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Abstract: Effective field theory (EFT) provides a model-independent framework for interpreting the results of dark
matter (DM) direct detection experiments. In this study, we demonstrate that the two fermionic DM-quark tensor op-
erators (pioc*’y> X)(Gouvg) and (Yo x)(Gouyq) can contribute to the DM electric and magnetic dipole moments via
nonperturbative QCD effects, in addition to the well-studied contact DM-nucleon operators. We then investigate the
constraints on these two operators by considering both the contact and dipole contributions using the XENONIT
nuclear recoil and Migdal effect data. We also recast other existing bounds on the DM dipole operators, derived from
electron and nuclear recoil measurements in various direct detection experiments, as constraints on the two tensor
operators. For my, <1 GeV, our results significantly extend the reach of constraints on the DM-quark tensor operat-
ors to masses as low as 5 MeV, with the bound exceeding that obtained by the Migdal effect with only contact inter-
actions by approximately an order of magnitude. In particular, for the operator (yo*”iysx)(gouyq) with DM mass
my 2 10 GeV, the latest PandaX constraint on the DM electric dipole moment puts more stringent bounds than the
previous direct detection limit. We also briefly discuss the constraints obtained from experiments other than direct

detection.
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I. INTRODUCTION

Although dark matter (DM) constitutes approxim-
ately a quarter of the total energy density of the Universe,
its particle properties are yet unknown [1, 2]. One of the
theoretically motivated candidates is the weakly interact-
ing massive particle (WIMP), which can meet the re-
quired properties to explain the DM conundrum and also
have a detectable possibility. During the past two dec-
ades, although a great amount of theoretical and experi-
mental efforts have been dedicated to searches for
WIMPs, DM direct detection (DMDD) experiments have
not found any positive signals but have constrained the
DM-nucleus cross section to an unprecedented level [3,
4]. However, owing to the kinematic restriction of DM-

nucleus elastic scattering, the DM-nucleon interaction re-
mains less constrained below the O(1 GeV) DM mass re-
gion from direct detection experiments using nuclear re-
coil (NR) signals. To address this limitation, inelastic pro-
cesses are considered, such as bremsstrahlung processes
[5] and the Migdal effect [6, 7]. Nevertheless, even with
the improvement from inelastic processes, the constraints
are still limited up to a mass of approximately 40 MeV
[8—13]. For lighter DM particles at the MeV scale, mean-
ingful constraints require considerations such as boosted
DM scenarios [14, 15] or novel low-threshold detectors
(see review paper [16] and the references therein). In con-
trast to NR experiments searching for the DM-nucleon in-
teraction, the DM-electron interaction offers a more
powerful alternative of probing low-mass DM particles
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through the electron recoil (ER) signal [17, 18]. This is
due to the significantly smaller mass of the electron com-
pared to a typical nucleus, allowing it to easily gain the
recoil energy from a light DM particle. For instance, the
single-electron search conducted by XENONIT has the
capability of exploring a DM mass as low as approxim-
ately 5 MeV [19].

Owing to the small momentum transfer (less than a
few MeV) for DMDD experiments, it is preferable to ad-
opt the low energy effective field theory (LEFT) ap-
proach, which does not rely on the details of ultraviolet
(UV) models, to study the interactions between DM and
standard model particles [20—22]. The starting point for
DM effective field theory (EFT) is the DM-quark, -
lepton, or -photon/gluon interactions at leading order that
are color and electric charge neutral. In the Dirac DM
case, the leading operators appear at dimension 5 and 6
and take the general forms jyo,,(iys)yF* and
(¢Tx)W@T"¥), where y represents fermionic Dirac-type
DM, y represents quarks or leptons, and F* represents
the electromagnetic field strength tensor. For the interest
of direct detection, w is typically taken to be the up,
down, and strange quarks and the electron. For NR, the
DM-nucleon interaction naturally arises from DM-quark
and DM-gluon operators through nonperturbative match-
ing via chiral perturbation theory (yPT) [23].

In this study, we explore the DM-photon interactions
induced by nonperturbative QCD effects from DM-quark
interactions. This will provide new methods for con-
straining DM-quark interactions. Similar ideas have pre-
viously been used in the study of flavor-violated radiat-
ive decays of charged leptons and neutrino electromag-
netic (EM) moments [24, 25]. In particular, we consider
the two tensor operators (yic*y’x)(Gouq) and
(k" x)(Gowvq), which not only induce the short-distance
(SD) DM-nucleon operators covered in most direct detec-
tion studies, but also generate the DM electric and mag-
netic dipole moment operators (yio,,ysy)F* (edm) and
(kowmx)F* (mdm), which contribute to direct detection
via the long-distance (LD) photon mediator.

In previous calculations of the DMDD constraints on
the above two tensor operators, only the DM-nucleus
scattering induced by the SD operators was considered
[11, 20, 21]. In this study, we utilize the XENONIT ex-
periment as a benchmark experiment to comprehensively
investigate the constraints from both the SD and LD con-
tributions. We find that there are interesting interference
effects between the two in DM-nucleus scattering and the
Migdal effect. Owing to the induced dipole interactions,
we also investigate the constraints from DM-electron
scattering. Remarkably, owing to the excellent sensitivity
to low-mass DM, the constraints from ER via this LD ef-
fect significantly extend to low-mass (from GeV to MeV)
DM. In addition, we collect other existing direct and non-
direct-detection constraints on the DM dipole operators

and recast them into constraints on the DM-quark tensor
operators. In our analysis, we consider the cases in which
flavor SU(3) symmetry is imposed and not imposed. For
the flavor conserving case, a universal Wilson coefficient
is assumed for the operators involving u,d,s quarks
(where the corresponding quark mass is attached to the
operator as typically practiced in the literature [23]), and
for the non-conserving case, the contributions from the
three quarks are considered separately.

