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We present a search for dark matter particles with sub-GeV/c2 masses whose interactions have
final state electrons using the DarkSide-50 experiment’s (12 306± 184) kg d low-radioactivity liquid
argon exposure. By analyzing the ionization signals, we exclude new parameter space for the dark
matter-electron cross section σ̄e, the axioelectric coupling constant gAe, and the dark photon kinetic
mixing parameter κ. We also set the first dark matter direct-detection constraints on the mixing
angle |Ue4|2 for keV sterile neutrinos.

The very nature of dark matter (DM) remains un-
known despite cosmological and astronomical observa-
tions collecting evidence of its existence over the last
several decades [1–5]. Traditionally, DM particles with
masses ranging from a GeV/c2 to few TeV/c2 have been
extensively searched for by experiments located in under-
ground laboratories by detecting their interactions with
baryonic matter via elastic scattering off atomic nuclei [6–
13] – usually called nuclear recoils (NRs). Heavy DM can
also scatter off electrons, but the energy of such interac-
tions – called electron recoils (ERs) – is suppressed due
to the small electron mass. The lack of concrete evi-
dence of direct DM detection motivates the search for
other candidates and their possible interactions via scat-
tering off, or absorption by, shell electrons, which may
subsequently produce sufficiently large ionization signals
in the detector [14].

This Letter reports on the analysis of the
653.1 live-days of data collected with the DarkSide-50
experiment (DS-50) to probe DM interactions in the
form of light DM-electron scattering, absorption of
bosonic DM (axion-like particles and dark photons), and
sterile neutrino-electron scattering. This analysis uses a
more accurate calibration of the detector response [15],
improved background modeling and determination of
its systematic uncertainties [16], and a larger data-set
compared to the previous study [17].

DS-50 is a dual-phase time projection chamber (TPC)
housed in Italy’s INFN Laboratori Nazionali del Gran
Sasso (LNGS). The active volume consists of low-
radioactivity underground liquid argon (LAr). Construc-
tion and performance details regarding the DS-50 detec-

tor are described in Ref. [18]. Two measurable signals
can be observed: the light from scintillation in the liquid
(S1) and ionization electrons, which are drifted using a
200 V/cm electric field in the LAr volume and extracted
by a 2.8 kV/cm electric field into the gas phase, produc-
ing electroluminescence photons (S2). Two arrays of 19
3-in photomultiplier tubes (PMTs), one above the an-
ode and one below the cathode, detect photons. The
DS-50 TPC, enclosed in a stainless steel double-walled,
vacuum-insulated cryostat, lies inside a 30 t boron-loaded
liquid scintillator veto instrumented by 110 8-in PMTs –
to actively reject neutrons in situ – surrounded by a 1 kt
water Cerenkov veto with 80 PMTs – to actively tag cos-
mic muons and act as a passive shield against external
backgrounds.

The data selection criteria for this analysis aim to iden-
tify single-scatter, low-energy events in the form of paired
S1 and S2 or S2-only pulses uncorrelated to any previous
event. Various quality and selection cuts based on the
ratio of S1 and S2, S2 signal time profile, and S2 distribu-
tion across the PMT arrays are implemented [16]. These
cuts remove pileup pulses, surface α events, and spurious
trapped ionization electrons released up to 20 ms after
the previous event. Moreover, only events reconstructed
in the fiducial volume are selected, defined by the seven
central top PMTs [16]. Veto detector signals are not used
in the data selection since S2 triggers are delayed with
respect to the veto by the electron drift time in the TPC.
Fig. 1 shows the final ionization spectrum obtained after
all cuts described in [16], resulting in an active mass of
(46.4± 0.7) kg and exposure of (12 306± 184) kg d.

This analysis is performed in the energy interval 4 to
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170 e− (0.06 to 21 keVer), above the region where the
trapped electron spectrum dominates the background
model and up to the endpoint of the detector’s energy re-
sponse calibration [16]. The background model accounts
for the natural radioactivity present in the LAr bulk due
to 39Ar and 85Kr contamination, and γs and X-rays from
detector components like the PMTs, the TPC structure,
and stainless-steel cryostat whose specific activities were
determined via a comprehensive material screening cam-
paign. For each, the ionization spectra with associated
uncertainties were obtained via a detailed Monte Carlo
simulation of DS-50 [16, 19]. The red curve in Fig. 1
shows the background model fitted to data.

