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Axion-induced pair production: A new strategy for axion detection
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We revisit and update the axion-induced pair production process in a nuclear electric field mediated by
the axion-electron coupling, @ +4X — 42X + e + e~. This process emerges as one of the most efficient
channels for detecting axions with energies above a few MeV in large underground detectors. It is
particularly relevant for detecting axions produced in nuclear reactions, such as the p 4+ d — He +
a(5.5 MeV) reaction in the solar pp-chain, and for axions originating in supernovae. Despite recent interest
in detecting high-energy axions, the pair production process has received limited attention, even in
scenarios where it is the dominant detection channel. This study fills this gap by demonstrating that pair
production is a highly effective detection mechanism for high-energy axions. We apply our results to axions
from supernovae and the solar 5.5 MeV line, recasting the current bounds of Borexino and comparing the
detection capabilities of the JUNO and Hyper-Kamiokande detectors.
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I. INTRODUCTION

Axions, hypothetical particles proposed to solve the
strong CP problem in quantum chromodynamics (QCD)
[1-3], have drawn extraordinary interest in the field of
particle physics and cosmology. Their feeble interactions
with ordinary matter make them challenging to detect, yet
their discovery could provide profound insights into the
fundamental forces of nature and the composition of dark
matter. Traditional methods of axion detection have
focused on processes such as axion-photon conversion
in strong magnetic fields, which depends on the axion’s
coupling to photons, as well as the axio-electric and axion
inverse Compton processes, associated with the axion’s
coupling to electrons. Each method presents its benefits
and limitations, and the optimal detection method often
depends on the axion flux targeted for detection.

In this paper, we study axion detection through the
process
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a+4X > 49X +et +e, (1)

induced by the axion-electron coupling, represented by the
diagram in Fig. 1. This is the axion equivalent of the famous
Bethe-Heitler process [4]. While the process has been
discussed in the literature, it has been largely overlooked
in phenomenological and experimental applications, partly
because of the lack of simple and practical expressions for
the cross section on various targets—an issue we address in
this work. As we shall show, this mechanism is particularly
effective for detecting highly energetic axion fluxes,
E, = 10 MeV, typically expected in core-collapse super-
novae (SNe) or in nuclear reactions.

The detection of MeV axions in large underground
detectors has been considered in various publications.
Examples include studies of the 5.5 MeV solar axion line
from the proton-proton (pp) chain reaction

p+d —He + a(5.5 MeV) (2)

using Borexino data [5], as well as sensitivity studies for the
same axion line with future neutrino experiments [6]. Both
references considered the inverse Compton process,
a+e” —y+ e, and the axio-electric effect (the axion
equivalent of the photoelectric effect), as detection chan-
nels." However, these processes quickly become ineffective

"Their analyses also considered detection channels through
the axion-photon coupling. Nevertheless, in this paper, we are
interested only in the axion-electron coupling.
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FIG. 1. External pair production induced by a pseudoscalar
particle a in the presence of a nucleus 4X.

above a few MeV and lose their applicability entirely for
detecting highly energetic axions, such as those expected
from a supernova (SN) explosion, with energies that can
exceed 100 MeV

In this work, we present a detailed study of the axion pair

production process in Fig. 1 [Eq. (1)], and estimate the
effect on the current bound of Borexino [5], as well as the
sensitivity at the future facilities Jiangmen Underground
Neutrino Observatory (JUNO) [7] and Hyper-Kamiokande
(Hyper-K) [8]. We limit the discussion to the mass range
m, < 2m,, a choice motivated by several reasons. First, this
regime encompasses the standard QCD axion band. Second,
in this regime, we can neglect axion decay en route to Earth
and within the detector, avoiding complications that might
divert attention from our primary results. Finally, in this
limit, the matrix element calculations are simplified, ena-
bling us to derive a phenomenological formula, Eq. (15),
which relates the axion cross section to photon-induced
external pair production in the electric field of nuclei. As
concrete examples, here we consider the following two
axion sources:

(1) the 5.5 MeV axion flux from the solar pp-chain
[5.91, Eq. (2);

(2) the SN axion flux, produced through nucleon
bremsstrahlung [10] and pion Compton scattering
[11,12], in both trapping and free-streaming regime.

