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While most searches for cosmic axions so far focused on their cold relics as (a component of) dark
matter, various well-motivated cosmological sources can produce “boosted” axions that remain relativistic
today. We demonstrate that existing/upcoming neutrino experiments such as Super-Kamiokande, Hyper-
Kamiokande, DUNE, JUNO, and IceCube can probe such energetic axion relics. The characteristic
signature is the monoenergetic single photon signal from axion absorption induced by the axion-photon
coupling. This proposal offers to cover parameter ranges complementary to existing axion searches and
provides new opportunities for discovery with neutrino facilities.
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I. INTRODUCTION

Axionlike particles (ALPs) are predicted in many well-
motivated beyond the Standard Model (BSM) particle
physics theories and can be compelling dark matter
candidates that attracted increasing interest in recent years.
The relics of stable ALPs naturally form a cold, cosmo-
logical background [1–3], and have been the primary target
for ALP searches. On the other hand, there are many well-
motivated sources producing a cosmic background of
energetic axions, e.g., dark matter decay, supernovae,
topological defects’ radiation and parametric resonance.
In this paper we explore the prospects of detecting
cosmologically produced ALPs with large volume neutrino
detectors, which are well suited for ALPs of OðMeVÞ or
higher energy. The smoking-gun signal would be a single
monoenergetic photon event resulting from the inverse-
Primackoff (IP) process.
A number of recent literature consider related topics, yet

cover different bases. For instance, a recent study on

searches for energetic cosmological axions can be found
in [4], but the energy scales of axions they focused on are
lower than our interested regime, with different relevant
experiments. Axion detection via absorption has also
been studied in a context of dark matter (DM) direct
detection experiments, which concerns cold relics with
OðkeVÞ energies [5–7]. Another recent study considered
axion searches with the Deep Underground Neutrino
Experiment (DUNE) based on IP process [8]. However,
they consider beam-produced axions which may decay
within the detector, and thus cannot be DM candidates. In
addition, the searches in [8] are relevant for DUNE near
detector, while the signal considered in this work is
cosmogenic and thus is relevant for DUNE far detectors.
Therefore, this paper well complements existing studies
on axion searches with astrophysical or terrestrial probes
[9–14], and provides new, timely BSM search targets with
potential DM connections for upcoming neutrino experi-
ments such as Hyper-Kamiokande (HK) [15], liquid-argon
detectors such as DUNE [16] and Jiangmen Underground
Neutrino Observatory (JUNO) [17]. The spirit of the
present study is similar to previous work by some of the
authors, that explored the direct detection sensitivity of DM
and neutrino experiments to a dark radiation (DR) flux in
the form of neutrinos and sourced by DM decay [18–22].
The scenario considered here resonates with the idea of

boosted DM (BDM) which has been pursued by many
neutrino experimental collaborations [16,23–34]. However,
the phenomenology and search strategies of the two are
distinct from each other: BDM is typically thermal WIMP-
like particles produced from processes such as annihilation
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or decay of DM, and the detection is based on the scattering
process. In contrast, the DR-like “boosted” ALPs consid-
ered here are very light, very weakly interacting, and would
be detected by absorption processes. On another note, in
principle, cold axion of mass OðMeVÞ or heavier can be
probed by neutrino detectors via IP process, in analogy to
keV ALP searches with DM direct detection experiments.
However, cosmogenic ALPs of such masses are generally
too short-lived, which may be subject to strong constraints
[35], or have too small interaction rates for detection due to
small fluxes and weak couplings.
In the following, we will first outline a benchmark

example of energetic ALPs production from DM decay
in Sec. II, and the interactions relevant to the experimental
probes with neutrino detectors in Sec. III. Then in Sec. IV
we will briefly review relevant information about a few
representative neutrino experiments to be considered.
Existing constraints and projection for sensitivities with
future experiments will be shown following the analysis of
the signal in Sec. V. Finally, we will conclude in Sec. VI.

