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In this Letter we revisit general dark matter (DM)-bound-electron interactions studied previously in the
influential work [R. Catena et al., Atomic responses to general dark matter-electron interactions, Phys. Rev.
Res. 2, 033195 (2020)]. For the most general DM-electron nonrelativistic or relativistic interactions for DM
with spin up to 1, we find the average ionization matrix element squared can be organized into three terms,
each of which is a product of a DM response function (ay ; ») and a linear combination (WOJ_Z) of the four
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atomic response functions (W, ,34) given in that work, Wo=W,, W, = |vé|2W1 -2

W, = (q'? i W, - 2'"“:;"j W, +';%§W4. Furthermore, we find a crucial minus sign was missed for the
calculation of W, in that work, which has significant phenomenological consequences when explaining
experimental bounds on specific DM scenarios. Due to the corrected sign, there can be significant
cancellations between the W, and W34 terms, so that VMV,,Q are dominated by the usual response function
W, in some cases. Many DM scenarios involving DM or electron axial-vector current can yield W, and
thus are potentially affected by the sign. As an example, we show that the recent XENONI1T constraint on
the fermionic DM anapole moment is weakened by a factor of 2 or so. We also present a complete list of NR

operators for spin-1 DM and compute their contributions to the DM response functions.

DOI: 10.1103/PhysRevD.110.L091701

Introduction. The nature of dark matter (DM) is one of the
biggest puzzles in particle astrophysics. Particle DM is a
well-motivated scenario that fits very well within the
standard cosmological model, and in the meanwhile has
a detectable possibility in terrestrial experiments. The mass
scale for potential DM candidates spans a very wide range
of energy scales, from the superlight axion or dark photon
candidate [1-3], to the keV sterile neutrino [4,5], to
relatively more massive particles that are generally termed
weakly interacting massive particles (WIMPs) [6,7].
Among them, the WIMPs are the most prominent
ones in consideration of their origin in particle physics
models, the power of fitting the observational data, and
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the promising discovery potential in direct detection
experiments.

The search for WIMP DM begins with the nuclear recoil
effect. The null results from large xenon and argon detectors
(such as PandaX [8], XENON [9], LUX-ZEPLIN [10], and
DarkSide [11]) in the past two decades have put stringent
bounds on the DM-nucleus cross section with DM mass
above O(10 GeV) [7,12]. Due to the kinematic restriction of
DM-nucleus (or DM-nucleon) elastic scattering as well as
detection threshold limitation, the DM-nucleon interaction
remains less constrained for DM mass below O(10 GeV)
from nuclear recoil signals. This limitation could be circum-
vented by exploiting inelastic processes like the bremsstrah-
lung process [13] and the Migdal effect [14,15], or novel
low-threshold detectors in condensed matter systems
(see [16,17] and references cited therein). In contrast to
nuclear recoil experiments searching for the DM-nucleon
interaction, the DM-electron interaction offers a more
powerful alternative probe of low mass DM particles below
O(10 GeV) through the electron recoil signal [18-24].
This is due to the significantly smaller mass of the target
electron, allowing it to gain more easily the recoil energy
from a light DM particle. For instance, the single-electron
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search conducted by XENONIT has the capability of
exploring DM as light as approximately 5 MeV [20].

Since the search for light DM through DM-electron
scattering has become more and more important than ever
before, a thorough understanding of the response functions of
the electron in a target material is urgent. The dual-phase
detectors, with liquid xenon or argon as the target material, are
the most promising DM direct detection experiments to
explore the parameter space of WIMPs in a wide mass
region, and can effectively distinguish between the signals
induced by the DM-electron and DM-nucleus scattering.
Theoretically, the DM-electron scattering in a liquid xenon
target was first calculated in [25-27], in which some
simplified DM models were studied, with the atomic effect
of bound electrons being encoded in the ionization form
factor [26] or the K factor [28]. The relativistic correction and
many-body effect of the ionization form factor were further
considered in [28-30], which could be sizable for a large
transfer momentum. Recently, a general study on the atomic
response functions in the liquid xenon and argon targets was
carried out in [31] in the framework of nonrelativistic (NR)
effective field theory (EFT), in which three new atomic
response functions were introduced in addition to the usual
ionization form factor. These new atomic response functions
appear for general DM-electron interactions and are particu-
larly relevant for some special DM scenarios. They have been
used in subsequent theoretical [32] and experimental [20]
papers. In this work, we rederive these response functions,
and find that a crucial minus sign was missed for the second
response function W, defined in [31]. The minus sign is
physically important when explaining experimental bounds
in terms of specific DM scenarios. For the purpose of
illustration and the interest in its own right, we study the
constraints on the DM anapole operator which were consid-
ered previously in [20,32]. We find that the constraints are
weakened by a factor of 2 or so upon correcting the sign of
W,. Along the line we formulate the squared matrix element
of the DM-atom scattering from the most general NR EFT
operators for DM up to spin 1, and find that it can be
compactly organized into three terms [see Eq. (9)], each of
which is a product of a DM response function and a linear
combination of atomic response functions.

