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We propose a self-interacting inelastic dark matter (DM) scenario as a possible origin of the recently
reported excess of electron recoil events by the XENON1T experiment. Two quasidegenerate Majorana
fermion DM particles interact within themselves via a light hidden sector massive gauge boson and with the
standard model particles via gauge kinetic mixing. We also consider an additional long-lived singlet scalar,
which helps in realizing correct dark matter relic abundance via a hybrid setup comprising both freeze-in
and freeze-out mechanisms. While being consistent with the required DM phenomenology along with
sufficient self-interactions to address the small-scale issues of cold dark matter, the model with GeV-scale
DM can explain the XENON1T excess via inelastic down-scattering of the heavier DM component into the
lighter one. All these requirements leave a very tiny parameter space, keeping the model very predictive for
near-future experiments.
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I. INTRODUCTION

There exists a convincing amount of evidence suggesting
the presence of a nonluminous, nonbaryonic form of matter
in the present Universe, popularly known as dark matter
(DM). This form of matter constitutes a significant portion
of galaxies, clusters, and the entire Universe. Data from
cosmology experiments like Planck, which measures
the cosmic microwave background (CMB) anisotropies
very precisely, predict the amount of DM in the present
Universe to be around 26.8% of the present Universe’s
energy density. In terms of density parameter ΩDM and
h ¼ Hubble parameter=ð100 km s−1Mpc−1Þ, the present
DM abundance is conventionally reported as [1] ΩDMh2 ¼
0.120� 0.001 at 68% C,L. Similar evidence exists in
galactic and cluster scales as well, collected over a long
period of time since the 1930s [2–4]. It should be noted that
the Planck estimate of present DM abundance relies upon
the standard model of cosmology or ΛCDM cosmology,
which has been very successful in the overall description of
our Universe at large scale [greater than or equal to
OðMpcÞ]. Here, CDM refers to cold dark matter, while

Λ denotes the cosmological constant or dark energy. CDM,
a pressureless or collisionless fluid, acts like a seed for
structure formation providing the required gravitational
potential well for ordinary matter to collapse and form
structures. Since none of the standard model (SM) particles
can be a viable CDM candidate, several beyond standard
model proposals have been put forward, out of which the
weakly interacting massive particle (WIMP) paradigm is
the most widely studied one. In this framework, a WIMP
candidate typically having interactions and mass in the
electroweak regime naturally satisfies the correct DM relic
abundance, a remarkable coincidence often referred to as
the WIMP miracle [5].
While ΛCDM is in excellent agreement with large-scale

structure of the Universe, there exist some discrepancies
between its prediction and observations, particularly at
small scales. In particular, the too-big-to-fail, missing
satellite, and core-cusp problems are three such well-known
cases where ΛCDM appears to be in conflict with obser-
vations. For recent reviews of these issues and possible
solutions, please see Refs. [6,7]. One interesting solution to
this puzzle was proposed by Spergel and Steinhardt [8],
who considered an alternative to collisionless CDM in
terms of self-interacting dark matter (SIDM).1 While SIDM
solves the problems at small scales, it reproduces the CDM
halos at large radii, thus consistent with observations. This
is simply due to the fact that the self-interacting scattering
rate is proportional to DM density. The required self-
interaction rate is often quantified as a ratio of the cross
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section to DM mass as σ=m∼1cm2=g≈2×10−24cm2=GeV
[10–15]. Such self-interacting cross sections can be naturally
realized in models with very light mediator. For such a
scenario, self-interactions can be shown to be stronger for
smaller DM velocities such that the DM can have large
impact on small-scale structures while being consistent with
usual CDM predictions at larger scales [10–13,16–19]. From
a particle physics point of view, such self-interactions can be
naturally realized in Abelian gauge extensions of the SM.
The DM sector cannot be completely hidden and there
should be some coupling of the mediator with SM particles
as well, which can ensure that DM and SM sectors were in
thermal equilibrium in the early Universe. The same
coupling can also be probed at DM direct detection experi-
ments as well [20,21]. Several model-building efforts have
been made to realize such scenarios. For example, see
Refs. [22–27] and references therein.
DM with light mediators has also received attention very

recently after the XENON1T collaboration published its
latest results in June 2020 in which it reports the obser-
vation of an excess of electron recoil events over the
background in the recoil energy Er in a range 1–7 keV,
peaked around 2.4 keV [28]. While the excess can be
explained by solar axions at 3.5σ significance or neutrinos
with magnetic moment at 3.2σ significance, both these
interpretations face stringent stellar cooling bounds. While
there is also room for possible tritium backgrounds in the
detector, which the XENON1T Collaboration neither con-
firms nor rules out at this stage, there have been several
interesting new physics proposals in the literature. For
example, see Refs. [29–47] and references therein. The DM
interpretations out of these examples typically have a light
mediator via which DM interacts with electrons. The recoil
can occur due to either light boosted DM or inelastic up- or
down-scattering [35–44,48–54].
Thus, we noticed that in a class of models the DM

interpretation of the XENON1T excess and SIDM pheno-
menology rely on light mediators. This motivates us to
propose a common platform to show that the self-interaction
of DM arising via light mediators in such models can also
give rise the observedXENON1Texcess. In otherwords, the
proposed scenario provides a unique way of probing the
parameter space of SIDM at direct DM search experiments
like XENON1T. To be more specific, we consider a dark
sector consisting of sub-GeV inelastic DM with keV-scale
mass splitting and a corresponding massive vector boson Z0
[35,40].Unlike earlierworkswhereDMandZ0masses are in
the same regime so that DM relic is governed by resonant
2 → 2 annihilations, herewe consider light mediators (order
of magnitude lighter than DM mass) motivated from the
SIDM point of view. While the self-interaction of DM is
realized via Z0 exchange, the latter can mix with Uð1ÞY
gauge boson to provide a unique portal for detecting the DM
at direct search experiments. The scalar field which leads to
spontaneous breaking of dark sector gauge symmetry also

induces a tiny Majorana mass to a singlet Dirac fermion
field, leading to an inelastic DM scenario [55,56]. In this
setup, we first find the DM parameter space consistent with
velocity-dependent self-interaction rates explaining the data
at the scale of clusters, galaxies, and dwarf galaxies.We then
confront the SIDM parameter space with the observed
XENON1T electron excess while being consistent with
other experimental bounds.We show that these two require-
ments make pure thermal relic DM insufficient to produce
the observed relic, and therefore we consider a hybrid setup
where both freeze-out and freeze-in mechanisms can play
nontrivial roles in generating the DM relic. As we discuss in
the upcoming sections, a long-lived scalar singlet has to be
invoked whose late decay into DM helps in generating
correct DM relic in such a hybrid setup.
This paper is organized as follows. In Sec. II, we briefly

discuss our model, and this is followed by the analysis
for dark matter self-interaction in Sec. III. In Sec. IV,
we discuss production of self-interacting DM from a
hybrid of freeze-in and freeze-out formalism. In Sec. V, we
discuss the possible origin of XENON1Texcess in ourmodel.
We finally summarize our results and conclude in Sec. VI.

