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We phenomenologically calculate direct-detection constraints on inelastic dark matter (DM) for a scalar
portal scenario with leptophilic couplings. The p-wave velocity suppression of the annihilation cross
section of scalar-mediated inelastic Dirac DM implies the opening of viable regions of DM parameter space
in the MeV-GeV mass range. Xenon-based experiments can provide a constraints on scalar-mediated
inelastic fermion dark matter for sub-MeV mass splitting, via endothermic and exothermic spin-
independent DM-electron scattering. To estimate the relevant constraints, we use public data from the
XENON1T, PandaX-4T, and LUX-ZEPLIN liquid-xenon experiments that measure ionization electron
signals.
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I. INTRODUCTION

In recent decades, a broad range of cosmological and
astrophysical observations has indicated that roughly 85%
of the matter content of the Universe cannot be accounted
for by the known particle content of the Standard Model
[1]. The existence of dark matter is inferred from gravi-
tational phenomena on multiple scales, including galactic
rotation curves, gravitational lensing, galaxy-cluster
dynamics, and the cosmic microwave background [2].
By contrast, no nongravitational interaction between dark
matter and standard model fields has yet been established
experimentally.
The lack of a confirmed nongravitational signal implies

that the particle properties of dark matter remain largely
unconstrained beyond its gravitational effects on the visible
sector. This situation motivates a systematic exploration of
dark-matter scenarios capable of accounting for the observed
phenomena attributed to dark matter. As a result, deriving
phenomenological constraints on the parameter space of
dark-matter models from current and future experiments
helps to narrow the range of viable dark-matter candidates.
Light dark matter in the mass range from 1MeV to 1 GeV

has attracted considerable attention following a series of
sufficiently stringent constraints on heavy dark-matter sce-
narios [3–5]. If dark matter in this regime were once in

thermal equilibrium with the Standard Model plasma in the
early Universe, reproducing the observed relic abundance
typically requires an efficient depletion mechanism [6–8].
Such a mechanism is often provided by portal interactions
mediated by new fields of different spin. In such scenarios,
the dark sector can communicate with the Standard Model
throughmediators of spin-0 (e.g., light hiddenHiggs bosons)
[9–17], spin 1 (e.g., sub-GeV dark photons) [18–29], and
spin-2 (e.g., massive dark gravitons) [30–36].
The inelastic dark-matter paradigm was introduced in the

context direct-detection experiments where transitions
between nearly degenerate states can qualitatively reshape
the kinematics of scattering [37]. Originally proposed to
explain the anomalous modulation signal reported by the
DAMA Collaboration [38], inelastic dark-matter paradigm
has since developed into a theoretically compelling sce-
nario for sub-GeV thermal dark matter.
The realization of inelastic dark matter was developed in

terms of inelastic fermions, which consist of two states with
amass splitting and dominant off-diagonal interactions [39].
The key feature phenomenology arises from off-diagonal
interactions between the dark-matter ground state, χ1 with
massmχ1 , and an excited state, χ2 with massmχ2 ≳mχ1 . For
sufficiently small mass splittings, Boltzmann suppression of
the heavier state sets in only after freeze-out and therefore
has little impact on the total dark-matter relic abundance
[40,41]. However, for sufficiently large mass splittings, the
abundance of the heavier dark-matter state begins to be
suppressed already by the time of freeze-out [42,43]. The
relevant parameter space can be excluded by the accelerator
based experiments [44–48].
Direct-detection experiments aim to measure rare energy

depositions produced by interactions between Galactic-
halo dark-matter particles and detector target material [49].
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In particular, dark-matter particles can scatter off nuclei or
electrons in the target material of terrestrial detectors. The
nuclear-recoil channel is the canonical probe for weak-scale
dark matter; however, its sensitivity deteriorates rapidly for
sub-GeV dark matter, since the recoil energies transferred to
nuclei typically fall below experimental threshold [50].
Therefore, scattering on atomic electrons provides a well-
motivated probe of light dark matter [51–54].
In liquid-xenon detectors, this motivates low-threshold

analyses based on ionization-only electronic-recoil data,
which have become probes of sub-GeV dark matter.
However, in the light dark-matter mass range, the
bound-state nature of the initial electron must be taken
into account [55]. A realistic treatment of dark-matter-
electron scattering requires the shell structure and detector-
specific ionization response to be taken into account
explicitly [56].
In thiswork,we derive phenomenological direct-detection

constraints on the parameter space of thermal, light inelastic
fermion dark-matter models.We consider a leptophilic scalar
portal, for which direct scattering off bound electrons
provides the dominant channel, whereas the Migdal con-
tribution does not occur at the tree level. We use publicly
available electron-ionization data from the XENON1T,
PandaX-4T, and LUX-ZEPLIN (LZ) experiments.
For the inelastic scattering process χi þ e− → χf þ e−,

we use a following definition of the mass splitting:
δ ¼ mf −mi. This definition allows the mass splitting to
be either positive or negative. Additionally, we introduce the
relative mass splitting in the following from Δ ¼ δ=mχ1 ,
which is normalized to the lighter dark-matter mass.
We note that the strengthening of the signal in the

