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Detection of electron recoils by dark matter (DM) may reveal the structure of the dark sector. We consider 
a scenario where a heavier DM particle inelastically scatters off an electron and is converted into a lighter 
DM particle. A small mass difference between the two DM particles is transferred into electron recoil 
energy. We investigate the DM-electron interaction mediated by a massive dark photon and evaluate the 
inelastic DM scattering rate, taking account of the atomic structure. It is found that the scattering rate is 
significantly enhanced because of the small mass splitting, which allows for a small momentum transfer 
matched with the size of the electron wave function. We show that there exists a viable parameter space 
which explains the excess of electron recoil events around 2-3 keV recently reported by the XENON1T 
experiment.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

To understand the nature of dark matter (DM) is a central issue 
in modern particle physics and cosmology. Numerous candidates 
of DM have been proposed and at the same time numerous exper-
iments have been conducted to search for DM. The dawn of a new 
era in DM physics is breaking. Recently, the XENON collaboration 
has reported excess of electron recoil events around 2-3 keV in the 
recoil energy [1]. The observed excess was interpreted in terms of 
axions [2–4] produced in the Sun. However, this interpretation is 
in strong tension with the stellar cooling constraints [5–8]. Another 
interpretation based on a hypothetical neutrino magnetic moment 
(see e.g. refs. [9–11]) is also excluded by the same reason. Then, 
barring the possibility that the signals come from a small amount 
of tritium in the detector, it is natural to consider the excess as a 
hint of DM.

The observed electron recoil excess cannot be explained by cold 
DM which elastically scatters off target electrons because such DM 
particles are too slow and give too large signals in the first bin of 
the recoil energy 1-2 keV when the second bin of 2-3 keV is fit-
ted [12]. One possible explanation of the excess is absorption of 
bosonic DM by electrons [13]. A concrete setup to realize this idea 
is discussed in ref. [14]. Another explanation is to have a fast com-
ponent of DM with velocity v ∼ 0.1 [12], whose possible origins 
are also speculated.
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In this paper, we propose a new interpretation of the observed 
excess with cold DM inelastically scattering off electrons. Inelastic 
DM scattering has been mostly discussed in the context of in-
elastic DM [15,16], where a DM particle scatters off nuclei and 
is converted into an excited state, motivated by the DAMA an-
nual modulation anomaly [17]. Unlike inelastic DM, we consider a 
cold DM particle χ2 which inelastically scatters off an electron and 
is converted into a lighter DM particle χ1. A DM nucleon down-
scattering has been discussed in ref. [18]. The mass difference 
between χ1 and χ2 is converted into the electron recoil energy.

To be concrete, we investigate the DM-electron interaction me-
diated by a massive dark photon A′ . A DM particle χ2 can decay 
into Standard Model (SM) particles and χ1, but the lifetime is suf-
ficiently long. The inelastic scattering in the early universe freezes 
out much before the temperature drops below the mass difference. 
The final abundance of the DM particle χ2 is somewhat suppressed 
compared to that of χ1 due to the annihilation of χ2 into χ1 after 
the temperature drops below the mass difference. However, both 
of χ1 and χ2 are still important components of DM in the present 
universe. We calculate the rate of the inelastic DM scattering off 
electrons, taking account of the xenon atomic structure. We find 
that the scattering rate is significantly enhanced for a recoil energy 
at the mass difference, since the momentum transfer is allowed to 
be small and can match the size of the wave function of the elec-
trons in the atom. We find a viable parameter space of our dark 
sector model where the observed excess is explained.

The rest of the paper is organized as follows. In section 2, we 
present our dark sector model. In section 3, the inelastic scattering 
cross section is computed. Section 4 discusses the DM production 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. Inelastic scattering of the heavier DM particle χ2 off the electron e into the 
lighter particle χ1, mediated by the dark photon A′ .

through the thermal freeze out process. In section 5, we investigate 
(in)direct constraints on the model. The lifetime of the heavier DM 
component is estimated and the constraint from various dark pho-
ton searches is shown. Then, in section 6, we discuss the model 
parameter space which can explain the XENON1T data. Section 7
is devoted to conclusions and comments on future directions.