II. MODEL

We consider a simple Abelian extension of the SM.
Under this Uð1ÞX gauge symmetry, the SM fields do not
have any charge, while there exists a SM singlet Dirac
fermion Ψ with Uð1ÞX charge 1. An additional scalar Φ,
singlet under the SM gauge symmetry, having Uð1ÞX
charge −2 is introduced which not only breaks the new
gauge symmetry spontaneously but also splits the Dirac
fermion into two pseudo-Dirac components as we discuss
below. The Dirac fermion Ψ is identified as the DM field.
The relevant part of the DM Lagrangian is

LDM ¼ iΨ̄γμDμΨ −MðΨ̄LΨR þ Ψ̄RΨLÞ − ðyLΦðΨLÞcΨLÞ
þ ðyRΦðΨRÞcΨR þ H:c:Þ þ ϵ

2
BαβYαβ; ð1Þ

where Dμ ¼ ∂μ þ ig0Z0
μ and Bαβ; Yαβ are the field strength

tensors of Uð1ÞX and Uð1ÞY , respectively, and ϵ is the
kinetic mixing between them. Lagrangian involving the
singlet scalar can be written as

LΦ ¼ ðDμΦÞ†ðDμΦÞ þm2
ΦΦ†Φ − λϕðΦ†ΦÞ2

− λΦHðΦ†ΦÞðH†HÞ; ð2Þ

where H is the SM Higgs doublet. The scalar fields which
acquire a nonzero vacuum expectation value (VEV) can be
represented as

H ¼
� hþ

ðhþvþihIÞffiffi
2

p

�
; Φ ¼ ϕþ uþ iϕIffiffiffi

2
p :
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The singlet scalar VEV gives rise to Uð1ÞX gauge boson
mass MZ0 ¼ 2g0u, while Higgs doublet gives rise to the
usual SM particle masses.
The scalar singlet Φ also breaks Uð1ÞX spontaneously

down to a remnant Z2 symmetry under which ΨL;R are odd
while all other fields are even. As a result, ΨL and ΨR
combine to give a stable DM candidate in the low-energy
effective theory. The VEV of Φ also generates Majorana

masses for fermion DM: mL¼yLu=
ffiffiffi
2

p
and mR ¼ yRu=

ffiffiffi
2

p
for ΨL and ΨR, respectively. We assume mL;mR ≪ M. As
a result, the Dirac fermion Ψ ¼ ΨL þΨR splits into two
pseudo-Dirac states ψ1 and ψ2 with massesM1 ¼ M −mþ
and M2 ¼ M þmþ, where m� ¼ ðmL �mRÞ=2. The DM
Lagrangian after spontaneous symmetry breaking can be
written as

LDM ¼ 1

2
ψ1γ

μ∂μψ1 þ
1

2
ψ2γ

μ∂μψ2 −
1

2
M1ψ1ψ1 −

1

2
M2ψ2ψ2 þ

ϵ

2
BαβYαβ

þ ig0Z0
μψ1γ

μψ2 þ
1

2
g0Z0

μ
m−

M
ðψ2γ

μγ5ψ2 − ψ1γ
μγ5ψ1Þ

þ 1

2
ðyLcos2θ − yRsin2θÞψ1ψ1ϕþ 1

2
ðyRcos2θ − yLsin2θÞψ2ψ2ϕ; ð3Þ

where sin θ ≈m−=M. The mass splitting between the two
mass eigenstates is given by Δm ¼ M2 −M1 ¼ 2mþ ¼
ðyL þ yRÞ uffiffi

2
p . To address the XENON1T anomaly, we take

Δm ∼ 2 keV. While we stick to such minimal DM models
in this work, such Abelian gauge extensions can be
motivated from other phenomena like the origin of light
neutrino masses as well, as discussed in several works
including Refs. [40,57–67].

III. DARK MATTER SELF-INTERACTION

As mentioned before, we have an inelastic DM scenario
where two DM components with tiny mass splitting of keV
scale can populate the Universe. We are also considering a
light mediator of DM interactions, which is motivated from
the SIDM solution to structure formation problems. See
Refs. [68–70] for earlier studies on self-interacting inelastic
DM which were primarily motivated from the requirements
of avoiding strong direct detection constraints or to explain
some anomalous observations at indirect detection experi-
ments like monochromatic photon lines. While in our model
DM candidates can interact among themselves either via
scalar or vector mediators, we consider only the vector
mediator or Z0 to be light and hence consider this only to
constrain the parameter space from required self-interactions.
The relevant Lagrangian for DM interactions with Z0 can be
rewritten as

L¼ ig0Z0
μψ1γ

μψ2þ
1

2
g0Z0

μ
m−

M
ðψ2γ

μγ5ψ2−ψ1γ
μγ5ψ1Þ: ð4Þ

Ignoring the second term which is suppressed by m−=M, we
can write down the corresponding potential for twoMajorana
fermion DM particles with a light mediator of dark photon
type as [68–71]

VðrÞ ¼
�

0 −αeM0
Zr

−αeM0
Zr 2Δm

�
: ð5Þ

The two-body Schrodinger equation for relative motion is

1

Mψ
∇2Ψðr⃗Þ ¼ ðVðrÞ −Mψv2ÞΨðr⃗Þ; ð6Þ

where Mψ is the mass of the dark matter, ignoring the tiny
mass splitting Δm; v is the individual velocity of either of the
dark matter particles in the center-of-mass frame (half the
relative velocity); Δm is the mass splitting between two DM
candidates; and Ψðr⃗Þ is the wave function. Defining dimen-

sionless parameters, ϵv ¼ v
α, ϵδ ¼

ffiffiffiffiffiffiffiffiffi
2Δm
Mψα

2

q
, and ϵϕ ¼ MZ0

Mψα
and

writing rΨðr⃗Þ ¼ ψðrÞ, the s-wave Schrodinger equation is
given by

ψ 00ðrÞ ¼
� −ϵ2v − eϵZr

r

− eϵZr
r ϵ2δ − ϵ2v

�
ψðrÞ: ð7Þ

As shown in Feynman diagrams of Fig. 1, the DM
candidates of one type can scatter off each other while
remaining in the same state, only at one-loop level, due to
the off-diagonal nature of DM-mediator couplings.
Using these, we constrain the DM parameter space from
the required self-interactions at different scales while
considering the mass splitting between the two DM

