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We show that the excess in electron recoil events seen by the XENON1T experiment can be explained by
a relatively low-mass luminous dark matter candidate. The dark matter scatters inelastically in the detector
(or the surrounding rock) to produce a heavier dark state with a ~2-3 keV mass splitting. This heavier state
then decays within the detector, producing a peak in the electron recoil spectrum that is a good fit to the
observed excess. We comment on the ability of future direct detection experiments to differentiate this
model from other “beyond the standard model” scenarios and from possible tritium backgrounds, including
the use of diurnal modulation, multichannel signals, etc., as possible distinguishing features of this

scenario.
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Introduction.—Recently the XENON Collaboration
announced an excess of low-energy electron recoil events
above their expected background [1]. Though this excess
may originate from a tritium £ decay that was previously
not included in their background model, the collaboration
also examined “beyond the standard model” (BSM)
possibilities that included solar axions and a neutrino
magnetic moment (y,) [2-4]. With a trace amount of
tritium (6.2 4 2.0 x 1072 mol/mol) added to the back-
ground model, the anomaly is explained at 3.2¢ signifi-
cance, while the background plus solar axion (background
plus u,) solution provides a 3.5¢ (3.20) significance fit to
the excess within certain parameter ranges. These BSM
possibilities lose substantial statistical significance when
combined with a trittum component in the fit—down to
2.16 (0.90) for the solar axion (u,) case. It should also be
noted that the axion explanation of the excess is in conflict
with the astrophysical constraints [5]. Additionally, the
collaboration examined the possibility of bosonic dark
matter but found no global significance above 3¢. Other
studies of BSM explanations for the excess include [6-21].

The XENONIT excess is characterized by a peak at
~3 keV. In this Letter, we consider the possibility that the
XENONIT excess is generated by the interactions of lumi-
nous dark matter (LDM) [22-24] with a mass splitting in the
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0 ~ 3 keV range. The basic idea is that dark matter scattering
is purely inelastic, with the dark matter (y) scattering off nuclei
(either in the detector or in the surrounding overburden) to
produce an excited dark state ('). The dark state then decays
(y' = yy) by the emission of a monoenergetic photon with
energy ~o. Given the energy resolution of XENONIT, the
resulting electron recoil spectrum contains a peak that is a
good fit to the XENONIT excess.

The Letter is organized as follows. First, we briefly
review the setup of luminous dark matter and its application
to the XENONIT excess. Next, we present our results.
Following that, we discuss the prospects for future experi-
ments to probe this model. We then conclude with a
discussion of our results.

Luminous dark matter.—QOur basic model is a species of
luminous dark matter. This is a two-state inelastic dark
matter scenario in which the heavier dark state produces
photons via its decays. Specifically, the cosmological cold
dark matter is a particle y with mass m,,, and there exists a
slightly heavier dark state y’, whose mass exceeds m, by
the mass splitting 6 = m, —m, < m,. The dominant
decay of 4’ is through ¥’ — yy. Indeed, if & is sufficiently
small and if ’ and y have the same spin, this is the only
visible decay that will be accessible (a two neutrino final
state would also be possible). Note that, if § <« m,, then in
the rest frame of the ' we will find E, = § + O(8*/m,,).
Note that even if ¥’ decays to y and multiple photons, the
sum of photon energies will be § + O(5?/m,) because the
outgoing y will have negligible kinetic energy for
6/m, < 1. This scenario can emerge if the dark matter
is coupled to a mediator, ¢, through a yy’¢ interaction with

¢ decaying to yy.
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In this scenario, dark matter scattering is entirely
inelastic (yA — y'A). This type of purely inelastic scatter-
ing arises generically in a variety of contexts [23,25-40].
For example, inelastic scattering mediated by a dark photon
with a vector coupling to the dark matter is generic in any
model where dark matter is only charged under sponta-
neously broken continuous symmetries. The reason is that a
gauge boson can only couple to a complex degree of
freedom. But if all of the continuous symmetries under
which the dark matter is charged are spontaneously broken,
then the dark matter is generically expected to split into two
real degrees of freedom. Since one cannot form a vector
current with a single real degree of freedom, the dark
photon must instead couple to an off-diagonal vector
current, yielding inelastic scattering. Moreover, a small
mass splitting can be technically natural, e.g., in models
where the two dark states form a pseudo-Dirac fermion.