Formalism for DM-atom scattering. For the DM-electron
scattering in atomic targets, we label the initial state of the
bound electron by the usual atomic quantum numbers
(n,¢,m) = |1) and the final state of the ionized electron by
(k',¢',m") = |2) with k' being its momentum. Denoting the
initial (final) three-momentum of DM by p(p’), the tran-
sition amplitude for |p, 1) — |p’,2) can be written as [31]

Moz = / %wz(nqw(q, vhin®). (1)

where | = W .z, and W, = Wy, are the initial and final
electron wave functions in momentum space respectively,

and are related to the wave functions in configuration space
by the Fourier transformation, (k)= [d*re *"y(r).
M(q,v}), M for short, is the matrix element for free
electron-DM scattering that is only a function of the
momentum transfer ¢ = p — p’ and the DM-electron trans-
verse velocity v} = v —q/(2u,.) —k/m, in the nonrela-
tivistic framework. Here v is the incoming DM velocity in the
lab frame, k is the momentum of the initial electron of mass
m,, and p,, the reduced DM-electron mass, respectively.
For the most general DM-electron interactions at leading
order in the NR EFT framework (see the Supplemental
Material [33]), which are at most linear order in vfj or k,
the free amplitude is decomposed as [31] M = M;_o +
k- (ViM),_o. This results in two atomic form factors

fi-2(q) and f,_,(q) in Eq. (1):

Froalq) = / T* 53+ @i k). (22)

Srale) = [ skt o) g w. eo

The first one is the usual ionization form factor, while the
second was firstrecognized in [31]. We find that a minus sign
was missed in the vector form factor f_,(gq) of [31] when
transforming from momentum to configuration space,

froalg) = / Py (r)emy, (1) (3a)

—iV

frs@) = [ rpsren

i (r). (3b)
e

This will cause a considerable impact on the matrix element
squared as spelled out below.

The decomposition of M in terms of k leads the authors
in [31] to identify three additional atomic response func-
tions W, ;4 beyond the usual W;. From their definitions
(collected in Supplemental Material [33]), one sees that the
minus sign in f_,(g) is brought into the function W,. We
realize that it is more advantageous to expand M in v as
this makes power counting manifestly consistent with that
of NR operators:

M(q.v) = Ms + v - My. (4)
where Mg = M(g.0), and My =V, M(q.vy) is

actually independent of v} for our consideration of NR
operators up to its linear order. This expansion also helps to

appreciate the consequence of the sign issue. Then,
Moy = fs(@)Ms +fv(q) - My, (5)
where fs = f1_»(g) and

3
fo= [ Smkrouin®.©
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With the above decomposition, we find the spin-averaged
atomic matrix element squared takes the form

p 2
22 fy

e e

+ iay mi- (fv xfy) +2Im [wfsff/ : mi]
(7)

where x, =¢*/m2. ay 234 are DM response functions
depending only on the Wilson coefficients (WCs) of NR
operators and x,. The explicit forms of a; ; , are provided in
the Supplemental Material [33] for the scalar, fermion, and
vector DM cases, respectively. The other two terms aj 4
have no contribution to the usual DM-atom scattering after
summing over the atomic magnetic quantum numbers
(m,m’), and will be presented in [34].