FIG. 1. Feynman diagrams for self-interaction.
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candidates to be 2 keV, as favored from XENON1T excess.
The relevant cross sections are given in the Appendix A 1.
For a more general analysis, one may refer to Ref. [68].
Using these self-interaction cross sections and using the

required σ=m from astrophysical observations at different
scales, we constrain the parameter space of the model in
terms of DM ðψ1;2Þ and mediator Z0 masses. As our study is
motivated from explaining the XENON1T excess, we keep
the required mass splitting between two DM candidates to
be 2 keV. In Fig. 2, we show the allowed parameter space in
DM mass versus the Z0 mass plane, which gives rise to
the required DM self-interaction cross section (σ=m) in
the range 0.1–1 cm2=g for clusters (v ∼ 1000 km=s). The
corresponding regions of parameter space for galaxies
(v ∼ 200 km=s) and dwarf galaxies (v ∼ 10 km=s) are

shown in Figs. 3 and 4, respectively. It should be noted that
for dwarf galaxies, due to smaller DM velocities, we do not
get a sufficient self-interaction cross section (σ=m) from up-
scattering processes in the entire parameter space consid-
ered, and hence the corresponding plot is not shown in Fig. 4.
This is due to the fact that lighter DM, due to low velocities,
does not have sufficient kinetic energy to scatter efficiently
into heavier DM, resulting in a large self-interaction cross
section. We will finally compare these regions of parameter
space of GeV-scale DM mass in the context of XENON1T
excess and other phenomenological constraints.
The self-interaction cross section per unit mass of DM as

a function of average collision velocity is shown in Fig. 5 as
measured from astrophysical data. The data include mea-
surements from dwarfs (red), Low surface brightness (LSB)

FIG. 2. Self-interaction cross section (σ=m) in the range 0.1–1 cm2=g (light pink colored region) for clusters (v ∼ 1000 km=s). Top
left (right) panel: elastic scattering of ground (excited) to ground (excited) state. Bottom left (right) panel: up- (down-)scattering of
ground (excited) to excited (ground) state.
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Galaxies (blue), and clusters (green) [17,72]. The purple
dashed curve corresponds to the velocity-dependent cross
section from our model for a particular set of benchmark
values (i.e., Mψ¼ 1 GeV, MZ0¼ 50 MeV, and α ¼ 0.001)
allowed from all relevant phenomenological constraints. It
is clear from the figure that the model proposed here can
explain the astrophysical observation of self-interaction of
DM appreciably well. See Ref. [73] for discussions on
astrophysical probes of such inelastic DM with a light
mediator.

IV. DARK MATTER PRODUCTION

While several production regimes for self-interacting DM
exist in the literature,we first consider theusual2 ↔ 2 vector

portal interactions. While DM can interact with itself via Z0
as well as singlet scalar interactions, we consider the vector
portal to be dominant due to light Z0. On the other hand, DM
can interact with the SM bath only via kinetic mixing of
neutral vector bosons. These dominant number changing
processes are shown in Fig. 6. While DM-SM interactions
via kinetic mixing is responsible for production of DM from
the thermal bath, the dark sector interactions can be impor-
tant to decide the final abundance of DM. Since from the
SIDMpoint of viewwe consider heavierDMmass compared
to the mediator mψ1;2

> mZ0, DM can have a large annihi-
lation cross section to Z0 affecting its relic abundance. For
example, the thermal averaged cross section for the t-channel
process ψ1ψ1 → Z0Z0 shown in the left panel of Fig. 6 is

FIG. 3. Self-interaction cross section (σ=m) in the range 0.1–10 cm2=g for galaxies (v ∼ 200 km=s). Light pink colored region
represents the parameter space where 0.1 cm2=g < σ=m < 1 cm2=g, dark pink color represents regions of parameter space where
1 cm2=g < σ=m < 10 cm2=g. Top left (right) panel: elastic scattering of ground (excited) to ground (excited) state. Bottom left (right)
panel: up- (down-)scattering of ground (excited) to excited (ground) state.
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hσvi ∼ πα2x
M2

ψ
; ð8Þ

whereαx ¼ g02=ð4πÞ and for typical gauge coupling andDM
mass of our interest we have αx ∼ 0.001;Mψ ∼ 1 GeV. This
leads to a cross sectionwhich is at least 2 orders ofmagnitude
larger compared to the typical annihilation cross section of
thermal DM. This reduces the relic abundance by same
orders of magnitude, as seen from Fig. 7 showing the
comoving number density of DM, assuming it to be a purely
thermal relic. Before calculating DM relic, we first compare
rates of different annihilation processes. Note that for the

purpose of numerical analysis the model has been imple-
mented in LanHEP [74] and CALCHEP [75], and the cross
sections required has been fed into Mathematica [76] from
CALCHEP.
Although dark sector interaction rates are large as

mentioned above, the DM-SM interactions are suppressed
due to tiny kinetic mixing chosen to realize the required
XENON1T excess. We check the relevant DM-SM proc-
esses and find that for the chosen sub-GeV regime and
kinetic mixing DM never attains chemical equilibrium with
the SM bath. While relevant cross sections are given in
Appendix A 2, we compare different interaction rates in
Fig. 8. In calculating the interaction rates, we consider the
light SM degrees of freedom to be in equilibrium, while the

FIG. 5. The self-interaction cross section per unit mass of DM
as a function of average collision velocity.

FIG. 6. Feynman diagrams for dominant number changing
processes of DM.

FIG. 4. Self-interaction cross section in the range 0.1–100 cm2=g for dwarfs (v ∼ 10 km=s). Light pink color represents regions
of parameter space where 0.1 cm2=g < σ=m < 1 cm2=g; dark pink color represents regions of parameter space where
1 cm2=g < σ=m < 10 cm2=g; maroon color represents regions of parameter space where 10 cm2=g < σ=m < 100 cm2=g. Left
(middle) panel: elastic scattering of ground (excited) to ground (excited) state. Right panel: down-scattering of excited to ground state.