The paper is organized as follows. Section Il is dedic-
ated to nonperturbative chiral matching of the two DM-
quark tensor operators to the DM-photon and DM-nucle-
on interactions. In Section III, we discuss the constraints
on these operators from NR, the Migdal effect, and ER,
based on the XENONIT data. The full constraints and
comparisons with the literature for direct detection exper-
iments are given in Section IV. In Section V, we further
discuss constraints from non-direct-detection experi-
ments and give an example of UV completion for the two
DM-quark tensor operators. Our concluding remarks are
presented in Section VI. The relevant nuclear form
factors are presented in Appendix A.

II. NONPERTURBATIVE MATCHING OF
DM-QUARK INTERACTIONS

Because the transferred momentum in DMDD experi-
ments is limited to several hundreds of MeV, we can gen-
erically describe the interactions between DM and stand-
ard model (SM) light fields within the framework of
LEFT. For DMDD, the complete set of operators with
fermion and scalar DM particles up to canonical mass di-
mension 7 have been classified in [23, 26—29]. Here, we
are particularly interested in the two tensor operators for
the Dirac fermionic DM, which have not received signi-
ficant attention other than a few studies focusing on NR
signals and the Migdal effect induced by SD DM-nucle-
on interactions [11, 21]. Following the convention in
[23], they are parameterized by

0;31 =my (eox) (qa-;u/Q) > O;i =my (i ysx) (qo-pvq) >
(D

where g represents the three light quarks u,d,s of mass
m, relevant to direct detection. For each operator, there is
a corresponding unknown Wilson coefficient whose mag-
nitude is parameterized as |C},"™|=1/A° , where A is an
effective scale related to some unknown UV physics. In
the following, we demonstrate that these operators not
only contribute to DM-nucleon local interactions but also
the DM magnetic and electric dipole moment operators
(vowx)F* and (yio,,ysy)F* through nonperturbative
QCD effects. These nonperturbative dipole contributions
to DMDD will help significantly extend the sensitivity to
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low mass DM. They can also be systematically extracted
through matching within the framework of the (baryon)
chiral perturbation theory ((B)yPT) of QCD at low en-
ergy. For applications of (B)yPT in the description of
DMDD, see, for example, Refs. [23, 30]. Other DM-
quark operators involving (pseudo-)scalar or (axial-)vec-
tor currents, such as the commonly discussed jixg(ys)q
and ¥y*xqv.(ys)q, do not exhibit this unique nonperturb-
ative matching to DM dipole moments but rather gener-
ate operators with at least two photon fields owing to
QED gauge and parity symmetries. Their contributions to
DMDD can be safely ignored because of suppression
from the loop factor and additional QED couplings.

Our starting point is the quark level Lagrangian with
external sources,

L= Loco +qrly"qr+qrryqr
- [LTR(S +ip)qL — qr?*" o qL + hec. ] , 2)

where Lgcp is the QCD Lagrangian for the u, d, s quarks
in the chiral limit. The external sources, I, r,, s, p, and
7, are 3 x 3 matrices in flavor space, which contain non-
strongly interacting fields such as the leptons, photon,
and DM that interact with quarks. For the two DM-quark
interactions with a tensor quark current in Eq. (1), the
corresponding tensor external source is given by

o = P, 3)

where the first factor on the right-hand side is a tensor
chiral projection operator [31] defined as

PP = (ghrg — gPg" — i), “4)

FNJp-

and 7 is related to the DM tensor currents and couplings
C2™and is considered a diagonal matrix in flavor space
in our study,

(P")gq = Crgmyg (" x) + Cyamy(Fic* ysx). Q)

The building blocks of chiral matching of the Lag-
rangian in Eq. (2) consist of the pseudo Nambu-Gold-
stone boson (pNGB) matrix U, baryon octet fields B, and
external sources. We begin with the pure mesonic chiral
Lagrangian that will lead to DM EM moments directly.
The leading order Lagrangian appears at O(p?®) in chiral
power counting [32, 33],

F§ F§
Lir =T [DUD U]+ 2T UM+ UX'], (6)

where F, is the pion decay constant in the chiral limit,
and U is related to the pNGBs via

V20
U= i
exp {1 7

and the covariant derivative of U and the combined scal-
ar source y are

DU =0,U~-il,U+iUr,, x=2B(s—ip). ®)

The tensor source first appears at O(p*) [31], which
yields the DM EM dipole moments. The relevant term is

L)(;‘P)T ) AlTr [tlj-vfﬂu/] ) (9)

where A, is a low energy constant (LEC), which is typic-
ally parameterized in terms of the chiral symmetry break-
ing scale A, in the form A, = czA,/(167%), with ¢ as an
unknown dimensionless constant. Here, the tensor field
matrices in flavor space are given by

2 =u"tu ut™u, Y = uFYut i FRu, (10)

with u? = U. The chiral field strength tensors read as
FY =00 =9V —i[I, "], Fy =0'r =0 —i[r,r]. (11)

For our purpose, the vector external sources are recog-
nized as

ly =TIy = —eA# diag(Qy, Qu» Os), (12)

where A, denotes the photon field, and Q, is the electric
charge of quark ¢ in units of e ~ 0.

