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Light scalar explanation for the 18 TeV GRB 221009A
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The recent astrophysical transient Swift J1913.1 4+ 1946 may be associated with the y-ray burst GRB
221009A. The redshift of this event is z ~ 0.151. Very high-energy y rays (up to 18 TeV) followed the
transient and were observed by the Large High Altitude Air Shower Observatory (LHAASO); additionally,
Carpet-2 detected a photonlike air shower of 251 TeV. Photons of such high energy are expected to readily
annihilate with the diffuse extragalactic background light (EBL) before reaching Earth. If the y-ray
identification and redshift measurements are correct, new physics could be necessary to explain these
measurements. This paper provides the first CP-even scalar explanation of the most energetic 18 TeV event
reported by LHAASO. In this minimal scenario, the light scalar singlet S mixes with the Standard Model
Higgs boson A. The highly boosted S particles are produced in the GRB and then undergo the radiative decay
diphoton S — yy while propagating to Earth. The resulting photons may thus be produced at a remote region
without being nullified by the EBL. Hence, the usual exponential reduction of y rays is lifted due to an
attenuation that is inverse in the optical depth, which becomes much larger due to the scalar carriers.
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I. INTRODUCTION

Gamma-ray burst GRB 221009A events over energies
from 500 GeV extending up to 18 TeV have been recently
detected. The events are reported to have occurred at a
redshift of z~0.15 corresponding to a distance of
d = 645 Mpc [1]. The initial detection was first reported
by the Swift-Burst Alert Telescope [2], the Fermi satellite [3]
and Carpet-2 [4]. The number of photons detected by the
Large High Altitude Air Shower Observatory (LHAASO) [5]
in an interval of 2000 s was (O(5000) events. However,
observing such energetic photons is extremely unlikely since
the flux is expected to be rapidly attenuated when propa-
gating and interacting with extragalactic particles [6-9]. The
unlikeliness for photons in the upper band of the 500 GeV—
18 TeV range to survive in this manner while propagating to
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Earth motivated several studies beyond the Standard Model
(SM) as possible solutions. These beyond-the-SM models
include explanations from sterile neutrinos [10—13], axion-
like particles [14—18] and axion-photon conversion scenar-
ios [19]. Even SM explanations have recently been
discussed, where external inverse-Compton interactions with
the cosmological radiation fields and proton synchrotron
emissions could generate the ultraenergetic y rays [20-23].

In this work, we consider another possible scenario that
can explain the high-energy y-ray emission. Here, we
consider a generic scalar S, corresponding to the inclusion
of a gauge singlet to the SM scalar sector. This new field
couples to the SM particles through mixing with the SM
Higgs field &, and the interaction is parametrized by the
mixing parameter sin & with angle 6. The singlet extension
of the SM scalar sector is one of the simplest underlying
models and has a host of motivations including aiding in
stabilizing the SM vacuum [24-30], addressing the hier-
archy problem in relaxion models [31-35], generating the
observed baryon asymmetry in the Universe via baryo-
genesis [36-46], addressing the cosmological constant
problem through radiative breaking of classical scale
invariance [47-49], and mediating the interactions between
dark matter and the SM sector [50-57].

To accommodate the aforementioned high-energy pho-
ton observations, the S particles corresponding to this new
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field are produced in large numbers during the GRB
through hadronic scattering and then undergo the radiative
decay S — yy while propagating to Earth. The resulting
decay photons may therefore be produced at a region with
less interstellar medium and avoid being nullified. Hence,
the § particles provide an effective means for the survival of
the photons to Earth. More explicitly, this corresponds
to the usual exponential reduction of y rays being lifted due
to an attenuation that is inverse in the optical depth.

In this work, we will use the 18 TeV GRB y-ray flux
observation and the number of the detected events in the
2000 s observation window to set new astrophysical bounds.
These limits complement the existing bounds derived from
stellar cooling and luminosity measurements of the Sun,
white dwarfs, red giants and supernovae [58-60].

The outline of this paper is as follows. In Sec. I we
introduce the simplified extension to the SM scalar sector
and show the decay rates of the scalar S into various states.
In Sec. III we compute the flux of y rays produced by the S
decay. Finally, we summarize and discuss the GRB bounds
on the scalar mass and mixing in Sec. IV and conclude
in Sec. V.