FIG. 7. Relic abundance of DM assuming it to be produced
thermally in the early Universe followed by thermal freeze-out.
The thermal relic is underabundant by 2 orders of magnitudes.
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DM number density is calculated by solving the appro-
priate Boltzmann equation considering freeze-in produc-
tion of DM [77] from the SM bath. This happens
dominantly from 2 → 2 processes where SM fermions in
equilibrium at GeV temperatures can contribute to the
production of DM. Since the production happens from the
thermal bath, it saturates at a temperature similar to that of
DMmass. On the other hand, DM produced this way keeps
annihilating into Z0 bosons due to large self-interactions
further diluting the DM abundance. Clearly, almost all the
2 → 2 processes remain out of equilibrium as the corre-
sponding interaction rates remain below Hubble expansion
rate seen from Fig. 8. Only the DM annihilation rate into
the Z0 boson remains in equilibrium for a longer epoch,
while DM-SM kinetic equilibrium is reached for a very
short epoch. We also check that the freeze-in production of
DM from thermal bath, followed by dark sector freeze-out,
is insufficient to produce the correct DM relic for the region
of our interest. This is due to the large annihilation rates of
DM into Z0 bosons keeping DM underabundant after dark
sector freeze-out. This requires an additional source of DM
relic which we consider to be a SM singlet scalar η. The
singlet scalar freezes out in the early Universe via the
process η†η → H†H and decays back to DM after the dark
sector freezes out, thus filling the deficit in relic abundance.
The relevant Lagrangian for η decay is given by

L ¼ 1

2
λ1ψ1ψ1ηþ

1

2
λ2ψ2ψ2η: ð9Þ

If the thermal averaged annihilation cross section of η†η →
H†H is smaller than the usual freeze-out cross section of a

WIMP, i.e., hσjvjiF ¼ 3 × 10−26 cm3=s, then the relic of η
can be larger than the observed DM abundance. As a result,
the late decay of η → ψ iψ j can give rise to ample amount of
DM. In Eq. (12), we use appropriate Boltzmann equations
to get the correct relic density of DM.While we incorporate
this additional scalar singlet η only to satisfy DM relic
through its late decay, it can serve other purposes as well.
One such possibility is to realize cosmic inflation. There
have been proposals where a single scalar field is shown to
play the role of inflation as well as thermal DM whose
relic is generated via usual freeze-out. For example, see
Ref. [78] and references therein. The same idea can be
implemented here as well while noting that the scalar field
is not perfectly stable but decays at late epochs into the DM.
We, however, do not discuss such additional roles the scalar
singlet might play in our minimal scenario discussed here.
From Fig. 8, it is evident that the processDMe → DMe,

which is responsible for keeping both the dark and visible
sectors in kinetic equilibrium, decouples around x ∼ 0.03,
after which the temperature of the dark sector (denoted by
T 0) evolves independently of the thermal bath (temperature
T) until x ∼ 100 when all the dark sector particles becomes
nonrelativistic (and hence cease to contribute to the
relativistic degrees of freedom). Between these two epochs,
the ratio of the two temperatures can be obtained by
conserving the total entropy separately in the two sectors.
Considering the kinetic decoupling temperature to be TD,
we can relate the temperature of the two sectors as

T 0

T
¼
�

gSM�s ðTÞ
gSM�s ðTDÞ

�
1=3

: ð10Þ

Here, gSM�s ðTÞ is the relativistic entropy degrees of freedom
in the standard model, which goes into the calculation of
relativistic entropy density sðTÞ ¼ 2π2

45
g�sðTÞT3. Since the

above relation (10) is for T < TD, we naturally have
gSM�s ðTÞ < gSM�s ðTDÞ leading to T 0 < T. This is also under-
stood from the fact that the SM bath temperature receives
additional entropy contributions from the species which
keep getting decoupled gradually. Within the decoupled
dark sector itself, the DM particles can transfer their
entropies into lighter Z0 bosons once T 0 falls below DM
mass. This corresponds to an enhancement of dark sector
temperature for T 0 < mDM by ð13=6Þ1=3, a factor close to
unity. We have ignored this additional enhancement in the
calculations.
Because of the different temperatures of dark sector and

SM bath after some epoch, we accordingly divide the range
of integration for solving the Boltzmann equations as
follows:

(i) From the epoch of reaching kinetic equilibrium
between DM-SM sectors until x < 0.03 (see Fig. 8),
both the dark and the visible sectors share the same
temperature T ¼ T 0.

FIG. 8. Decoupling of different processes from the thermal
plasma.
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(ii) One with 0.03 < x < 100 where the dark sector is
decoupled from the thermal bath and its temperature
evolves according to (10).

Accordingly, one can define a new dimensionless param-
eter and relate to the usual parameter x ¼ mDM

T as

x0 ¼ mDM

T 0 ¼
�
T
T 0

�
x: ð11Þ

We can now write down the Boltzmann equations for two
DM candidates ψ1;2 and the scalar singlet η whose late
decays into DM are crucial to generate correct DM relic.
Unlike DM whose interactions with the SM bath are
suppressed due to tiny kinetic mixing, the scalar singlet
can be in thermal equilibrium with the SM due to large
quartic couplings followed by freeze-out.2 Thus, we define
comoving number densities of these particles as Yψ1;2

¼
nψ1;2

=s0ðT 0ðTÞÞ; Yη ¼ nη=sðTÞ. The relevant coupled
Boltzmann equations can then be written as

dYη

dx0
¼ −

sðMψÞ
x02HðMψÞðT 0

T Þ
hσviηη→HHðY2

η − ðYeq
η Þ2Þ − x0ðT 0

T Þ2ðhΓη→ψ1ψ1
i þ hΓη→ψ2ψ2

iÞ
HðMψÞ

Yη;

dYψ1

dx0
¼
�
T 0

T

�
2
�

sðMψÞ
x02HðMψ Þ

�
g0�sðTDÞ
g�sðTDÞ

��
hσvieþe−→ψ1ψ1

ðYeq
ψ1
Þ2 − hσviψ1ψ1→Z0Z0Y2

ψ1

þ hσviψ2ψ2→ψ1ψ1

�
Y2
ψ2

−
ðYeq

ψ2
Þ2

ðYeq
ψ1
Þ2 Y

2
ψ1

��
þ
x0ðg�sðTDÞ

g0�sðTDÞÞhΓη→ψ1ψ1
i

HðMψ Þ
Yη

�
;