down-scattering regime, χ2T → χ1T, is a characteristic
consequence of inelastic dark-matter kinematics, that can
similarly arise for mediators of different spin [57]. In
particular, Ref. [58] considers two nearly degenerate scalar
dark-matter states coupled through a vector mediator. The
analysis above was specifically focused on the transition
from the heavier state to the lighter one for a fixed absolute
mass splitting chosen to account for the XENON1T
electron-recoil excess [59].
Next, direct detection of light exothermic inelastic dark

matter (iDM) was investigated in Ref. [60] through
scattering off atomic electrons and ionization induced by
the Migdal effect. In this case of pseudo-Dirac dark matter
coupled through a vector mediator, A0, the relative con-
tributions of these channels depend on the dark-matter mass
and mass splitting, as well as on the relative strengths of the
dark-matter couplings to leptons and quarks. The authors of
Ref. [60] map their constraints on the thermal target of the
iDM mediated by hidden vector particle. Reference [61]
extends the analysis of exothermic inelastic scalar dark
matter coupled through a dark photon to the PandaX-4T
data, accounting for both direct electron scattering and
ionization induced by the Migdal effect. However,

Refs. [61] derive constraints on the coupling without
focusing on the thermal target.
In Refs. [58,60,61], the main focus is the signal

amplification in the XENON1T and PandaX-4T experi-
ments for the down-scattering regime, that implies the
vector mediated iDM. In the present paper, we discuss
simplified benchmark scenario with leptophilic scalar
mediator implying Majorana iDM. Since the thermal target
curves differ between vector and scalar mediator scenarios,
the resulting constraints on the parameter spaces of inelastic
dark matter are distinct. In addition, compared with
Ref. [44], which focused on fixed-target searches for
Δ ≃Oð0.1Þ, the present analysis studies the complemen-
tary regime jΔj < Oð10−5Þ and liquid-xenon direct-detec-
tion experiments. Our analysis employs modern relativistic
ionization form factors [56] and the LUX-ZEPLIN (LZ)
data.
A more systematic description of light pseudo-Dirac dark

matter coupled through a vector mediator, including its
thermal history, was developed in Ref. [41]. In particular,
for a vectormediator, light thermal pseudo-Dirac darkmatter
with a mass splitting jΔj < Oð10−6Þ is constrained by
cosmic microwave background (CMB) observations [41].
The phenomenology of thermal pseudo-Dirac dark matter
with a vector mediator was further developed in Ref. [43] to
sufficiently large mass splittings, including interactions
associatedwith baryons and leptons.Reference [62] employs
a similar vector-mediator model but focuses primarily on
the resonant regime, mA0 ≃ 2mχ . In the resonant regime, the
observed relic abundance can be reproduced with a small
coupling, thereby avoiding the CMB constraints.
The studies [41,43,62] focus on the parameter space of

thermal iDM with a vector mediator. Our present analysis
extends the existing concept of kinematic enhancement of
the process χ2e → χ1e to the case of a leptophilic scalar
mediator.
As we discussed above, the scalar [63] and vector [41]

portals give rise to different thermal target curves and, as a
result, different cosmological constraints. In particular, the
p-wave suppression for the scalar-mediator Majorana iDM
does not impose constraints from CMB. Therefore, for a
scalar mediator, the region of parameter space with small
mass splittings, jΔj < Oð10−6Þ, remains relevant for
searches in direct-detection experiments. Moreover, the
couplings of the scalar mediator to the heavier lepton
generations are additionally enhanced compared to its
electron coupling. Specifically, for mμ < mχ1, the model
with a scalar mediator and Majorana iDM is unconstrained
and is a subject for direct-detection experiments for mass
splitting jΔj < Oð10−5Þ.
This paper is organized as follows. In Sec. II, we discuss

the simplified benchmark model, the parameter space for
inelastic DMwith a scalar mediator, and the direct-detection
experiments. In Sec. III, we summarize the general expres-
sions which are used to estimate direct-detection constraints
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for exothermic and endothermic reactions. In Sec. IV, we
discuss the resulting direct-detection constraints on light
scalar-mediated inelastic fermion dark matter. Finally, con-
clusions are drawn in Sec. V.

II. BENCHMARK SCENARIOS AND
EXPERIMENTS

In this section, we describe the dark-matter models
employed in our analysis and the parameter region under
consideration. We also briefly review the main character-
istics of the direct-detection experiments considered in
this work.

A. Simplified benchmark scenario

The dimension-5 effective operator that couples a
leptophilic scalar dark-sector mediator ϕ to the standard
model (SM) charged-lepton sector reads as [63]

Lϕ
eff ⊃

1

2
ð∂μϕÞ2 −

1

2
m2

ϕϕ
2 −

X
l¼e;μ;τ

cϕlll̄lϕ; ð1Þ

where we use the flavor-dependent ratio for the coupling
constants [64]:

cϕee∶ cϕμμ∶ cϕττ ¼ me∶ mμ∶ mτ: ð2Þ

The dark-matter sector consists of two fermion states χ1
and χ2, described by the Lagrangian [37,65],

LDM
kin:term: ⊃

X
i¼1;2

�
1

2
χ̄i i γμ ∂μχi −

1

2
mχi χ̄iχi

�
; ð3Þ

where mχi denotes the physical fermion masses, and
we take mχ1 ≲mχ2 such that χ1 is the lightest stable DM
candidate.
We focus on the effective benchmark Lagrangian involv-

ing a leptophilic scalar dark-sector mediator that couples to
a pair of fermions as [17,66]

LðþÞDM
eff ⊃ Reðλϕχ1χ2Þχ̄1χ2ϕ: ð4Þ

In our simplified scenario, only off-diagonal terms con-
tribute to the effective interaction [44,67,68], and we use
the standard notation, αiDM ¼ ðRe½λϕχ1χ2 �Þ2=ð4πÞ for the
dark sector fine structure constant.

