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We point out that a nonrelativistic approximately 2 GeV dark matter (DM) which interacts with visible
matter through higher-dimensional Rayleigh operators could explain the excess of “electron recoil” events
recently observed by the XENON1T Collaboration. A DM scattering event results in a few keV photon that
on average carries most of the deposited energy, while the nuclear recoil energy is only a subleading
correction. Since the XENON1T detector does not discriminate between electrons and photons, such events
would be interpreted as excess of the keV electrons. Indirect constraints from dark matter annihilation are
avoided for light mediators of Oð10 MeVÞ that have sizable couplings to neutrinos. One-loop induced
spin-independent scattering in dark matter may soon lead to a confirmation signal or already excludes
regions of viable parameter space for the Rayleigh DM model, depending on what the exact values of the
unknown nonperturbative nuclear matrix elements are.
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I. INTRODUCTION

The XENON1T Collaboration recently announced the
results of a search for dark matter (DM) using electronic
recoils after 0.65 ton-yr of exposure [1]. An anomalously
large number of events were observed as a peak over the
nominal background at the threshold of the experimental
sensitivity. Two different explanations have been proposed
to date. First, the tritium induced background may be
significantly enhanced well above the XENON1T estimate.
Second, this could be the first signal of new physics that
interacts predominantly with electrons.
For instance, when interpreted as an absorption of a solar

axion, the excess events correspond to a 3.5σ deviation over
the background only hypothesis. The significance is some-
what reduced if it is interpreted as solar neutrinos scattering
on electrons via nonzero neutrino magnetic moment [1], or
as the absorption of bosonic dark matter/axionlike particle
on electrons [1,2]. Stellar cooling bounds are in tension
with the solar axion [3,4] and neutrino magnetic moment
intepretations [4–7], but not with bosonic dark matter [8]. A
number of alternative explanations have also been pro-
posed: fast moving DM particles scattering on electrons
[9,10], nonstandard neutrino interactions mediated by light
new particles [11], hidden photon dark matter [12], etc.

In this paper, we propose a third possibility, that the
anomalous events are due to electromagnetic interactions of
nonrelativistic DMwith xenon nuclei. That this is a realistic
possibility is somewhat surprising. First, electromagnetic
interactions lead to scatterings on both nuclei and electrons.
Second, for nonrelavistic DM, only the scatterings on
nuclei result in large enough energy transfers, of a few
keV, so that these can be observed in the XENON1T
detector. In contrast, the observed excess events are
unmistakably of the “electron recoil” type (energy depos-
ited in photons and/or electrons), which seems to rule out
the possibility of elastic scatterings of nonrelativistic DM.
The exception to this naive conclusion is DM that

couples to the visible sector through the Rayleigh operator,
φφFμνFμν. In this case, the 2 → 3 scattering on a xenon
nucleus N, φN → φNγ, is possible, as shown in Fig. 1
(left). The majority of the deposited energy is carried away
by the photon, while the nuclear recoil energy is much
smaller, cf. Fig. 2. To a very good approximation, these
events are indistinguishable from the pure electron recoil
events for the deposited energies of interest [13,14].

FIG. 1. Left: the tree level diagram for φN → φNγ scattering
for Rayleigh DM. Right: the one-loop diagram contributing to
φN → φN scattering.
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At one loop, the Rayleigh operator also induces spin-
independent (SI) φN → φN scattering [17,18]; see Fig. 1
(right). As we explain below, this gives important con-
straints on the model.

II. RAYLEIGH DARK MATTER

For concreteness, we assume that DM is a real scalar, φ,
which couples to the visible sector through dimension-6
Rayleigh operators,

Lint ¼
α

12π

1

Λ2
φ2ðCγFμνFμν þ C̃γFμνF̃μνÞ; ð1Þ

where Fμν is the electromagnetic field strength. DM is
assumed to be Z2 odd and thus stable, while the standard
model (SM) fields are Z2 even. The first (second) operator
in Eq. (1) is CP conserving (violating).
The Rayleigh operators may well be the leading inter-

actions between the SM and the dark sector [19,20]. For
instance, Cγ; C̃γ ∼Oð1Þ are generated at one loop, if DM
couples to heavier states of mass OðΛÞ charged under the
SM electroweak group [20,21]. For Dirac fermion DM, the
one-loop radiative corrections generically also induce
the DM magnetic moment. In contrast, for real scalar
DM or Majorana fermion DM, the operators of lowest
dimension that couple DM to gauge bosons are, in fact, the
Rayleigh operators.