dYψ2

dx0
¼
�
T 0

T

�
2
�

sðMψÞ
x02HðMψ Þ

�
g0�sðTDÞ
g�sðTDÞ

��
hσvieþe−→ψ2ψ2

ðYeq
ψ2
Þ2 − hσviψ2ψ2→Z0Z0Y2

ψ2

− hσviψ2ψ2→ψ1ψ1

�
Y2
ψ2

−
ðYeq

ψ2
Þ2

ðYeq
ψ1
Þ2 Y

2
ψ1

��
þ
x0ðg�sðTDÞ

g0�sðTDÞÞhΓη→ψ2ψ2
i

HðMψÞ
Yη

�
; ð12Þ

where x0 ¼ mDM
T 0 ¼ Mψ

T 0 , sðMψÞ ¼ 2π2

45
g�sM3

ψ and HðMψÞ ¼
1.67g1=2�

M2
ψ

MPl
. Here, Mψ ≈M1 ≈M2, ignoring the tiny mass

splitting Δm.
We solve these coupled Boltzmann equations, taking

into account the different temperatures of DM and SM
sectors after kinetic decoupling, as given in (10). The
corresponding evolutions of different comoving number
densities are shown in Fig. 9. In Fig. 9, the dot-dashed
dark blue line shows the equilibrium number density of the
singlet scalar η with mass mη ∼ 1 TeV, which was initially
in thermal equilibrium with the SM bath. As its interaction
rates falls below the expansion rate, it freezes out, leaving
a thermal relic, shown by the green dot-dashed line,
assuming it to be stable. The blue dot-dashed line shows
the freeze-in production of DM only from the process
eþe− → DM DM without considering subsequent anni-
hilation of DM into Z0 pairs. When we take into account
both its production from eþe− → DMDM and subsequent
annihilations into Z0 bosons via DM DM → Z0Z0, its
abundance is depicted by the pink line. The sharp contrast
is due to the strong DM DM → Z0Z0 annihilation rate,
which reduces the abundance of DM produced from
freeze-in. As the number density of DM increases due

to freeze-in production, the annihilation rate into Z0 pairs
also increases, leading to the first depletion in the pink line
around x ¼ 0.1. Shortly after that, DM production from
freeze-in again balances the DM annihilation rate, leading

FIG. 9. Comoving number densities of DM and scalar singlet
for different cases.

2This is, to some extent, similar to the super-WIMP dark
matter formalism [79].
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to a plateau region all the way until x ¼ 1. However, since
freeze-in production from thermal bath becomes negli-
gible beyond x ¼ 1, we see further depletion in DM
density due to its annihilation into Z0 pairs, leaving an
underabundant relic beyond x ¼ 10. Note that, at this
point, we have not considered scalar decay contribution
to DM.
Since freeze-in production of DM from the thermal bath

followed by DM annihilation into Z0 pairs lead to under-
abundant relic density, we now consider the additional
contribution from scalar singlet decay. The red dot-dashed
line shows the evolution of comoving number density of
DM after taking the scalar decay contribution into account.
The corresponding evolution of the scalar number density
is shown by the maroon-colored dot-dashed line. Clearly,
once the number density of the scalar falls due to its decay,
the DM number density gets uplifted. Once the decay is
complete, DM relic also saturates beyond x ≈ 30. It should
be noted that the scalar decay occurs after DM annihilation
to Z0 pairs freezes out around x ¼ 10 to avoid further
depletion. Also, while considering freeze-in production of
DM from the thermal bath, we considered the contribution
of electron-positrons only, for simplicity. If we consider all
the particles in the thermal bath, we get more freeze-in
production of DM, and the final required abundance of DM
can be realized by appropriate tuning of scalar decay width
without affecting rest of the analysis related to self-
interaction and XENON1T excess.
Note that the lines showing the evolution of DM number

density in Fig. 9 considers both the DM components ψ1;2.
Since their mass splitting is very small, Δm ∼OðkeVÞ,
they behave very similarly as far as calculation of
relic abundance goes. However, once the net relic is
generated, there can be interconversion between two DM
components dominantly through Z0-mediated t-channel
process ψ2ψ2 → ψ1ψ1. We take this into account and show
that the effect of such interconversion with such small mass
splitting (Δm ¼ 2 × 10−6 GeV) is negligible. This can be
seen from Fig. 10, where the fractional contributions
YDM1

=YDMTotal
and YDM2

=YDMTotal
for mass splitting Δm ¼

2 × 10−6 GeV are shown. We have also taken into account
the Sommerfeld effect induced by the multiple Z0 boson
exchange in the inter-conversion process [80]. Clearly, such
interconversions lead to negligible effects on individual
DM relic abundance, and hence we consider them to be
equally dominant in the rest of our analysis.

V. XENON1T EXCESS

The direct detection prospects of such self-interacting
DM can be addressed through the recently reported excess
in the electron recoil events at the XENON1T experiment.
The DM-electron scattering is shown in Fig. 11. We assume
ψ2 is heavier than ψ1 with a small mass splitting Δm ¼
M2 −M1 between the two components. Because of this

inelastic nature of these DM candidates and since the mass
splitting Δm is kept fixed at the keV scale, we can
successfully explain the recently reported XENON1T
anomaly [28]. For a fixed incoming velocity v of heavier
DM ψ2, the differential scattering cross section for the
down-scattering process ψ2e → ψ1e (with electrons inside
the Xenon atom) can be written as

dhσvi
dEr

¼ σe
2mev

Z
qþ

q−
a20qdqjFðqÞj2KðEr; qÞ; ð13Þ

where me is the electron mass, σe is the corresponding free
electron cross section at fixed momentum transfer q ¼
1=a0 with a0 ¼ 1

αme
being the Bohr radius and α ¼ e2

4π ¼ 1
137

being the fine structure constant, Er is the recoil energy of
electron, and KðEr; qÞ is the atomic excitation factor. For
our calculations, the atomic excitation factor is adopted
from Ref. [81]. We assume the DM form factor to be unity.
However, to include velocity dispersion in Eq. (13), we

use the distribution function (obtained after angular inte-
gration of a Maxwellian velocity distribution boosted in
Earth’s rest frame)

fðvÞ ¼ AvExp½−3ðv − vmÞ2=2σ2v�; ð14Þ

where A is the normalization constant such thatR
fðvÞdv ¼ 1. The details of velocity distribution are given

in Appendix A 3. In Eq. (14), vm is the most-probable
velocity of DM, which is induced by the relative velocity of
the Sun with respect to the Galactic halo. Here, σv is the
DM velocity dispersion, which is given by σ2v ¼ 3

2
v2m. As a

result, Eq. (13), after incorporating the velocity dispersion
of DM, can be rewritten as [38,51,81,82]

FIG. 10. Fractional contributionsYDM1
=YDMTotal

andYDM2
=YDTotal

to DM relic density for Δm ¼ 2 × 10−6 GeV.
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dhσvi
dEr

¼ σe
2me

Z
vesc

0

dv
fðvÞ
v

Z
qþ

q−
a20qdqjFðqÞj2KðEr; qÞ;

ð15Þ

where vesc is the DM escape velocity in the Milky Way,
which is of the order vesc ∼ 533þ54