In this Letter, we search for several DM candidates us-
ing the DS-50 data-set and background model. The can-
didates are assumed to be non-relativistic and comprise
all of the galactic DM. While additional local sources
for dark matter may be present (e.g. solar production
of dark photons [20]), we set constraints using the in-
teraction rates for the candidate only according to the
Standard Halo Model. Following the recommendations
in Ref. [21], we assume a local DM density (ρDM) of
0.3 GeV/(c2 cm3), a standard isothermal Maxwellian ve-
locity distribution (f(v) where v the DM’s velocity) with
an escape velocity of 544 km/s, and a local standard of
rest velocity of 238 km/s. Moreover, the predicted ion-
ization rates per unit mass (R) are expressed as a func-
tion of the outgoing electron’s recoil energy Eer. Using
the argon ionization response, the spectra are expressed
in number of electrons (Ne). The ionization response is
obtained from the 39Ar β-decay sample from an atmo-
spheric argon campaign and from the low-energy 37Ar
peaks. 37Ar was present in the first few months of DS-50
data and decayed away before the present data-set [15].
The detector response model [19] is applied to obtain the
ionization spectra shown in Fig. 1.

Fermion or scalar boson light dark matter (LDM) can-
didates, with masses below a GeV, can interact with
bound electrons via a vector mediator, resulting in the
ionization of argon atoms. The LDM-electron interac-
tion’s dependence on the momentum-transfer q is en-
capsulated by a dark matter form factor FDM(q). The
ionization rate for an LDM candidate of mass mχ is
parametrized by a reference cross section σ̄e as [14, 22,
23]:

dR

d lnEer
= NT

ρDM

mχ
× σ̄e

8µ2
χe

×

∑
n`

∫ ∣∣fn`ion(k′, q)
∣∣2 |FDM(q)|2 η(vmin) q dq (1)

where NT is the number of target atoms per unit mass,
µχe is the DM-electron reduced mass, FDM(k′, q) is the
ionization form factor modeling the effects of the bound-
electron in the (n, `) shell and outgoing final state,
k′ =

√
2meEer is the electron recoil momentum, and

FIG. 1. Data (black) and background model (red) compared
to expected ionization spectra of illustrative mass values for
DM candidates: LDM heavy (blue and orange solid lines)
and light (blue and orange dashed lines) mediators, ALPs
(purple), dark photons (yellow), and sterile neutrinos (green).
The region shaded blue is below threshold. Details on the
background model and its fit can be found in Ref. [16].

η(vmin) =
∫

1
vf(v)Θ(v − vmin) dv is the inverse mean

speed function that encodes the DM velocity profile for
the minimum DM velocity (vmin) required to eject an
electron with Eer given q [22]. Two benchmark inter-
action models are considered: a heavy mediator(mass
� αme) with FDM = 1 and a light mediator (mass
� αme) with FDM = (αme/q)

2, where α is the fine struc-
ture constant and me is the electron mass.

DS-50 is also sensitive to pseudo-scalar DM such as
axion-like particles (ALPs) [28, 39–41] or vector-boson
DM like dark photons [42] through absorption by argon
shell electrons. Absorption of either candidate would re-
sult in a monoenergetic signal at the particle’s rest mass,
mA for an ALP or mA′ for a dark photon. The absorp-
tion rate per unit mass of galactic ALPs depends on the
axion-electron coupling strength gAe [41],

R = NT
ρDM

mA
× 3m2

Ag
2
Ae

16παm2
e

σpe(mAc
2)c (2)

while that of dark photons depends on the strength of
the kinetic mixing κ between the photon and dark pho-
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FIG. 2. Exclusion limits at 90% C.L. on DM particle interactions with electron final states. The x-axis shows the mass of the
candidate while the y-axis shows the model parameter. Limits set by this work are shown as solid red lines while the −1σ
expected limits are dotted red lines, and newly excluded parameter space is shaded red. Limits from laboratory experiments,
shown as solid lines, are set by β spectrum analyses [24–26], DS-50 [22], PandaX-II [27, 28], SENSEI [29], SuperCDMS
Soudan [30], XENON10 [23, 31], and XENON1T [32–34], with previously excluded parameter space shaded gray. Astrophysical
constraints (dashed lines) are set by Ref. [35–38]. For sterile neutrinos, the limits set by NuSTAR [38] extend downwards
to |Ue4|2 = 10−13 at 20 keV/c2. All limits using the Standard Halo Model are scaled to a local dark matter density ρDM of
0.3 GeV/(c2 cm3).
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ton [42],

R = NT
ρDM

mA′
× κ2σpe(mA′c2)c (3)

where σpe is argon’s photoelectric cross section [43] eval-
uated at the particle’s rest energy.