II. SCALAR DECAY

This section reviews the decay rates of the CP-even
scalar S into y rays. Therefore, we first introduce the scalar
interactions with the SM particles. At tree level, the S
interacts with leptons and pions via mixing with the SM
Higgs. The interaction Lagrangian for these specific inter-
actions is given by

L = —sindS Aﬂ(ﬂ0ﬂ0+7r+n_)+%2f , (1)

where A, is the effective coupling of S to pions [61,62].
sin @ is the S mixing with the SM Higgs & and ¢ denotes
leptons.] Hence, the scalar can decay into photons at one-
loop level as well as electrons, muons and pions at tree level
from mixing with the Higgs boson.

For S scalars, with masses below twice the electron mass
(mg < 2m,), the dominant channel is the decay to two
photons (S — yy). The decay rate for this process is given
by [63]

121 &> m3sin0
Fsr =79 Siag? @

where a = e¢?/4n is the fine structure constant and

v = 246 GeV is the Higgs vacuum expectation value.
When the § scalar masses are above twice the lepton

mass threshold (mg 2 2m,), the scalar can decay into two

'Technically # represents electrons, muons and 7 leptons;
however, in this work, we only consider electrons but do not
consider scalars heavy enough to decay into muons and 7 leptons.

oppositely charged leptons respectively. In this case, the
decay rate (S — £7¢7) is given by [64]

mgm2sin®6 <1 B 4m§> 3/2

(3)

FSf*f’ = 8702 B

mg

where m, is either the electron or muon mass depending
on the decay channel of interest. Here, we will only consider
the scalar massive enough to decay into a pair of electrons e.

ITII. PHOTON FLUX

We now compute the y-ray flux @, from the § scalar
decay. First, we introduce the y-ray flux (D? of GRB
221009A, which corresponds to the flux where all photons
survive their interactions with the extragalactic medium on
their way to Earth:

®)(E,) =2.1x107° TeV~' cm™2s™!

E, \ -187+004
X <T—YV> . (4)
e

This is the so-called unattenuated flux. As discussed in
Ref. [10], this is ascertained by extrapolating the flux
measured by Fermi-LAT (GCN 32658) in [0.1,1] GeV to
TeV scale [14].

We define the decay-production probabilities that a
single particle S decays into two photons, and they reach
Earth. If the § scalar decay occurs at a distance interval of
[x,x 4 dx], the decay-production probability is then given
by [10]

dx
Pascay = Bye™h x el (5)

d is the distance at which the flux was produced. B, is
the branching ratio for the scalar decay into photons. The
second exponential factor is the probability that the produced
y rays survive their trajectory and is given in terms of the
photon absorption length (or optical depth) 7 = d/4,, where
A, is the mean free path of the photon. In this expression, the
Ag is the mean free path (MFP) of the S scalar in terms of the S
decay rate I'g and energy of the scalar Eg in Earth’s rest frame:

Es
dy=—t (©)

To compute the y-ray flux produced from the S scalar
decay, we integrate the expression given in Eq. (5) over x
and multiply by the incoming S scalar flux at Earth ® from
the GRB source, that would be expected if the scalar did not
decay:

_ 2‘DSBy ( e—d/4s

= — e~/ 7
14 ls/ly—l e )’ ( )
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where the factor of 2 is included to account for the two
photons produced in the S decay. Rewriting this expression
in terms of the photon absorption length 7(E,) leads to

20,B
o = 4 —d/ig _ -7 . 8
= ad -1 ) ®)

We show the y-ray flux from the S decay as a function of
the photon energy E, in Fig. 1; the § scalar energy is
Eg = 2E, with a mass of mg = 0.5 MeV. The mixing has
been fixed by requiring three different scenarios, one where
the scalar decay leads to 5000 (blue line), 500 (magenta
line), and 50 events (cyan line). We use the full energy
dependence of 7( E, ) from Ref. [65] for the flux calculation.

Since there are large uncertainties in the hadronic
environment and energy profile of particles at the source,
we do not have exact knowledge about the number of high-
energy nucleons that can be produced or preexist in that
region. However, we know that the dominant mode for light
scalar production is nucleon-nucleon bremsstrahlung via
pion exchange [55,60,64,66—70]. Possible sources for very
high-energy scalars in high nucleon density environments
could be via the interaction of active galactic nucleus jets
with obstacles, such as supernova remnants [71]. The
collision of the supernova ejecta with the high-energy jets
could lead to the formation of an interaction region, in
which particles can be accelerated and produce high-energy
scalar emission [72]. Scalars can also be produced by heavy
meson decays. With present information about the GRB,
the exact fraction of energy that can be extracted from the
GRB in exotic states is unknown. However we can make
some conservative estimates and adjust them in the event of
more refined measurements in the future. The amount of