Expanding Eq. (9) to the lowest order in pNGB fields,
the following DM edm and mdm interactions arise:

d, .
L5 %()ZG'“V)()F,N + @ YOF e, (13)

where the DM mdm and edm are
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_ecrh, -
=~ 12722 <ZSQ‘1Cqu‘I

ec
= 1; ) ( )(d mg— C;Lllmu'{'CT s)s (143.)
ecTA
o= (Saoim
ecry 1o T2 T2
= e (Cygma —2C m, + C Smy). (14b)

Assuming the DM EM dipole moments are dominated by
these nonperturbative contributions, we can establish the
relationship between the scale A = |C]}-*"/* for the DM-
quark tensor operators and the dipole moments via

A= ECTA)((Squq)i 3 ~ 4GeV 3quq 10_9/13 3
1272 iy 2MeV  p, ’
15a)
A= ecrA(3Qymg) 1|77 50GeV 3Q,m, 107 2ecm 13
- 2z d| 2MeV  d, ’
(15b)

where only one flavor quark contribution is assumed. In
the above numerical illustration, we use the model estim-
ation of the LEC ¢; = -3.2 , as found in [34]; other stud-
ies provide a smaller magnitude, ¢y ~ —1.0(2) [35, 36],
which will reduce A in Eq. (15) by a factor of 0.7. For the
flavor symmetric case with C},> = CT1 2= =Ci?, u, and
d, are entirely dominated by the strange quark, whereas
the contributions from up and down quarks almost cancel
out owing to the approximate mass relation, Q,m,+
Qumy = 0.

Now, we consider the matching to DM-nucleon inter-
actions. First, only the single-nucleon currents are present
at LO in chiral power counting. Thus, we neglect the sub-
leading contribution from higher chiral power terms and
two-nucleon current [37]. The nucleon matrix element of
the DM-quark operators can be parameterized in terms of
form factors, which are restricted by Lorentz covariance,
discrete symmetries, and algebraic identities for Dirac
matrices and spinors. For the tensor operator, there are

three form factors [38],

(N)IGo™ qINGh)) = i, [Fq% o

Fq/N( 2) klzq }uk,, (16)

PR EL

' - 2,
where ¢* =k5 -k, ki, =K/ +k,, and my is the nucleon
mass.” In the ByPT framework, the form factors F¥: ()
(i=0,1,2) are calculated order by order in the chiral ex-
pansion. Owing to the absence of light pseudoscalar poles
as well as the small momentum squared of interest
(Il ~ O(1MeV?)), the form factors can be Taylor-expan-
ded around ¢ =0, with the largest contributions arising
from the values evaluated at ¢*>=0. For the tensor
charges, F %v 0)= g%/N, we use the lattice QCD result in

[40],”
Fy8(0)=0.784(28)(10),  Fy#(0) =-0.204(11)(10),
Fl¥ = -0.0027(16),
(17)

whereas for the other two, we adopt a recent result found
in [44],

F{P(0)=-1.5(1.0), F7[©0)=0.5(3),
F37(0) = 0.009(5), (18a)
F{%0)=0.12),  Fy2(0)=-0.6(3),
Fy/5(0) = -0.004 (3), (18b)

/ djn  pdf
where isospin symmetry is implied, i.e., F7; = F’ T/l", Frl=

F¥" and Fy7 = F}}. An alternative estimation based on
hadronic models is given in [45] for the form factors
F ?/iv, whose values (including a vanishing central value
for g =s)are typically employed in the DMDD com-
munity [23, 39].

To calculate the DM-nucleus matrix element, nonre-
lativistic (NR)? reduction of the nucleon-level amplitude
should be performed to connect with the treatment in nuc-

1) The above parameterization is slightly different from the one used in the package DlrectDM [23, 39],

_ _ iylH g
N o aiNG)) =y [ P P + P ) 2+

l
FQ/N( 2) :| U, -

sIN 3
2) We find different values of g}/ are quoted in the literature. There are two independent lamce calculations yielding consistent results, with gYT/ =-0.0027(16)
/N _ s/N —
in [40] and g}/ =-3.19x 1073(69)(2)(22) in the erratum to [41] (correcting its first-version value g}/ =-3.2x10 4(24)(0)). Subsequent quotations made typos;

e.g., Refs. [42, 43] quoted g;/N =-0.027(16) (see also footnote 5) while Ref. [23] and the package DirectDM quoted g;/N =(3.2£8.6)x10™

N
8 ST/ is also denoted by 61;] in the literature.

* The tensor charge

3) Note the slight font difference for this abbreviation "NR" and the "NR" used for "nuclear recoil".
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lear many-body methods. This is achieved by taking both
the DM and nucleon spinors to the NR limit and express-
ing the amplitude as a combination of various NR quant-
ities. The NR amplitude can be equivalently obtained us-
ing NR operators. In this operator language, according to
Eq. (16), the chiral LO NR expansions of the contact
tensor operators are given by

crom B 32Cm, FiN mmy Oy,

(19a)

c0” 5 8Cm, [myFYly O = m, (F) —2F4Y

4F’1T/§]>OIIV1 4meNFq/NON]
(19b)

In the NR reduction of O}?, we include contributions
from the Fy. 2 term, which is spin-independent and poten-
tially comparable to other terms. Including this term is es-
sential for consistency in our analysis, and to the best of
our knowledge, it was ignored in previous calculations
[39]. For the mdm and edm interactions, the NR expan-
sions read as

NR
%(/?O#VX)FMV - _2611)( |:n’lNQN()}1V

meN

ON
0vOY +2m, gy (04 qzﬂ, (20a)
d
SR YSOF, = SmflmNed 0,0V, (20b)

where Qy represents the nucleon electric charge in units
of e, and gy is the nucleon Landé g-factor, with g, = 5.59
and g, =-3.83 for the proton and neutron, respectively.
The involved NR operators in Egs. (19) and (20) are
[46—48]

oY = 1,1y, 0)=S8,-Sy, OY=iS,-(gxvy),
Of =(S,-9Sy-q), O =iSy-q, O =iS,-q,
Oy, = vy (S, XSy),

21

where ¢ is the three-momentum transfer, and S, and Sy
are the DM and nucleon spin operators, respectively.
Here, the “elastic” transverse velocity is defined by

q
2:uN)(’
where v, is the incoming DM-nucleon relative velocity,

(22)

L
VN =V, —

and uy, is the reduced mass for the DM-nucleon system.