II. FLUX OF ALPS FROM DARK MATTER DECAY

Energetic ALPs can originate from various cosmological
sources, such as DM decay, emission from topological
defects and parametric resonance [4,36]. As a benchmark
example, in this work we consider the scenario where the
relativistic ALPs are sourced from the two-body decay of
DM X → aawith a unity branching fraction. For simplicity,
we assume that the decayingDMconstitutes∼ 100% ofDM.
However, the cold relic of the ALP can be a non-negligible
fraction of all DM, and theALPs produced fromX decay can
have an observable impact on cosmological structure for-
mation, as suggested by earlier literature on boosted DMand
dark radiation [37,38]. Herewe focus on terrestrial probes of
the “boosted” ALPs with neutrino experiments, while other
ramifications are worth future investigation.
We take a general approach insensitive to the specifics

of the Xaa interaction, and trade the Xaa coupling for
the lifetime of the progenitor, τX. In the local Universe, the
Galactic energy differential ALP flux can be expressed
as [18]

dΦgal
a

dEa
¼ e−t0=τX

mXτX

dNa

dEa
R⊙ρ⊙hDi; ð1Þ

where t0 is the age of the universe, mX is the DM mass,
R⊙ ≃ 8.33 kpc is the distance between the Sun and the
Galactic center, ρ⊙ ≃ 0.3 GeV=cm3 is the local DM mass
density and hDi is the sky-averaged D-factor; in the
numerical evaluation, we take a NFW profile [39]. If only
a fraction of DM is assumed to decay, all flux formulas are
to be multiplied by such a fraction in a trivial way. With
negligible correction by the velocity dispersion of X, the
ALP spectrum per decay, dNa=dEa, can be approximated
by the monochromatic form, which reads

dNa

dEa
¼ 2δðEa −mX=2Þ; ð2Þ

where δðEa −mX=2Þ is a Dirac delta function.
On the other hand, the extragalactic energy differential

ALP flux is given by [18],

dΦext
a

dEa
¼ 2ΩXρc

mXτXH0pa

e−tðξ−1Þ=τXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ3Ωm þ ΩΛ

p Θðξ − 1Þ; ð3Þ

with pa ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
a −m2

a

p
and ma being the ALP mass, ΩX ¼

0.2607 being the density parameter of DM [40], ρc ¼
4.82 × 10−6 GeV cm−3 being the critical density of the
Universe today, Θðξ − 1Þ being a Heaviside step function,
and ξ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðmX=2Þ2 −m2
a

p
=pa, respectively. Finally, tðzÞ is

the cosmic time at redshift z and we assume a standard
cosmological expansion history with the matter density
parameterΩm ¼ 0.3111, the dark energy density parameter
is ΩΛ ¼ 0.6889, and where we take the current Hubble
expansion rate as H0 ¼ 67.66 km s−1Mpc−1 [40].
In this work, we take a benchmark DM lifetime of

τX ¼ 35t0, which satisfies cosmological bounds on DM
decaying solely into DR [41] (see [42–45] for other studies
about constraints on DM lifetime and fraction of decaying
DM). Results for other lifetime values respecting τX ≳ t0
can be obtained by rescaling the bound on gaγγ by a factorffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τX=35t0

p
. On the other hand, results for other branching

ratio BrX→aa can be obtained by rescaling the bound on gaγγ
by a factor

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BrX→aa

p
. We note in passing that stimulated

X → aa decay in the DR background given by (1) and (3)
remains negligible as the ALP occupation number stays
well below unity for our parameters of interest. As long as
the ALP DR remains relativistic, the laboratory signatures
considered are insensitive to the value of ma, thus we take
it to zero in our calculations, unless stated otherwise.
Therefore, effectively, the only free remaining parameter
determining the axion flux is the mass of the progenitormX.
Astrophysical constraints, however, sensitively depend on
ma, and we will comment on it in the following section.
This leaves us two free parameters in this framework to be
studied: the mass of the progenitor mX and the coupling
strength between ALP and SM photon gaγγ .
Integrating over the ALP energy Ea one obtains the

total flux Φa. For example, taking mX ¼ 30 MeV yields
Φa ∼ 105 cm−2 s−1, much smaller than the total solar
neutrino flux Φ⊙

ν ∼ 1011 cm−2 s−1 (or the total 8B flux).
Therefore, large volume neutrino detectors, as considered
in this work, are favored for probing the wide parameter
region with larger progenitor masses mX ≳ 30 MeV. The
resulting galactic and extragalactic energy-differential
fluxes of ALP DR are shown in Fig. 1 and can also be
found in [18,21]. For demonstration of the monochromatic
galactic flux in Fig. 1, we apply a 2% Gaussian smearing
to it.
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III. ALP INTERACTION AND
ASTROPHYSICAL CONSTRAINTS