B. Relic abundance of inelastic dark matter

In this subsction, we discuss the freeze-out mechanism,
assuming a kinetic and chemical equilibrium between DM
and the SM thermal bath in the early Universe [69,70]. As
the Universe expands, dark matter departs from thermal
equilibrium and becomes depleted from the thermal bath.

Furthermore, the depletion mechanism via portal inter-
actions leads to observed density of dark matter [43,63,71].
The current value of the cold DM relic abundance

obtained from the Planck 2018 combined analysis is [1,72]

Ωch2 ¼ 0.1200� 0.0012:

The relic density in the case of the coannihilation channel
χ1χ2 → lþl− is estimated to be [73,74]

Ωch2 ∝
�Z

∞

xf

hσeffvi
x2

dx

�
−1
; ð5Þ

where hσeffvi is a effective thermally averaged coannihi-
lation cross section and x ¼ mχ1=T is a ratio of DMmass to
the temperature of the SM plasma. A more detailed
discussion and explicit expression of the thermally aver-
aged coannihilation cross section for the considered bench-
marks can be found in the Ref. [44].
It should be emphasized that we focus on relative mass

splittings jΔj ≪ 1=20. In this regime, Boltzmann suppres-
sion of the heavier dark-matter state occurs after the
chemical decoupling of the visible and dark sectors, at T ≃
mχ jΔj [41]. Thus, for the relative mass splittings considered
here, the thermal relic abundance curves for inelastic dark
matter coincide with those of the elastic case.
The additional energy injection of DM annihilation in

the early Universe can leave an imprint on the measured
anisotropy and polarization spectra of CMB [75]. However,
straightforward constraints from CMB for the considered
dark-matter model with a scalar mediator can be weakened
due to the p-wave annihilation. Thus, inelastic fermion dark
matter with a scalar mediator can have an unconstrained
region of parameter space similar to the case with a vector
mediator [76].
After the process χ1χ2 → lþl− becomes suppressed,

inelastic fermion dark matter chemically decouples from
the visible sector at a temperature Tf ≃mχ1=20, which fixes
the total dark-matter abundance. However, in the presence
of a scalar leptophilic mediator, the processes χ2l → χ1l
and χ2χ2 → χ1χ1 can modify the fraction of the heavier
dark-matter state. In particular, the kinetic decoupling
temperature can be estimated at the order-of-magnitude
level as Tχ

kd ≃OðmeÞ, due to the start of electron depletion
in the early plasma [41]. For small mass splitting, the
chemical decoupling between the heavy and light dark-
matter states, occurring at temperature Tχ

ch, is controlled by
the process χ2χ2 → χ1χ1 [43].
It is also worth emphasizing that coannihilation is sup-

pressed relative to the process χ2χ2 → χ1χ1 by the coupling
between the visible and hidden sectors, particularly for the
benchmark value αiDM ¼ 0.5. Moreover, one can estimate
that the channel χ1χ1 → χ2χ2 is effectively open for hidden-
sector temperatures satisfying Tχ ≳Oð4jΔjmχ1=3Þ, where
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we have used σχ1χ1→χ2χ2 ∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 − 8jΔj

p
and hv2i ¼

6Tχ=mχ1 . Nevertheless, this process can also proceed at
lower temperatures through the high-velocity tail of the
dark-matter distribution. We therefore adopt the standard
assumption of Ref. [40] that Tχ

ch < Tf. The fraction of the

heavier state is given by f2 ¼ e−jΔjmχ1
=Tχ=ð1þ e−jΔjmχ1

=Tχ Þ,
as long as the process χ1χ1 → χ2χ2 remains efficient [41].
For T ≲ Tχ

ch, the ratio of number densities of the dark-
matter particles in excited and grounded states can be
treated as constant for the sufficiently small mass splittings
[62]. In particular, for small mass splittings and a vector
mediator, the number densities of the excited and ground
states remain comparable at late times [43]. It should also
be noted that, for small mass splitting jδj < 2me, decays of
the heavy dark-matter state into visible-sector particles are
suppressed [41,76]. In addition, this parameter region is
expected to evade searches for the semivisible mode in
accelerator based experiments, since the decay channel
χ2 → χ1eþe− is suppressed.
One can assume that the Boltzmann suppression at

temperature Tδ ≃ δ≲Oð10−5Þmχ1 occurs after the internal
dark-sector chemical decoupling, Tδ ≲ Tχ