III. SIGNATURE IN XENON1T

The direct detection signatures of Rayleigh DM are of
two types: i) a purely nuclear recoil event φN → φN
induced at one loop through two-photon exchange and
ii) the φN → φNγ scattering, in which the energy is
distributed between the nuclear recoil and the energy of

the photon. The cross section for the φN → φNγ scattering
is given by

dσ
dENRdEγ

¼ 1

16

1

ð2πÞ3
jMj2
mφmNv

; ð2Þ

where ENR is the recoil energy of the nucleus; Eγ is the
photon energy; mφ and mN are, respectively, the masses of
the DM and of the nucleus; and v ∼ 10−3 is the velocity of
the incoming DM. We work in the nonrelativistic limit,
assumingmφ ≪ mN , so that the laboratory frame coincides
with the center of mass frame for the scattering. The
amplitude squared is

jMj2 ¼
�
2

ffiffiffi
2

p

3π

αZeCγ

Λ2

�
2 1

ðQ2Þ2 ½Q
2ððk · p2Þ2

þ ðk · p4Þ2Þ − 2m2
Nðk · qÞ2�; ð3Þ

where qμ ¼ pμ
4 − pμ

2, Q
2 ≡ −q2 ¼ 2mNENR, with the 4-

momenta as defined in Fig. 1 (left) and Z ¼ 54 the atomic
number of xenon. The differential cross section peaks
toward small values of ENR due to the photon pole and
the large mass of the nucleus, while the emitted photon
tends to have the maximal energy; see Fig. 2. Below, we set
C̃γ ¼ 0. However, all our results apply also to the CP
violating case, with Cγ → C̃γ replacements.
The signal rate in the XENON1T detector is given by

dR=dEγ ¼ ρ0
R
v>vmin

d3vvf⊙ðv⃗Þðdσ=dEγÞ=ðmφmNÞ, where
vmin ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Eγ=mφ

p
up to small corrections ofOðE2

γ=mNmφÞ,
and ρ0 ¼ 0.3 GeV=cm3 is the local DMdensity. For the DM
velocity distribution f⊙ðvÞ, we use the standard model halo
type distribution truncated at the escape velocity vesc ¼
550 km=s and width of v̄ ¼ 220 km=s; see Ref. [22].
We fit for the optimal Rayleigh DM signal, ignoring ENR

contributions, using a χ2 constructed from XENON1T
measurements in the recoil energy interval up to 30 keV,
with the efficiency curve and the nominal backgroundmodel
given in Ref. [1]. The best fit point has a significance of 3.3σ
over the background only hypothesis and is obtained for
mφ ¼ 1.9 GeV and Cγ=Λ2 ¼ 1=ðfφð50 MeVÞ2Þ, where
fφ ≡Ωφ=ΩDM is the fraction of DM relic abundance that
is due to φ. The comparison with XENON1T data, depicted
as black points with error bars, is given in Fig. 3. The signal
due toRayleighDM(theXENON1Tbackgroundprediction)
is shownwith blue dashed (solid red) line. Since theRayleigh
DM signal is relatively wide, the energy smearing by the
detector [23,24] does not lead to any visible effect; thuswedo
not include it in the χ2 fit nor in Fig. 3. Varying the DMmass
and the effective scale Λ=

ffiffiffiffiffiffi
Cγ

p
gives the 1σð2σÞ preferred

regions, shownwith dark (light) green shading in Fig. 4. The
DM mass in the range approximately 1 to 3.5 GeV is
preferred, on the border of the detection threshold for

FIG. 2. The simulated recoil energy spectra, ER ¼ fEγ; ENRg,
in the φA → φAγ scattering through the CP conserving Rayleigh
operator, Eq. (1), for a monochromatic DM of fixed incoming
velocity v ¼ 400 km=s and mass mφ ¼ 2 GeV. The energy
spectrum of the emitted photon (blue shaded region) is signifi-
cantly harder than the energy due to the nuclear recoil (orange
shaded region). The gray shading indicates the 1 keV detector
threshold for electron recoils. The distributions were obtained
using FEYNRULES [15] and MADGRAPH5 [16].
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XENON1T. The effective scale Λ=
ffiffiffiffiffiffi
Cγ

p
is in the range

of Oð50 MeVÞ.
As we can see, the Rayleigh DM scattering describes the

observed XENON1T excess rather well. Next, we explore
whether the low effective New Physics (NP) scale Λ can be
phenomenologically viable, starting with the induced SI
nuclear recoil scattering.

