
make new constraints on the parameter of dark photon, by calculating the abundance of
these dark photons in the early universe and exploring the impact of late decays on BBN and
the CMB. We also show the disfavored BBN area [90] as a pink shaded region in Fig. 4.

We explore the constraints on the parameter space of dark photon from the experiments of
DM direct detection, on the case of spin independent DM-nucleus scattering. Fig. 4 shows the
excluded regions in the (m 4/, €) plane. The solid lines are the constraints on the kinetic mixing
from the experiments of DM direct detection. The shaded areas are the excluded regions from
beam dump experiments, supernova and BBN arguments etc. The dark fine structure constant
a, is determined by the abundance of DM. The results of the constraints with a,, = oz§ (aSMB)
are displayed in the upper (down) panel of Fig. 4. Our analysis show that the mixing parameters
¢ is allowed to be around 10~'° with the mediator mass range from 0.001 to 1 GeV. When we
fix the DM mass at 6 (100) GeV, the upper limit with (x§ (aSMB) is stricter than the upper limit
with agMB (a?). The upper limit obtained from different experiments have different sensitivities
for various DM mass. The upper limits of the PandaX-II and XENON-1T are more sensitive to
the DM mass, while the DarkSide-50 can give more stringent upper limits for m, < 6 GeV and
0.001 GeV <my < 1 GeV.

Fig. 5 shows the direct detection constraints in the (m,, m 4-) plane. The astrophysical obser-
vation gives the favored region where the self-scattering cross section per mass in dwarf galaxies
is about 0.1-10 cm?/g. We study the constraints on DM parameters for 2 GeV < m x < 1000
GeV. For Fig. 5(a), we use ay, = oz§ to finish the analysis and find

e For ¢ = 1077, DarkSide-50 (XENON-1T) can exclude all favored region with mp 2 5 (7)
GeV. The lower limit of exclusion from DarkSide-50 is more stringent for m, < 7 GeV.
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e For ¢ = 1078, DarkSide-50 (XENON-1T) can exclude all favored region with mp > 200
(10) GeV. The lower limit of exclusion from DarkSide-50 is more stringent for m, < 8 GeV.

e For ¢ =2 x 1077, DarkSide-50 cannot exclude the favored region with for 2 GeV < m x <
100 GeV, while the XENON-1T can exclude most of favored region obtained by observations
in dwarf galaxies for m, 2 20 GeV. The lower limit of exclusion from XENON-1T is more
stringent for 2 GeV < m, < 1000 GeV.

The analyses for ), = agMB can be finished in the similar way. The results are shown in

Fig. 5(b). Comparing (b) and (d) of Fig. 5, it is found that for m, 2 100 GeV, the lower lim-

its from direct detection are more stringent with o, = agMB than that with o, = ai.

5. Summary

Up to now, a number of experiments have been set up to search for DM directly, and the
data are accumulated. Therefore it is important to analyze these data and compare them with the
theoretical predictions in order to find the existence signal of DM. In this paper, we work in an
extended effective operator framework with both isospin violating interactions and light media-
tors, and investigate the compatibility of the candidate signal of the CDMS-II-Si with the latest
constraints from DarkSide-50 and XENON-1T, etc. For the spin-independent elastic scattering,
we investigate three different situations corresponding to three sets of parameters: {mg = 200
MeV, & =-0.7}, {my =1 MeV, § =-0.7}, and {my = 1 MeV, & = -0.82}, respectively. The DM
mass m, favored by the CDMS-II-Si data increases when the mediator becomes lighter. The
upper limits of cross section from other experiments becomes weaker and more gentle towards
high DM particle mass. Fix the isospin-violation parameter £ = -0.70 (-0.82), the constraint from
Xe (Ar) experiment is maximally weakened, but the favored region from CDMS-II-Si is basi-
cally excluded by XENON-1T and PandaX. We find that for isospin violating interaction with
light mediator there is no parameter space which can be compatible with the positive signals
from CDMS-II-Si. As a concrete example of the general DM model, we investigate the dark
photon model in detail. We investigate the combined limits on the DM mass m,, the dark pho-
ton mass m 4/, and the kinetic mixing parameter ¢ in the dark photon model. In the (m 4/, €)
plane, we study the upper limits from several DM direct detection experiments with m, = 6 or
100 GeV. The mixing parameters ¢ is allowed to be around 10?0 with the mediator mass range
from 0.001 to 1 GeV. The upper limit obtained from different experiments have different sensi-
tivities for various DM mass. For m, < 6 GeV, the DarkSide-50 can give more stringent upper
limits. For & =2 x 107, the favored region for m x S 20 GeV is not excluded by DarkSide-50
and XENON-I1T. For ¢ = 10~8, DarkSide-50 (XENON-1T) can exclude all favored region with
mp 2 200 (10) GeV, and the lower limit of exclusion from DarkSide-50 is more stringent than
that from XENON-1T for m, < 8 GeV.
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