ch, for dark-matter
masses in the range from 1 MeV to 1 GeV. Under these
assumptions, the fraction of the heavy state is fχ2 ≃ 1=2.
Otherwise, Boltzmann suppression can reduce the abun-
dance of the heavier state to a negligibly small level.
We left for future work a more precise calculation of the

relevant temperatures at which the two dark-matter states
freeze out and evolve in number density—specifically for
the inelastic fermion DM model with a scalar leptophilic
mediator. The current analysis uses simplified assumptions.
As an approximate approach, one can treat the dark-

matter state fractions fi (the relative abundances of the two
states) as free parameters. These fractions effectively
rescale the constraints derived from direct-detection experi-
ments: the electron-scattering cross section σe inferred from
the data is scaled down by a factor of fi to account for the
fact that only a fraction of the total dark matter participates
in the inelastic scattering process.
In this work, we focus on the parameter space of light

thermal dark matter with scalar mediator defined by

mχ1

mϕ
¼ 1

3
; jΔj≲10−5; me≲mχ1 ; αiDM¼ 0.5: ð6Þ

For this region, we introduce two scenarios:
(i) Endothermic (up-scattering) scenario. The abun-

dance of the heavier dark-matter state is negligibly
small, implying fχ1 ≃ 1. Consequently, down
scattering in direct-detection experiments is sup-
pressed by the small fraction fχ2 ≃ 0. As a result, up-
scattering process provides the dominant channel for
the constraints from direct-detection experiments.

(ii) Exothermic (down-scattering) scenario. The abun-
dances of the heavier and lighter dark-matter states

are comparable, fχ2 ≃ fχ1 ≃ 1=2. In this case, down
scattering provides the dominant channel for con-
straints from direct-detection experiments.

The results obtained within the proposed scenarios allow us
to estimate the sensitivity of direct-detection experiments to
each of the scattering channels.

C. Experiments

Direct-detection experiments search for dark matter via
rare interactions in a terrestrial target, where such inter-
actions can lead to small electron reconstructed energy.
Strong background rejection is employed to isolate candi-
date recoil signals. The public event and background data
used in our analysis for XENON1T, PandaX-4T, and LZ
are shown in Fig. 1.

1. XENON1T

The XENON1T experiment is an underground direct-
detection search for dark matter operated from 2015 to the
end of 2018 with a integrated time of 258.2 days at the
Laboratori Nazionali del Gran Sasso in Italy. The core of
XENON1T is a dual-phase time projection chamber (TPC)
containing of two tonnes of liquid xenon, bounded by a
grounded electrode at the top and a cathode at the bottom.
Energy deposited by charged recoils can generate both
prompt scintillation (S1) and ionization electron signal
(S2). To achieve an ultralow-background environment, the
active detector is shielded by multiple layers, including an
approximately 3600 m water-equivalent rock overburden,

FIG. 1. Event and background public data for XENON1T [77]
PandaX-4T [78], and LZ [79] experiments. The red line corre-
sponds to case of simulated background, and black points are
observed data after imposing all cuts in experiments.
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an active water Cherenkov muon veto, and an additional
1.2 ton of liquid xenon (LXe) surrounding the TPC. The
dominant background contributions arise from β-decays of
radioactive impurities, mainly Pb214, in the active detector
volume; from neutrino backgrounds, primarily coherent
elastic neutrino-nucleus scattering (CEνNS); and from β-
decays originating on the cathode. In particular, the nearly
flat background from β-decays of impurities is reduced
through the use of cleaner materials. Also, cathode-related
backgrounds are suppressed by applying a selection on the
S2 signal width. We use the data from the Ref. [77] which
reports an S2-only data based on ionization electrons. The
measured S2-signal energies for electronic recoils span the
range from 0.186 keV (150 PE), with lower-energy events
excluded because of poorly controlled backgrounds, up to
≃3 keV (3000 PE). Also, the full detector efficiency is
already incorporated into the response matrix. It should
also be emphasized that the publicly available XENON1T
S2-only data do not include the analysis-specific cathode
background.

2. PandaX-4T

The PandaX-4T experiment is an underground direct-
detection search for dark matter located in B2 hall
of the China Jinping Underground Laboratory (CJPL-II)
in Sichuan, China. Its commissioning run started on
November 28, 2020, and ended on April 16, 2021,
comprising 95.0 calendar days of stable data taking. The
detector is a multiton dual-phase xenon TPC with a
sensitive target of 3.7 ton of LXe contained within a
double-vessel cryostat holding 5.6 ton of LXe in total.
The TPC is a cylindrical LXe volume with a cathode at the
bottom and gate and anode grids near the surface, providing
drift and extraction fields. Energy deposited by particle
interactions generates both prompt scintillation photons
(S1) in the LXe and a delayed ionization electron signal
(S2). Both signals are collected by photomultiplier tube
arrays at the top and bottom of the TPC. To achieve a low-
background environment, PandaX-4T benefits from an
overburden of ∼2.4 km rock (corresponding to ∼6720 m
water equivalent) and is surrounded by an ultrapure-water
shield in a stainless-steel tank with a diameter of 10 m
diameter and a height of 13 m. The dominant background
contribution in the DM-electron ionization-only channel
arises from β-decays of the internal radioactive contami-
nants. We use the public PandaX-4T data based on
ionization electrons form Ref. [78]. The S2-signal energy
range extends from 0.07 keV (60 PE) to 0.23 keV (200 PE)
for electronic recoils. The lower and upper boundaries are
determined by high background rate at very low S2 and by
sensitivity to DM search, respectively.