A sterile neutrino νs with a mass between 7 keV and
36 keV can be a viable DM candidate [44, 45]. Sterile neu-
trinos interact via νs+e→ νe+e (and ν̄s+e→ ν̄e+e) [46],
where a νs mixing with an active state – parameterized by
the mixing angle |Ue4|2 – inelastically scatters off a bound
electron in the detector. The ionization rate is governed
by the cross section σn` between νs and an electron in a
given orbital (n, `) [46]:

dR

dEer
= NT

ρDM

mν
×∑

n`

2(2`+ 1)

∫
dσn`
dEer

(v,mν , |Ue4|2) f(v) v dv (4)

where mν is the sterile neutrino’s mass. We note that
Eq. (4) does not include the effects of the ion on the
outgoing electron, unlike the treatment of LDM-electron
scattering in Eq. (1). Additionally, we note that the scat-
tering rates calculated in Ref. [46] fail to evaluate the
DM velocity distribution in the lab frame; however, this
is corrected in our work.

This analysis employs a binned Profile Likelihood Ra-
tio (PLR) approach [47, 48] to determine exclusion lim-
its for each DM candidate. The PLR includes a set
of nuisance parameters representing the nominal values
and uncertainties on the exposure, materials screening,
theoretical energy spectra shape, and ionization energy
scale. Correlations among the different components are
encoded in the likelihood definition. See Ref. [16] for a
complete description of the above. We also verified that
the expected limits have negligible dependence on ER
fluctuations by changing the Gaussian model described
in Ref. [16] to a binomial one.

Fig. 2 shows the 90% C.L. exclusion limits placed on
each candidate via the PLR method. The observed limits
(solid red lines) are shown alongside the expected limits
at −1σ (dotted red lines) for ALPs, dark photons, and
sterile neutrinos to show regions where observed limits
are driven by under-fluctuations of data.

We have established the best direct-detection limits
on dark matter-electron scattering in the mass range of
16 MeV/c2 to 56 MeV/c2 for a heavy mediator and above
80 MeV/c2 for a light mediator, with newly excluded pa-
rameter space shaded red. These new DS-50 results on
LDM-electron scatters improve upon those previously ob-
tained in 2018 [22] primarily due to the refined data selec-
tion criterion which suppresses correlated events between
4 e− and 7 e− [16]. Additional sensitivity gain comes from
improved data selection, a more accurate detector cal-
ibration, improved background modeling, and a larger
data-set.

We have also placed the first constraints on galactic
axion-like particles and dark photons with an argon tar-
get. Stronger direct-detection limits are placed on both
gAe and κ for masses between 0.03 and 0.2 keV/c2. How-
ever, due to the astrophysical constraints set on ALPs us-
ing the brightness of white dwarfs [35], DS-50 data allows
for minimal additional exclusion of gAe parameter space
from 0.15 keV/c2 to 0.2 keV/c2 and from 0.25 keV/c2 to
0.3 keV/c2.

DS-50 is the first DM direct-detection experiment to
set limits on the sterile neutrino mixing angle |Ue4|2. Un-
der the Standard Halo Model assumption, our results im-
prove upon existing direct limits set by a high-precision
measurement of the 63Ni β spectrum [24]. However, these
are well above the indirect detection limits set by the
NuSTAR experiment [38], which looks for anomalous X-
ray lines from radiative sterile neutrino DM decays.

The upcoming DarkSide-20k experiment has a planned
exposure almost four orders of magnitude larger than
DS-50 and will provide more sensitive searches for each
DM model considered here.