III. XENONIT CONSTRAINTS

As mentioned in Section II, Of} and O}’ can induce
not only 4-fermion DM-nucleon interactions but also the
EM dipole moments of DM. Hereafter, we denote their
contribution in DMDD experiments as the SD and LD
contributions, respectively. In previous calculations of
DMDD constraints on Oy and O;? [11, 20, 21], only the
DM-nucleus scattering induced by the SD contribution
was considered. A consistent calculation must consider
both the SD and LD contributions at the amplitude level,
where the interference effect between the two is gener-
ally expected. In addition to DM-nucleus scattering, the
LD dipole operators can also induce DM-electron scatter-
ing, as shown in Fig. 1. Owing to the excellent potential
of DM-electron scattering in probing low-mass DM [17,
18], significant improvements in the constraints in the
low-mass region are possible if we consider the DM-elec-
tron scattering induced by the LD dipole contribution. For
the operators with vector or axial-vector currents, only
the SD contributions to DMDD are induced, and the
probed DM mass region is above several GeV from the
NR signals and only extends to approximately 0.1 GeV
from the Migdal effect [11]. However, we show that the
LD contribution from the tensor operators is capable of
probing DM as low as 5 MeV.

The XENONIT experiment is a DMDD experiment
with a dual-phase time projection chamber, in which both
DM-electron and DM-nucleus scattering can induce
prompt scintillation photons (S1 signal) and drift elec-
trons (S2 signal) [49]. According to the strength ratio
between the S1 and S2 signals, the NR and ER signals can
be well distinguished [49]. Comprehensive searches for
DM particles have been conducted by the XENONIT
collaboration, including NR signals for DM-nucleus scat-
tering [49], ER signals for DM-electron scattering [19],
and S2-only signals for the Migdal effect [9]. Hereafter,
we denote the corresponding constraints from the above
three types of signals as the NR, ER, and Migdal con-
straints respectively. In this section, we wuse the
XENONIT experiment as a benchmark to recalculate the
constraints on Oy, and O}? with the data given in [9, 19,
49], in which we consistently consider both the SD and
LD contributions.

Our analysis covers the cases in which the flavor
SU(3) symmetry is either imposed or not imposed. For
the flavor conserving case, a universal Wilson coefficient
is assumed for the operators O)T(}I and O}f] with all u.d,s
quarks. This is the case typically adopted in the literature.
We also study the separate contributions from individual
quarks without assuming flavor symmetry. We denote the
90% confidence level (C.L.) constraint on A as A, in the
flavor conserving case and A,,, when the three light
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X X X X
X + K v
A A A A — —

Fig. 1.
most diagram) induced by Oy and Of2.

quarks are treated separately. The effective tensor interac-
tions may also appear without being accompanied by a
quark mass; an example of how this occurs in a UV mod-
el is shown in Section V, in which case the Wilson coeffi-
cients of the dimension-six tensor operators are paramet-
erized by an effective scale A, and the upper bound on A
is translated to that on A = A , /A/m,. In Figs. 2 and 3, we
show the constraints on both A and A for individual
quark contributions.

A. DM-nucleus scattering cross section

In this subsection, we provide the differential cross
section for DM-nucleus scattering from the two tensor in-
teractions with both the SD and LD contributions in-
cluded. The distribution with respect to the NR energy Ex

AL ——TT —r — T ™ 104
FRENONIT 1y (03 ) (110,010) /A2 10
I oMBSD__-
T ITET S —— 3
101§ ................... _’—;/’ ==410
= p MBI e =
g 0 g
- --- NRSD —
oL Tl e NR LD
E NR SD+LD !
F —-=- Migdal SD 10
------ Migdal LD
Migdal SD+LD
ER
1071 il - Lol il el I‘ ‘100
1072 107! 10° 10! 10% 10%
my, [GeV]
T T
[XENONIT m(xo" x)(50,u,5) /A _—-"’_(;_\—X\:s D 108

eV]

s
B!

Al

// === Migdal SD 100
S e Migdal LD
/’ Migdal SD+LD
Vi ER
1071””\‘ MR AN AR | Lol L .
1072 1071 10° 10 10? 103
my [GeV]

Fig. 2.

(color online) Feynman diagrams for DM-nucleus scattering (the left two diagrams) and DM-electron scattering (the right-

(Eg = ¢*/2my) in the NR limit is given by [43]

dop 11 1

Hr_ L TR
dEg 327 mimy v |

(23)

>

where my is the mass of the target nucleus, v is the speed
of the incoming DM particle in the lab frame, and [M]? is
the amplitude squared, which is averaged/summed over
the initial/final spin states. The DM-nucleus amplitude M
is given by the sum over all protons and neutrons in the
nucleus of the single-nucleon amplitude derived in Sec-
tion II. Furthermore, the corresponding NR operators are
decomposed into spherical components with a definite
angular momentum, which is suitable for computations of

FXENONTT (o ) AT
/r ‘_-’_’,:’n‘:_
_A--=""B SD 103
101 ftasasasasararacasec., 7/
~F svsmaw - A .
2 - Lo T 102 %
<} O,
-~ -== NR SD =
oL e NR LD
107 NR SD+LD 10!
F === Migdal SD
------ Migdal LD
Migdal SD+LD
4 ER 100
1[)—1 Ll el el el IL .
1072 107! 10° 10! 107 10%

my [GeV]

NN T ot T

NR SD+LD

o --- Migdal SD
S e Migdal LD ]
I/ Migdal SD+LD |
’ ER
10—] Ll el HHH\I el el 1
1072 107! 10° 10! 102 108
my [GeV]