3. LZ

The LZ experiment is a direct-detection search for dark
matter conducted at the Sanford Underground Research

Facility in Lead, South Dakota, at a depth of 4850 ft
(4300 m water equivalent). For the 2024 weakly interacting
massive particle search, LZ used data collected between
2021 and 2024, corresponding to an exposure 4.2 ton-
years. To suppress backgrounds arising from the radio-
activity of detector components, the TPC is enclosed within
a system consisting of a 2 ton LXe gamma-tagging detector
and an outer detector containing 17.3 tons of gadolinium-
loaded liquid scintillator, optimized for neutron detection.
These active components are further surrounded by
238 tons of ultrapure water, providing additional passive
shielding and ensuring a low-background environment.
Particle interactions in the TPC produce prompt scintilla-
tion light (S1) and ionization electrons, which generate
secondary electroluminescence (S2). The dominant back-
ground contribution arises from the β-decay of Pb214, for
which a radon-tagging technique is employed. We use the
publicly available LZ data based on ionization electrons
from Ref. [79]. The electron-recoil signal energy range
extends from 1 to 20 keV for electronic recoils.

III. SIGNATURES OF THE DIRECT DETECTION

In this section, we summarize the general expressions
that can be used for the estimation of constraints on dark-
matter models from direct-detection experiments. As men-
tioned above, we focus on small relative mass splittings,
which imply mχ1 ≃mχ2 ≡mχ. We consider both exother-
mic and endothermic processes of dark-matter scattering on
electrons.

A. Kinematics

Let us consider the inelastic scattering of dark matter off
an atomic electron,

χiðpiÞ þ e−ðp2Þ → χfðpfÞ þ e−ðp4Þ;

where the momentum transfer is defined as qμ ≡ pμ
i − pμ

f

and the mass splitting is δ ¼ mf −mi. This process is
endothermic (δ > 0) in the case of up scattering, while
down scattering leads to an exothermic process with δ < 0.
The momentum transfer depends on the dark-matter veloc-
ity vχ and deposited energy Ed as [58]

q�ðvÞ ¼
����mχvχ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

χv2χ − 2mχðEd þ δÞ
q ����; ð7Þ

which implies the following condition on the dark-matter
velocity for exothermic processes with jδj < Ed and endo-
thermic processes as

v2χ > 2ðEd þ δÞ=mχ : ð8Þ
In particular, for the up-scattering process, one finds the
estimate Δ < ðvχ1Þ2=2. Assuming that the dark-matter
population in the Solar System is gravitationally bound
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to the Milky Way [80,81], the dark-matter velocity is
bounded by

vmax
χ ¼ vesc þ vE ≃ 2.58 × 10−3: ð9Þ

Thus, in the case of up-scattering process, signal events in
direct-detection experiments are only possible for a relative
mass splitting Δ≲Oð10−6Þ.
The minimum dark-matter velocity as function of

momentum transfer is

vminðqÞ ≃
����Ed þ δ

q
þ q
2mχ

����: ð10Þ

Therefore, the lower limit of the dark-matter velocity
reaches zero only in the exothermic case with jδj > Ed.
Imposing the dark-matter velocity condition vminðqÞ <
vmax
χ leads to the following constraints on momentum

transfer:

q−ðvmax
χ Þ < q < qþðvmax

χ Þ: ð11Þ

The corresponding momentum ranges for different param-
eter choices are shown in Fig. 2. It should also be noted
that, for the considered processes and the mass splittings
satisfying Ed < mχ jΔj, the limits on the momentum trans-

fer tend to mχðvmax
χ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvmax

χ Þ2 − 2Δ
q

Þ. In the region

Ed > mχðvmax
χ Þ2=2; mχ jΔj, kinematic suppression occurs,

such that qþ ≃ q− ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mχEd

p
. In addition, in the regime,

mχ ≃ Ed=jΔj; ð12Þ

the momentum limits become 0 and 2mχvmax
χ , which leads

to an enhancement in this mass region compared with the
elastic case. Also, increasing the deposited energy shifts the
enhancement region toward larger masses.

In the light-dark-matter mass regime, the typical depos-
ited energies in direct-detection experiments are of order

Ed ≃Oð10−2Þ −Oð1Þ keV;

which corresponds to momentum transfers of order
q≲Oð10−3Þ −Oð1Þ MeV. Therefore, when light dark
matter scatters off a target material, the deposited energy
can be sufficient to induce inelastic atomic processes, and
one must account for the bound-state nature of the initial
electron [51].
The impact of the dark-matter mass splitting on the

constraints form direct-detection experiments in the endo-
thermic case becomes important when the splitting is com-
parable to the typical deposited energy, jδj ≃Oð1Þ keV. In
this case, the up scattering of inelastic dark matter leads to a
smaller deposited energy than in the elastic case, resulting in
weaker constraints.