−41 km=s [83]. In inelastic
DM scenarios, the minimum DM velocity (vmin) required
by the DM to up-scatter to the Next-to-lightest stable
particle (NLSP) and register a recoil inside the detector is
decided by the kinematics of scattering. However, it is
worth mentioning that in the case of an inelastic down-
scattering of DM with an electron, which we consider here,
there is no kinematic limit on the minimum velocity of DM
as the incoming particle with almost vanishing velocity can
still down-scatter to the lighter component with the mass
splitting between the DM components being transferred to
the electron recoil energy, without violating anything
kinematically.
The free electron scattering cross section for the process

ψ2e → ψ1e is given by

σe ¼
16παZα

0ϵ2m2
e

M4
Z0

; ð16Þ

where αZ ¼ g2

4π, α0 ¼ g02
4π and ϵ is the kinetic mixing

parameter between Z and Z0 gauge bosons. For chosen

values of DM and mediator masses in our work, this kinetic
mixing is required to be ϵ ∼ 10−8. It should be noted that,
for GeV-scale DM, σe is independent of DM mass as the
reduced mass of the DM-electron is almost equal to
electron mass. The limits of integration for the inelastic
scattering in Eq. (15) are determined depending on the
relative values of recoil energy (Er) and the mass splitting
between the two DM components.
For Er ≥ Δm,

q� ¼ M2v�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

2v
2 − 2M2ðEr − ΔmÞ

q
; ð17Þ

and for Er ≤ Δm,

q� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

2v
2 − 2M2ðEr − ΔmÞ

q
�M2v: ð18Þ

The dependency of the atomic excitation factor on the
momentum transferred q is shown in Fig. 12. Here, the
dominant contribution comes from the bound states with
principal quantum number n ¼ 3 as their binding energy is
around a few keV. In the right panel of Fig. 12, we show the
plot for the integration of momentum transferred times the
atomic excitation factor [i.e.,KintðEr;qÞ¼

R
qþ
q− qdqKðEr;qÞ]

as a function of the recoil energy Er forM1 ¼ 0.3 GeV and
Δm ¼ 2 keV. The figure shows a peak around Er ≃ Δm
since the q− approaches to zero and the momentum transfer
maximizing this factor is available. It is worth mentioning
that such a kind of enhancement is a characteristic feature of
inelastic scattering.
The differential event rate for the inelastic DM scattering

with electrons in the xenon atom, i.e., ψ2e → ψ1e, can be
given as

dR
dEr

¼ nTnDM
dhσvi
dEr

; ð19Þ

where nT ¼ 4 × 1027 Ton−1 is the number density of xenon
atoms and nDM is the number density of the dark matter
particle.

FIG. 11. DM-electron scattering at XENON1T.

FIG. 12. Left panel: Atomic excitation factor is shown as a function of momentum transferred. Right panel: The atomic excitation
factor after being integrated over the transferred momentum is shown as a function of the transferred recoil energy Er.
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The detected recoil energy spectrum can be obtained by
convolving Eq. (19) with the energy resolution of the
XENON1T detector. Incorporating the detector efficiency
γðEÞ, the energy resolution of the detector is given by a
Gaussian distribution with an energy-dependent width,

ζðE;ErÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffi
2πσ2det

p Exp

�
−
ðE − ErÞ2

2σ2det

�
× γðEÞ; ð20Þ

where γðEÞ is reported in Fig. 2 of Ref. [28] and the width
σdet is given by

σdetðEÞ ¼ a
ffiffiffiffi
E

p
þ bE ð21Þ

with a ¼ 0.3171 and b ¼ 0.0037. Thus, the final detected
recoil energy spectrum is given by

dRdet

dEr
¼ nTnDMσea20

2me

Z
dEζðE; ErÞ

×

�Z
vesc

0

dv
fðvÞ
v

Z
qþ

q−
dqqKðEr; qÞ

�
: ð22Þ

To obtain the fit shown in the upper panel of Fig. 13, the
mass splitting is taken to be Δm ¼ 2 keV, while heavier
DM mass is taken to be 1 GeV. The other relevant

parameters used in this fit are σv ¼
ffiffiffiffiffiffiffiffi
3=2

p
vm with vm ¼

1 × 10−3, g0 ¼ 0.1, MZ0 ¼ 10 MeV, and ϵ ¼ 4 × 10−8,
which corresponds to cross section σe¼1.9×10−17GeV−2.
On the other hand, in the bottom panel of Fig. 13, we

show the fit considering different velocity dispersion for the
DM particle as we have no observational constraints on
fðvÞ apart from numerical simulations. Clearly, as we
increase the velocity dispersion, the peak in the spectrum
giving an appreciable fit gets flattened out and no longer
explains the XENON1T signal within Er ¼ 2–3 keV for
larger σv.

VI. CONCLUSION

We summarize our key findings in Fig. 14. We show all
the relevant constraints as well as favored parameter space
in the g0 −MZ0 plane. In Fig. 14, all the colored regions
(except the blue region which corresponds to XENON1T
excess) represent disfavored regions from different bounds.
The green patch represents the region where the DM self-
scattering cross section is not large enough to solve the
astrophysical problems discussed in Sec. III. To be more
quantitative, the green shaded regions correspond to the
DM self-scattering cross section σ=m < 0.1 cm2=g. The
triangular region on the upper left corner of Fig. 14 is
disfavored from the lower bound on the lifetime of heavier
DM. Since the mass splitting between ψ1 and ψ2 is kept at

FIG. 13. Fit to XENON1T electron recoil excess with the self-
interacting inelastic DM in our model.

FIG. 14. Summary plot for inelastic self-interacting DM show-
ing the final parameter space from relevant constraints. The white
region represents the allowed parameter space available after
imposing all the constraints. The blue patch represents the
parameter space allowed by XENON1T for 1 GeV inelastic
DM with mass splitting Δm ¼ 2 keV and kinetic mixing param-
eter ϵ ¼ 4 × 10−8.
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the keV scale Δm ¼ OðkeVÞ, there can be decay modes
like ψ2 → ψ1νν̄ mediated by Z − Z0 mixing. If both the
DM components are to be there in the present Universe,
this lifetime has to be more than the age of the Universe,
that is, τψ2