In our study, we consider axions or axionlike particles

(ALPs) coupled to electrons and nucleons through the
following interaction terms:

['int ) _igaeaEySE - iCZN)/S (g()aN + T3g3aN)N1 (3)

where N = (n, p)7 refers to the nucleon doublet and 73 =
diag(1,—1) is the third Pauli matrix. Using Eq. (3), the
couplings to neutrons and protons can be expressed as g,, =
9oan t J3an a0d gop, = Goan — G3an- We ignore the axion-
photon interaction as it is unnecessary for the examples we
are considering here. Our main finding is that the pair
production mechanism becomes competitive with the
inverse Compton process at E, ~ 10 MeV, as shown in
Sec. II. Therefore, it remains somewhat subdominant,

though not negligible, for the detection of the 5.5 MeV
solar line, while it is by far the dominant detection channel in
the case of SN axions.

The paper is organized as follows. We begin with a brief
description of the two axion production mechanisms
relevant to this work, outlined in Sec. II. Next, in
Sec. III, we discuss the axion detection mechanism
associated with the axion-electron coupling and provide
a detailed analysis of the axion pair production process. In
Sec. IV, we review the experimental landscape, high-
lighting both the advantages and potential challenges.
Finally, in Sec. V, we summarize and discuss our results,
with conclusions presented in Sec. VI. A detailed calcu-
lation of the axion pair production cross section, including
practical expressions for numerical analysis, is provided in
the Appendix.

II. AXION PRODUCTION

Axions can be produced in a variety of ways, both in
laboratory settings and in astrophysical environments. Stars
are an example of very effective axion sources. The hot
stellar environment can produce axions through a variety of
thermal processes (see, e.g., Refs. [13—16] for reviews). In
general, these processes produce axions with energies of
the order of the stellar core, O(1-10) keV, for regular stars.
However, regular stars, such as our own sun, can also
produce more energetic axion fluxes through nuclear
reactions and nuclear transitions. We discuss this below,
in Sec. IT A. Another exception are SNe, see Sec. II B, with
temperatures up to tens of MeV.

A. Axions from nuclear reactions in the Sun

Axions can be produced in the Sun through nonthermal
mechanisms involving nuclear reaction processes induced
by the axion-nucleon couplings. Monochromatic fluxes
arise from magnetic dipole transitions during the deexci-
tation of nuclei in the Sun [17,18], such as in the >’Fe* —
Fe + a(14.4 keV) or 8Kr* — 83Kr + a(9.4 keV), or
from some nuclear reactions (see Table 4 in Ref. [16] or
Table 2 in Ref. [19] for more details and recent results). In
particular, the process in Eq. (2), which represents the
second step in the solar pp-chain but with an axion
replacing the photon, turns out to be one of the most
efficient production mechanisms induced by the axion-
nucleon coupling [20]. The axion flux associated with this
process is given by [5,9]

D, = (Fa/ry)q)upp’ (4)

where ®,,, = 6.0 x 10'° cm™2s~! is the pp solar neutrino

flux and

vpp
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denotes the probability of producing an axion rather than a
photon. Here, a denotes the fine-structure constant, while
|I€a| and |I€7| are the module of the axion and photon
momenta, respectively (assumed equal in the limit of a
massless axion). The others are nuclear parameters dis-
cussed in details, for example, in Ref. [20]. For our specific
reaction, the values 6 = 0.82 and # = 0 apply, while the
isovector magnetic moment is u3 = u, — p, = 4772
Substituting these parameters, we find the axion flux at
earth as [6]

q)a — q)aoe_do/ftol

1

3
ﬁ3.23 X 1010'9%&1\’ <||_)a|> e_dO/flm Cm—2 S_l, (6)
14

bl

where the exponential term e %/%w,  with dgy =
1.5 x 10"® cm the distance Sun-Earth and 7, the total
axion decay length, accounts for the possible decay of
(sufficiently heavy) ALPs in their route from the sun.
Though the axion could still couple with two photons at
loop level—resulting in a finite (model-dependent) decay
length which might suppress the flux—for simplicity, here
we assume a vanishing axion-photon coupling and set the
exponential prefactor to 1.