The ALP as considered can potentially be detected via its
interaction with photons γ, e− or nucleons N. In addition
to laboratory probes, all couplings are subject to strong
constraints from astrophysics that typically span broad
ranges in axion mass. The bound on the axion-electron
coupling is particularly strong, such that it supersedes the
detectability of the boosted ALPs with large volume
neutrino experiments as considered in this work. In con-
trast, as we shall see, the aγγ coupling is accessible in the
laboratory with a comparatively clean signature (in com-
parison to the electron or nucleon signals considering the
backgrounds).
In this work, we therefore focus on the coupling between

the ALP and photon, gaγγ . The interaction is described by

L ¼ −
1

4
gaγγaFμνF̃μν; ð4Þ

where gaγγ has mass-dimension −1, Fμν is the photon field
strength and F̃μν ¼ ϵμναβFαβ=2. The gaγγ coupling induces
the axion decay into a photon-pair with a decay rate at rest
given by

Γð0Þ
a→γγ ¼ g2aγγm3

a

64π
¼ τ−1a ; ð5Þ

with ma and τa being the mass and lifetime of the ALP.
The two-body decay of the boosted ALP DR into pairs

of photons is severely constrained by indirect detection
searches of decaying DM, see, e.g., [46–49]. Due to the
large boost of the axions, the induced photon spectrum is
essentially identical to the DR one, thus the galactic flux is
constrained from line searches, and the cosmological flux

from a continuum excess. Let us denote by τminðmDMÞ the
observationally inferred lifetime constraint from DM decay
into a pair of photons. Considering that each X-decay
eventually yields four photons and τmin ≫ τX, furthermore,
neglecting redshift, we find the condition on the in-flight
axion lifetime: γτa ≳ 2τminðmX=2Þ, where γ ¼ mX=2ma is
the axion boost factor. Together with (5) this yields the
requirement

gaγγ ≲ 10−6 GeV−1
�
eV
ma

�
2
�
1026 s
τmin

�
1=2

�
mX

GeV

�
1=2

; ð6Þ

where we have normalized to typical values. From this we
conclude that for sub-eV axion masses, the indirect detec-
tion constraints on DM decay based on x-ray and γ-ray
observations are avoided. In what follows, we shall there-
fore assume ma ≲ 1 eV.
The lightness of the ALPs as imposed by the indirect

detection constraints implies that stellar cooling constraints
on gaγγ are, in general, applicable, as the axion is kine-
matically accessible in the interiors of stars. The leading
constraint over a large mass range comes from globular
cluster observations of the ratio of horizontal branch to red
giant stars [50,51], which limits the axion-photon coupling
to better than gaγγ ≲ 10−10 GeV−1. For even smaller axion
masses, ma ≲ 10−7 eV, a multitude of additional con-
straints derived from high energy astrophysics enter, further
strengthening the bounds down to the 10−12 GeV−1 level
(see [52] for a compilation of various constraints). It is
worthwhile noting that recent studies [53,54] have dem-
onstrated various mechanisms by which the astrophysical
bounds can be alleviated or evaded by, for example,
inducing temperature/environment dependent masses of
the axionlike particles. From this perspective, independent
probes for ALPs with a well-controlled lab environment,
such as proposed in this work (as well as other existing
terrestrial searches), are highly desirable and can provide
complementary information. Finally, a “laboratory-grade”
stellar limit comes from the CAST experiment [12,55]
yielding gaγγ ≲ 7 × 10−11 GeV−1 for ma ≲ 10−2 eV, weak-
ening for larger axion masses.
Finally, we note that even in the absence of a tree-level

axion-electron coupling, an effective geffaee interaction can be
induced at the loop-level. For ma ≪ me Ref. [56] finds

geffaee ¼
3αme

4π
gaγγ

�
ln
Λ2

m2
e
−
4

3

�
þ � � � ; ð7Þ

where Λ is a UV scale and the dots represent additional
contributions that may enter from the electroweak sector.
Such radiatively induced coupling is subject to the severe
bound from red giant stars, gaee ≲ 10−13 GeV−1, see [57]
and references therein. Using (7) this stellar bound is then
compatible with gaγγ ≲ 10−7 GeV−1.