> τUniv:. The decay width of this process is

Γðψ2 → ψ1νν̄Þ ¼ g2g02ϵ2ðΔmÞ5
160π3M4

Z0
. Thus, imposing the lifetime

constraint on heavier DM, we get the triangular shaded
region. We also show the parameter space excluded by the
recent results from CRESST-III [84], LUX-Migdal [85],
and NEWS-G [86] on low mass DM. This corresponds to
the shaded region of orange, brown, and light green color in
the topmost part of Fig. 14. The bound from EDELWEISS-
III [87] is much weaker than the above-mentioned experi-
ments. Assuming MZ0 ¼ 0.01MDM, these are the only
experiments that are sensitive to the parameter space we
are interested in. We have checked that the constraints from
other low-threshold experiments like DAMIC, PICO,
PANDAX-II, CDMSlite, etc., do not apply to our parameter
space. The solid band of blue color corresponds to the free
electron cross section σe ¼ ð1 − 5Þ × 10−17 GeV−2, which
is required to obtain the fit for the XENON1T excess for a
DM of mass around 1 GeV with a typical DM velocity of
orderOð10−3Þ. The shaded region of yellow color at the top
corresponds to the region where DM annihilation into Z0
pairs does not freeze out before the epoch of big bang
nucleosynthesis. This will require scalar singlet decay at
post–big bang nucleosynthesis epochs. Additionally the Z0
bosons which keep getting produced from DM annihila-
tions will decay into light SM fermions, injecting new
relativistic degrees of freedom. Since all these may poten-
tially ruin the successful predictions of the big bang
nucleosynthesis, we disfavor this region of parameter
space. Since our chosen value of kinetic mixing is very
small, the flavor bounds on such light Z0 bosons from dark
photon searches at BABAR [88] are automatically satisfied.
Additionally, CMB bounds from Planck measurements on
DM annihilations into charged fermions [1] are trivially
satisfied as all such processes remain suppressed by kinetic
mixing. Another constraint on the parameter space arises
due to late decay of Z0 into SM leptons. For example,
if Z0 decays after neutrino decoupling temperature
Tν
dec ∼OðMeVÞ, it will increase the effective relativistic

degrees of freedom is tightly constrained by Planck. 2018
data as Neff ¼ 2.99þ0.34−0.33 [1]. As pointed out by the authors
of Ref. [89], such constraints can be satisfied if MZ0 ≳
8.5 MeV for the chosen value of kinetic mixing parameter
in our work. We show this as the light green shaded region
toward the left in Fig. 14. Note that we have not imposed
any constraints from the DM relic point of view as that can
be satisfied independently by appropriate tuning of scalar
singlet parameters discussed before.
To conclude, we have studied the possibility of self-

interacting DM as a possible explanation of the recently
reported XENON1T excess. While XENON1T excess can

arise due to inelastic nature of DM so that the heavier DM
can undergo a down-scattering with electrons, the corre-
sponding mediator of such scattering, if sufficiently light
compared to DM, can also give rise to the required self-
interaction cross section σ=m required to solve the small-
scale structure problems associated with cold dark matter.
We consider a hidden Uð1ÞX gauge symmetry under which
the inelastic DM is charged and this dark sector interacts
with the SM purely via kinetic mixing ofUð1ÞX withUð1ÞY
of the standard model. The requirement of large self-
interaction or Uð1ÞX gauge coupling forces us to consider
tiny kinetic mixing required to generate the XENON1T
excess while satisfying all other experimental bounds. This
tiny kineticmixing also prevents DM from reaching chemical
equilibriumwith the SM requiring its nonthermal or freeze-in
production from the SM bath. However, because of the large
coupling of DM with the Uð1ÞX gauge boson Z0, the DM
particles can annihilate strongly into much lighter Z0 bosons,
depleting the number density generated from freeze-in. To fill
the gap, we introduce another long-lived scalar singlet which
freezes out from the thermal bath and decays very late into
DM, generating the required relic. As seen from the summary
plot in Fig. 14, after applying all relevant bounds, there exists
only a tiny parameter space (the blue shaded region not
overlapped with other regions) that can give rise to the
required XENON1T excess and DM self-interactions for
1 GeV inelastic DMwith mass splitting of 2 keV, while being
consistentwith all other bounds. Futuredata fromXENON1T
experiment as well as other searches should be able to further
constrain or confirm this predictive scenario.
Now,we turn to comment on the implications of thermally

generated self-interacting dark matter ψ1 and ψ2, which we
assume to constitute about 1% of the total relic (see Fig. 7).
Since the relic density is smaller by 2 orders of magnitude
than the observed one, the correspondingDM-electron cross
section σeðψ2e → ψ1eÞ has to be increased by two orders in
order to explain the observedXENON1Texcess. This can be
achieved by increasing ϵ by 1 order of magnitude, since
σe ∝ ϵ2. However, increasing ϵ by 1 order of magnitudewill
not satisfy the lifetime bound on ψ2 as τψ2

∝ 1=ϵ2. Note that
such subdominant SIDM will also not solve the small-scale
structure problem, even if the DM deficit is filled by some
other component which is connected to neither SIDM nor to
the observed XENON1T excess.
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APPENDIX: RELEVANT CROSS SECTION AND DECAY WIDTHS

1. Self-interaction cross sections at low energy

The scattering cross sections can be derived as [68]

σψ1ψ1→ψ1ψ1
¼ π

ϵ2v

����1þ
�
V0

4μ2

�
−2iϵv

μ

�
Γv

Γ�
v

��coshðπðϵΔþϵvÞ
2μ Þ sinhðπðϵv−ϵΔÞ

2μ þ iφÞ
coshðπðϵΔ−ϵvÞÞ

2μ sinhðπðϵvþϵΔÞ
2μ − iφÞ

�����2 ðA1Þ

σψ2ψ2→ψ2ψ2
¼ π

ϵ2Δ

����1þ
�
V0

4μ2

�
−2iϵΔ

μ

�
ΓΔ

Γ�
Δ

��coshðπðϵΔþϵvÞ
2μ Þ sinhðπðϵv−ϵΔÞ

2μ þ iφÞ
coshðπðϵΔ−ϵvÞÞ

2μ sinhðπðϵvþϵΔÞ
2μ − iφÞ

�����2 ðA2Þ

σψ1ψ1→ψ2ψ2
¼

2πcos2φ sinhðπϵvÞμ Þ sinhðπϵΔμ Þ
ϵ2vcosh2ðπðϵΔ−ϵvÞ2μ ÞðcoshðπðϵvþϵΔÞ

μ Þ − coshð2φÞÞ
ðA3Þ

σψ2ψ2→ψ1ψ1
¼

2πcos2φ sinhðπϵvÞμ Þ sinhðπϵΔμ Þ
ϵ2Δcosh

2ðπðϵΔ−ϵvÞ
2μ ÞðcoshðπðϵvþϵΔÞ

μ Þ − coshð2φÞÞ
; ðA4Þ

where we have defined ϵΔ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ2v − ϵ2δ

p
and μ and V0 are defining parameters for the exponential potential V0e−μr, given by

μ ¼ ϵZ

 
1

2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

ϵZrM

s !
; V0 ¼

eϵZrMð−1
2
þ1

2

ffiffiffiffiffiffiffiffiffiffiffi
1þ 4

ϵZrM

p
Þ

rM
: ðA5Þ

Here, rM is chosen from the relation e−ϵϕrM=rM ¼ maxðϵ2δ=2; ϵ2ϕÞ. The terms Γv and ΓΔ are given by

Γv ¼ Γ
�
1þ i

ϵv
μ

�
Γ
�
i
ϵv − ϵΔ
2μ

þ 1

2

�
Γ
�
i
ϵv þ ϵΔ

2μ
þ 1

2

�
ðA6Þ

ΓΔ ¼ Γ
�
1þ i

ϵΔ
μ

�
Γ
�
i
ϵΔ − ϵv
2μ

þ 1

2

�
Γ
�
i
ϵv þ ϵΔ

2μ
þ 1

2

�
; ðA7Þ

with Γ denoting the gamma function.