B. SN axions

Core-collapse supernovae (SNe) are extraordinary envi-
ronments for the production of feebly interacting particles.
The violent gravitational collapse generates extreme tem-
peratures and densities in the inner core [21,22], which in
the cooling phase can reach the values T ~ 30—40 MeV and
p ~ 10" gcm™. As we shall see, these conditions are ideal
for the production of axions and axionlike particles. Indeed,
a future galactic SN would offer a rare opportunity to probe
the axion hypothesis as well as the physics of SNe and
nuclear matter at extreme conditions. Recent studies [23]
estimate the supernova rate to be R = 1.63 +0.46 per
century, with a distribution peaked around 10 kiloparsecs
(kpc) from Earth [24] and concentrating in star-forming
regions.

*We thank R. Massarczyk for clarifying a typo in Table II of
Ref. [20], which reported 6 =0, n =1 instead of 6 = 0.82,
n=0.
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FIG. 2. Time-integrated axion production spectrum for the
trapping regime (blue), NN bremsstrahlung (green) and pion
conversion (yellow). The NN and zN contributions correspond to
the free-streaming regime. The axion-nucleon couplings are fixed
at g,, = 5x 1079 and g,, = 0. All curves scale as g3,.

If axions couple to nuclei, their production prima-
rily occurs via nucleon-nucleon (NN) bremsstrahlung
[10-12,25], N+ N —-> N+ N +a (see green curve of
Fig. 2) and via pionic Compton processes, 7~ +p — n+a
[26-28], shown in the yellow curve in Fig. 2. The first of
these processes is notoriously challenging to calculate, due
to the complexity of describing the nucleon-nucleon inter-
action, and considerable effort has been made to improve
the theoretical framework to provide a reliable description
(see, in particular, Ref. [10]). The pion process, on the
other hand, is easier to describe but depends critically on
the unknown pion abundance in the SN core [26,27].
Specifically, by summing all contributions, the axion
emission spectrum is expected to take the form [11,12]

dN,
dE

= Fyy(Ey) + Fan(E,), (7)

where the functions Fyy and F .y represent the contribu-
tions of bremsstrahlung and pionic processes.3 The pion
scattering contribution, F,y, adopted in our numerical
analysis corresponds to a pion-to-nucleon fraction Y, =
1% in the inner core regions, a benchmark which agrees
with recent theoretical estimates [26]. Interestingly, the
fundamental question of the exact pion abundance in the
SN core may only be resolved through a direct detection of
SN axions, which motivates the ongoing experimental
effort.

If the axion-nucleon couplings are sufficiently weak,
Jan S 1078, axions produced in the SN core would escape
without being reabsorbed in the stellar matter. In this case,

Notice that there are uncertainties in these processes related to
the SN model, the description of the nucleon-nucleon inter-
actions, medium effects in the SN, the pion abundance, etc. For
more details, see e.g. Refs. [10,12].
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we talk about the free-streaming regime. A bound on these
axions can be placed by constraining the effects of the
additional axion cooling not to spoil the observed neutrino
signal from SN 1987A. This results in g,, < 8.5 x 107'%in
the case of axions interacting only with protons [11]. In the
case of larger couplings, g,y = 1078, the SN environment
becomes optically thick for the produced ALPs, preventing
them from free-streaming out of the star [12]. This is
dubbed the trapping regime [29], depicted by the blue
curve of Fig. 2. Trapped axions are emitted with a typical
thermal spectrum from a last scattering surface known as
axionsphere, in analogy to the case of neutrinos. This flux
can be constrained by the nonobservation of associated
events in the Kamiokande-II neutrino detector at the time
of SN 1987A [12,30], resulting in the exclusion of
6x1071° < g,, $2.5% 107° for m, < 10 MeV [12].

The interest in detecting supernova axions has increased
in recent years and has led to various proposals, including
searches with axion helioscopes, such as the International
Axion Observatory (IAXO) [31], with the Large Hadron
Collider (LHC) [32], or in neutrino water-Cherenkov
detectors [33,34]. Additional proposals have also consid-
ered the opportunity to reveal SN ALPs with space born
telescopes, specifically the Fermi LAT, in the case they
convert in the galactic magnetic field [35-37].