As with the ambient dark matter particles, y, the y/
produced from inelastic scattering is nonrelativistic.
Therefore, the eventual decay of the y’ yields nearly
monoenergetic photons in the frame of the Earth. This
spectrum will have a peak at 6 and a width of roughly /36,
where # ~ O(1073) is the approximate velocity of y in the
frame of the Earth. For our purposes, this is essentially a
line signal. But this monoenergetic signal will be smeared
by the energy resolution of the detector. Note also that, in
order for inelastic scattering to be kinematically allowed,
one must have 6 < m){vz; if §~O(keV), then we must
have m, 2 O(GeV).

Note that if the lifetime of 5’ is short, O(1 us), it will
decay within the XENONIT fiducial volume if the initial
inelastic scatter itself took place within this volume. In that
case, it is possible for the initial scatter to also produce a
detectable signal, either in the form of a nuclear recoil or an
electron recoil via the Migdal effect [41-44]. However, we
shall see that, for the inelastic cross section required to
explain the XENONIT electron recoil excess, the corre-
sponding nuclear recoil signal is below current experimen-
tal sensitivity when m, <15 GeV. Additionally, the
upscatter could cause some events to be removed due to
the multiscatter veto, reducing the detection efficiency.
Lastly, the Migdal process will be a subleading effect, since
only a very small fraction of inelastic scatters will produce a
Migdal electron, whereas every inelastic scatter will pro-
duce a photon via y’ decay.

If the lifetime of the y’ is longer, then it is not necessary
for the initial scatter to even occur within the detector.
Instead the dark matter could scatter within the surrounding
rock, with the produced y’ decaying within the detector.
Provided that the decay length of the y' is at most
comparable to the length of the overburden, one would
find that the rate of ¥’ decay in the detector is similar to the
rate of dark matter scattering in the detector. In this case,
there will be some differences between the rate of scattering
and the rate of ¥’ decay in the detector due to the differing

densities and compositions of the detector versus the
surrounding material. But this has little effect on our main
result.

The xenon excess and LDM.—The excess events
observed by XENONIT are tightly restricted to the energy
range of 2-7 keV, with the most significant deviations
within just 2 bins of 2-4 keV. Such a narrowly peaked
signal can be fit with a monoenergetic photon once
smearing due to the detector resolution has been taken
into account. The energy resolution of the XENONIT
detector can be modeled as a Gaussian with width

o(E) E E
oy = 031 /1y +0.0035 . (1)

which gives a width of ~18.5% at E = 2.8 keV, which is in
good agreement with the calibration data [1,45]. The
detection efficiency of low-energy electron recoils is taken
from [1]. The signal model is defined by two parameters:
the line position in energy and the integrated rate. We
perform a two parameter fit to the first 14 bins to find the
best-fit signal model by minimizing the y? between the data
and the signal plus background events. Including additional
bins does not affect the best-fit point but does help evaluate
the relative goodness of fit of the signal models. We find
that a line energy of E,=2.75keV and rate of
69.8 events/(tonne x year) provides a good fit to the data:
y*/d.of =042, with Ay?> = 11.4, compared to the back-
ground-only model as demonstrated in Fig. 1. We also
have included the best fit to the excess with LDM plus
an unconstrained trittum component. The best-fit line
signal shifts down slightly to 2.72 keV with a rate of
62.2 events/(tonne x year), with the trittum mostly con-
tributing to improving the fit in the bins from 4-7 keV.
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FIG. 1. The best-fit line signal model with (green) and without

(blue) the inclusion of a tritium component compared to the
background-only event rate (red) and the background-plus-
tritium event rate (orange).
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With the tritium inclusion, the fit becomes y?/d.o.f = 0.43,
with Ay? = 11.7, compared to the background-only rate.
Thus, a prominent line feature is still a significant compo-
nent of the excess even when an unconstrained tritium
component is added. Note that the best-fit energy we obtain
is higher than the best fit obtained by XENON1T’s bosonic
dark matter fit (E = 2.3 keV). This is due to the bin width
of the provided data. But the best-fit point obtained by the
XENONIT collaboration only differs from the best-fit
point of this analysis by half of a bin width. In our binned
analysis, § = 2.3 keV is only disfavored by Ay? ~ 1, so our
analysis is consistent with that of XENONIT. Nothing
substantial in the model changes if one chooses
0 =23 keV, and we see from Fig. 2 that this point is
strongly preferred to background.