IV. SPIN-INDEPENDENT NUCLEAR SCATTERING

At one loop, the Rayleigh operator generates SI scatter-
ing on the nuclei, φN → φN, via the two-photon exchange

diagram; see Fig. 1 (right). This contribution is dominated
by nuclear scales and is thus described by a nonperturbative
matrix element. For a spin-1=2 nucleus N, the matrix
element is

hfjðφφÞFμνFμνjii ¼ αZ2

4π
Q̃0hfjðφφÞūNuN jii: ð4Þ

For spin-0 nuclei, we substitute ūNuN → 2mN in the above
expression. The initial and final jφijNi states are shortened
as jii; jfi. The prefactor αZ2=ð4πÞ is based on naive
dimensional analysis, assuming coherent scattering of
two photons on the total charge of the nucleus. The
nonperturbative parameter Q̃0 has a dimension of GeV
and is expected to be parametrically of the inverse size of
the corresponding nucleus, Q̃0 ¼ κ=

ffiffiffiffiffiffiffiffi
hr2i

p
, where

ffiffiffiffiffiffiffiffi
hr2i

p
is

the charge radius of the nucleus. In the numerical analysis,
we use two values for the coherence factor, κ ¼ 0.5 and
κ ¼ 0.05, to show the uncertainties related to this otherwise
completely unknown matrix element. The perturbative two-
photon exchange model gives larger estimates for Q̃0

[17,18]. We also expect the Rayleigh operator to mix into
dimension-5 DM–scalar-quark-current operators at one
loop, leading to destructive interference in the direct
detection rate [18]. This highlights the uncertainties sur-
rounding the estimates of Q̃0 nuclear matrix elements.
Also, for potentially important contributions from two-
body currents, see Ref. [30].
The SI φN → φN scattering cross section is

σN ¼ A2ðμ2φN=μ2φnÞσn, where

σn ¼
1

4π

�
α

12π

Cγ

Λ2

�
2
�
αZ2

2π
Q̃0

�
2 μ2φn
μ2φN

1

A2
ð5Þ

is the SI cross section for a single nucleon on which bounds
are quoted by the direct detection experiments; see, e.g.,
Refs. [31,32]. Here, A is the atomic number, and μφnðNÞ the
reduced mass of the DM–nucleon (nucleus) system. While
the φN → φN scattering cross section is loop suppressed, it
is still much larger than the φN → φNγ cross section,
which has the phase space suppression due to the extra
particle in the final state and, more importantly, extra
suppression due to small available recoil energies. The
φN → φN cross section is enhanced by a much larger
dimensionful quantity Q̃2

0.
A number of direct detection experiments were able to

probe the low mass DM region using nuclear recoils with
low thresholds. The most important constraints for the case
of Rayleigh DM are shown in Fig. 4, with blue lines
denoting CRESST-III [25], gray lines denoting CDMS-lite
[26], orange lines denoting DarkSide-50 [27], and black
(red) lines denoting the Xenon-100 [28] (XENON1T [29])
low mass dark matter searches, where the dotted (solid)
lines correspond to coherence factors κ ¼ 0.5ð0.05Þ. The

FIG. 3. The signal in XENON1T from Rayleigh DM scattering
for the best fit point, mφ ¼ 1.9 GeV, Λ=

ffiffiffiffiffiffi
Cγ

p ¼ 50 MeV (blue
dashed line) compared to the background only hypothesis (red).
XENON1T data points are indicated with black error bars.