B. Experimental reach

In the general framework of nonrelativistic effective field
theory [82], several atomic response functions must be
taken into account for scattering off atomic electrons
[83,84]. Let us consider first the effective spin-independent
interaction ðēeÞðχ̄χÞ that reduces at leading nonrelativistic
order to the operator O1 ¼ 1χ1e. The matrix element for
dark-matter scattering off a bound electron admits a simple
factorization [83,84],

Mbound
i→f ðqÞ ¼ Mfree

χe ðqÞhfjeiq·r̂jii;

where jii and jfi denote the initial and final electron states,
respectively, and Mfree

χe ðqÞ is the matrix element for dark-
matter scattering off a free electron. The transition ampli-
tude hfjeiq·r̂jii encodes the structure of the target material,
and its explicit form depends on the normalization con-
vention adopted. Moreover, at momentum transfers of
order jqj2 ≃ ðαmeÞ2, the bound-state nature of the initial
electron becomes important. Following the standard
approach, we introduce a reference cross section σ̄e and
the dark-matter form factor F2

DMðqÞ as follows [51]:

σ̄e ≡ μ2χe
16πm2

χm2
e
jMfree

χe ðqÞj2jqj2¼ðαmeÞ2 ;

F2
DMðqÞ≡ jMfree

χe ðqÞj2
jMfree

χe ðqÞj2jqj2¼ðαmeÞ2
:

This representation factorizes the entire transferred-
momentum dependence of the free-electron matrix element
into the dark-matter form factor.
The differential event rate for dark matter with fraction fi

is given by [56]

FIG. 2. Transferred momentum limits (11) as functions of the
DM mass with the fixed deposited energy. Each color corre-
sponds to a different value of the relative mass splitting. The
dotted and solid lines denote the upper and lower limits,
respectively.
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dR
dEd

¼ NTρχfi
mTmχ

dhσvi
dEd

; ð13Þ

where NT is the number of target atoms of mass mT, Ed is
the energy deposited in the target, v is the dark-matter
velocity in the Earth frame, and ρDM ≃ 0.4 GeV=cm3 is the
local dark-matter density near the Earth [81,85]. The
thermally averaged differential cross section for dark-
matter scattering off a bound electron is [51,56]

dhσvi
dEd

¼ σ̄e
2μ2χe

Zqþðvmax
χ1

Þ

q−ðvmax
χ1

Þ

q
KðEd; qÞ

EH

· ηðvminÞjFDMðqÞj2dq; ð14Þ
where EH ¼ meα

2 is the Hartree energy, KðEd; qÞ is the
corresponding total atomic ionization factor, and ηðvminÞ ¼
h1v θðv − vminÞi is the averaged inverse velocity of dark
matter over the distribution function fTMBðv⃗þ v⃗EÞ. In the
case of the Standard Halo Model, one can use the local
truncated Maxwell-Boltzmann distribution as [86]

fTMBðvþvEÞ¼
� 1

Nesc
eð−jvþvEj2=v20Þ; jvþvEj<vesc

0; jvþvEj>vesc;

Nesc ¼ π3=2v30

�
erfðvesc=v0Þ −

2ffiffiffi
π

p vesc
v0

e−v
2
esc=v20

�
:

where v0 ≃ 220 km=s is the characteristic velocity, vesc ≃
544 km=s is the escape velocity, and vE is the velocity
of the Earth in the Galaxy with vE ≃ 232 km=s. An explicit
expression for ηðvminÞ is provided in the Ref. [87] that is
nonzero within the momentum-transfer range defined in
(11). Tabulated values of the total atomic ionization factor
for different target materials can be found in Ref. [56],
where this quantity is computed using a relativisticHartree-
Fock method. We explicitly take into account the momen-
tum-transfer limits in order to improve the robustness of the
numerical calculations. The total ionization factor and the
thermally averaged inverse velocity for representative
deposited energies are shown in Fig. 3.
Since the relevant particle masses are larger than

Oð1Þ MeV, the momentum transfer is much smaller than
the particle masses. Therefore, we work in the regime
t ≪ m2

e; m2
ϕ; m

2
χ1 . After summing over final and averaging

over initial internal degrees of freedom, the squared matrix
element becomes

jMj2 ¼ 4παDMðcϕeeÞ2
ðt −m2

ϕÞ2
ð4m2

e − tÞððmχ1 þmχ2Þ2 − tÞ

≃
4παDMðcϕeeÞ2
ðt −m2

ϕÞ2
ð4m2

eÞðmχ1 þmχ2Þ2: ð15Þ

The dark-matter form factor and the effective cross section
read, respectively,

F2
DMðtÞ ¼

ððαmeÞ2 þm2
ϕÞ2

ðjqj2 þm2
ϕÞ2

; ð16Þ

σ̄e ¼
4παDMðcϕeeÞ2

π

μ2eχ1
ðm2

ϕ þ ðαmeÞ2Þ2
: ð17Þ

In the parameter region of interest, mχ=mϕ ¼ 1=3 and
me < mχ , the dark-matter form factor can be set to
F2
DMðtÞ ≃ 1. However, in deriving the constraints, we

explicitly included the form factor (16) in the calculation,
and we also checked that F2