(color online) XENONIT constraints on Of+ from NR signals (red), the Migdal effect (blue), and ER signals (green). Here, A

denotes the effective scale associated with the dimension-seven O and A for the corresponding dimension-six operator with the quark
mass m, removed. For the NR and Migdal effect cases, we consider the constraints with SD-only (dashed), LD-only (dotted), and full
(solid) contributions. For the ER case, only the LD contribution is included. In all panels excluding the bottom-right one, the individual
contributions from the u, d, and s quarks are considered separately. In the bottom-right panel, a flavor universal coupling is assumed for
all of the u, d, and s quarks. The constraints from SN1987A and CMB discussed in Section V are also shown here.
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10? 103

i
8
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....... b

F CMB L S Migdal SD+LD

i ’ ER

10—1 ! ! ! 1 - )
1072 107! 100 10! 10% 10°
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Fig. 3.

a nucleus in an eigenstate of the total angular momentum.
By performing a multipole expansion, the unpolarized
amplitude squared can be represented in a compact form
[43],

IMP = Z S @ @FF @, 24

i,j N.N'=p,;n

where i and j span the NR operator basis. The squared
form factors Fi; )(q V) depend on the nuclear re-
sponses as well as ¢* and v#* =v* -2, . and the relevant
ones in our study are presented in Appendix A. Here,
Vimin = VExmA/(V2/t1) is the minimum velocity for DM
to induce a NR energy Er, where 1, is the reduced mass
for the DM-nucleus system. Detailed formulations of
these squared form factors for various nuclei are provided
in [47].

The functions f¥(g*) are determined by particle phys-
ics from the UV down to the chiral scale. In our case,
they are contributed by both DM-nucleon and DM dipole
interactions induced from the tensor DM-quark operators.
For the operator O™, the functions that do not vanish are

Xq°
as follows:

le = —2ep,myQn, (25a)

T T T T
[ XENONIT my(xio" v5x)(do,d) /A®

A [GeV]

--- MR SD 10°

A [GeV]

------ NR LD
NR SD+LD
--- Migdal SD 10!
...... Migdal LD
Migdal SD+LD
o 100
X Ll -
0 10! 107 10°
my [GeV]

T oo oo oo
[ XENONIT my(xio"~5x)(qowq) /A

NR SD
NR LD

NR SD-+LD
Migdal SD
Migdal LD
Migdal SD+LD 1
ER 1

107!

L L L 1
1072 107! 100 10! 102 10%
my [GeV]

(color online) Same as Fig. 2 but for the operator O}2.

i =—dep,m gy + Z 32CT1quqo n,my, (25b)
q=ud,s
m,m
£ =—-8eu,—== 0y, (250)
m
‘féN = 4eﬂX?;gN’ (25d)

The inclusion of the DM mdm (y, ) results in a new
term in f;' and a nonvanishing f%,. The mdm term in
1i%¢ interferes with the usual SD term in f;' in the amp-
litude squared, whereas f} does not interfere with f7%,
owing to its DM spin independence. Similarly, for the op-

erator O77, the nonvanishing functions are
fo="Y " 8Cr2m,Figmy, (26a)
q=u,d,s
= -8 e, 0y~ 3" 8CTm (FUY
q g=ud,s
—2FY —4F 1 ym,, (26b)
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== Z 32CT2qu¥O mymy.

q=ud,s

(26¢)

The DM edm leads to an additional term in ¥, which
interferes with the usual SD term in f¥ and f% but not
with f% as the latter is independent of the DM spin.

B. Constraint from NR signals
The differential event rate for NR signals is given by

dRNR 3 pi/\/i Vmax

dEg  myma J, . )

dvF (v)v (V Eg), (27)

where p, =0.3 GeV/cm?® is the local DM energy density
near the Earth, and F(v) is the DM velocity distribution in
the lab frame. In the actual calculation, the total rate is a
sum of contributions from each isotope weighted by its
mass fraction in the nuclear target. Note that the angular
distribution of the DM velocity is integrated out in F(v),
because the target nuclei are considered to be at rest and
unpolarized in the lab frame.

In the galaxy rest frame, the DM velocity obeys a nor-
mal Maxwell-Boltzmann distribution with the circular ve-
locity vy =220 km/s [50], which leads to [43, 51]

v

\/ﬁ VoVE

eIV _ g/
2
e~ Ve /vg _ e*\%su/v(z]’

Here, we adopt the averaged Earth relative velocity vg =
232 km/s [52] and escape velocity v, =544 km/s [50],
which leads to the maximal DM velocity in the lab frame
Vimax = Vese + VE = 776 km/s.

We calculate the constraint based on the NR events
given in [49] for an exposure of w = 1.0 ton-yr. Consider-
ing the SM backgrounds, the 90% C.L. constraint is ob-
tained via the criterion Ny, <7 [21], where the number of
NR events induced by DM-nucleus scattering is calcu-
lated by

FQv) =

for 0 < v < vee — Vg

for Vege = VE <V < Vege + VE
(28)

70keV dRNR
NIGR = W/ 6NR(ER)deR- (29)
0 R

Here, we adopt the NR signal efficiency, er(Ez), given in
Fig. (1) in [49].