Here, we show that the axion-induced pair production of
electron and positron process offers also an opportunity to
probe the SN axion spectrum, allowing to enlarge the reach
in the parameter space with current and next-generation
experiments. For our analysis, we calculated the SN axion
spectrum in both free-streaming and trapping regime using
the GARCHING group’s SN model SFHo-s18.8, provided
in Ref. [38] and based on the PROMETHEUS-VERTEX [39]
code, with the SFHo Equation of State (EoS) [40,41]. The
model consists in a 18.8M stellar progenitor [42].

III. AXION DETECTION

Axions interactions with electrons lead to several
detection channels. The ones we are interested in, in this
work, are

(1) inverse Compton scattering, a + e~ — y + ¢~;

(2) the axio-electric effect a + e~ + Ze — e~ + Ze;

(3) axion-induced pair production in the electric field of

nuclei, a +4X > 4X + et + e
Below, we provide a brief overview of each and discuss
axion pair production in more detail, as it is considerably
less explored in the literature.

A. Inverse Compton scattering

The total cross section for the process where an axion
scatter on the atomic electrons of the target, a + e~ —
e~ +vy,is [17,43,44]

__Gaex [2mi(m,+E,)y
8m2|k,| L (mg+y)?
dm,(md + 2m2m?2 — 4m2E2)
y(mg +y)
A Kol i, e + By + K
|kaly me + E, — |k,|

oic

(8)

where y = 2m, E,, + m2, k, is the momentum of the axion,
E, its energy and m, the electron mass. This process
produces an observable signature in the electron recoil and
outgoing photon final states. For m, <2 MeV, the phase-
space contribution to the cross section in Eq. (8) is
approximately independent of the axion mass and the cross

section becomes 6,c ~4.3 x 1072 g2, cm?.

B. Axio-electric effect

In analogy with the photo-electric effect, in the axio-
electric effect the axion is absorbed by the atom and an
electron with an energy equal to the difference between the
axion energy and the electron binding energy is emitted
[45-49]. The cross section is

2 E2 2/3
gae 3 a a
= — 1- R 9
Gae = Ope Ba 16mam? < 3 ) ®)

where o, is the photoelectric cross section of the target,

that can be obtained from the Photon Cross Sections

Database in [50], and g, = |1€a| /E,. The photo-electric
cross section o, is proportional to 73, making the axio-
electric effect the main (solar or galactic) axion detection
channel in direct detection experiments with high-Z targets
[51-54]. However, the steep decrease of the cross section at

higher energy makes this channel ineffective for axions
with E, = 50 keV.

C. Axion-induced external pair production

Finally, an axion can produce electron-positron pairs in
the electric field of nuclei. The relevant cross section was
calculated in Refs. [43,55-58]. This process is analogous to
the photon-lepton pair production in the Standard Model,
known as the Bethe-Heitler process, and can be evaluated
using the form factor formalism from Ref. [59]. The
differential cross section is given by

N F A
daaee :_|M| |f+||f—|
dcos®,dcosO_dE_d¢ S1274m3|k,|

where E,, E,, E_ are the axion, positron and electron
energy, respectively. The axion momentum is denoted by k,,,
while my is the mass of the nucleus. Energy conservation
imposes the relation £, = E, + E_ between the initial state
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axion, and final state positron and electron energy, as long as
nuclear recoil is neglected. The integration range is
0. €[0,z], p €|0,2x] and E_ € [m,, E, — m,]. The modu-
lus squared of the matrix element can be written as

42
e gae
2

M? = Ly, H"™F(t). (11)

The 1/#* factor comes from the propagator of the photon
and it is

=m2+2m: =2k, -l +k,-C_—C_-C.), (12)
where k, and 7. are the four-momenta of the axion and

positron/electron, respectively. The leptonic and hadronic
tensors are defined as

L =T[4 m0) (1 =L,

f—_ka+me

+7s mh) (7 —m,)

ka_f++me
- <75m3—2<ka-f+>“
f—_ka+me v
“mi=2k,-¢)") |

H™ = Tr((py + my)r* (b1 + my)r*]. (13)

t7

The atomic form factor is [59,60]

a’t 1 2 (14)
l+aztl+1t/dy] "’

Fi(t) = 22[

which includes the electron screening of the nuclear charge.
In Eq. (14), ay = 111273 /m,, d, = 0.164A%/3> GeV?,
and A is the atomic mass number. More details on the
computation can be found in the Appendix.