2. The model

We introduce a new sector with two DM scalars χ1, χ2 (whose 
masses are m1 < m2) feebly interacting with the SM particles 
through a massive dark photon A′ . Our focus is on the case where 
the DM masses m1,2 are much above the MeV scale so that the DM 
abundance may be explained by the thermal freeze-out process 
as discussed in section 4. We assume a mass difference between 
χ1 and χ2, defined as δ ≡ m2 − m1 (= 2 − 3 keV), is much smaller 
than m1,2. Such a small mass difference can be understood by a 
gauge symmetry and its spontaneous breaking. We embed χ1,2

into a complex scalar field φ charged under a dark gauge symme-
try U (1)D . To ensure the stability of the DM scalars, we impose 
a discrete symmetry φ → −φ. The U (1)D symmetry is sponta-
neously broken and the dark photon A′ becomes massive. The 
symmetry breaking generates a mass difference between χ1 and 
χ2 in φ through a potential [15,16,19],

V (φ) = m2|φ|2 + �2
(
φ2 + φ∗2

)
, (1)

where � originates from the gauge symmetry breaking. Then, the 
masses of χ1,2 are calculated as

m1 =
√

m2 − 2�2 � m − �2

m
,

m2 =
√

m2 + 2�2 � m + �2

m
,

δ = m2 − m1 � 2
�2

m
.

(2)

By taking � � m, the mass difference δ is suppressed compared to 
m1,2.

To make the DM particles χ1,2 interact with the SM particles, 
we introduce a kinetic mixing between the dark photon A′ and 
the SM photon. In the basis where the kinetic mixing is removed 
by the shift of the SM photon, the interactions of χ1,2 and the SM 
fermions involving one dark photon are given by

L = gD A′μ (
χ1∂μχ2 − χ2∂μχ1

) + εe A′
μ JμEM, (3)

where gD is the gauge coupling constant of the U (1)D , ε is the 
kinetic mixing parameter, and JμEM is the electromagnetic current. 
Through these interactions, the heavier χ2 inelastically scatters off 
an electron and is converted to the lighter χ1, as described in 
Fig. 1. The small mass difference δ is converted into electron re-
coil energy, which may explain the excess of events observed by 
the XENON1T experiment.
Fig. 2. The atomic excitation factor K (E R , q) as a function of the transferred mo-
mentum q for E R = 2 keV.

3. Inelastic DM-electron scattering

Let us now evaluate the rate of the inelastic DM electron scat-
tering, taking account of the xenon atomic structure. For our pur-
pose, we generalize the discussion of refs. [20–22] into the case 
of inelastic down-scattering off an electron. The differential cross 
section for a DM velocity v is given by

dσ v

dE R
= σe

2me v

q+∫
q−

a2
0q dqK (E R ,q) . (4)

Here, me is the electron mass, a0 = 1/(αme) is the Bohr radius 
where α ≡ e2/4π � 1/137 is the fine structure constant, E R is 
the recoil energy, q is the transferred momentum, K (E R , q) is the 
atomic excitation factor, and σe is the free electron cross section 
given by

σe = 16πε2ααDm2
e

m4
A′

, (5)

in our model. Here, αD ≡ g2
D/(4π) and mA′ denotes the dark pho-

ton mass. The limits of the integration q± in Eq. (4) are determined 
in the following way. The energy conservation in the scattering 
process leads to the relation,

q2

2m2
− vq cos θ = δ − E R , (6)

where θ is the angle between the momentum of χ2 and the trans-
ferred momentum. The possible range of −1 < cos θ < 1 deter-
mines the limits of the integration q± . Unlike elastic scattering, 
we now have two cases of E R ≥ δ and E R ≤ δ. For E R ≥ δ, Eq. (6)
leads to

q± = m2 v ±
√

m2
2 v2 − 2m2(E R − δ) , (7)

while for E R ≤ δ we obtain

q± = ±m2 v +
√

m2
2 v2 − 2m2(E R − δ) . (8)

Eq. (7) is reduced to that of elastic scattering in the limit of δ →
0, while Eq. (8) is possible only for the case of inelastic down-
scattering.