Eg=2E,
107 — —
106 po----=mmooomTToTTIIITTIITTT -
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100 )/_\,—
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FIG. 1. Photon energy flux from GRB 221009A at Earth as a

function of photon energy E, for a scalar flux of ®g =35 x
1072 (eVem?s)~! for the cases of 50 (cyan line), 500 (magenta
line) and 5000 events (blue line). Flux extrapolated from Fermi-
LAT (GCN 32658) is <I>(y) from Eq. (4) (red dashed line). The
energy of the emitted scalars is taken to be Eg = 2E, TeV.

energy emitted in a supernova explosion is typically about
10 J~6.2x 105 eV. In general, almost all of this
energy is carried away by neutrinos. In the case of the
GRB of interest here, the energy output is estimated at
2 x 10°* erg = 1.2 x 10 eV [73]. Assuming that almost
all the energy is lost and emitted as neutrinos, and using
0.3% of this energy as an upper bound for scalar emission
with a rectangular energy distribution in the range
[1, 36] TeV corresponding to an average energy of
Eg =185 TeV,> we get a scalar flux (assuming no decays)
of ®g~5x 10723 eV~ ecm™2s~! at Earth over the 2000 s
duration. It should be noted that this is very conservative
since when considering supernova bounds, typically, the
flux of the new particle is bounded by 10% of the neutrino
luminosity; see, e.g. Refs. [58,67,70]. It should be noted
that Eg = 2FE, is fixed simply due to kinematics of two-
body decays. Since the max energy for the GRB photons is
observed at 18 TeV, the energy of the parent scalar has to be
at least twice this energy. Other, more exotic beyond-the-
SM scenarios can also be invoked to generate the scalar
flux from the source, but we do not explore them in
this work.

Finally, we can observe in Fig. 1 that the flux of y rays
from the § scalar decay increases at high energies,
approaching the unattenuated y-ray flux. This indicates
that the photons can survive interactions with the extra-
galactic background.

IV. BOUNDS ON THE SCALAR MASS-MIXING
PARAMETER SPACE

The flux in the previous section provides us with a
means to set bounds on the scalar mass-mixing parameter
space. We require the number of photons produced by the
scalar decay to be N,;g =50, 500 and 5000, respectively.
Here N f is obtained by integrating Eq. (8) over the photon
energy E, over the range of [0.5,18] TeV as well as
integrating over the time ¢ from 0 to 2000 s and the
detector area of 1 km? [74,75].

We consider scalars with masses up to 2 MeV. Therefore,
these scalars can only decay directly into photons and
electrons. It is easy to find and extrapolate the relationship
between sin @ and mg as a function of the number of events
expected in 2000 s. This mixing-mass relationship provid-
ing upper bounds is found to be given by the relation

m> -1 NS
nf~|—mS v (9
o (1.57 x 1078 eV2> @g/(eVem?s)~! ©)

Note that the rectangular spectrum in the energy of the scalar
flux at the GRB source between [1, 36] TeV is chosen because
this results in photon energies of E, ~ Eg/2 which lie in the [0.5,
18] TeV range LHAASO observation window. In the absence of
more information about the GRB source energy profile, this is the
simplest possible choice.

083038-3



BALAIJIL, RAMIREZ-QUEZADA, SILK, and ZHANG

PHYS. REV. D 107, 083038 (2023)

This relationship also depends on the scalar flux ®¢ and
assumes an even distribution of ®g over the Eg range
[1, 36] TeV.

In Fig. 2, we show the upper bounds for light scalar
decaying into photons to explain GRB 221009A in the
scalar mixing-mass plane. This was computed numerically
using the expression in Eq. (8) considering three bench-
marks for the number of events N f =50, 500 and 5000. We
also show the stellar exclusions in Ref. [58] given by the
supernova SN1987A using different numerical profiles
Fischer 11.8M (blue line), Fischer 18M 4 (cyan line) [76]
and Nakazato 13M, (magenta line) [77]. We also show the
combined collider searches (gray line) [63,78,79]. Note that
when there is an order of magnitude difference between the
expected number of events, the difference between the
bounds is a factor of a few. For the case of 2 orders of
magnitude difference in N3, we find an order of magnitude
difference between the limits. This is easily understood
from the proportionality between the mixing and the

number of events expected scales like sin® o \/N5.