FIG. 1. Energy-differential flux of the ALPs from DM decay.
Different colors represent different progenitor masses.
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Once the ALPs reach a terrestrial detector, they can be
detected via absorption through the IP process.1 The
differential cross section reads

dσIP
dΩa

¼ g2aγγα

4π

p4
a

q4
sin2 θaF2ðqÞ; ð8Þ

where pa ¼ jp⃗aj, θa is the scattering angle, q2 ¼ m2
a −

2EγðEa − pa cos θaÞ and FðqÞ is the atomic/nuclear form
factor, Eγ is the energy of the outgoing photon. See the
Appendix B and [8] for a derivation. By examining the
kinematics of the final states, we found that the outgoing
photon is highly monochromatic, with Eγ ≈ Ea, which
constitutes a characteristic signal for the searches.

IV. EXPERIMENTAL PROBES

We now study the prospects of constraining ALP
DR with large volume neutrino detectors. We will
particularly focus on a few benchmark experiments: Super-
Kamiokande (SK), Hyper-Kamiokande (HK), Icecube-
Deepcore, DUNE, and JUNO. In water-based Cherenkov
detectors such as SK/HK and IceCube, Cherenkov rings
induced by photons and electrons are similar, thus the IP
signal indiscriminately reveals itself as an excess in
electron scatteringlike events. On the other hand, DUNE
and JUNO have the capacity of high efficiency photon
identification, allowing us to capture the monochromatic
photon signal without confusing it with electron scatter-
ings. Due to the inability of distinguishing electron from
photon, with SK and HK we expect a notable background
for our signal from e− events due to diffuse supernova
neutrinos for Oð10–30 MeVÞ and atmospheric neutrinos
for Oð30 MeV − 1 GeVÞ. On the other hand, the mono-
chromatic energetic single photon signal at DUNE and
JUNO can be treated as background-free. We review the
relevant details about these experiments in the following,
along with the parameter choices made for our analysis.
Super-Kamiokande The fiducial mass of the SK detector

is taken to be 22.5 kton and we consider two energy bins
for which expected backgrounds are reported. First, we
consider the range of Eγ ¼ ½16; 88� MeV, utilizing the
1497 days of electron-recoil data from SK-I run in search
for a diffuse supernova neutrino background [58,59].
Within the signal region of Cherenkov angle, a total of
239 events were observed with 238 background events
expected from the best-fit background model; the back-
ground event rate is 58.3=yr. The detection efficiency is
found in [58]. Another energy range we consider is
Eγ ¼ ½0.1; 1.33� GeV, constrained by the lowest energy
interval from an analysis of fully contained single electron-
like events in atmospheric neutrino search with SK-IV [29].
The exposure is 161.9 kton-yr and 4042 events after cuts

were reported with an efficiency ϵðEγ ¼ 0.5 GeVÞ ¼ 0.93
[29]. The number of background events in the same energy
interval is estimated to be 3993 [29], equivalent to a back-
ground event rate of 554.9=yr. We derive the 90% confiden-
tial level (CL) limits on ðmX; gaγγÞ parameter space using the
following criterion [60]

NALP
sig ≤ Max½0; Nobs − Nbkg� þ 1.28

ffiffiffiffiffiffiffiffiffi
Nobs

p
; ð9Þ

where NALP
sig , Nobs, Nbkg are number of events induced by

the ALPs, total observed events and background events,
respectively.
Hyper-Kamiokande The fiducial volume of the HK

detector will be about 25 times that of SK [61,62]. We
derive the projection of sensitivity based on the same
energy intervals considered for SK, assuming the same
data-taking time as SK (1497 days for Eγ ¼ ½16; 88� MeV
and 2626 days for Eγ ¼ ½0.1; 1.33� GeV). We rescale the
background events for SK according to the difference
in fiducial volume in order to estimate the background
events for HK (i.e., the background event rates are
1457.5=yr for Eγ ¼ ½16; 88� MeV and 13872.5=yr for
Eγ ¼ ½0.1; 1.33� GeV). With a conservative detection effi-
ciency of 0.8, the projected sensitivity of HK can be derived
by requiring NALP

sig ≤ 1.28
ffiffiffiffiffiffiffiffiffi
Nbkg

p
assuming Nobs ¼ Nbkg.