The DarkSide Collaboration offers its profound grati-
tude to the LNGS and its staff for their invaluable tech-
nical and logistical support. We also thank the Fermilab
Particle Physics, Scientific, and Core Computing Divi-
sions. Construction and operation of the DarkSide-50 de-
tector was supported by the U.S. National Science Foun-
dation (NSF) (Grants No. PHY-0919363, No. PHY-
1004072, No. PHY-1004054, No. PHY-1242585, No.
PHY-1314483, No. PHY-1314501, No. PHY-1314507,
No. PHY-1352795, No. PHY-1622415, and associated
collaborative grants No. PHY-1211308 and No. PHY-
1455351), the Italian Istituto Nazionale di Fisica Nu-
cleare, the U.S. Department of Energy (Contracts No.
DE-FG02-91ER40671, No. DEAC02-07CH11359, and
No. DE-AC05-76RL01830), the Polish NCN (Grant No.
UMO-2014/15/B/ST2/02561) and the Foundation for
Polish Science (Grant No. Team2016-2/17). We also ac-
knowledge financial support from the French Institut Na-
tional de Physique Nucléaire et de Physique des Partic-
ules (IN2P3), the IN2P3-COPIN consortium (Grant No.
20-152), and the UnivEarthS LabEx program (Grants
No. ANR-10-LABX-0023 and No. ANR-18-IDEX-0001),
from the São Paulo Research Foundation (FAPESP)
(Grant No. 2016/09084-0), from the Interdisciplinary
Scientific and Educational School of Moscow University
“Fundamental and Applied Space Research”, from the
Program of the Ministry of Education and Science of the
Russian Federation for higher education establishments,
project No. FZWG-2020-0032 (2019-1569), from IRAP
AstroCeNT funded by FNP from ERDF, and from the
Science and Technology Facilities Council, United King-
dom. This project has received funding from the Euro-
pean Union’s Horizon 2020 research and innovation pro-
gram under grant agreement No 952480. Isotopes used in
this research were supplied by the United States Depart-



6

ment of Energy Office of Science by the Isotope Program
in the Office of Nuclear Physics.

[1] S. M. Faber and J. S. Gallagher, Annual Re-
view of Astronomy and Astrophysics 17, 135 (1979),
https://doi.org/10.1146/annurev.aa.17.090179.001031.

[2] A. Refregier, Annual Review of Astron-
omy and Astrophysics 41, 645 (2003),
https://doi.org/10.1146/annurev.astro.41.111302.10220.

[3] D. Clowe, M. Bradač, A. H. Gonzalez, M. Markevitch,
S. W. Randall, C. Jones, and D. Zaritsky, The Astro-
physical Journal 648, L109 (2006).

[4] R. Thompson, R. Davé, and K. Nagamine, Monthly
Notices of the Royal Astronomical Society 452,
3030 (2015), https://academic.oup.com/mnras/article-
pdf/452/3/3030/4914398/stv1433.pdf.

[5] Planck Collaboration, Ade, P. A. R., et al., A&A 594,
A13 (2016).

[6] A. Tan et al. (PandaX-II Collaboration), Phys. Rev. D
93, 122009 (2016).

[7] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
121, 111302 (2018).

[8] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
118, 021303 (2017).

[9] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. D
98, 102006 (2018).

[10] R. Ajaj et al. (DEAP Collaboration), Phys. Rev. D 100,
022004 (2019).

[11] R. Agnese et al. (SuperCDMS collaboration), Phys. Rev.
Lett. 112, 041302 (2014).

[12] H. Jiang et al. (CDEX Collaboration), Phys. Rev. Lett.
120, 241301 (2018).

[13] A. H. Abdelhameed et al. (CRESST Collaboration),
Phys. Rev. D 100, 102002 (2019).

[14] R. Essig, J. Mardon, and T. Volansky, Phys. Rev. D 85,
076007 (2012).

[15] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. D
104, 082005 (2021).

[16] P. Agnes et al. (DarkSide Collaboration), Manuscript
submitted to Phys. Rev. D (2022).

[17] P. Agnes et al. (DarkSide Collaboration), Phys. Rev.
Lett. 121, 081307 (2018), arXiv:1802.06994 [astro-
ph.HE].

[18] P. Agnes et al., Physics Letters B 743, 456 (2015).
[19] P. Agnes et al., J. Instrum. 12 (10), P10015.
[20] I. M. Bloch, R. Essig, K. Tobioka, T. Volansky, and T.-T.

Yu, Journal of High Energy Physics 2017, 87 (2017).
[21] D. Baxter, I. M. Bloch, E. Bodnia, X. Chen, J. Con-

rad, P. Di Gangi, J. E. Y. Dobson, D. Durnford, S. J.
Haselschwardt, A. Kaboth, R. F. Lang, Q. Lin, W. H.
Lippincott, J. Liu, A. Manalaysay, C. McCabe, K. D.
Morå, D. Naim, R. Neilson, I. Olcina, M. C. Piro,
M. Selvi, B. von Krosigk, S. Westerdale, Y. Yang, and
N. Zhou, The European Physical Journal C 81, 907
(2021).