Additionally, we check the MFP of the scalar at an
average energy of Eg = 18.5 TeV for the three different
expected event boundaries shown in Fig. 2; these are on the
order of ~10%° cm (50 events), ~10%° cm (500 events) and
~4 x 10%°=5 x 10?7 ¢cm (5000 events) which is comparable
to the estimated GRB source distance of ~10%7 cm.

The bounds obtained from GRB 221009A by requiring
N f = 50, 500 and 5000 events complement those given by
supernovae [58] and collider exclusions [63,78,79]. Note
that considering regions with >500 or >50 events, there is
no upper bound on mixing. However, there is a small band

Eg =2F,
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FIG. 2. Limits for light scalar decays into photons to explain
GRB 221009A in the scalar mass-mixing (mg, siné) plane
requiring N3 > 50, 500 and 5000 number of events. The shaded
regions correspond to supernova exclusions from Ref. [58] from
various models such as Fischer 11M, (blue line), Fischer 18M
(cyan line) and Nakazato 13M (magenta line). Additionally,
we add complementary limits from SNI1987A and collider
searches [63,78,79].

in Fig. 2 for >5000 events because, in this region, Ag ~ d
and hence the photon flux is locally maximized. This can
be understood as follows: At higher mixing, the scalars
decay closer to the source, and more of the resulting
photons get attenuated by the EBL. However, even if the
scalars decay very quickly near the source, some minimum
number of lower-energy photons in the [0.5, 18] TeV range
will still survive their journey to Earth, albeit with a smaller
number of events, as shown. The lower bounds on mixing
are because the scalars are too long lived. On average, they
may decay well beyond Earth, reducing the observed
photon flux and hence the event yield.

While supernova bounds excluded parameter space
across the whole scalar mass range between mixing of
the order of 1077—=1072, the excluded area from GRB
221009A intersects the excluded area from the supernovae
limits, at masses between ~a few 10 and 10° keV, in the
same mixing interval. However, GRB 221009A excludes a
large parameter of space above a mixing of 107>, It is
important to notice that GRB 221009A gives a better
constraint than the supernova for a scalar with a mass of
mg = 103 keV at a fixed mixing of sin@ ~ 1078,

The time delay At in arrival (or time of flight difference) to
travel a distance d between a massive particle of mass mg and

amassless particle is given by the simple formula At = % d.
We require that the time delay is smaller than the GRB
duration of 2000 s. We can see from this that the largest time
delay is controlled by the higher mass scalars with lower total
energy. To approximate the time delay, we consider the
limiting mass for an average energy in the scalar spectrum of
Eg, which yields mg~4.5x 10® keV, well outside our
allowed region in Fig. 2 which is cut off at 10° keV.
Hence the allowed region is not affected by the time delay
and complies easily with the 2000 s requirement. If,
however, additional information arises enabling the identi-
fication of the lowest photon energy in the range as low (or
lower) than 0.5 TeV from S decays, this would strengthen the
bound to lower masses, although such an identification is
unlikely given the large background from conventional
photons in this region. Conversely, if a very high-energy
photon is identified with a long time delay event, this would
indicate higher mg. For massless particles in the final state
produced by the decay of a massive boosted scalar, like in our
scenario, the angular dispersion ® in extremely relativistic
limit in the lab frame is given in general by © = % Taking
the maximum mass of interest as a limiting scenario and the
average scalar energy, we get ® ~ 1077, Hence, as long as the
GRB jet opening angle exceeds this tiny number, there is no
additional suppression of the y rays from S at Earth.

V. CONCLUSION

In this work, we have considered a generic scalar
CP-even S scalar corresponding to a CP-even singlet
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extension of the SM scalar sector as an explanation for
GRB 221009A. We consider a scenario wherein the §
particles are produced in the GRB through hadronic
scattering and then undergo the radiative loop-level decay
S — yy while propagating to Earth. If the photons are
produced without being nullified by the extragalactic
background, it could explain the anomalously high
observed y-ray emission at 18 TeV.

We calculated the flux of y rays from this process for
different benchmarks of the expected number of events on
Earth. We found that the y-ray flux produced increases at
higher photon energies and approaches the unattenuated
y-ray flux.

We have also computed bounds on the mixing-mass
parameter space of the S scalar for different fractions of the
observed LHAASO events. We found that at masses
between ~a few 10 and 10° keV, it overlaps with the
excluded parameter space set by the SN1987A luminosity
bounds. However, an upper bound exists in the parameter
space of large mixing for all masses between ~10' and

10° keV that is not excluded by SN1987A or collider
measurements. We also found that the strongest S con-
straint for GRB 221009A is for a scalar with a mass of
10° keV and a mixing of ~1078 for 50 events.