With |M,_,|? in Eq. (7), the total ionization rate for the
initial atomic orbital (n, ¢), R/ , can be obtained by summing
over the initial magnetic quantum number m and integrate/
sum over all the allowed final electron states (k',7’, m’).
Neglecting the effect arising from the nonspherically sym-
metric nature of the DM velocity distribution in the lab frame,
the differential rate can be generally written as [31,35]

M) = aolfs|* + ailfyv]* +

anﬁ ny
ion __ m d m Mnf
dlnE, 128zm3, ;m> / a4 / Fam( on

where ny,, is the local DM number density with velocity
distribution f 4, (v) and mygy, is the DM mass. The integration
over v is bounded below by v, due to the kinematics
restriction. Using the decomposition in Eq. (4) and the squared
matrix element in Eq. (7), our main result in this Letter is
the recognition of the averaged ionization matrix element
squared,

. (8)

M2 = agWo + a\ W, + a, W, )

on

Denoting the k-independent part of vé as v& =v-—

q/(2ux.), we thus have fy = vy f1-2(¢) —f1-2(g). which
leads to the coefficients Wy, as linear combinations of
atomic response functions W ;34 in (31,

W() = Wl, (IOa)
Wy = |vg[P'W, —2&W2+W37 (10b)
xe
~ y2 y 1
W2:—eW1—2—EW2+—W4, (IOC)
e xe xe
where y, = q - vg/m,.

'Notice that both W; and W, depend on the initial atomic
quantum numbers (n, ¢), the final electron momentum &, and the
momentum transfer |g]. We do not show them explicitly for
brevity.

We find the decomposition in Eq. (4) is more amenable
to obtain the square of the ionization matrix element
with ay and a;, capturing different NR contributions:
while a, captures only the velocity independent operators,
ay, are sensitive only to the velocity dependent ones.
Furthermore, the recognition of the three new combinations
of atomic response functions is useful to understand which
NR operators contribute dominantly to the scattering. In
Eq. (9), W, (or W) is the usual atomic K factor in the
literature [28,36]. Its associated DM response function a
incorporates the most common DM scenarios through the
WCs c¢; and ¢, of the NR operators O and O,, which are
the well-known spin-independent and spin-dependent NR
interactions extensively studied in the literature. WI,Z are
mainly related to the NR operators involving transverse
velocity v}, which can be generated by DM-electron
interactions involving electron or DM axial-vector current
such as the anapole moment of fermionic DM. Thus, a sign
mistake in W, will result in a wrong interpretation of
experimental data for such types of interactions.

Let us compare our formalism with the one in [31]. Our
W1, contain three parameters: x,, y,, and |vg|?. The
parameter x, is independent of DM. The parameter
y. = AE/m, — x,/2, which is also independent of DM
in spite of its definition involving v0 Here AE is the
energy level gap between the initial and final electron
orbitals. The only dependence on DM is in the parameter
lug|? for Wy, but is very weak. As shown in [34],

2 m2 AFE m
——(1-=) - 1+, 11
”42( m) me<+mx> an

where v~ 1073 is the typical DM velocity. For the
interested range of DM mass in liquid xenon/argon experi-
ments (m, 2 5 MeV ~ 10m,), the relative correction due
to DM mass is less than 1% due to the dominance of the
second term, and thus is safely negligible. In contrast, in the
formalism of [31] which factorizes the rate into a product
of DM response functions (called Rf’l in that work) and
atomic functions W, ;3 4, the former ones depend on the
atomic orbitals manifestly [see their Egs. (39) and (40) and
Appendix C] with contributions up to 40% for some terms
[34]. In summary, while our linear combinations Wo.l,z
depend very weakly on DM through its mass and velocity,
the DM response functions in [31] depend significantly on
the energy gap between the initial and final atomic orbitals.

To assess the numerical importance of the sign, we show
in Fig. 1 the individual terms of V~VL2 as a function of the
momentum transfer |g| for a xenon target in the orbital 5p.
We choose a typical light DM mass mg,, = 500 MeV and
fix the ionized electron momentum to be k' = 10 keV.
From Fig. 1, it is clear that the W, term is positive for |q| =
11.5 keV which covers the experimentally relevant region
|g| > |q|min» and approaches W3 and W, /x, as |g| increases.
With the minus sign accompanying W, in W, 2, thisresultsin

vl =
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FIG. 1. Individual terms in Wl,z are shown as a function of |g|.
For better layout we show —2(y,/x,)W, (black dotted curve) for
lg| S11.5keV and +2(y,/x,)W, (black solid) for |g| = 11.5 keV.
The vertical dashed gray line with |g|,;, indicates the mini-
mum |g| to ionize a 5p electron with an outgoing momentum
of 10 keV.