IceCube Because of higher energy detection thresholds,
the primary sensitivity Cherenkov detectors is in the large
progenitor mass region. Here we focus on IceCube, which
has the largest volume, 1 Gton mass with 100 GeV energy
detection threshold, while its DeepCore sub-array has a
10Mton mass andOð10Þ GeV threshold. Like with SK and
HK, the boosted ALP signal would reveal itself as electron-
like events, and the existing atmospheric νe data [63] leads
to potential constraints.
We consider themeasurement of the atmospheric νe flux in

the energy range between 80GeVand 6 TeV fromDeepCore
[64]. With 281 live days, a total of 1029 events are observed,
while the total number of predicted events is 1007 [65],
which we take as the background for the ALP search.
The detection efficiency is derived by dividing the effective
volume reported in [64] by the fiducial volume of DeepCore.
In addition, we consider data from IceCube with an energy
threshold of 100 GeV [63]. A total of 1078 fully contained
events are observed within 332 live days and with energy
below 100 TeV. The estimated number of background events
based on MC simulation is Nbkg ¼ 1071. The detection
efficiency is deduced from the fiducial volume of 1Gton and
an effective volume for νe level 4 shown in [63]. For both
DeepCore and IceCube, the constraints on ALP parameter
space are derived based on Eq. (9).
DUNE The DUNE experiment is currently under con-

struction and expected to start taking data around 2028.
The far detectors are of two types: a single phase
LArTPCmodule (DUNE-SP) [66] and a dual phase module

1As we consider ALP scenarios with a long lifetime, the event
rate from a → γγ inside any detector is negligible.
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(DUNE-DP) [67]. DUNE-SP is a 40-kilo-tonne Single
Phase LArTPC, which can search for MeV to GeV-scale
neutrino interactions. It has 6000 photon-detection system
(PDS) channels with minimal detection threshold of
10 MeV [16]. DUNE-DP [67] has a gas phase in addition
to the LArTPC, which has the ionization signal obtained in
the gas phase, as an attempt to achieve a tunable signal over
background rate and a lower detection threshold. It has a
12 kton active mass of LArTPC.
In this work, we consider a DUNE-SP-like detector and

study the sensitivity reach with 40 kton active LAr mass;
the sensitivity of DUNE-DP is harder to estimate due to its
more complicated experimental setup. We adopt a detection
threshold of 10 MeV (this threshold may be pushed lower in
reality) and follow [16] for the reconstruction efficiency of
the photon signal. An advantage of the DUNE-like detectors
over the Cherenkov detectors (e.g., SK/HK) is that, the
photon signal from ALP absorption can be better distin-
guished from electron events based on dedicated identifica-
tion. Thus the potential background here is dominated by
genuine photons from the decay of π0 ’s that are produced
from hadronic interaction of the incident atmospheric/DSN
neutrinos. As discussed in [8] in the context of beam-
produced ALPs, such a γ background can be effectively
mitigated by vetoing on additional hadronic activities and
the second shower (typical for π0 → γγ). In addition, the
characteristic monochromatic single photon signal should
lend itself to further discriminatory power from the kinematic
information. We reserve a quantitative, dedicated analysis in
this regard for future work. In this work wewill assume zero
background at DUNE. Therefore, we derive the sensitivity
reach based on the number of signal eventsNALP

sig per year.We
takeNALP

sig =yr ¼ 1 and 3 as two benchmarks, representing the
aggressive and conservative projections.
JUNO The JUNO neutrino detector is currently under

construction in China with data-taking expected to begin
in 2023. JUNO will be equipped with the to-date largest
liquid scintillator detector with a fiducial volume of around
20 kton, surrounded by around 53000 photomultipliers. We
set the detection threshold to 12 MeV [68]. An optimistic
detection efficiency of monochromatic-γ is assumed to be
unity for simplicity, given its high performance in particle
discrimination [69] and high photon detection efficiency
[17]. With the considerations similar to that of DUNE, we
consider the background to be well-controlled and approx-
imately zero for the monochromatic-γ signals. Therefore,
we show the projected sensitivity based on NALP

sig per year,
for which the conservative (aggressive) one corresponds
to NALP

sig =yr ¼ 3ð1Þ.