2. Interactions for DM relic calculations

σðDM DM → eþe−Þ ¼
g2g02ϵ2ð2sþ ðMψ1

þMψ2
Þ2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M4

ψ1
þ ðs −M2

ψ2
Þ2 − 2M2

ψ1
ðsþM2

ψ2
Þ

q
192πcos2θWðs −M2

Z0 Þ2ðs − ðMψ1
þMψ2

Þ2Þ

σðDM DM → Z0Z0Þ ≃ g04

192πM4
Z0sðs − 4M2

ψ Þ
×

�
24M4

Z0sð4m4
ψ þ 2M4

Z0 þ sM2
ψ ÞA

M4
Z0 þM2

ψðs − 4M2
Z0 Þ

−
24M4

Z0 ð8M2
ψ − 4M2

Z0 − s2 − ðs − 2M2
Z0 Þ4M2

ψÞ
s − 2M2

Z0
Log

�
2M2

Z0 þ sðA − 1Þ
2M2

Z0 − sðAþ 1Þ
��

;

where A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs−4M2

Z0 Þðs−4M
2
ψ1
Þ

s2

q
,
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σðeþe− → DM DMÞ ¼ g2g02ϵ2ðsþ 2M2
ψÞðs −M2

e − 4ðsþ 2M2
eÞsin2θWÞ

96πcos2θWðs − 4M2
eÞðs −M2

Z0 Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs − 4M2

eÞðs − 4M2
ψ Þ

s2

s

σðDMe− → DMe−Þ ¼ g2g02ϵ2A
128πcos2θWm4

Z0 ðs −M2
e −M2

ψ2
Þ2
B
C
−DLog

�
Eþ sð2M2

Z0 −M2
ψ2

þ sþ AÞ
Eþ sð2M2

Z0 −M2
ψ2

þ s − AÞ
�
;

where

A ¼ s

�ðM4
e þ ðM2

ψ1
− sÞ2 − 2M2

eðM2
ψ1

þ sÞÞðM4
e þ ðM2

ψ2
− sÞ2 − 2Me2ðM2

ψ2
þ sÞÞ

s4

�1
2

B ¼ sð2M4
Z0sþ 2ðM2

ψ1
− sÞðM2

ψ2
− sÞsþM4

eðM2
Z0 þ 2sÞ þM2

Z0 ðM2
ψ1
M2

ψ2
− 2ðM2

ψ1
−Mψ1

Mψ2
þM2

ψ2
Þsþ 3s2ÞÞ

þM2
eððM2

ψ1
−M2

ψ2
Þ2 þ 4Mψ1

Mψ2
s − 4s2 −M2

Z0 ðM2
ψ1

þM2
ψ2

þ 2sÞÞ
C ¼ M4

eM2
Z0 þM2

Z0 ððM2
ψ1

− sÞðM2
ψ2

− sÞ þM2
Z0sÞ þM2

eððM2
ψ1

−M2
ψ2
Þ2 −M2

Z0 ðM2
ψ1

þM2
ψ2

þ 2sÞÞ
D ¼ 2M2

Z0 − ðMψ2
−Mψ1

Þ2 þ 2s

E ¼ M4
e þM2

ψ1
ðM2

ψ2
− sÞ −M2

eðM2
ψ1

þM2
ψ2

þ 2sÞ

σðη†η → H†HÞ ¼ λ

16πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4M2

η

s − 4M2
H

s
: ðA8Þ

The decay width of the scalar singlet η is given by

Γðη → DMDMÞ ¼ λ2

8π
mη

�
1 − 4

m2
DM

m2
η

�
3=2

: ðA9Þ

The decay width of Z0 is given by

ΓðZ0 → ff̄Þ ¼ ϵ2g2MZ0

48π cos2 θW
ðC2

Vf
þ C2

Af
Þ: ðA10Þ

The thermal average cross section is given by [90]

hσviCM ¼ x
2½K2

1ðxÞ þ K2
2ðxÞ�

×
Z

∞

2

dzσðz2m2
ψ Þðz2 − 4Þz2K1ðzxÞ: ðA11Þ

3. DM velocity distribution function

The distribution function used in Eq. (14) can be
obtained as follows. Let u⃗ and v⃗ be the velocities of dark
matter in the rest frames of the Galaxy and Earth,
respectively. If vE

�! is the velocity of Earth with respect
to the Galactic rest frame, then we have u⃗ ¼ v⃗þ vE

�!.
Assuming that the velocity distribution of dark matter with
respect to the Galactic rest frame is Maxwellian, we can
write

fðu⃗Þd3u ¼ Ne
−3ju⃗j2
2σ2 d3u ¼ Ne

−3ð vE
�!þv⃗Þ2
2σ2v d3v; ðA12Þ

whereN is the normalization constant and σv is the velocity
dispersion. Assuming spherical symmetry and considering
the z axis in the direction of vE

�! which subtends an angle θ
with v⃗, we can write

Ne
−3ð vE
�!þv⃗Þ2
2σ2v d3v ¼ Nv2dvdϕd cos θe

−3ðv2
E
þv2þ2vEv cos θÞ

2σ2v :

Now, carrying out the integration for the angular coordi-
nates ϕ and θ, we obtain

fðvÞdv ¼ N2πv2dve
−3ðv2

E
þv2Þ

2σ2v

Z
d cos θe

−3vEv cos θ
σ2v

¼ N2πv2dve
−3ðv2

E
þv2Þ

2σ2v
σ2v

3vEv

h
e
3
vEv

σ2v − e
−3vEv

σ2v

i

≃ N2π
σ2v
3vE

vdve
−3ðv−vEÞ2

σ2v

≡ Avdve
−3ðv−vEÞ2

σ2v ; ðA13Þ

where we have neglected e
−3ðvþvEÞ2

σ2v compared to e
−3ðv−vEÞ2

σ2v

and set A ¼ N2π σ2v
3vE

. In Eq. (14), we identify jv⃗Ej ¼ vm,
where vm is the most probable velocity of dark matter.
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