The axion-induced external pair production in the
nuclear electric field can be related to the analogous process
of external pair production by a photon in the nuclear
electric field. Comparing the two computations in the limit
of m, < m,, we find

Gae

Gaee(Ea) 22'6%6yee(Ea)’ (15)

where ¢,,, is the cross section for photon-induced external
pair production in the electric field of nuclei, which can be
obtained from the database [50].

Figure 3 shows the comparison between the cross
sections for the axio-electric effect (orange), the inverse

Compton scattering (blue) and the external pair production
channel (green) for an axion with a coupling to electrons of

10—11‘;

? my = 1074 MeV %
107”; Gae = 1077 é
—_ 1[)—18; Inverse External 1);111';
@ E Compton production 3
a E 3
2 10Y% E
O, F 3
1S 10720; i
10-2L 4
o2l v Nl i )
1072 1072 107! 10° 10! 10° 10°
E, [MeV]
FIG. 3. Specific cross section & in cm?/g for the axioelectric

(yellow), the inverse Compton (blue) and the external pair
production (green) processes in LAB (C;9Hs,) for g, = 10™°
and m, = 107 MeV.

Jae = 107 and a mass of m, = 10~* MeV, interacting in
LAB (C9H3,). The three different processes dominate in
different ranges of axion energies. For E, <5 X
1072 MeV the axio-electric effect dominates; the inverse
Compton scattering is the leading process between
5x 1072 < E,/MeV < 10, while for E, > 10 MeV signal
from external pair production will be dominant. This figure
allows us to foresee that the pair production mechanism
will be subdominant in the case of solar axions, although it
will give a non-negligible contribution. On the other hand,
for axions produced by SN it will dominate the detection.

IV. EXPERIMENTS

In this section, we will give a brief description of the
detectors that we are interested in, detailing their compo-
sition, active mass and their energy resolution. More details
can be found in Refs. [5,7,8].

A. Borexino

Borexino was a spherical scintillator detector with a
278-ton active mass of pseudocumene (CyH;,), doped
with 1.5 g/L of PPO (C;5H,;NO), now in the decom-
missioning phase. This active mass was housed in a nylon
vessel, surrounded by two pseudocumene buffers sepa-
rated by a nylon membrane. The entire setup was con-
tained within a stainless steel sphere and a water tank,
which shields against external radiation and acts as a
Cherenkov muon detector. Borexino’s energy resolution is
given by o/E = (0.058 + 1.1 x 107°E)/+/E, with E in
MeV [5].

B. JUNO

JUNO'’s detector consists in a central water-Cherenkov
detector and a muon tracker. The water-Cherenkov detector
is filled with a liquid scintillator fiducial volume of up to

043021-5
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20 kton of linear alkylbenzene (LAB, C;9H3,), doped with
3 g/L of 2.5-diphenylosazole (PPO) and 15 mg/L of p-
bis-(o-methylstyryl)-benzene (bis-MSB) and with an excel-
lent energy resolution of 6/E = 0.03/+/E, with ¢ and E in
MeV [7]. The liquid scintillator is contained in a spherical
vessel of radius 17.7 m, surrounded by more than 5 x 10*
photomultipliers and it has a density of 0.859 g/ml. The
fiducial volume considered depends on the energy, in order
to reduce the background and detect 3B solar neutrinos: for
energies 2 < E/MeV < 3 the fiducial mass is 7.9 kton, for
3 < E/MeV < 5 the fiducial mass is of 12.2 kton, and for
E > 5 MeV the fiducial mass is of 16.2 kton. More details
about analysis cuts to reduce the background can be found
in Ref. [61]. JUNO is expected to start taking data in the
second half of 2025 [62].

C. Hyper-Kamiokande

Hyper-Kamiokande is a next generation neutrino
observatory planned to be installed in Japan, near
Kamioka, and expected to start in 2027 [8]. The detector
is a large, cylindrical water-Cherenkov detector with
187 kton fiducial mass [63]. We use the same energy
resolution of the latest Super-Kamiokande analysis
for solar neutrinos, 6/MeV = —0.05525 + 0.3162VE +
0.04572E [64].