DMðtÞ ≃ 1 is a reasonable
approximation.
The Migdal effect [88] induced by DM-nucleus scatter-

ing can provide an additional contribution to low-energy
electron signals [60,89]. However, in the present work, we
focus on a leptophilic scalar mediator, for which the
dominant interaction is the tree-level coupling to electrons.
For this reason, we restrict our direct-detection analysis to
the electron-scattering channel and leave a dedicated study
of Migdal contributions for future work, specifically for
hadron-specific mediator scenario.
In our analysis of direct-detection data, we constrain the

signal strength using a one-dimensional profile profile-
likelihood procedure. The expected number of events in
each bin is given by

μiðσ̄eÞ ¼ nBkg;i þ σ̄e=ð1 cm2Þ · nthr;iðσ̄e ¼ 1 cm2Þ:

For the full set of bins, we construct the Poisson log
likelihood as

FIG. 3. Total ionization factor and thermally averaged inverse
velocity as functions of the transferred momentum for different
deposited energies. Different colors correspond to different
deposited energies. The quantity ηðvminÞ is shown for relative
mass splittings Δ ¼ 0.0 and Δ ¼ −10−6 by dashed and solid
lines, respectively. The total ionization factor is shown by the
dotted line.
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logLðσ̄eÞ ¼
X
i

½nObs;i lnðμiðσ̄eÞÞ − μiðσ̄eÞ − lnðnObs;i!Þ�:

We obtain the maximum-likelihood estimate of the upper
limit by numerically maximization. The profile-likelihood-
ratio test statistic is [90]

qðσ̄eÞ ¼ −2½logLðσ̄eÞ − logLð ˆ̄σeÞ�: ð18Þ

The upper limit on the parameter is obtained by solving
qðσ̄eÞ ¼ 1.642, which corresponds to a one-sided 90% con-
fidence level in the asymptotic Wilks approximation for a
single parameter.
One can calculate number of theoretical signal events by

the expression,

Nsign ¼ ϵ ·
X
j

X
i

Rij
NTρχ
mTmχ

dhσvi
dEd

ðEdiÞdEdi; ð19Þ

where
P

j and
P

i are sum over event bins and energy
discretizations, respectively, and Rij is the response matrix.
For XENON1T [77] and PandaX-4T [78], we employ

the published response matrix, which already incorporates
the full detector efficiency. LZ [79] publicly provides the
total energy-dependent efficiency and the reconstructed-
energy distributions, but without a response matrix that
accounts for transitions between different energy bins. We
therefore adopt the diagonal-response approximation
RLZ
ij ¼ εLZδij. Accordingly, the LZ result should be under-

stood as a public-data recast within this approximation.
For an order-of-magnitude estimate of the constraints

from direct-detection experiments, one can use the
Bayesian approach and derive limits based on [91–93]

Γðnobs þ 1; supper þ NbkgÞ ¼ αΓðnobs þ 1; NbkgÞ: ð20Þ

This unbinned treatment, used to derive the signal bound,
yields a conservative estimate of the cross section limit
(shown by dashed lines in Figs. 4 and 5) and therefore
provides weaker constraints.
We use the background-only best-fit spectrum, nBkg;i,

published by each collaboration as the background model
in our analysis. PandaX-4T and LZ report relative total
background uncertainties of about Oð10Þ% [78] and
Oð3Þ% [79], respectively. For XENON1T, a comparable
fractional uncertainty is difficult to estimate from the
public data owing to the analysis-specific cathode back-
ground [77].
In general, background uncertainties broaden the range

of signal strengths compatible with the data and therefore
weaken the expected constraints [94]. For instance,
using a background-only dataset at mDM ¼ 4.5 GeV, the
DarkSide-50 Collaboration demonstrated that uncertainties
in the theoretical background spectra and normalizations
weakened the expected limit by 15%–31% [95]. By

analogy, we expect background uncertainties to affect
the limits for the experiments considered here at a similar
order of magnitude.
For Δ ¼ 0, our XENON1T limits [77] agree with the

corresponding collaboration results within a factor ofOð1Þ,
while the elastic bounds for PandaX-4T agree with those of
Ref. [78] to withinOð10%Þ. A full treatment of background
uncertainties requires the experiment-level likelihood and
is beyond the scope of this work.

IV. RESULTS AND DISCUSSION

In this section, we discuss the direct-detection con-
straints on light inelastic DM [see Eq. (4)] with a scalar
leptophilic mediator, within the parameter space defined in
Eq. (6). Specifically, the PandaX-4T, XENON1T, and LZ
experiments considered here are sensitive to deposited
energies in the signal region of order Oð10−8Þ, Oð10−7Þ,
and Oð10−6Þ GeV, respectively. We employ both binned
Eq. (18) and unbinned Eq. (20) approaches to estimate the
direct-detection constraints. It is also important to note that
the limit obtained using the unbinned approach (20) allows
one to derive direct-detection constraints up to an addi-
tional Oð1Þ factor compared to the likelihood-based esti-
mate, for the direct-detection experiments considered here.
The corresponding direct-detection constraints for the
endothermic and exothermic scenarios are shown in
Figs. 5 and 4, respectively.
To map the constraints from the BABAR and NA62