ACKNOWLEDGMENTS

S.B. would like to thank Andrea Caputo for helpful
discussion. S.B. is supported by funding from the
European Unions Horizon 2020 research and innovation
program under Grant Agreement No. 101002846 (ERC CoG
“CosmoChart”) as well as support from the Initiative
Physique des Infinis (IPI), a research training program of
the Idex SUPER at Sorbonne Université. M. R.-Q. is sup-
ported by the JSPS KAKENHI Grant No. 20H01897. Y. Z. is
supported by the National Natural Science Foundation of
China under Grant No. 12175039, the 2021 Jiangsu
Shuangchuang (Mass Innovation and Entrepreneurship)
Talent Program No. JSSCBS20210144, and the
“Fundamental Research Funds for the Central Universities.”

[11 A. de Ugarte Postigo, L. Izzo, G. Pugliese, D. Xu, B.
Schneider, J. P. U. Fynbo, N. R. Tanvir, D. B. Malesani, A.
Saccardi, D. A. Kann, K. Wiersema, B. P. Gompertz, C. C.
Thoene, and A.J. Levan (Stargate Collaboration), GRB
Coordinates Network 32648, 1 (2022).

[2] J. A. Kennea and M. Williams, GCN Circular 32635, 1
(2022).

[3] P. Veres, E. Burns, E. Bissaldi, S. Lesage, and O. Roberts
(Fermi GBM Team), GRB Coordinates Network 32636, 1
(2022).

[4] D.D. Dzhappuev et al., The Astronomer’s Telegram 15669,
1 (2022).

[51 Y. Huang, S. Hu, S. Chen, M. Zha, C. Liu, Z. Yao, Z. Cao,
and T. L. Experiment, GRB Coordinates Network 32677, 1
(2022).

[6] R.J. Gould and G. Schréder, Phys. Rev. Lett. 16, 252
(1966).

[71 A. L Nikishov, Zh. Eksp. Teor. Fiz. 41, 549 (1962).

[8] G.G. Fazio and F. W. Stecker, Nature (London) 226, 135
(1970).

[9] S. Balaji, arXiv:2211.03807.

[10] A.Y. Smirnov and A. Trautner, arXiv:2211.00634.

[11] V. Brdar and Y.-Y. Li, Phys. Lett. B 839, 137763 (2023).

[12] J. Huang, Y. Wang, B. Yu, and S. Zhou, arXiv:2212.03477.

[13] S.-Y. Guo, M. Khlopov, L. Wu, and B. Zhu, arXiv:
2301.03523.

[14] A. Baktash, D. Horns, and M. Meyer, arXiv:2210.07172.

[15] G. Galanti, M. Roncadelli, and F. Tavecchio, arXiv:
2210.05659.

[16] W. Lin and T.T. Yanagida, arXiv:2210.08841.

[17] S. V. Troitsky, Pis’'ma Zh. Eksp. Teor. Fiz. 116, 745
(2022).

[18] S. Nakagawa, F. Takahashi, M. Yamada, and W. Yin, Phys.
Lett. B 839, 137824 (2023).

[19] G. Zhang and B.-Q. Ma, Chin. Phys. Lett. 40, 011401
(2023).

[20] B.T. Zhang, K. Murase, K. Ioka, D. Song, C. Yuan, and P.
Mészaros, arXiv:2211.05754.

[21] R. Alves Batista, arXiv:2210.12855.

[22] M. M. Gonzalez, D. A. Rojas, A. Pratts, S. Hernandez-
Cadena, N. Fraija, R. Alfaro, Y. P. Araujo, and J. A. Montes,
Astrophys. J. 944, 178 (2023).

[23] S. Sahu, B. Medina-Carrillo, G. Sanchez-Col6n, and S.
Rajpoot, Astrophys. J. Lett. 942, .30 (2023).

[24] M. Gonderinger, Y. Li, H. Patel, and M. J. Ramsey-Musolf,
J. High Energy Phys. 01 (2010) 053.

[25] M. Gonderinger, H. Lim, and M. J. Ramsey-Musolf, Phys.
Rev. D 86, 043511 (2012).

[26] O. Lebedev, Eur. Phys. J. C 72, 2058 (2012).

[27] J. Elias-Miro, J. R. Espinosa, G. F. Giudice, H. M. Lee, and
A. Strumia, J. High Energy Phys. 06 (2012) 031.