V. ANALYSIS RESULTS, EXPERIMENTAL
SENSITIVITIES

We now present the sensitivity reach of the experiments
mentioned above. In Fig. 2 the shaded regions correspond

to the current sensitivity from SK and DeepCore/IceCube,
while the curves represent the projections of future sensi-
tivity for HK, DUNE, and JUNO. The signal event rate is
obtained by integrating over the energy range of
½Emin

γ ; Emax
γ � for the experiment in consideration. Emin

γ is
the detection threshold. For SK/HK and Icecube, Emax

γ

indicates the upper bounds of the particular energy bins we
used for background estimates based on existing data, as
specified earlier (two bins for SK/HK). With DUNE and
JUNO, there is no detailed binning information for the
searches available now, and we expect them to be approx-
imately background free for the ALP photon signal, thus
for them Emax

γ may be taken as the maximal energy that can
be contained within the detector. We make a conservative
choice of Emax

γ ¼ 100 GeV for DUNE and JUNO. The
constraint/reach at low mX is only sensitive to Emin

γ , while
larger Emax

γ would improve the sensitivity at larger mX

(typically superseded by the stellar bound). The galactic
component dominates the flux at low mX < 2Emax

γ . For mX

larger than 2Emax
γ , sensitivity is lost as the constraint is then

FIG. 2. Current bounds (shaded region) and sensitivity reach
(curves) on ðmX; gaγγÞ of large volume neutrino experiments
considered in this work. Stability reasons require ma ≲ eV and
the dashed horizontal line shows the CAST limit for ma ≲
10−2 eV [12]; other stellar constraints are in a similar ballpark. In
making the plot, we assumed a progenitor lifetime of the τX ¼
35t0 compatible with current constraints on DM decay. Since the
mono-γ signal is largely background-free in DUNE and JUNO,
we show the conservative (3 events per year, dashed curves) and
aggressive (1 event per year, solid curves) projections for
demonstration. We truncate at mX ¼ 104 GeV as the sensitivity
reach of experiments only becomes weaker due to a smaller flux.
We find that both a DUNE-like detector and JUNO can improve
the sensitivity for mX ∼Oð10–100 GeVÞ beyond astrophysical
constraints.
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necessarily driven by a smaller, redshifted fraction of the
extragalactic flux.
Among the considered experiments, both the DUNE-like

detector and JUNO are capable of probing gaγγ values
below current astrophysical sensitivity. On the other hand,
for the Cherenkov detectors SK and HK, the mono-γ signal
is subject to background, which precludes a competitive
sensitivity with respect to DUNE and JUNO.
As can be seen from Fig. 2, SK already provides effective

constraints in the lower mass range with best sensitivity at
mX ∼ 50 MeV, while HK will be able to probe gaγγ close to
stellar bound at a value 10−10 GeV−1. Thanks to a lower
energy threshold, the DUNE-like detector and JUNOwill be
able to reach beyond the astrophysical limits with the best
sensitivity of gaγγ ∼ 5 × 10−11 GeV−1 in the sub-GeV pro-
genitor mass region. Finally, we discover that the sensitivity
of IceCube is relatively weak, well above 10−9 GeV−1 and
well in the astrophysically disfavored region.

VI. CONCLUSIONS AND OUTLOOK

In this work, we propose a new search avenue for
cosmogenic relativistic axions with neutrino detectors.
We considered the benchmark example of axion production
from dark matter decay and the characteristic monochro-
matic single photon signal for detection induced by the
inverse-Primakoff effect. Other ramifications are worth
further investigation, including other cosmic sources for
such energetic axions and other axion interaction modes. In
addition, we are not being exhaustive about relevant
neutrino experiments, and the potential of other facilities
such as ANTARES, KM3NeT, and KamLAND-Zen
[70–72] are worth exploring. In addition, the monochro-
matic line signature can be specifically searched at
IceCube, SK, and HK. It is subdominant in terms of signal
rate (a few percent), but one can reduce background
significantly using the event shape analysis, potentially
combined with the angular information that the mono-
chromatic signal comes from the galactic center. We leave
this more dedicated analysis to future works. This proposal
well complements existing axion searches mostly based on
cold relics, while it provides new targets for dark matter-
related BSM physics searches with future neutrino experi-
ments, including DUNE, HK, and JUNO.
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APPENDIX A: ALP-ELECTRON INTERACTION