FIG. 4. The preferred 1σð2σÞ region that explains the XEN-
ON1T anomaly shown with dark (light) green shading in the
plane mφ vs Λ=

ffiffiffiffiffiffi
Cγ

p
for the Rayleigh dark matter, assuming this

is the total of DM relic abundance, fφ ¼ 1. The lower constraints
on Λ=

ffiffiffiffiffiffi
Cγ

p
from one-loop induced SI nuclear scattering, which

suffer from large nonperturbative matrix element uncertainties,
are denoted with blue (CRESST-III [25]), gray (CDSM-lite [26]),
orange (DarkSide-50 [27]), black (Xenon-100 [28]), and red
(XENON1T [29]) lines for the nuclear coherence factors κ ¼ 0.5,
0.05 (dotted and solid, respectively). In each case, the regions
below the lines are excluded.
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regions below the lines are excluded for the assumed
inputs. Even though one cannot draw definitive conclusions
due to the large uncertainties, it is still quite likely that for
mφ ≳ 1.8 GeV the region preferred by XENON1Tanomaly
is excluded by the SI nucleon scattering search by Xenon-
100, as this would require a significantly suppressed
nuclear nonperturbative matrix element. For lower masses,
the region is likely allowed since exclusions would require
enhanced nonperturbative matrix elements instead.
The one-loop two-photon exchange also induces scatter-

ing of DM on electrons [33]. However, these cross sections
are parametrically suppressed by m2

e and do not lead to
relevant constrains on Λ=

ffiffiffiffiffiffi
Cγ

p
.

V. SECLUDED DARK MATTER

The relatively low effective scale in the Rayleigh operator,
Λ=

ffiffiffiffiffiffi
Cγ

p
∼Oð50 MeVÞ, can be easily realized if DM is

secluded, i.e., if it does not directly couple to the visible
matter but rather through a mediator. We consider a simple
model where the interactionwith photon ismediated through
a light (pseudo)scalar awithmassma ∼Oð1–10 MeVÞ. The
relevant interaction terms are

La ⊃ μφφ
2aþ α

12π

a
ΛUV

ðCaγFF þ C̃aγFF̃Þ; ð6Þ

whereFF¼FμνFμν,FF̃¼FμνF̃μν. Formomenta exchanges
below ma, which is the case for XENON1T anomalous
events, the light scalara can be integrated out, resulting in the
CP even Rayleigh operator in (1) with

Cγ

Λ2
¼ Caγ

ΛUV

μφ
m2

a
; ð7Þ

and similarly for theCP odd coupling, withCγ→ C̃γ ,Caγ →
C̃aγ replacements.
The tree level exchange of a leads to a large self-

interaction cross section for φφ → φφ scattering, well
above the QCD cross section for mφ ∼OðGeVÞ. This is
excluded by astrophysical observations, if φ is the dom-
inant contribution to the DM relic density, but is allowed if
φ is a subdominant component, for fφ of a few tens of
percent, comparable with the baryonic energy density [34].
We therefore assume that φ is part of a multicomponent
dark matter (for examples of such models, see, e.g.,
Refs. [35–51]) with a benchmark value fφ ¼ 0.2.
The best fit point of the XENON1T anomaly is obtained

for

ΛUV

Caγ
¼ 1 TeV

�
fφ
0.2

��
1 MeV
ma

�
2
�

μφ
2 GeV

�
ð8Þ

and can thus be due to a coupling to TeV scale particles,
e.g., vectorlike fermions, that carry electroweak charges

and induce dimension-5 couplings in (6). Another option is
that a is a pseudo–Nambu-Goldstone boson of a global
symmetry that is broken at the TeV scale and is anomalous
with respect to Uð1Þem in which case the aF̃F term is
induced. This has the benefit that the shift symmetry protects
the mass of a. This symmetry is broken via couplings to DM
which would induce ma ∼Oð1–10 MeVÞ.

A. Indirect DM constraints

In the secludedDMmodel, there are two types of tree level
processes that give gamma-ray line signals from DM anni-
hilations to photons. The first is s channel φφ annihilation
from a exchange, φφ → a� → γγ, where a is far off
shell since ma ≪ mφ. This gives a gamma-ray line at mφ

with the annihilation cross section ðσvÞφφ→2γ ¼ ½μφαCaγ=
ð12πΛUVÞ�2=ð4πm2

φÞ.
The φφ → aa annihilation, where a decays to two

photons, also gives in the limit ma ≪ mφ a line-shaped
gamma-ray signal but at mφ=2. The relative width of the
gamma-ray line is given byma=mφ and is in our case small,
approximately 10−3. The φφ → aa annihilation cross sec-
tion, induced by the trilinear coupling, is ðσvÞφφ→2a ¼
μ4φ=ð8πm6