The XENONIT constraints on Of} and O} from NR
are shown as red curves in Figs. 2 and 3, respectively.
The SD contribution (red dashed curves) dominates over
the LD contribution in the constraints on Of; for the
valence u and d quarks. For the sea s quark, the SD con-
tribution is relatively less important than the LD contribu-

tion (red dotted curves) for small m, until m, > 50 GeV
when their constructive interference starts to become sig-
nificant. Regarding the constraints on O}2, the LD contri-
bution dominates overwhelmingly for the s quark, where-
as the u and d quarks exhibit comparable but varying con-
tributions from the SD and LD mechanisms. Note that the
interference effect is constructive (destructive) in the u
(d) quark scenario. This distinct behavior is due to the
charge sign difference between the u and d quarks. For
both operators O} and O} in the flavor conserving case,
the SD constraint is dominated by the d quark contribu-
tion, whereas the LD constraint is dominated by the s
quark contribution. Especially for OF2, the LD contribu-
tion always dominates; however, it becomes comparable
to the SD contribution for a large m, , where a signific-
ant destructive interference pattern is evident in the full
constraint (red solid curve).

C. Constraint from the Migdal effect

In the DM low-mass region (i.e., sub-GeV region) the
constraint from NR signals loses sensitivity because the
nucleus cannot gain sufficient recoil energy to reach the
threshold of a detector. This dilemma can be alleviated by
taking advantage of the Migdal effect. In addition to the
NR signals from DM-nucleus scattering, the Migdal ef-
fect results in additional ionization energy Egy deposited
in the detector, such that the total detected energy is
Ege = LEg + Epy. Unlike ER, a large fraction of NR en-
ergy becomes unobservable heat. Here, £ is the quench-
ing factor for the NR signals, which accounts for the frac-
tion of NR energy converting into photoelectric signals. In
calculations of the Migdal effect, it has become custom-
ary to take a constant value of £ =0.15 [53].

Considering the Migdal effect for DM-nucleus scat-
tering, we must introduce an additional ionization form
factor into Eq. (27) to obtain the differential event rate,

namely [7],
dRusgam _ /E / "
dEdEt m)( my Vmin

X F(V)V (V ER)lzlon(ERaEEM)|2 (30)

where EF™ = Zyixviax /ma , and Egy = E4q — LEg. Unlike

in the NR CasS€, Vpin = (mAER +,uA)(EEM)/(ﬂA)( VZmAER) de-
pends on not only the NR energy Er but also the ioniza-

tion energy Egy. The ionization factor |Z,|> also de-
pends on both, which is given by [7]
unl” = 12 S pme—E) G
10N dE ge

where E, is the kinetic energy of the ionized electron giv-
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en by E, = Egy — |E,|, with |E,| as the binding energy of
the electron labeled by the principal and orbital quantum
numbers n,{. We adopt the ionization probability p; of
the Xenon atom given in [7].

For the Migdal effect, we calculate the constraint with
the S2-only dataset given in [9, 54] for an exposure of
w = 22 ton-day. The 90% C.L. constraint is obtained via
the criterion Ny, 4, <49 [11, 53], where the number of
signal events induced by the Migdal effect is calculated
via

. 3.90keV Ry gann
NMigdal =w Enigaa1 (Edet) . (32)
0

186keV dE g

Here, we adopt the signal efficiency of the S2-only data,
€uigaal (Edet) given in [9, 54].

The XENONIT constraints on O, and Oy from the
Migdal effect are shown as blue curves in Figs. 2 and 3,
respectively Upon including the LD contribution, the
constraints on O} achieve a significant enhancement,
particularly for A, by a factor of up to two orders of
magnitude. As for the constraints on O}, there are mass
regions in which the SD and LD contributions are com-
parable for the # and d quarks, where the SD and LD con-
tributions exhibit constructive interference.

D. Constraint from ER signals

The constraints on the edm and mdm of DM from ER
signals have been obtained by the XENONIT collabora-
tion [19], in which S2-only signals induced by a single
electron were used to achieve a lower energy threshold.
For the DM-electron scattering induced by OF and OZ,
there is only the LD contribution. Hence, we can directly
convert the constraints on the DM dipole moments into
those on O7; and OF? via Eq. (15).

The XENONIT constraints on Of} and O} from ER
are shown as green curves in Figs. 2 and 3, respectively.
These ER constraints effectively probe low-mass DM
down to approximately 5 MeV. The small momentum
transfer in DM-electron scattering for such low-mass DM
results in an enhanced scattering cross section when DM
interacts with electrons via edm, leading to a stronger
constraint on O}2 compared to O};. Moreover, the con-
straints on A, are more stringent than those on A, and A,
owing to the quark mass factor in the definition of O,
(O72). For the flavor conserving case, the constraints on
both operators from the Migdal effect and ER are similar
to those in the single strange quark case because they are
dominated by LD contributions, which are further en-

hanced by the strange mass.

The stronger constraint on O can be understood as
follows. In the nonrelativistic limit, the spin-averaged and
-summed matrix element squared terms of DM-electron
scattering for the mdm and edm cases are

|M)(e(q)|2mdm = 1671'(1/,1)2(”’[)2(,
M@, = 64rad>mm? . (33)

)()(f

Here, ¢ is the momentum transfer in DM-electron scatter-
ing and has a typical value of ¢ ~ am, in DMDD experi-

ments. At such a low momentum transfer scale,

’Mxe(q)|zedm is enhanced by a factor of a, namely,

’Mxe(ame)lz = 64nd;m; /@, which leads to a stronger
constraint on the edm of DM compared to that on the
mdm of DM.