D. Detection rates

Let us now introduce some useful details for the
discussion of experimental bounds and sensitivities. In
particular, we will define our signal events and describe the
statistical analyses performed in order to set limits by
recasting existing bounds and giving projections for future
searches.

For solar axions, we evaluate their constraints at
Borexino and explore their detection potential at future
experiments such as JUNO and Hyper-K. Additionally, we
consider the sensitivity of these latter two experiments to
detect axions from supernova sources.

An axion interaction with the detector results in an
expected number of signal events given by

Sexpected =eNr TP, ® o, (16)

where ¢, T and Ny depend on the experimental setup of the
detector. Specifically, ¢ is the detector efficiency, T is the
measurement time (which, for the SN case, is taken to be
10 s corresponding to the interval of the burst), and Ny
represents the number of target particles in the detector
(electrons for inverse Compton scattering and the axio-
electric effect, or nuclei for external pair production). The
short notation ®, ® o represents the initial axion flux
integrated with the signal cross section ¢ for a given
process.

Following the likelihood analysis of Ref. [6], we
compute the 90% limit for solar axions at Borexino, and
the sensitivity of JUNO, and Hyper-K. For Borexino, we
use the limit of S}, = 6.9 events over 536 days with a
fiducial mass of 278 tons of pseudocumene (CyH |5), taken
from the experimental analysis of Ref. [5].

For JUNO and Hyper-K, we estimated the number of
background events from Ref. [61]. In particular, we use the
10 years spectra from B3, hep, reactor neutrinos, denoted
as N, and from radioactive backgrounds, N'°. We obtain
the detector sensitivity employing a y> function

AR Y
Ve —2Z< NS — NPk N glogNSlg>

€\ 2 €\ 2
Osb Orb

= Nj" + Nrb are the number of events in the

background for the ith energy bin, N3¢ = (1 + &4, )N +
(1 + &4)N® + N0 In Eq. (17), ey, and e are the
nuisance parameters corresponding to solar and radioactive
background normalization, with uncertainties oy, = 0.05
and o4, = 0.15 respectively. The axion signal contribution
is N?XiO“S = SG(E;,E,,5,), where S parametrizes the
expected axion intensity, and G is a Gaussian function
centered at £, = 5.49 MeV and with a width of 5,, given
by the JUNO or Hyper-K detector energy resolution at
5.49 MeV. For JUNO, we find Sj, = 104 events at
90% CL over 10 years with JUNO’s fiducial mass of
linear alkylbenzene (LAB) (Ci9H3,) [7]. Hyper-K’s
limit is Sy, = 3.5 x 10°> events in a 187 kton water
detector [8,63)].4

For the SN axion analyses, on the other hand, we use
a different strategy. The dominant background in the
10 s burst is given by the SN neutrino produced. The
background spectra, for both JUNO and Hyper-K, will
be dominantly at energies below 100 MeV. We then
require the detection of Sj;,, = 3 axion events above the
cut-off energy E _oir = 100 MeV, where the background
is negligible.5

In the following section, we use these limits to set
bounds on the couplings requiring from different experi-
ments that Seypecied < Stim-

bk
where N; ¢ =

*For JUNO, the difference with respect to Ref. [6] is due to the
different background used, while for Hyper-K because of the
dlfferent fiducial mass and energy resolution.

>This is true for both the 200 pc and 10 kpc benchmark
distances of our analysis, and it may be modified or refined. Since
we are only interested on the relative strength of the inverse
Compton or pair production detection channels, a more refined
analysis is beyond the scope of this study.
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FIG. 4. Exclusion region in the (|g3uy Gael,m,) plane at
90% CL. The gray lines represent the solar axion bound from
Borexino from external pair production (dashed), inverse Comp-
ton (dotted) and their combination (solid). The yellow curves
represent the sensitivity of JUNO. The red and purple bands show
the preferred regions for the DFSZ-I and DFSZ-II models.

V. RESULTS

In this section, we present the results obtained from our
analysis for solar and SN axions in all the different
experiments already described. We will give, for each case,
the expected number of events as a function of the axion
couplings. This result is independent of the axion mass for
masses roughly below the MeV. Then, using the limit
number of events S;;,, obtained in the previous section for
each experiment, we will show the reach in the axion
couplings.