φÞ, and is in general large, barring possible can-
cellations with the quartic contributions in La. If a decays
predominantly to two photons, this would lead to an
untenably large signal in gamma-ray flux in the sky. We
thus assume that a decays predominantly to either neutrinos
or other invisible states, such that Brða → γγÞ is below
Oð10−7Þ, inwhich case the bounds fromgamma-ray lines are
avoided. For instance, if a couples to ντ with the strength that
resolves theHubble tension, Brða → γγÞ are suppressedwell
below these bounds. A concrete example of a that couples
more strongly to neutrinos than photons is the inverse seesaw
model for neutrino masses, given in the supplemental
material [52].
The constraints from φφ → 2γ are shown in Fig. 5 for

fφ ¼ 0.2 (for smaller values of fφ, the indirect bounds
become less important). For easier comparison with Fig. 4,
we translate, using Eq. (7), the constraints to the upper
bounds on the effective NP scale of the Rayleigh operator,
Λ=Cγ , choosing several representative values of ma ¼
f2; 10; 30; 80g MeV. The brown (black) lines show the
corresponding 90% C.L. limits from gamma-ray emissions
in the Galactic Center as observed by EGRET [53] (Fermi-
LAT [54]). In both cases, we choose the bounds for a
Navarro-Frenk-White (NFW) profile. The region preferred
by the XENON1T anomaly is not constrained if the
mediator is lighter than about ma ∼ 10 MeV.
Since the mediator decays invisibly, the direct constraints

on the production of a from colliders or beam dumps are
weakened. For mφ ≈ μφ ≈ 2 GeV and ma ≈Oð10 MeVÞ,
the parameter space required to explain XENON1T,
cf. Eq. (8), is allowed [55–57]. For larger values of
ΛUV=Cγ , the bounds from supernova cooling may become
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important. Those are discussed in the supplemental
material [52] using the inverse seesaw model as an
example.

VI. CONCLUSIONS

The intriguing electron recoil excess events in
XENON1T can be due to nonrelativistic DM scattering
off nuclei, if the scattering is induced by Rayleigh oper-
ators, since the XENON1T detector does not discriminate
between electrons and photons. In our analysis, we
neglected the small nuclear recoil contribution, which
we believe to be an excellent approximation. It would

be useful that this is checked by a detailed detector response
simulation.
The Rayleigh DM model that explains the XENON1T

anomaly faces, unsurprisingly, severe constraints from
indirect detection and one-loop induced SI scattering.
We have showed that viable parameter space exists for
the case of MeV scale mediators. There are several
uncertainties affecting the discussion. First, due to uncer-
tain nonperturbative nuclear matrix elements, one cannot
draw definite conclusions to what extent the Rayleigh DM
model that explains XENON1T is constrained by bounds
on spin-independent scattering on nuclei. Further, the
signal arises from parts of the DM velocity distribution
that are relatively close to the escape velocity and is thus
subject to enhanced uncertainties in the DM halo velocity
distributions. It would be interesting to revisit these issues if
the mediator is lighter than the Effective Field Theory
(EFT) limit.
The suggested Rayleigh DM model can be probed

experimentally, by improving the experimental bounds on
low mass DM searches from nuclear recoils, by exploring
whether there are any small difference between photon and
electron energy deposits, by searching for neutrino inter-
actions with theMeV scalemediator, or for the production of
the weakly coupled mediator in collider experiments.

ACKNOWLEDGMENTS

We thank Ranny Budnik, Felix Kahlhoefer, and Diego
Redigolo for useful discussions. J. Z. andM. T. acknowledge
support in part by the DOE Grant No. de-sc0011784. M. T.
acknowledges financial support from theSlovenianResearch
Agency (research core funding Grant No. P1-0035). G. P.
andA. A. P.were supported in part by theDOEGrantNo. de-
sc0007983. G. P. was also supported in part by a Career
Development Chair award from Wayne State University.

[1] E. Aprile et al. (XENON Collaboration), Phys. Rev. D 102,
072004 (2020).

[2] F. Takahashi, M. Yamada, and W. Yin, Phys. Rev. Lett. 125,
161801 (2020).

[3] M. Giannotti, I. G. Irastorza, J. Redondo, A. Ringwald, and
K. Saikawa, J. Cosmol. Astropart. Phys. 10 (2017) 010.

[4] S. A. Díaz, K. P. Schröder, K. Zuber, D. Jack, and E. E. B.
Barrios, arXiv:1910.10568.