The effective Lagrangian for interaction between ALP
and electron is given by

Le ¼
gaee
2me

ð∂μaÞēγμγ5e; ðA1Þ

where gaee is a dimensionless coupling and me is
electron mass. The one-loop diagram that induces such
an effective axion-electron coupling through gaγγ yields in
magnitude [56]

geffaγγ ¼
α

πme
gaeeB1ð4m2

e=m2
aÞ; ðA2Þ

where B1ðxÞ ¼ 1 − x½sin−1ð1= ffiffiffi
x

p Þ�2.

APPENDIX B: CROSS SECTION
OF INVERSE-PRIMAKOFF PROCESS

For aðp1Þ þ Nðp2Þ → γðp3Þ þ Nðp4Þ, the lab-frame
kinematics where the nucleus is at rest is given by

p1 ¼ ðEa; 0; 0; paÞ; p2 ¼ ðmN; 0; 0; 0Þ;
p3 ¼ ðEγ; 0; Eγ sin θγ; Eγ cos θγÞ; p4 ¼ p1 þ p2 − p3;

ðB1Þ

where mN is nucleus mass and Ea ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
a þm2

a

p
.

Assuming the scattering is elastic, i.e., p2
4 ¼ m2

N , we obtain
the relation

Eγ ¼
−2EamN −m2

a

2ðcos θγpa − Ea −mNÞ
: ðB2Þ

The scattering amplitude reads

MIP ¼ gμν
t2

jμajνN; ðB3Þ

where t≡ ðp1 − p3Þ2 ≡ q2, jμa ¼ gaγγϵδμαβεδðp3Þp3;αqβ,
and jνN ¼ eFðqÞðpν

2 þ pν
4Þ taking heavy scalar target limit

with FðqÞ being the atomic/nuclear form factor. Squaring
Eq. (B3) and summing over final photon polarization,
we obtain the Lorentz-invariant squared amplitude for the
IP process
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jMIPj2 ¼ −
παF2ðqÞg2aγγ

t2
fm4

að4m2
N þ 3tÞ

− 2m2
atð4sþ tÞ þ 4t½ðm2

N − sÞ2 þ st�g; ðB4Þ

where s≡ ðp1 þ p2Þ2. In the lab frame, we write for t
and s,

t ¼ q2 ¼ m2
a − 2EγðEa − pa cos θγÞ;

s ¼ mNð2Eγ þmNÞ: ðB5Þ

The general form of differential cross section reads

dσIP
dΩa

¼ 1

64π2s
jMIPj2; ðB6Þ

which reduces to Eq. (8) if we consider a light ALP and
small momentum transfer relative to nucleus mass, i.e.,
ma; pa ≪ mN . The Primakoff process and its inverse are
related through dσP=dΩa ¼ ðdσIP=dΩaÞ=2 from averaging
over the polarizations of initial photon.
The correct form factor FðqÞ to be used depends on the

momentum transfer q. For q ≪ MeV, we adopt the atomic
form factor which includes electron screening of the
nuclear charge [73,74]:

F2ðqÞ ¼ Z2

�
a2ðZÞq2

1þ a2ðZÞq2
1

1þ q2=dðAÞ
�
2

; ðB7Þ

where aðZÞ ¼ 111Z−1=3=me and dðAÞ ¼ 0.164 GeV2A−2=3

with Z and A being atomic and mass number of the nucleus.
When q is large enough to probe the nucleus, we use the
Helm form factor [75]

F2ðqÞ ¼ Z2

�
3j1ðqR1Þ

qR1

�
2

e−q
2s2 ; ðB8Þ

where R1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1.23A1=3 − 0.6Þ2 þ 2.18

p
fm, j1 is the

spherical Bessel function, and s ¼ 0.9 fm. The comparison
of Eqs. (B7) and (B8) for Argon is given in Fig. 3. For
q ≪ MeV, we can see the suppression due to electron
screening in atomic form factor, while for q ≫ MeV
nuclear form factor accounts for the resolved nuclear
structure.
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