A. Solar axions

The expected number of events in Borexino due to
inverse Compton scattering is calculated based on the
number of electrons N, =9.17 x 103" in the target,
the exposure time of 536 days, and the experimental
detection efficiency € = 0.358° as provided by the
Borexino Collaboration [5]. The inverse Compton cross
section for m, <1MeV is oc~43x1072g2, cm?,
resulting in

Sexpected ~2.1 X lozsg%ajvgge’ (18)

and a bound of |g3,nGu.| < 5.7 x 10713,
Similarly, the number of events in Borexino due to
external pair production by an axion in the electric field of

®For pair-production we used the same efficiency, as an
estimate. A complete analysis of this efficiency is outside the
scope of this work.

the nuclei for m, < 1 MeV is calculated. The number of
carbon and hydrogen atoms in Borexino’s inner vessel
is No = 1.25 x 10°" and Ny = 1.67 x 10°', respectively.
The pair production cross section at E, ~5.5 MeV is
oc =127 x107* g2, cm? for carbon and 6y = 3.54 x
10726 g2, cm? for hydrogen. This yields an expected
number of events of

Sexpected ~ 8.8 X 1024 Q%aN g<21ev (19)

providing a bound of |g3,x gae| < 8.8 x 10713 solely from
pair production.

Consequently, the total number of expected events in the
Borexino detector is

Sexpected ~3.0 x 1025 g%aN gzzze’ (20)

which leads to a slightly improved bound of |g3,n Gue| S
4.8 x 10713, compared to results from the inverse Compton
scattering alone [5].

In JUNO'’s fiducial volume, the number of electron
targets is N, ~5.5 x 10°3, and we assume e = 1 since
only the fiducial volume is used. Over 10 years, the number
of expected events from inverse Compton conversion in
JUNO would be

Sexpected ~24x 1028 g%gN ggea (21)

allowing sensitivity down to |g3.y Gae| ~ 6.6 X 10714,

For axion-induced external pair production in JUNO,
the number of events depends on the number of carbon
N =6.13 x 10 and hydrogen Ny = 1.02 x 10% tar-
gets, resulting in an expected number of events

Sexpected ~9.6 x 1027 g%gN gge- (22)

The corresponding sensitivity for pair production alone
reaches |g3an Gae| ~ 10713,

Combining both processes, the expected number of
events increases to

Sexpected ~34x 1028 g%gN ggea (23)

and the sensitivity further improves to |g3.v Guel ~
5.6 x 10714,

For Hyper-K, the corresponding bounds are worsened
with respect to JUNO by about a factor 2. We refer to
Table I for the corresponding sensitivities in this case.
Figure 4 presents the results for Borexino and JUNO,
displaying the couplings |g,. gs.v| as a function of the
axion mass m,. The red and purple bands represent the
preferred regions for the DFSZ-I and DFSZ-II models,
respectively [13,65-67]. The gray curves denote the
bounds from Borexino: the dashed curve shows the bound
from external pair production by an axion alone, the dotted
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TABLE 1.

Summary results for the coupling |gs3,v 94| and |g,, g,.| respectively from solar and SN axions (assuming a 10 kpc

distance), with and without the inclusion of the axion pair production process. The entries indicate either bounds, when explicit

measurements have been taken, or sensitivity prospects.

| 9303 Gae|—3-5 MeV Line

|9ap Gae|—SN (Free Streaming)

|gap Yae |_SN (Trapplng)

Pair Production No Yes Yes No Yes
Borexino <57 x 10713 <48 x 10713 e e N N
JUNO <6.6 x 10714 <5.6 x 10714 <59 x1071? <1.2x107" <5.0x10"'8 <1.2x10"'8
Hyper-K <1.1x1071 ~9.1 x 10714 <1.7x 107" <3.1x 10720 <1.5x107'8 <33 x 107"

curve from inverse Compton scattering, and the solid curve
from both processes. Similarly, the yellow dashed, dotted,
and solid curves denote the sensitivity reach of a 10-year
measurement at JUNO for the pair production, inverse
Compton scattering, and their combination, respectively.
As shown in Fig. 4, adding the external pair production
process marginally improves both the bound from
Borexino and the sensitivity of JUNO (and Hyper-K,
see Table I). Different results are expected for SN fluxes,
as they produce more energetic axions.