The atomic excitation factor K (E R , q) is taken from refs. [21,22]. 
Its dependence on the momentum transfer q is shown in Fig. 2. 
Here the contribution from the bound states with the principal 
quantum number n = 3 dominates, since their binding energy is 
around a few keV. The factor is the largest for q−1 as large as 
the size of the wave functions of those states. For elastic scatter-
ing, where δ = 0, q− is at the smallest O (E R/v) = O (MeV) and 
the momentum maximizing the atomic factor is irrelevant. On the 
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Fig. 3. The atomic excitation factor after the q integration, K int(E R ), defined in Eq. 
(9), as a function of the transferred recoil energy E R . Here, we take m1 = 1 GeV and 
δ = 2 keV.

other hand, for inelastic down-scattering, when E R ∼ δ, q− ap-
proaches zero and the momentum transfer maximizing the factor 
is available.

In Fig. 3, we plot

K int(E R) =
q+∫

q−

q dqK (E R ,q) , (9)

as a function of E R for a representative parameter set of m1 =
1 GeV and δ = 2 keV. The figure shows a peak around E R � δ, since 
q− approaches zero and the maximal value of K (E R , q) is available. 
We emphasize that this enhancement is a characteristic feature of 
the inelastic scattering. The dependence of K int on the DM mass is 
negligible in the mass range we focus on.

The differential event rate for the inelastic DM scattering with 
electrons in xenon is given by

dR

dE R
= nTnχ2

dσ v

dE R
, (10)

where nT ≈ 4 × 1027/ton is the number density of xenon atoms 
and nχ2 is the number density of the DM component χ2. We find 
that dσ v/dE R is almost independent of v around the typical value 
10−3. The final event rate is given by

R � 4 × 109ε2 g2
D

(
1 GeV

m

)(
1 GeV

mA′

)4 ρχ2

ρDM/2
/ton/year. (11)

Here, ρχ2 and ρDM are the energy density of χ2 and the total en-
ergy density of DM respectively. This event rate is about 106 times 
larger than that of elastic scattering per 1 keV bin.

4. The relic abundance

In this section, we discuss the abundance of the DM parti-
cles χ1,2 produced by the thermal freeze-out process. Since the 
mass difference δ is much smaller than the freeze-out temperature 
TFO ∼ m/10, we may start with using the complex scalar field φ to 
compute the abundance of χ1,2.

To evade the direct detection bound from the nuclear recoil ex-
periments, m must be below the GeV scale. For such a small mass, 
the CMB constraint excludes the thermal freeze-out production of 
DM determined by s-wave annihilation [23,24]. We thus consider 
the case where the relic abundance is determined by the p-wave 
annihilation of φ to a pair of SM fermions through the s-channel 
exchange of A′ . The annihilation cross section of φ into a fermion 
f is given by

σ v � ε2q2
f e2 g2

D

6π

m2

m4
A′

v2 × 1(
1 − 4m2/m2

A′
)2

, (12)
where v is the relative velocity of the initial states and q f is the 
electric charge of the fermion f . The correct relic abundance of 
DM is obtained for

εgD � 3 × 10−4 ×
( mA′

0.1 GeV

)2
(

0.1 GeV

m

)

×
∣∣∣∣∣1 − 4m2

m2
A′

∣∣∣∣∣
⎛
⎝∑

f

q2
f

⎞
⎠

−1/2

,

(13)

where the summation over f is taken for the SM fermions lighter 
than φ. For mA′ near 2m, the required value of εgD is suppressed 
because of the enhancement of the annihilation by the dark pho-
ton pole. The blue lines in Fig. 4 show the required value of the 
kinetic mixing ε to explain the observed DM abundance by the 
thermal freeze-out of χ1,2.

Although the total number density of χ is conserved after the 
freeze-out of the annihilation into SM fermions, χ1,2 continue to 
be converted to each other by scatterings with the SM particles 
and more importantly the scattering χ1χ1 ↔ χ2χ2 [25,26] (see 
also ref. [27])1 whose cross section is

σ v = g4
D

π

m

m4
A′

√
2mδ . (14)

Once the temperature drops below the electron mass, electrons al-
most disappear from the thermal bath, and scatterings with the SM 
particles freeze-out. Scatterings with the asymmetric component of 
electrons as well as with photons are negligible. The temperature 
of χ begins to decrease in proportion to the square of the scale 
factor of the universe. When the temperature of χ , Tχ � T 2

γ /me , 
drops below the mass difference δ, the number density of χ2 be-
gins to be exponentially suppressed, and the process χ1χ1 ↔ χ2χ2

eventually freezes out. The mass density of χ2 normalized by the 
DM density is

ρχ2

ρDM
� 0.04

g4
D

( mA′

GeV

)4
(

GeV

m

)1/2 2 keV

δ

(
δ/Tχ,FO

5

)1/2

, (15)

where Tχ,FO is the temperature of χ when the scattering freezes 
out. Here it is assumed that the scattering is effective when 
Tχ ∼ δ. Otherwise, the relic abundances of χ1,2 are identical, 
ρχ2 = ρDM/2.