[5] A. H. Córsico, L. G. Althaus, M. M. Miller Bertolami, S. O.
Kepler, and E. García-Berro, J. Cosmol. Astropart. Phys. 08
(2014) 054.

[6] N. F. Bell, M. Gorchtein, M. J. Ramsey-Musolf, P. Vogel,
and P. Wang, Phys. Lett. B 642, 377 (2006).

[7] N. F. Bell, V. Cirigliano, M. J. Ramsey-Musolf, P. Vogel,
and M. B. Wise, Phys. Rev. Lett. 95, 151802 (2005).

[8] L. Calibbi, D. Redigolo, R. Ziegler, and J. Zupan,
arXiv:2006.04795.

[9] B. Fornal, P. Sandick, J. Shu, M. Su, and Y. Zhao, Phys.
Rev. Lett. 125, 161804 (2020).

[10] K. Kannike, M. Raidal, H. Veermäe, A. Strumia, and D.
Teresi, Phys. Rev. D 102, 095002 (2020).

[11] C. Boehm, D. G. Cerdeno, M. Fairbairn, P. A. N. Machado,
and A. C. Vincent, Phys. Rev. D 102, 115013 (2020).

[12] G. Alonso-Álvarez, F. Ertas, J. Jaeckel, F. Kahlhoefer, and
L. J. Thormaehlen, J. Cosmol. Astropart. Phys. 11 (2020)
029.

[13] R. Budnik (private communication).
[14] M. Szydagis, N. Barry, K. Kazkaz, J. Mock, D. Stolp, M.

Sweany, M. Tripathi, S. Uvarov, N. Walsh, and M.Woods, J.
Instrum. 6, P10002 (2011).

FIG. 5. The region preferred by the XENON1T anomaly is
shown with green shading, as in Fig. 4, while the solid lines show
constraints from gamma-ray line searches from dark matter
annihilation in the Galactic Center, due to EGRET [53] (brown)
and Fermi-LAT[54] (black) data for several values of mediator.
For each choice of the mediator mass, the region below the line is
excluded.

SHINING DARK MATTER IN XENON1T PHYS. REV. D 103, L051703 (2021)

L051703-5

https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevLett.125.161801
https://doi.org/10.1103/PhysRevLett.125.161801
https://doi.org/10.1088/1475-7516/2017/10/010
https://arXiv.org/abs/1910.10568
https://doi.org/10.1088/1475-7516/2014/08/054
https://doi.org/10.1088/1475-7516/2014/08/054
https://doi.org/10.1016/j.physletb.2006.09.055
https://doi.org/10.1103/PhysRevLett.95.151802
https://arXiv.org/abs/2006.04795
https://doi.org/10.1103/PhysRevLett.125.161804
https://doi.org/10.1103/PhysRevLett.125.161804
https://doi.org/10.1103/PhysRevD.102.095002
https://doi.org/10.1103/PhysRevD.102.115013
https://doi.org/10.1088/1475-7516/2020/11/029
https://doi.org/10.1088/1475-7516/2020/11/029
https://doi.org/10.1088/1748-0221/6/10/P10002
https://doi.org/10.1088/1748-0221/6/10/P10002


[15] N. D. Christensen and C. Duhr, Comput. Phys. Commun.
180, 1614 (2009).

[16] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T.
Stelzer, J. High Energy Phys. 06 (2011) 128.

[17] N. Weiner and I. Yavin, Phys. Rev. D 86, 075021 (2012).
[18] M. T. Frandsen, U. Haisch, F. Kahlhoefer, P. Mertsch, and

K. Schmidt-Hoberg, J. Cosmol. Astropart. Phys. 10 (2012)
033.

[19] B. J. Kavanagh, P. Panci, and R. Ziegler, J. High Energy
Phys. 04 (2019) 089.

[20] N. Weiner and I. Yavin, Phys. Rev. D 87, 023523 (2013).
[21] S. Fichet, J. High Energy Phys. 04 (2017) 088.
[22] M. Fairbairn and T. Schwetz, J. Cosmol. Astropart. Phys. 01

(2009) 037.
[23] E. Aprile et al. (XENON Collaboration), Eur. Phys. J. C 80,

785 (2020).
[24] E. Aprile et al. (XENON Collaboration), Eur. Phys. J. C 77,

881 (2017).
[25] A. H. Abdelhameed et al. (CRESST Collaboration), Phys.