In summary, owing to the LD contribution from the
nonperturbative QCD effects of the tensor operators, the
XENONIT experiment extends the sensitivity to MeV-
scale DM. In the mass region probed by the Migdal ef-
fect (0.1 GeV < m, <3 GeV), the inclusion of the LD con-
tribution results in a sensitivity to the effective scale asso-
ciated with O72 (O7}) that is comparable to well-studied
operators such as Oy, =v'xqv.q (Oy, =XY'X3:¥’49)
with A ~0(10%) GeV (A ~O(1)GeV) [11]. For the NR
signal region (5GeV <m, <10° GeV), the constraint on
the effective scale associated with Oy, (A ~5x10*GeV)
is stronger than those of OF; (A= 0(103) GeV) and O}?
(A ~0(10* GeV), which are subsequently stronger than
that of 0%, (A =50 GeV) [11].

edm

IV. CONSTRAINTS FROM OTHER DIRECT
DETECTION EXPERIMENTS

Besides the XEONONIT experiment [19], con-
straints on DM EM dipole moments have also been de-
rived in XENON10 and DarkSide50 via ER signals [22]
and PandaX via NR signals [55]. Hence, it is instructive to
recast these constraints via Eq. (15) to fully constrain the
two tensor operators O}: and Of2." Together with the
constraints from XENONIT calculated above, Fig. 4
shows all the available bounds on OF; and O} obtained
in this study as colored curves. Here, we only show the
results for the flavor conserving case to facilitate compar-
ison with the results in the literature (represented by
dashed gray curves for NR [21] and the Migdal effect
[11]), in which only the SD contribution is considered.”

1) Note that a consistent calculation on the constraint from PandaX NR also needs to consider the SD contribution, as we did with XENONIT NR in the previous sec-

tion. For simplicity, we restrict our discussion here to the LD contribution only.

2) To cross check our calculations, we attempted to reproduce the XENONIT constraints in [1 11]011 the two DM-quark tensor operators from the Migdal effect. We

found that we could get results consistent with [11] only when we adopted the mistaken value of gT

=—0.027 a5 discussed in footnote 2.
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Emg (X0 X) (@0, /A

N DA A T R
1072 107! 10° 10! 10 10%
my [GeV]

1071

Fig. 4.

q

[my(Xio" v5x)(Gowg) /A

10-thw v 4 . ol
10! 10 10%

(color online) Comparison of constraints on O}, (left panel) and O}z (right panel) for the flavor conserving case from current

q

DMDD experiments. The colored lines show the new constraints in this study with the LD contribution included. The two gray dashed
curves show previous constraints from NR [21] and the Migdal effect [11], in which only the SD contribution is considered. The two
gray dotted lines show constraints from SN1987A and CMB, as discussed in Section V, in which only the LD contribution is con-
sidered. The legends follow those in Figs. 2 and 3: the dashed, dotted, and solid curves indicate the constraints with SD-only, LD-only,

and full contributions, respectively.

By taking advantage of the new LD contribution, O7;
and O} can also be constrained by ER, in addition to NR
and the Migdal effect. These new ER constraints cover a
previously uncovered low-mass region with 5MeV <
m,, < 100 MeV and surpass the previous constraints from
the Migdal effect in the mass region 100MeV <m, <
1 GeV. Owing to the enhancement of the LD contribu-
tion at the small momentum transfer in the Migdal effect,
the newly calculated XENONI1T constraint from the Mig-
dal effect is stronger than the previous constraint from the
Migdal effect by approximately a factor of three (one or-
der of magnitude) in the O]} (O}?) case. In particular, for
the OF2 case, the XENONIT constraint from the Migdal
effect can be even stronger than the previous ones from
NR in the mass region 0.7 GeV $m, <3 GeV. Owing to
the relatively large momentum transfer in NR, the im-
provements in the constraints from the NR are not as evid-
ent as those from the Migdal effect. For the O}? case, the
PandaX constraint from NR improves in the large mass re-
gion (m, 23 GeV). However, it is expected to become
slightly weaker for heavier DM when the SD contribu-
tion is also considered, because of the destructive inter-
ference between the LD and SD contributions, as shown
in Fig. 3.

V. CONSTRAINTS FROM NON-DIRECT-DETEC-
TION EXPERIMENTS AND AN EXAMPLE OF
UV COMPLETION

Because the particle properties of DM are completely
unknown, it is important to explore DM in various types
of observations and experiments to obtain complement-
ary information. In this section, we briefly discuss the
constraints originating from collider searches and super-
nova (SN1987A) and cosmic microwave background
(CMB) observations.

The effective operators Oy, and O7}2 can be probed at
the LHC via the mono-jet search, in which DM produced
via the process qg — yi +j appears as missing energy at
collider detectors. Owing to the nature of their four-fer-
mion interactions, the signal cross section is proportional
to the center-of-mass energy squared at the parton level
and thus gets enhanced at the LHC energy. For the DM
mass below hundreds of GeV, one generally obtains a
bound A > 1 TeV [56]. Nevertheless, direct comparison of
the bound with those extracted from DMDD experiments
is a delicate issue. First, the bound at high energy col-
liders is less sensitive to the DM mass as long as the lat-
ter is not too close to the parton energy, and it is insensit-
ive to the Lorentz structure of effective interactions. A
well-known example is the vastly different bounds on the
spin-independent and -dependent interactions extracted in
direct detection experiments, which yield similar signals
at colliders. Furthermore, the search at colliders cannot
distinguish a tensor interaction from other structures. In
contrast, direct detection at low energy allows us to ex-
amine the tensor structure in a comprehensive manner,
that is, only for a tensor structure can an LD interaction
be induced from a four-fermion DM-quark interaction,
which results in interesting interference between the two
and correlates the signal channel in NR and the Migdal ef-
fect on one side and the signal channel in ER on the other.
The ratio of the signal strengths between the two would
help distinguish the tensor DM-quark interactions from
other types of interactions and determine the DM mass, if
a DM signal is observed. Second, the bounds set at col-
liders would be modified significantly by a mediator of
intermediate mass between O(100 MeV) and O(1 TeV),
which is common in various portal mechanisms [57]. The
constraints from low-energy detection are not flawed with
this issue for low-mass DM and are thus more robust.