For comparison with the best-fit point, we evaluate the
Ay? for line energies in the range E, = 1-5 keV, where the
Ay? is minimized by finding the best-fit rate and tritium
contribution at each energy. The results of this scan are
shown in Fig. 2. We find that line signals in the entire range
provide a better fit to the data than the background-only
model. Before attempting to explain this excess in terms of
BSM physics, we stress that the interpretation of the excess
as a monoenergetic line stands on its own and could have a
standard model (SM) origin. For example, this line is very
close to the x-ray line produced when ’Ar decays via
K-shell electron capture to 3’Cl, which can then relax to its
ground state by emitting a 2.8 keV photon [45]. With a half-
life of 35 days, ’Ar would need to be continuously
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FIG. 2. The Ay? as a function of the photon energy computed
based on the 14 lowest-energy bins for luminous dark matter with
(green) and without (blue) the inclusion of a tritium component.
For comparison, the background-only Ay? is also given with
(orange) and without (red) the tritium component.

introduced throughout the data-taking period, as no time
dependence of the rate was found [1]. Without a steady
source of 3’Ar, this explanation of the excess is strongly
disfavored.

In the context of LDM, a photon line can provide a viable
explanation of the excess so long as a mass splitting of
~2-3 keV is kinematically accessible (m, 2 1 GeV), the
multiscatter veto is evaded, and constraints from previous
low-threshold analyses are not violated. This includes the
XENONIT ionization only (S2 only) analysis [46], which
constrains both nuclear and electronic recoils, and the
standard S1-S2 analysis that constrained nuclear recoils
[47]. The nuclear recoil rate for LDM upscatter is given by

f()

dR
Px Y 4o, (2)

dER a ZmXMXN

osiA’F? (ER) /

V> Vmin

where p, = 0.3 GeV/ cm? is the local dark matter density,
Hyn 1s the dark matter (DM) nucleon reduced mass, og; is
the spin-independent LDM nucleon cross section, A is the
atomic number of the target (we are assuming identical
couplings to neutrons and protons), F?(Ey) is the nuclear
form factor (taken to be of the Helm form [48]), and f(v) is
the velocity distribution (taken to be Maxwellian, with a
velocity dispersion of vy, =220 km/s and cutoff at
Vese = 344 km/s). The kinematics of inelastic scattering
require that the incoming DM particle have a minimum
velocity given by

o — ERmT + 5/1)(7'
m V2Egmrp,r ’

where my is the mass of the target nucleus and yu,; the
reduced mass of the y and target nucleus.

To check for consistency with previous XENONIT data,
we perform a single bin analysis where the total upscatter-
ing rate is required to be below the total number of
observed events in the signal regions of the two nuclear
recoil analyses [46,49]. For simplicity, we perform this
analysis for the scenario with LDM only and no tritium.
Additionally, the lack of observation of the ~2-3 keV line
in the S2-only electron recoil also constrains the cross
section. To compute the upper limit, we require that the
total number of events in the upper two bins of the S2-only
analysis in a 22 tonne-day exposure (19 events). These
upper bounds are displayed in Fig. 3 along with the cross
section required to explain the excess [i.e., producing a total
rate of 69.8 events/(tonne X year)]. This cross section is
given as a range, where the upper limit of the range assumes
a worst-case loss of efficiency due to the multiscatter veto.
Note that the loss of efficiency will also affect the
constraints we have calculated. A full accounting of the
effect of the multiscatter veto will require a detailed
detector simulation, which is beyond the scope of the
present work.

(3)
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FIG. 3. Constraints on the spin-independent inelastic dark
matter (iDM) nucleon cross section for 6 = 2.75 keV derived
from other XENONIT analyses [46,49]. Constraints from
S2-only data are given for both electron (blue) and nuclear
recoils (orange), while the S1-S2 results are only used to
constrain nuclear recoils (green). The dashed black denotes the
approximate cross section required to explain the excess with a
2.75 keV mass splitting. The purple dotted curve denotes the
future limits that could be placed directly on the Newton-
Raphson signal with 10 times the exposure.