[22] P. Agnes et al. (DarkSide Collaboration), Phys. Rev.
Lett. 121, 111303 (2018).

[23] R. Essig, T. Volansky, and T.-T. Yu (XENON Collabo-
ration), Physical Review D 96, 043017 (2017).

[24] E. Holzschuh, W. Kündig, L. Palermo, H. Stüssi, and
P. Wenk, Physics Letters B 451, 247 (1999).

[25] J. L. Mortara, I. Ahmad, K. P. Coulter, S. J. Freedman,
B. K. Fujikawa, J. P. Greene, J. P. Schiffer, W. H. Trza-
ska, and A. R. Zeuli, Physical Review Letters 70, 394
(1993).

[26] S. Schönert, L. Oberauer, C. Hagner, F. Feilitzsch,
K. Schreckenbach, Y. Declais, and U. Mayerhofer, Nu-
clear Physics B - Proceedings Supplements 48, 201
(1996).

[27] C. Cheng et al. (PandaX-II Collaboration), Physical Re-
view Letters 126, 211803 (2021).

[28] C. Fu et al. (PandaX-II Collaboration), Phys. Rev. Lett.
119, 181806 (2017).

[29] L. Barak et al. (SENSEI Collaboration), Phys. Rev. Lett.
125, 171802 (2020).

[30] T. Aralis and others, Physical Review D 101, 052008
(2020).

[31] H. An, M. Pospelov, J. Pradler, and A. Ritz, Physics
Letters B 747, 331 (2015).

[32] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
123, 251801 (2019).

[33] E. Aprile et al. (XENON1T Collaboration), arXiv
preprint (2021), arXiv:2112.12116.

[34] E. Aprile and others, Physical Review D 102, 072004
(2020).

[35] N. Viaux, M. Catelan, P. B. Stetson, G. G. Raffelt, J. Re-
dondo, A. A. R. Valcarce, and A. Weiss, Physical Review
Letters 111, 231301 (2013).

[36] R. Z. Ferreira, M. C. D. Marsh, and E. Müller,
arXiv:2202.08858 [hep-ex, physics:hep-ph] (2022),
arXiv:2202.08858.

[37] H. An, M. Pospelov, and J. Pradler, Physics Letters B
725, 190 (2013).

[38] B. M. Roach, K. C. Y. Ng, K. Perez, J. F. Beacom, S. Ho-
riuchi, R. Krivonos, and D. R. Wik, Physical Review D
101, 103011 (2020).

[39] E. Aprile et al. (XENON100 Collaboration), Phys. Rev.
D 90, 062009 (2014).

[40] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
118, 261301 (2017).

[41] K. Arisaka, P. Beltrame, C. Ghag, J. Kaidi, K. Lung,
A. Lyashenko, R. Peccei, P. Smith, and K. Ye, Astropar-
ticle Physics 44, 59 (2013).

[42] M. Pospelov, A. Ritz, and M. Voloshin, Phys. Rev. D 78,
115012 (2008).

[43] B. Henke, E. Gullikson, and J. Davis, Atomic Data and
Nuclear Data Tables 54, 181 (1993).

[44] M. Leo, C. M. Baugh, B. Li, and S. Pascoli, Journal of
Cosmology and Astroparticle Physics 2017 (11), 017.

[45] A. Schneider, D. Anderhalden, A. V. Mac-
ciò, and J. Diemand, Monthly Notices of the
Royal Astronomical Society: Letters 441, L6
(2014), https://academic.oup.com/mnrasl/article-
pdf/441/1/L6/9371025/slu034.pdf.

[46] M. D. Campos and W. Rodejohann, Physical Review D
94, 10.1103/physrevd.94.095010 (2016).

[47] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, The
European Physical Journal C 71, 1554 (2011).