[28] N. Khan and S. Rakshit, Phys. Rev. D 90, 113008 (2014).

[29] A. Falkowski, C. Gross, and O. Lebedev, J. High Energy
Phys. 05 (2015) 057.

[30] P. Ghorbani, Nucl. Phys. B971, 115533 (2021).

[31] P. W. Graham, D. E. Kaplan, and S. Rajendran, Phys. Rev.
Lett. 115, 221801 (2015).

[32] T. Flacke, C. Frugiuele, E. Fuchs, R. S. Gupta, and G. Perez,
J. High Energy Phys. 06 (2017) 050.

[33] C. Frugiuele, E. Fuchs, G. Perez, and M. Schlaffer, J. High
Energy Phys. 10 (2018) 151.

[34] A. Banerjee, H. Kim, O. Matsedonskyi, G. Perez, and M. S.
Safronova, J. High Energy Phys. 07 (2020) 153.

[35] P. Brax and C. Burrage, Phys. Rev. D 104, 015011 (2021).

083038-5


https://doi.org/10.1103/PhysRevLett.16.252
https://doi.org/10.1103/PhysRevLett.16.252
https://doi.org/10.1038/226135a0
https://doi.org/10.1038/226135a0
https://arXiv.org/abs/2211.03807
https://arXiv.org/abs/2211.00634
https://doi.org/10.1016/j.physletb.2023.137763
https://arXiv.org/abs/2212.03477
https://arXiv.org/abs/2301.03523
https://arXiv.org/abs/2301.03523
https://arXiv.org/abs/2210.07172
https://arXiv.org/abs/2210.05659
https://arXiv.org/abs/2210.05659
https://arXiv.org/abs/2210.08841
https://doi.org/10.1134/S0021364022602408
https://doi.org/10.1134/S0021364022602408
https://doi.org/10.1016/j.physletb.2023.137824
https://doi.org/10.1016/j.physletb.2023.137824
https://doi.org/10.1088/0256-307X/40/1/011401
https://doi.org/10.1088/0256-307X/40/1/011401
https://arXiv.org/abs/2211.05754
https://arXiv.org/abs/2210.12855
https://doi.org/10.3847/1538-4357/acb700
https://doi.org/10.3847/2041-8213/acac2f
https://doi.org/10.1007/JHEP01(2010)053
https://doi.org/10.1103/PhysRevD.86.043511
https://doi.org/10.1103/PhysRevD.86.043511
https://doi.org/10.1140/epjc/s10052-012-2058-2
https://doi.org/10.1007/JHEP06(2012)031
https://doi.org/10.1103/PhysRevD.90.113008
https://doi.org/10.1007/JHEP05(2015)057
https://doi.org/10.1007/JHEP05(2015)057
https://doi.org/10.1016/j.nuclphysb.2021.115533
https://doi.org/10.1103/PhysRevLett.115.221801
https://doi.org/10.1103/PhysRevLett.115.221801
https://doi.org/10.1007/JHEP06(2017)050
https://doi.org/10.1007/JHEP10(2018)151
https://doi.org/10.1007/JHEP10(2018)151
https://doi.org/10.1007/JHEP07(2020)153
https://doi.org/10.1103/PhysRevD.104.015011

BALAIJIL, RAMIREZ-QUEZADA, SILK, and ZHANG

PHYS. REV. D 107, 083038 (2023)

[36] J.R. Espinosa and M. Quiros, Phys. Lett. B 305, 98 (1993).

[37] J. Choi and R.R. Volkas, Phys. Lett. B 317, 385 (1993).

[38] S. W. Ham, Y. S. Jeong, and S. K. Oh, J. Phys. G 31, 857
(2005).

[39] S. Profumo, M.J. Ramsey-Musolf, and G. Shaughnessy,
J. High Energy Phys. 08 (2007) 010.

[40] J.R. Espinosa, T. Konstandin, and F. Riva, Nucl. Phys.
B854, 592 (2012).

[41] V. Barger, D.J.H. Chung, A.J. Long, and L.-T. Wang,
Phys. Lett. B 710, 1 (2012).

[42] S. Profumo, M. J. Ramsey-Musolf, C. L. Wainwright, and P.
Winslow, Phys. Rev. D 91, 035018 (2015).

[43] D. Curtin, P. Meade, and C.-T. Yu, J. High Energy Phys. 11
(2014) 127.