We find that the LDM scenario is viable for a wide range
of DM masses, from ~15-17 GeV down to the kinematic
cutoff of 1 GeV where the required cross section is on the
cusp of the S2-only entity relationship bound. In the near
future XENONNT [50,51] will begin operating. With three
times the fiducial mass of XENONIT, it will be able to
collect 10 times the exposure of XENONIT in a few years.
Assuming a commensurate reduction in the background
rate, such an exposure will directly probe the nuclear recoils
of this LDM scenario down to 10 GeV in dark matter mass.

Future prospects.—We briefly discuss some avenues for
probing this scenario with data from future experiments.

Direct detection spectrum: Upcoming direct detection
experiments should be able to distinguish between this
scenario and other BSM scenarios and possible tritium
backgrounds. In particular, as energy resolution improves,
the peak arising from LDM will become increasingly sharp
and therefore more easily distinguishable from other
possibilities.

Multichannel direct detection signal: Interestingly,
because m,, can be as large as 15 GeV, future xenon-based
direct detection experiments could potentially see a nuclear
recoil signal. If the tail of the nuclear recoil spectrum from
inelastic scattering is above threshold, future experiments
such as LZ [52], XENONNT [50,51], or PandaX-4T [53]
may see both nuclear recoils and the decay signal, which

would be a powerful cross-check. In particular, this signal
could also help distinguish this scenario from that
of bosonic dark matter absorption, which also yields a
monoenergetic peak. Specific model details would natu-
rally arise when considering future signals. For example,
some models produce lifetimes that would preclude obser-
vation of prompt decays within the detector, so one would
see nuclear recoils and decay photons, but they would not
be from the same event (see, for example, [54] for a recent
discussion).

Diurnal modulation: If the decay length is of an order the
length of the overburden [O(10°) m] or greater, then more
events will be observed when the dark matter wind passes
through the Earth (yielding a larger volume for scattering),
while fewer events will be observed if the dark matter wind
comes from above the detector. This diurnal modulation
was discussed in the context of LDM in [24].

Collider production: y or y' can be produced at beam
experiments, yielding either photon or missing energy
signatures. For example, the pp — yy'j process will yield
a monojet and missing energy signal [55,56] if the y’
lifetime is sufficiently large. For a short lifetime (decay
within the detector), it will produce monophoton final state
[57,58]. However, in order to be observed at the LHC, the
boosting of the y’ would have to be substantial, resulting in
a o,, cross section required by the fit that would be
suppressed and mostly out of reach for the LHC.

Beam-dump and fixed-target experiments: y’ can be
produced in beam-dump and fixed-target experiments,
and if it is long-lived, then an energetic photon spectrum
could be seen at FASER [59-62], SHiP [63,64], SeaQuest
[65,66], or other displaced detectors. The production cross
section, however, will be dependent on the model depen-
dent details of the interaction between dark matter and the
standard model.

Summary—XENONIT has recently reported an inter-
esting unexplained excess of electron recoil events, with
typical energies of a few keV. Although this excess can
potentially be explained by a tritium background, there has
naturally been interest in BSM explanations of this signal.
We have shown that this signal can be produced by
a species of luminous dark matter with mass in the
~1-15 GeV range, with a mass splitting between the heavy
and light states of 2.75 keV. If the dark matter scatters
inelastically with nuclei in the detector or the surrounding
rock, then the heavier state can decay back to the light state
within the detector, emitting one or more photons with an
energy of ~2.75 keV. Including the effects of the energy
resolution, this model is a good fit to the data:
y*/d.of =042, with Ay?> = 11.4, compared to the back-
ground-only case. When we include a tritium contribution,
the best-fit line value shifts down to 2.72 keV and the fit
becomes y?/d.o.f. = 0.43, with Ay> = 11.7, compared to
the background-only model. This is a very general frame-
work; the fit to the data depends primarily on the mass
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splitting and the decay channel (to photons) but has very
little specific model dependence on the microphysics.

This scenario can be probed with future data from direct
detection experiments, which can be used to distinguish
this scenario from other BSM scenarios, as well as from the
tritium background. As an example, the LDM structure
allows for a possible distinctive diurnal feature or multi-
channel detection, etc., which can be searched for in future
experiments. In addition, collider, beam-dump, and fixed-
target experiments can also provide interesting signals, but
these are much more dependent on the details of dark
matter interactions with the standard model.
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