a significant cancellation between the W, and W 4 terms in
W5, leaving the W, term as the potentially dominant
contribution across a wide region of |g|. We find that the
cancellation behavior is observed across different atomic
orbitals, DM masses, ionized electron momenta, and targets
(e.g., argon), though its extent varies, leaving behind only
about 0.1% to 10% of the contribution from W, and Wj. It
occurs even in the presence of a light mediator. This is
because the experimentally relevant region |q| > |q|.in
renders the low |g| region less relevant to the event rate.
Next we examine the influence on the differential rate
due to the NR operator (O;, which is a typical operator
employed in [31] to show the importance of the three new
response functions (W,, W5, W,). To facilitate comparison
with [31], we consider the xenon and argon targets and
focus on the contact (or short-distance) interaction with
¢$P = 1073 and my,,, = 10 MeV. In Fig. 2, we show for the
xenon target the individual contribution to the differential
rate from Wy, W5, and W3 [including all coefficients but
not the minus sign in front of W, in Eq. (10) for better
layout] by the dotted green, solid blue, and dotted magenta
curves. From Fig. 2, it can be seen that the contributions
from W, and W; are of a similar magnitude and much
larger than that from W/, so that they almost exactly cancel
out, leading to a total contribution (solid black curve) that is
completely dominated by W,. For comparison, we also
show the total rate reported in [31] by the dashed black
curve.” It can be seen that the sign difference can cause a
factor of 5 difference in the differential rate. A similar plot for
the argon target is provided in Fig. 3. In that case, the
cancellation between W, and W3 is less complete, leading to
a slightly higher total contribution than that from W, alone.

*There is about a global factor of 3/4 difference than the one
given in [31], which has been included in our plot.
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FIG. 2. The ionization spectrum from the NR interaction O
with a short distance origin at the xenon target from different
response functions. The DM can be either a scalar, fermion, or
vector particle. Note that the solid black and dotted green curves
almost overlap.

Note that the spectrum is the same for NR operator Og with
fermion DM, which will be used in the following analysis.

Constraints on DM anapole. In this part, we use the DM
anapole operator as an example to illustrate the importance
of the sign for W,. The anapole interaction Lagrangian for a
fermionic DM y is

9 - v
'Canapole = W)(V”Vsﬂfa Fllw (12)

where F, is the electromagnetic field strength tensor, g is a
dimensionless coupling, and A is a heavy particle scale.
We consider y as a Majorana particle for direct com-
parison with the results in the literature [20,31]. The
anapole moment is the unique electromagnetic property
of a Majorana fermion since all others (such as charge
radius and electromagnetic dipole moments) do not exist.
In the NR limit, the DM anapole operator matches to two
NR operators, Og and Oy, with the WCs,

g = —Co = 8emem1%. (13)
Since the sign of W, has a significant impact on the
contribution from Og, as illustrated in Fig. 2, it is expected
that it also plays a crucial role in determining the constraints
on the DM anapole operator. The previous constraints were
established using data from various experiments, including
XENON10, DarkSide-50, the XENONIT S2-only search
(calculated in [31]), and the XENONIT single electron (SE)
search conducted by the XENONIT collaboration [20].
All of these constraints were obtained with a wrong sign
associated with W,. In the following, we analyze these
constraints from xenon target experiments. In addition, we
calculate the constraint using the latest S2-only data from the
PandaX-4T experiment [22].
To compare with the S2-only data observed in the
experiments, we utilize the constant-W model [27,37] to
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FIG. 3. Same as Fig. 2 except for an argon target.

convert the dR'2 /dE, spectrum into that of the number of
ionized electrons, R /dn,. For each ionized electron, we
assume that the number of photoelectrons (PEs) induced by
it follows a Gaussian distribution with a mean value g, and
a width value o, as in [27,37]. Specifically, for XENON10
(XENONIT), we take g, =27(33) and og, = 6.7(7)
[37,38]. By convoluting with the Gaussian distribution
[19,27,37], we obtain the spectrum of S2 signals (the
number of PEs), dR!" /dPE. For the constraints from the
XENONI10 and XENONIT S2-only searches, we employ
the same efficiency factors and statistical methods as in
[31]. With a wrong sign of W, we were able to reproduce
the constraints in [31] to check our numerical analysis.