[44] A.V. Kotwal, M.J. Ramsey-Musolf, J.M. No, and P.
Winslow, Phys. Rev. D 94, 035022 (2016).

[45] C.-Y. Chen, J. Kozaczuk, and 1. M. Lewis, J. High Energy
Phys. 08 (2017) 096.

[46] S. Balaji, M. Spannowsky, and C. Tamarit, J. Cosmol.
Astropart. Phys. 03 (2021) 051.

[47] R. Foot and A. Kobakhidze, Int. J. Mod. Phys. A 30,
1550126 (2015).

[48] M. Heikinheimo, A. Racioppi, M. Raidal, C. Spethmann,
and K. Tuominen, Mod. Phys. Lett. A 29, 1450077 (2014).

[49] Z.-W. Wang, T. G. Steele, T. Hanif, and R. B. Mann, J. High
Energy Phys. 08 (2016) 065.

[50] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett. B
662, 53 (2008).

[51] S. Baek, P. Ko, and W.-I. Park, J. High Energy Phys. 02
(2012) 047.

[52] S. Baek, P. Ko, W.-I. Park, and E. Senaha, J. High Energy
Phys. 11 (2012) 116.

[53] S. Baek, P. Ko, W.-1. Park, and E. Senaha, J. High Energy
Phys. 05 (2013) 036.

[54] K. Schmidt-Hoberg, F. Staub, and M. W. Winkler, Phys.
Lett. B 727, 506 (2013).

[55] G. Krnjaic, Phys. Rev. D 94, 073009 (2016).

[56] A. Beniwal, F. Rajec, C. Savage, P. Scott, C. Weniger, M.
White, and A.G. Williams, Phys. Rev. D 93, 115016
(2016).

[57] S. Balaji and A. Kobakhidze, arXiv:1812.10914.

[58] S. Balaji, P.S.B. Dev, J. Silk, and Y. Zhang, J. Cosmol.
Astropart. Phys. 12 (2022) 024.

[59] P.S.B. Dev, R. N. Mohapatra, and Y. Zhang, J. Cosmol.
Astropart. Phys. 05 (2021) 014.

[60] P.S.B. Dev, J.-F. Fortin, S.P. Harris, K. Sinha, and Y.
Zhang, J. Cosmol. Astropart. Phys. 01 (2022) 006.

[61] M. B. Voloshin, Sov. J. Nucl. Phys. 44, 478 (1986).

[62] J. F. Donoghue, J. Gasser, and H. Leutwyler, Nucl. Phys.
B343, 341 (1990).

[63] P.S.B. Dev, R. N. Mohapatra, and Y. Zhang, Nucl. Phys.
B923, 179 (2017).

[64] P.S.B. Dev, R. N. Mohapatra, and Y. Zhang, J. Cosmol.
Astropart. Phys. 08 (2020) 003; 11 (2020) EO1.

[65] A. Dominguez, J. R. Primack, D. J. Rosario, F. Prada, R. C.
Gilmore, S. M. Faber, D. C. Koo, R. S. Somerville, M. A.
Pérez-Torres, P. Pérez-Gonzdlez, J. S. Huang, M. Davis, P.
Guhathakurta, P. Barmby, C. J. Conselice, M. Lozano, J. A.
Newman, and M. C. Cooper, Mon. Not. R. Astron. Soc. 410,
2556 (2011).

[66] N. Ishizuka and M. Yoshimura, Prog. Theor. Phys. 84, 233
(1990).

[67] D. Arndt and P. J. Fox, J. High Energy Phys. 02 (2003) 036.

[68] R. Diener and C. P. Burgess, J. High Energy Phys. 05 (2013)
078.

[69] H. Tu and K.-W. Ng, J. High Energy Phys. 07 (2017) 108.

[70] J.S. Lee, arXiv:1808.10136.

[71] N. Torres-Alba, Proc. Sci. HEPROVII2020 (2020) 005.

[72] F. L. Vieyro, V. Bosch-Ramon, and N. Torres-Alba, Astron.
Astrophys. 622, A175 (2019).

[73] K. Cheung, arXiv:2210.14178.

[74] S. Cui, Y. Liu, Y. Liu, and X. Ma, Astropart. Phys. 54, 86
(2014).

[75] X.-H. Ma et al., Chin. Phys. C 46, 030001 (2022).

[76] T. Fischer, S. Chakraborty, M. Giannotti, A. Mirizzi, A.
Payez, and A. Ringwald, Phys. Rev. D 94, 085012 (2016).