[48] L. Moneta, K. Cranmer, G. Schott, and W. VERK-
ERKE, PoS ACAT2010, 057 (2011).

https://doi.org/10.1146/annurev.aa.17.090179.001031
https://doi.org/10.1146/annurev.aa.17.090179.001031
https://arxiv.org/abs/https://doi.org/10.1146/annurev.aa.17.090179.001031
https://doi.org/10.1146/annurev.astro.41.111302.102207
https://doi.org/10.1146/annurev.astro.41.111302.102207
https://arxiv.org/abs/https://doi.org/10.1146/annurev.astro.41.111302.10220
https://doi.org/10.1086/508162
https://doi.org/10.1086/508162
https://doi.org/10.1093/mnras/stv1433
https://doi.org/10.1093/mnras/stv1433
https://doi.org/10.1093/mnras/stv1433
https://arxiv.org/abs/https://academic.oup.com/mnras/article-pdf/452/3/3030/4914398/stv1433.pdf
https://arxiv.org/abs/https://academic.oup.com/mnras/article-pdf/452/3/3030/4914398/stv1433.pdf
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1103/PhysRevD.93.122009
https://doi.org/10.1103/PhysRevD.93.122009
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevD.98.102006
https://doi.org/10.1103/PhysRevD.98.102006
https://doi.org/10.1103/PhysRevD.100.022004
https://doi.org/10.1103/PhysRevD.100.022004
https://doi.org/10.1103/PhysRevLett.112.041302
https://doi.org/10.1103/PhysRevLett.112.041302
https://doi.org/10.1103/PhysRevLett.120.241301
https://doi.org/10.1103/PhysRevLett.120.241301
https://doi.org/10.1103/PhysRevD.100.102002
https://doi.org/10.1103/PhysRevD.85.076007
https://doi.org/10.1103/PhysRevD.85.076007
https://doi.org/10.1103/PhysRevD.104.082005
https://doi.org/10.1103/PhysRevD.104.082005
https://doi.org/10.1103/PhysRevLett.121.081307
https://doi.org/10.1103/PhysRevLett.121.081307
https://arxiv.org/abs/1802.06994
https://arxiv.org/abs/1802.06994
https://doi.org/https://doi.org/10.1016/j.physletb.2015.03.012
https://doi.org/10.1088/1748-0221/12/10/p10015
https://doi.org/10.1007/JHEP06(2017)087
https://doi.org/10.1140/epjc/s10052-021-09655-y
https://doi.org/10.1140/epjc/s10052-021-09655-y
https://doi.org/10.1103/PhysRevLett.121.111303
https://doi.org/10.1103/PhysRevLett.121.111303
https://doi.org/10.1103/PhysRevD.96.043017
https://doi.org/10.1016/S0370-2693(99)00200-2
https://doi.org/10.1103/PhysRevLett.70.394
https://doi.org/10.1103/PhysRevLett.70.394
https://doi.org/10.1016/0920-5632(96)00238-1
https://doi.org/10.1016/0920-5632(96)00238-1
https://doi.org/10.1016/0920-5632(96)00238-1
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1103/PhysRevLett.119.181806
https://doi.org/10.1103/PhysRevLett.119.181806
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1103/PhysRevD.101.052008
https://doi.org/10.1103/PhysRevD.101.052008
https://doi.org/10.1016/j.physletb.2015.06.018
https://doi.org/10.1016/j.physletb.2015.06.018
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevLett.123.251801
https://arxiv.org/abs/2112.12116
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevLett.111.231301
https://doi.org/10.1103/PhysRevLett.111.231301
https://arxiv.org/abs/2202.08858
https://doi.org/10.1016/j.physletb.2013.07.008
https://doi.org/10.1016/j.physletb.2013.07.008
https://doi.org/10.1103/PhysRevD.101.103011
https://doi.org/10.1103/PhysRevD.101.103011
https://doi.org/10.1103/PhysRevD.90.062009
https://doi.org/10.1103/PhysRevD.90.062009
https://doi.org/10.1103/PhysRevLett.118.261301
https://doi.org/10.1103/PhysRevLett.118.261301
https://doi.org/https://doi.org/10.1016/j.astropartphys.2012.12.009
https://doi.org/https://doi.org/10.1016/j.astropartphys.2012.12.009
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1006/adnd.1993.1013
https://doi.org/10.1006/adnd.1993.1013
https://doi.org/10.1088/1475-7516/2017/11/017
https://doi.org/10.1088/1475-7516/2017/11/017
https://doi.org/10.1093/mnrasl/slu034
https://doi.org/10.1093/mnrasl/slu034
https://doi.org/10.1093/mnrasl/slu034
https://arxiv.org/abs/https://academic.oup.com/mnrasl/article-pdf/441/1/L6/9371025/slu034.pdf
https://arxiv.org/abs/https://academic.oup.com/mnrasl/article-pdf/441/1/L6/9371025/slu034.pdf
https://doi.org/10.1103/physrevd.94.095010
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.22323/1.093.0057