experiments into parameter space of interest, we employed
the reference cross section (17) where the corresponding
dependence cϕeeðmϕÞ was taken from the Refs. [96] and
[97,98], respectively. Similarly, we use the constraints on
scalar-mediator radiation from fixed-target experiments
[44]. We also compare our computed results in the limit
of zero mass splitting with known results of XENON1Tand
PandaX-4T experiments, and the resulting curves agree at
the level of an Oð1Þ factor. We also use the relic-density
curves obtained in our previous work [44], where the mass
splitting has no significant impact on the freeze-out
mechanism in the considered parameter region (6). Note
that both NA64e and NA62 experiments rule out the typical
masses mχ1 ≲ 100 MeV within the adopted thermal target
benchmarks.
Endothermic scenario (up scattering, Fig. 5). In the case

of an endothermic reaction, increasing the mass splitting
leads to weaker constraints, up to the kinematically for-
bidden region Δ > 10−6. However, for the relative mass
splittings Δ ¼ 10−7, the constraints for the up-scattering
process differ from the elastic case only at the level of an
Oð1Þ factor. Moreover, for smaller mass splittings,
Δ ≪ 10−7, the constraints on inelastic DM are close to
the elastic case. Indeed, as the mass splitting between the
states decreases, its impact on the minimum dark-matter
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velocity, Eq. (10), becomes smaller for an endothermic
reaction. For the Δ ≃ 10−7, significant deviations from the
elastic case Δ ¼ 0 appear at masses mχ1 > 1 GeV for LZ
and a mχ1 > 100 MeV for XENON1T and PandaX-4T.
Thus, sufficiently small mass splittings Δ ≪ 10−7 do not
lead to any additional weakening of the direct-detection
constraints.
Exothermic scenario (down scattering, Fig. 4). In the

case of exothermic scattering, the typical masses about
mχ1 ≃ Ed=jΔj provide better sensitivity (this corresponds to
the lowest upper limit on σ̄e shown in Fig. 4), for which the
lower bound of dark-matter velocity is minimal; see
Eq. (10). Given Δ, the corresponding sensitivity enhance-
ment arises from the effect of the mass splitting on the
kinematic quantities, as can be seen directly from Figs. 2
and 3 (see Sec. III A for a more detailed discussion). In
particular, for a relative mass splitting of jΔj ¼ 10−5, the
sensitivity peaks arise near DM masses of Oð10−2Þ,

Oð10−1Þ, and Oð1Þ GeV for PandaX-4T, XENON1T,
and LZ, respectively.
The constraints at relatively large masses, mχ1 ≳ Ed=jΔj,

are weakened compared to the peak sensitivity regionmχ1 ≃
Ed=jΔj due to kinematic suppression, which implies shrink-
ing of the integration limits Eq. (11). At relatively small
masses, mχ1 ≲ Ed=jΔj, the sensitivities shift toward larger
cross sections.As the relativemass splitting increases, direct-
detection experiments rule out sufficiently large portion of
the parameter space, within small DM mass region, i.e., the
larger jΔj, the better the sensitivity. However, sufficiently
large jΔj ≳ 10−5 are forbidden due to kinematics.
It is worth noticing that the bounds for exothermic

scenario, shown in Fig. 4, are sensitive to the energy
binned distribution; this leads to irregularities in the
sensitivity curves. Remarkably, the extended limits from
considered direct-detection experiments are comparable to

FIG. 4. The same as Fig. 5, but for down-scattering (Δ < 0) scenario.

FIG. 5. Constraints of effective cross section as function of dark-matter mass in cases of benchmark (4) and up-scattering (Δ > 0)
scenario for different direct-detection experiments. Magenta, cyan, and purple colors are related by for XENON1T (left panel),
PandaX-4T (center panel), and LZ (right panel) experiments where solid and dashed lines show the binned and unbinned calculations,
respectively. Magenta and cyan dots indicate the benchmark constraints in elastic cases from Ref. [77] for XENON1Tand from Ref. [78]
for PandaX-4T, respectively.
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expected from the NA64μ experiment with a statistics of
1011 muons on target, which is the most sensitive probe of
this model.

V. CONCLUSION

In this work, we derived direct-detection constraints on
thermal inelastic fermion dark matter coupled to a lepto-
philic scalar mediator using public data from XENON1T,
PandaX-4T, and LZ. The mass splitting jΔj ≃Oð10−5Þ −
Oð10−6Þ for the down-scattering setup can lead to a
enhancement of the sensitivity for the experimental facilities
of interest. For a heavy-state fraction fχ2 ¼ 1=2 and the
exothermic scenario, the signal can be sufficiently enhanced
in the characteristic mass regions, mχ1 ≃Ed=jΔj, up to the
level σe ≃Oð10−45Þ cm2. In this case, direct-detection
experiments can additionally exclude the parameter
space in the mass range, 100 MeV < mχ1 < 500 MeV.

However, following Eq. (13), we note that a smaller fraction
fχ2 ≪ 1=2 would result in a weaker constraint.
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