We next examine the constraints from SN1987A and
the CMB. Light DM particles with mass m, <400 MeV
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may be generated in pairs within the supernova core and
then escape, which would increase the supernova cooling
rate and consequently affect the observed supernova neut-
rino spectrum. Because the generated DM may be reab-
sorbed by the supernova if its interaction with SM
particles is sufficiently sizable, the constraints are two-
sided, resulting in an allowed region in parameter space.
Regarding the CMB constraint, the extra energy injection
from DM annihilation can affect the recombination his-
tory leading to modifications in the temperature and po-
larization power spectra of the CMB. We converted the
constraints on the DM edm and mdm in [58, 59] ob-
tained from SN1987A and the CMB to those on Of; and
072 by employing Eq. (15). In addition, the SD Of; and
O} interactions can also be directly constrained by
SN1987A and the CMB. Although the supernova con-
straint with only SD interactions has not been reported in
the literature, the case for CMB was achieved in [56].
Note that the CMB constraint becomes significantly
weaker for m, < m, if we include only SD interactions, as
there would be no annihilation channel available at the
tree level. All of the above constraints from SN1987A
and the CMB are also included in Figs. 2, 3, and 4 as gray
regions (SN1987A LD), gray dotted lines (CMB LD),
and gray dashed lines (CMB SD), respectively.” In gen-
eral, the parameter region probed by SN1987A is more
strongly constrained but it does not overlap with those
probed by DMDD experiments and the CMB. Among the
latter two, the DMDD constraint is generally stronger
(weaker) for the O}?2 (O}}) interaction.

Finally, we show a simple UV model that induces a
tensor-type interaction at the tree level without being ac-
companied by a quark mass. Consider a Z; DM model by
extending the SM with a vector-like fermion DM
x(1,1,0) and two colored scalars §,(3,1,—1/3) and
S,(3,2,1/6), where the numbers in parentheses denote the
quantum numbers in the SM gauge group. Under Z; sym-
metry, y — e¢>?y and §,, — ¢3S ,,, while the SM
fields are intact. The relevant Lagrangian terms are

Loy(dx1)S 1 +yo(Oxr)S,+usH'S|S,+he.,  (34)

where y, and y, are the dimensionless Yukawa coup-
lings, us is the dimensionful triple coupling for the scal-
ars, and H is the SM Higgs field with vacuum expecta-
tion value v. The Feynman diagram shown in Fig. 5 res-
ults in the effective interaction upon integrating out heavy
scalars S, and S,:

X\\/d

S1 4
6-~--H

Ss 4
X Q

Fig. S.
induces a tensor effective interaction.

(color online) Feynman diagram in the Z3 model that

YaYoHs V
2mg mg,
1 yaypusv
2 V2w,

(IM )(YrdL)

_ 1
(drdp)(XrX L) + Z(dRU'de)(/WU'WXL) s
(35)

where the Fierz identity is applied. It is natural to assume
mg, ~mg, ~us =M so that the induced tensor operator
has a Wilson coefficient Yaypv/(8 V2M?) whose mag-
nitude is defined as A2 in our discussion.

VI. CONCLUSION

In this study, we conduct a complete investigation of
the two DM-quark tensor operators in DMDD experi-
ments in the framework of chiral perturbation theory. We
find that DM-quark tensor operators can induce electro-
magnetic dipole moment operators of DM, in addition to
the well-studied DM-nucleon 4-fermion operators. In pre-
vious calculations for DMDD experiments, the con-
straints on DM-quark tensor operators were obtained by
calculating the NR and Migdal effect induced by these 4-
fermion operators. The DM dipole moment operators
give rise to new contributions for both DM-electron and
DM-nucleus scatterings. Consequently, a consistent cal-
culation of the constraints from NR and the Migdal effect
should include both DM-nucleon and DM dipole mo-
ment operators, which may result in interesting interfer-
ence effects. Remarkably, the DM-quark tensor operators
can also be constrained by ER signals caused by the
newly studied DM-electron scattering. In this manner, we
derive the constraints from NR and the Migdal effect us-
ing XENONIT data and recast the existing bounds from
the ER (XENON10, XENONIT, DarkSide50) and NR
(PandaX) signals to yield comprehensive constraints on
the tensor interactions. Our results are significantly im-
proved over the previous results in the literature, espe-
cially in the sub-GeV region.

1) The CMB SD curves (gray dashed lines) in Fig. 2 and Fig. 3 represent the CMB constraints with only the SD interaction and are taken from [56]. In [56], the con-
straints were obtained by parametrizing the two tensor-type interactions as dimension-six operators and taking a universal Wilson coefficient for the three light quarks.
Since these constraints cannot be trivially translated into those for the individual quark cases, we just simply take the constraint from [56] as a rough comparison. Note
that the actual CMB SD constraints for the individual quark cases would be somewhat weaker due to reduced contributing channels from single quark flavor.
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The squared form factors F7;

APPENDIX A: SQUARED FORM FACTOR

NN (2, vE) defined in

Eq. (24) are related to the basic independent nuclear form
factors in the following manner [47]:

2
F = LR, (A6)

2
FNN) q FON)

10,10 =Z s (A7)
(N.N') _ ‘I2 (N.N") A
Fiih _ZFM > (A8)

PN _ vit (1 PN | RN
212 = e\ 3y + Ly
qz (N,N") (N,N")
* Ton (Fo™+Fg:) (A9)
Fo = 4 pon (A10)
11,12 8y | MO

FE{\;,N’) = FO, (Al)
FO = L (a4 i) (A2)
4.4 16 X > )
(N,N') q2 2 (NN’ ‘Iz NN')
Fss :Z<V%F/(w )+72F(A, >, (A3)
my
(N.N") ‘I4 (N.N")
Feo''=—=Fy 7, (A4)
16
(N.N") ‘I2 (N.N")
Fis =—%anh , (AS5)
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