5. (In)direct constraints

We here discuss (in)direct constraints on the model parameter 
space. Since the p-wave annihilation of the DM particles χ1,2 at 
a low temperature is suppressed, constraints from the CMB and 
the indirect detection experiments are not relevant in our model. 
For mA′/2 < m < mA′ , χ1,2 annihilates into A′ and SM particles 
through an off-shell A′ , but we find that this does not constrain 
the parameter region explaining the XENON1T excess.

The DM-nucleon scattering cross section is

σn = 4αε2 g2
D

(
Z

A

)2 m2
N

m4
A′

� 6 × 10−38 cm2
(

Z/A

0.5

)2 m

GeV

R

100/ton/year
, (16)

1 The scattering among χ was missed in the first version of this paper. We thank 
Masha Baryakhtar, Asher Berlin, Hongwan Liu and Neal Weiner for pointing out this 
process to us.
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Fig. 4. The required value of ε to explain the observed excess of events at XENON1T in terms of the dark photon mass mA′ (black solid lines). The left and right panels 
correspond to the cases of m > mA′ /2 and m < mA′ /2 respectively. We assume gD = 1.2 in both cases. The blue lines denote the required value of ε to obtain the observed 
DM abundance by the thermal freeze-out process, discussed in Sec. 4. The solid lines correspond to the case without any entropy production. The dashed lines assume 
freeze-out during a matter dominated era and the subsequent reheating at TRH, which suppresses the DM abundance by a factor of (TRH/TFO)3. The black dashed lines 
denote the mass density of χ2 normalized by the total DM density. The shaded regions show the constraints from dark radiation and various searches for the dark photon 
A′ which are discussed in Sec. 5.
Fig. 5. The decay of the heavier DM particle χ2 into the lighter χ1 and three pho-
tons, mediated by the dark photon A′ and the SM fermion loop.

where Z is the atomic number, A is the atomic weight, and mN is 
the nucleon mass. In the second line we expressed the parameters 
in terms of the signal rate at XENON1T. The bound from CRESST-
III [28] is satisfied for m � 0.7 GeV. Here we simply scaled the 
constraint on the elastic scattering by the fraction ρχ2 /ρDM. The 
recoil energy for inelastic scattering is typically around two times 
larger than that of elastic scattering, so the actual upper bound on 
m may be few times stronger.

The heavier state χ2 can decay into the lighter state χ1 and 
three photons via the diagram shown in Fig. 5. The decay rate is 
roughly given by

� ∼ 1

(4π)5 α4ε2 g2
D

δ13

m4
A′m8

e
, (17)

which is much smaller than the upper bound from the X-ray 
search (see e.g. [29]) in the parameter space we consider. Note 
that the decay of χ2 into χ1 and one or two photons is highly 
suppressed. Then, any constraint from the decays of χ2 is negligi-
ble.

When m is small, the annihilation of χ after neutrinos decouple 
heats up only electrons and photons, leading to a negative amount 
of dark radiation �Neff . Using the results in [30] and the latest 
constraint on �Neff from the Planck observation [24], we find m >
7 MeV.

The parameter space is further constrained by the dark photon 
searches. For m > mA′/2, the dark photon A′ does not decay into 
χ1,2 and decays only visibly, so that the direct search constraint is 
rather strong. The left panel of Fig. 4 shows the constraints from 
the searches at LHCb [31], Babar [32], NA48/2 [33], KLOE [34–37], 
A1 [38], E774 [39], E141 [40], Orasay [41], and E137 [42,43], as 
summarized in ref. [44]. For m < mA′/2, since A′ can decay into 
χ1,2, the constraints tend to be relaxed, as shown in the right 
panel of the figure. Here we show the constraints from Babar [45]
and NA64 [46].