XENONIT-SE: Since the XENONIT collaboration did
not provide all the necessary information in their paper [20],
it is challenging to reproduce its constraint with high
consistency. Therefore, we adopt a rescaling method
described below to update the constraint with the corrected
sign of W,. The signal region in the XENONI1T SE search is
selected as S2 € [14, 150] PE, corresponding to signals with
1-5 ionized electrons [20]. For a specific DM mass, we find
that the spectrum dR?, /dn, with the correct-sign W, differs
from that with the wrong-sign W, by nearly a global factor.
For instance, for m,, = 1 GeV, this global factor is approx-
imately 3 for the anapole operator. Hence, for each DM mass,
we calculate ) _| dR{Y /dn, with both the wrong-sign and
correct-sign W,. Then, we deliver our new constraint by
rescaling the constraint of the XENONIT collaboration.

PandaX-4T: With the exposure of 0.55 ton-:yr, 103
events (including 95.8 background events estimated) were
observed in the signal region of S2 € [60,200] PE [22].
According to the Poisson distribution, a 90% C.L. requires
the number of signal events to be less than 21.5. We employ
the total efficiency (red solid line) given in Fig. 1 of [22].
Since the parameters g, and og, of the PandaX-4T S2-only
search were not given explicitly in the paper, we read from
its Fig. 3 g, = 17.7 and assume og, = /95.

To ensure consistent comparison with previous calcu-
lations based on a wrong-sign W,, we adopt the same DM

parameters as [31]: p, = 0.4 GeV/ cm?® for the local DM

102
—— XENON10
—— XENON1T-S2
DG —— XENON1T-SE
10 —— PandaX-4T
E-snlR ST w S, N Catena et al. [31]
U S A REPPE W N Catena et al. [31]
% ----- XENON Collaboration
O 1
B N N e e
e R N N PP L
S b N N e
10—1 L
f%XW#WSXaVFW ........................
-2 [ )
10 102 T ]
my [GeV]

FIG. 4. Constraints on DM anapole moment from DM direct
detection experiments, including XENON10, XENONI1T S2-only
search, XENONIT-SE search, and PandaX-4T. The solid lines
show our results with a correct-sign W,, while the dashed lines
show the previous constraints [20,31] with a wrong-sign W,.

density, vy =220 km/s for the Sun’s circular velocity,
Vese = 544 km/s for the galactic escape velocity, and vg =
244 km/s for the speed of Earth in the galactic rest frame,
respectively. Our results on XENON10, XENONIT S2,
XENONIT SE, and the latest PandaX-4T data are shown in
Fig. 4 with solid curves. Correcting the W, sign, the
constraints are weakened by a factor of ~2, depending on
the DM mass. With a larger DM mass, the discrepancy
tends to be larger. The constraint derived from the latest
PandaX-4T data imposes the most stringent limit for DM
mass m, 220 MeV, reaching g/A? <0.01 GeV~2 for
m, 2 0.1 GeV. In the low-mass region with m, <20 MeV,
the stronger limit is set by the previous XENONIO and
XENONIT-SE experiments, which have a low energy
threshold down to one single ionized electron.

Conclusion. In this Letter, we studied the general DM-
electron interactions and found, for the most general leading-
order nonrelativistic dark matter-electron interactions, that
those interactions naturally organize themselves into the
differential rate in the form of three DM response functions
a1, Bach of ag;, is multiplied by a coefficient Wo.l,z
which is a linear combination of the four atomic response
functions W34 defined in [31]. Most importantly, we
found a crucial sign mistake associated with W,. Our results
show that this leads to important phenomenological impli-
cations. As far as general NR operators are concerned, it will
influence the interpretation of experimental data on the NR
for DM up to spin 1. Furthermore, at the more fundamental
level of relativistic field theory, several interesting DM
scenarios are particularly affected by the sign of W,.
Especially, the interactions with electron or DM axial-vector
or tensor currents can induce contributions related to W5, and
thus would be affected by the sign problem. Lastly, our
results present a complete list of NR operators for spin-one
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DM and their contribution to the DM response functions
ay 12~ The calculation details in this Letter, together with the
systematic constraints on other nonrelativistic and relativistic
interactions from the latest experiments, will be provided in
the long paper [34].
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