Rev. D 100, 102002 (2019).
[26] R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev.

Lett. 116, 071301 (2016).
[27] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. Lett.

121, 081307 (2018).
[28] E. Aprile et al. (XENON Collaboration), Phys. Rev. D 94,

092001 (2016); 95, 059901(E) (2017).
[29] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.

123, 251801 (2019).
[30] G. Ovanesyan and L. Vecchi, J. High Energy Phys. 07

(2015) 128.
[31] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov,

Comput. Phys. Commun. 180, 747 (2009).
[32] J. Kopp, T. Schwetz, and J. Zupan, J. Cosmol. Astropart.

Phys. 02 (2010) 014.
[33] L. Barak et al. (SENSEI Collaboration), Phys. Rev. Lett.

125, 171802 (2020).
[34] J. Fan, A. Katz, L. Randall, and M. Reece, Phys. Dark

Universe 2, 139 (2013).
[35] Y. Cui, D. E. Morrissey, D. Poland, and L. Randall, J. High

Energy Phys. 05 (2009) 076.
[36] M. Fairbairn and J. Zupan, J. Cosmol. Astropart. Phys. 07

(2009) 001.

[37] K. M. Zurek, Phys. Rev. D 79, 115002 (2009).
[38] S. Profumo, K. Sigurdson, and L. Ubaldi, J. Cosmol.

Astropart. Phys. 12 (2009) 016.
[39] I. Z. Rothstein, T. Schwetz, and J. Zupan, J. Cosmol.

Astropart. Phys. 07 (2009) 018.
[40] F. D’Eramo and J. Thaler, J. High Energy Phys. 06 (2010)

109.
[41] B. Batell, Phys. Rev. D 83, 035006 (2011).
[42] K. R. Dienes and B. Thomas, Phys. Rev. D 85, 083523

(2012).
[43] M. Aoki, M. Duerr, J. Kubo, and H. Takano, Phys. Rev. D

86, 076015 (2012).
[44] K. Agashe, Y. Cui, L. Necib, and J. Thaler, J. Cosmol.

Astropart. Phys. 10 (2014) 062.
[45] S. Bhattacharya, A. Drozd, B. Grzadkowski, and J. Wudka,

J. High Energy Phys. 10 (2013) 158.
[46] A. Ahmed, M. Duch, B. Grzadkowski, and M. Iglicki, Eur.

Phys. J. C 78, 905 (2018).
[47] F. Elahi and S. Khatibi, Phys. Rev. D 100, 015019

(2019).
[48] D. Borah, R. Roshan, and A. Sil, Phys. Rev. D 100, 055027

(2019).
[49] C. E. Yaguna and Ó. Zapata, J. High Energy Phys. 03 (2020)

109.
[50] M. Becker and W. C. Huang, arXiv:1911.06788.
[51] K. R. Dienes, D. Kim, H. Song, S. Su, B. Thomas, and D.

Yaylali, Phys. Rev. D 101, 075024 (2020).
[52] See Supplemental Material at http://link.aps.org/

supplemental/10.1103/PhysRevD.103.L051703 for addi-
tional collider and SuperNovae bounds and a realistic UV
model based on inverse see-saw mechanism.

[53] A. R. Pullen, R. R. Chary, and M. Kamionkowski, Phys.
Rev. D 76, 063006 (2007); 83, 029904(E) (2011).

[54] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.
Rev. D 91, 122002 (2015).

[55] M. J. Dolan, T. Ferber, C. Hearty, F. Kahlhoefer, and K.
Schmidt-Hoberg, J. High Energy Phys. 12 (2017) 094.

[56] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. Lett.
119, 131804 (2017).

[57] D. Banerjee et al. (NA64 Collaboration), Phys. Rev. Lett.
125, 081801 (2020).