6. The XENON1T excess

In Fig. 4, using Eqs. (11) and (15), we show the value of the 
kinetic mixing ε which explains the excess of events observed at 
XENON1T with a rate ≈ 100/ton/year by the black solid lines. We 
can see that the observed data is fitted by a wide range of the 
kinetic mixing for both the cases of m > mA′/2 and m < mA′/2.

There exists a parameter set which explains the total abundance 
of χ1,2 by the thermal freeze-out as well as the XENON1T. For 
larger gD , the black lines go up since the relative abundance of χ2
decreases, while the blue lines go down. The blue and black lines 
cross at higher mA′ . For smaller gD , they cross at lower mA′ . As a 
result, the crossing point exists in a viable parameter region when 
1 < gD < 1.4 for m = 0.56 mA′ , and 1 < gD < 1.5 for m = 0.45 mA′ . 
For m closer to mA′/2, since the annihilation cross section of χ1,2
into SM particles becomes larger, the blue lines go down. The blue 
and black lines cross at higher mA′ . The viable range of gD shifts 
downward. The simultaneous explanation of the abundance of χ1,2
by the thermal freeze-out and the XENON1T excess requires large 
gD and/or m close to mA′/2. Otherwise, after fixing the parameters 
to explain the XENON1T excess, the abundance of χ1,2 determined 
by the thermal freeze-out is too large.

The overproduction may be avoided by some entropy produc-
tion. If the freeze-out occurs during a matter dominated era, the 
abundance of χ1,2 is suppressed by a factor of (TFO/TRH)3 where 
TRH is the reheating temperature. Fig. 4 shows the required value 
of ε for several TRH. The BBN constraint requires TRH > 4 MeV
[47,48]. A similar bound is also obtained from the CMB [49], since 
for a lower TRH the reheating after neutrinos decouple is non-
negligible and the neutrinos become relatively cooler than pho-
tons. The figure indicates that there exists a parameter region 
which simultaneously explains the XENON1T excess and realizes 
the correct DM abundance via the thermal freeze-out process and 
entropy production.

Another possibility to change the relic abundance is to intro-
duce an additional particle to which χ1,2 annihilate. If such a par-
ticle is massless, it behaves as dark radiation. The massless new 
particle decouples from the thermal bath around when χ1,2 de-
couple. If this occurs after the QCD phase transition, the massless 
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particle contributes to too much dark radiation [50]. To avoid this 
case, m � GeV is required, which is excluded by nuclear recoil ex-
periments discussed in section 5. If the new particle is massive, 
it may decay into the SM particles. In this case, the annihilation 
should not contain an s-wave. One viable example is the annihila-
tion of χ1,2 into a new scalar particle which is charged under the 
U (1)D and mixes with the SM Higgs boson after the electroweak 
and U (1)D symmetry breaking.

7. Conclusion

We have proposed a new interpretation of the electron recoil 
excess observed in the XENON1T experiment where one of the 
DM components χ2 inelastically scatters off an electron and is 
converted into the lighter DM component χ1. The mass differ-
ence between χ1 and χ2 is converted into electron recoil energy. 
The DM-electron interaction is mediated by a massive dark pho-
ton A′ . The lifetime of the heavier χ2 is sufficiently long and the 
X-ray search does not give a constraint on the relevant parameter 
space. We evaluated the rate of the inelastic DM scattering, taking 
account of the xenon atomic structure, and found a viable param-
eter space which explains the observed excess and is consistent 
with various dark photon searches. Some viable parameter region 
is consistent with the DM relic abundance by the thermal freeze-
out process. Even for the other region, some entropy production or 
a new annihilation mode may be able to address the issue.

In the evaluation of the inelastic DM electron scattering rate, 
taking account of the atomic structure, we found that the scatter-
ing rate is significantly enhanced for a recoil energy at the mass 
difference, since the momentum transfer is allowed to be small 
and can match the size of the wave function of the electrons in 
the atom. This feature is not seen for elastic scattering and it is 
worth studying it in more general setups for applications to other 
direct detection experiments.

Various experiments searching for dark photons are ongoing 
and also proposed (see ref. [44] and references therein). It is im-
portant to explore future prospects to test our model parameter 
space which can explain the XENON1T electron recoil excess.
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