[77] K. Nakazato, K. Sumiyoshi, H. Suzuki, T. Totani, H. Umeda,
and S. Yamada, Astrophys. J. Suppl. Ser. 205, 2 (2013).

[78] D. Egana-Ugrinovic, S. Homiller, and P. Meade, Phys. Rev.
Lett. 124, 191801 (2020).

[79] P.S. B. Dev, R. N. Mohapatra, and Y. Zhang, Phys. Rev. D
101, 075014 (2020).

083038-6


https://doi.org/10.1016/0370-2693(93)91111-Y
https://doi.org/10.1016/0370-2693(93)91013-D
https://doi.org/10.1088/0954-3899/31/8/017
https://doi.org/10.1088/0954-3899/31/8/017
https://doi.org/10.1088/1126-6708/2007/08/010
https://doi.org/10.1016/j.nuclphysb.2011.09.010
https://doi.org/10.1016/j.nuclphysb.2011.09.010
https://doi.org/10.1016/j.physletb.2012.02.040
https://doi.org/10.1103/PhysRevD.91.035018
https://doi.org/10.1007/JHEP11(2014)127
https://doi.org/10.1007/JHEP11(2014)127
https://doi.org/10.1103/PhysRevD.94.035022
https://doi.org/10.1007/JHEP08(2017)096
https://doi.org/10.1007/JHEP08(2017)096
https://doi.org/10.1088/1475-7516/2021/03/051
https://doi.org/10.1088/1475-7516/2021/03/051
https://doi.org/10.1142/S0217751X15501262
https://doi.org/10.1142/S0217751X15501262
https://doi.org/10.1142/S0217732314500771
https://doi.org/10.1007/JHEP08(2016)065
https://doi.org/10.1007/JHEP08(2016)065
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1007/JHEP02(2012)047
https://doi.org/10.1007/JHEP02(2012)047
https://doi.org/10.1007/JHEP11(2012)116
https://doi.org/10.1007/JHEP11(2012)116
https://doi.org/10.1007/JHEP05(2013)036
https://doi.org/10.1007/JHEP05(2013)036
https://doi.org/10.1016/j.physletb.2013.11.015
https://doi.org/10.1016/j.physletb.2013.11.015
https://doi.org/10.1103/PhysRevD.94.073009
https://doi.org/10.1103/PhysRevD.93.115016
https://doi.org/10.1103/PhysRevD.93.115016
https://arXiv.org/abs/1812.10914
https://doi.org/10.1088/1475-7516/2022/12/024
https://doi.org/10.1088/1475-7516/2022/12/024
https://doi.org/10.1088/1475-7516/2021/05/014
https://doi.org/10.1088/1475-7516/2021/05/014
https://doi.org/10.1088/1475-7516/2022/01/006
https://doi.org/10.1016/0550-3213(90)90474-R
https://doi.org/10.1016/0550-3213(90)90474-R
https://doi.org/10.1016/j.nuclphysb.2017.07.021
https://doi.org/10.1016/j.nuclphysb.2017.07.021
https://doi.org/10.1088/1475-7516/2020/08/003
https://doi.org/10.1088/1475-7516/2020/08/003
https://doi.org/10.1088/1475-7516/2020/11/E01
https://doi.org/10.1111/j.1365-2966.2010.17631.x
https://doi.org/10.1111/j.1365-2966.2010.17631.x
https://doi.org/10.1143/ptp/84.2.233
https://doi.org/10.1143/ptp/84.2.233
https://doi.org/10.1088/1126-6708/2003/02/036
https://doi.org/10.1007/JHEP05(2013)078
https://doi.org/10.1007/JHEP05(2013)078
https://doi.org/10.1007/JHEP07(2017)108
https://arXiv.org/abs/1808.10136
https://doi.org/10.22323/1.354.0005
https://doi.org/10.1051/0004-6361/201833319
https://doi.org/10.1051/0004-6361/201833319
https://arXiv.org/abs/2210.14178
https://doi.org/10.1016/j.astropartphys.2013.11.003
https://doi.org/10.1016/j.astropartphys.2013.11.003
https://doi.org/10.1088/1674-1137/ac3fa6
https://doi.org/10.1103/PhysRevD.94.085012
https://doi.org/10.1088/0067-0049/205/1/2
https://doi.org/10.1103/PhysRevLett.124.191801
https://doi.org/10.1103/PhysRevLett.124.191801
https://doi.org/10.1103/PhysRevD.101.075014
https://doi.org/10.1103/PhysRevD.101.075014