PAZ, PETROV, TAMMARO, and ZUPAN PHYS. REV. D 103, L051703 (2021)

L051703-6

https://doi.org/10.1016/j.cpc.2009.02.018
https://doi.org/10.1016/j.cpc.2009.02.018
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1103/PhysRevD.86.075021
https://doi.org/10.1088/1475-7516/2012/10/033
https://doi.org/10.1088/1475-7516/2012/10/033
https://doi.org/10.1007/JHEP04(2019)089
https://doi.org/10.1007/JHEP04(2019)089
https://doi.org/10.1103/PhysRevD.87.023523
https://doi.org/10.1007/JHEP04(2017)088
https://doi.org/10.1088/1475-7516/2009/01/037
https://doi.org/10.1088/1475-7516/2009/01/037
https://doi.org/10.1140/epjc/s10052-020-8284-0
https://doi.org/10.1140/epjc/s10052-020-8284-0
https://doi.org/10.1140/epjc/s10052-017-5326-3
https://doi.org/10.1140/epjc/s10052-017-5326-3
https://doi.org/10.1103/PhysRevD.100.102002
https://doi.org/10.1103/PhysRevD.100.102002
https://doi.org/10.1103/PhysRevLett.116.071301
https://doi.org/10.1103/PhysRevLett.116.071301
https://doi.org/10.1103/PhysRevLett.121.081307
https://doi.org/10.1103/PhysRevLett.121.081307
https://doi.org/10.1103/PhysRevD.94.092001
https://doi.org/10.1103/PhysRevD.94.092001
https://doi.org/10.1103/PhysRevD.95.059901
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1007/JHEP07(2015)128
https://doi.org/10.1007/JHEP07(2015)128
https://doi.org/10.1016/j.cpc.2008.11.019
https://doi.org/10.1088/1475-7516/2010/02/014
https://doi.org/10.1088/1475-7516/2010/02/014
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1016/j.dark.2013.07.001
https://doi.org/10.1016/j.dark.2013.07.001
https://doi.org/10.1088/1126-6708/2009/05/076
https://doi.org/10.1088/1126-6708/2009/05/076
https://doi.org/10.1088/1475-7516/2009/07/001
https://doi.org/10.1088/1475-7516/2009/07/001
https://doi.org/10.1103/PhysRevD.79.115002
https://doi.org/10.1088/1475-7516/2009/12/016
https://doi.org/10.1088/1475-7516/2009/12/016
https://doi.org/10.1088/1475-7516/2009/07/018
https://doi.org/10.1088/1475-7516/2009/07/018
https://doi.org/10.1007/JHEP06(2010)109
https://doi.org/10.1007/JHEP06(2010)109
https://doi.org/10.1103/PhysRevD.83.035006
https://doi.org/10.1103/PhysRevD.85.083523
https://doi.org/10.1103/PhysRevD.85.083523
https://doi.org/10.1103/PhysRevD.86.076015
https://doi.org/10.1103/PhysRevD.86.076015
https://doi.org/10.1088/1475-7516/2014/10/062
https://doi.org/10.1088/1475-7516/2014/10/062
https://doi.org/10.1007/JHEP10(2013)158
https://doi.org/10.1140/epjc/s10052-018-6371-2
https://doi.org/10.1140/epjc/s10052-018-6371-2
https://doi.org/10.1103/PhysRevD.100.015019
https://doi.org/10.1103/PhysRevD.100.015019
https://doi.org/10.1103/PhysRevD.100.055027
https://doi.org/10.1103/PhysRevD.100.055027
https://doi.org/10.1007/JHEP03(2020)109
https://doi.org/10.1007/JHEP03(2020)109
https://arXiv.org/abs/1911.06788
https://doi.org/10.1103/PhysRevD.101.075024
http://link.aps.org/supplemental/10.1103/PhysRevD.103.L051703
http://link.aps.org/supplemental/10.1103/PhysRevD.103.L051703
http://link.aps.org/supplemental/10.1103/PhysRevD.103.L051703
http://link.aps.org/supplemental/10.1103/PhysRevD.103.L051703
http://link.aps.org/supplemental/10.1103/PhysRevD.103.L051703
http://link.aps.org/supplemental/10.1103/PhysRevD.103.L051703
http://link.aps.org/supplemental/10.1103/PhysRevD.103.L051703
https://doi.org/10.1103/PhysRevD.76.063006
https://doi.org/10.1103/PhysRevD.76.063006
https://doi.org/10.1103/PhysRevD.83.029904
https://doi.org/10.1103/PhysRevD.91.122002
https://doi.org/10.1103/PhysRevD.91.122002
https://doi.org/10.1007/JHEP12(2017)094
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.125.081801
https://doi.org/10.1103/PhysRevLett.125.081801