B. SN axions

In this section, we estimate the sensitivity of under-
ground detectors to SN axions, including external pair
production.7 A summary of our findings is presented in
Figs. 5, 6, and in Table I.

Free-streaming regime. At JUNO, the expected number
of events from inverse Compton scattering with an energy
larger than E,_,; = 100 MeV due to axions produced via
nucleon-nucleon Bremsstrahlung and pionic Compton
scattering in the free-streaming regime (in the 10 s of
the burst) from a SN at 10 kpc is®

Sexpected ~ 8.7 X 10369?11)9%16’ (24)

providing a sensitivity of |g,,9..| < 5.9 x 107" For the
external pair production in the field of nuclei, the expected
event count is

Sexpected ~2.0x 10389?11)9316’ (25)

yielding a sensitivity of |g,, 74| < 1.2 x 1071, Combining
these processes slightly enhances the expected number of
events

Sexpccted ~2.1x 1038951)93167 (26)

resulting in |g,,9a.| < 1.2 x 1071,

"To estimate the sensitivity, we used the same efficiency and
fiducial volume as those employed in solar axion searches.

$Axions from SN impose limits on the |g,, Gap| couplings,
where, from Eq. (3), 9., = go an — 93 an-

The expected number of events scales as the square of
the distance from the SN. For example, for a relatively close
SN, such as Betelgeuse at ~200 pc, the expected events
from inverse Compton scattering are

Sexpected ~2.1 % 104093179:21@ (27)

providing a sensitivity down to |g,,g| ~ 1.2 x 1072, For
pair production alone, we find

Sexpected ~5.1x lo“gzzngge’ (28)

resulting in  sensitivity to
Combining both processes yields

|GapGae| ~ 2.4 x 1072

Sexpected ~5.3 % 10415]3]1938’ (29)

giving sensitivity down 1o |g,,9a.| ~ 2.4 x 1072,
These results scale with distance, allowing sensitivity
estimates for any SN distance via simple rescaling

d
10 kpc (30)

|9apGael(d) = |9apFae|(10 kpc)

The left side of Fig. 5 shows results for SN axions in the
free-streaming regime for JUNO, with benchmarks at
10 kpc and Betelgeuse’s ~200 pc. The plot displays
|9aeGap| as a function of m,. Blue curves represent the
potential reach for a 10 kpc SN, with dotted, dashed and
solid lines indicating the sensitivity for inverse Comptons
scattering, pair production and their combination, respec-
tively. Green curves shows results for Betelgeuse. As
expected from Fig. 3, external pair production is the
dominant detection channel for energetic SN axions in
the free-streaming regime, given the cutoff energy of
100 MeV to suppress the SN neutrino background.

At Hyper-K, the bounds improve by about a factor of 4
with respect to the one from JUNO and are presented in
Table I and in the right panel of Fig. 5. Hyper-K gives a
stronger bound because of its largest fiducial volume
compared to the one of JUNO, while the worst energy
resolution does not play a role in SN axion searches.

Trapping regime. In the trapping regime, for JUNO
the expected number of events from inverse Compton
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FIG. 5. Exclusion region plot in the (|g,, 94| m,) plane at 90% CL for the free-streaming regime. The left panel refers to the
sensitivity of JUNO, while the right one to the sensitivity of Hyper-K. The blue lines represent the sensitivity for axions produced in a
SN at 10 kpc, while the green one from a SN at 200 pc. The dotted lines denotes the sensitivity from inverse Compton scattering, the
dashed ones from axion-induced external pair production and the solid ones from their combination. The red and purple bands show the

preferred regions for the DFSZ-I and DFSZ-II models.

scattering alone above E,_. for a SN at 10 kpc is

Sexpected = 1.2 X 103 ggp o (31)

leading to a sensitivity of [g,, gae| ~ 5.0 x 107'8. For pair
production, we find

Sexpcctcd ~ 1.8 % 1036 g?zp gﬁev (32)

with  sensitivity down to g, Gu| ~ 1.5 x 10715,
Combining both detection channels yields

Sexpected ~2.0x 1036 ggp ggef (33)
with a sensitivity of |g,, gue| ~ 1.2 x 10718,

For Betelgeuse, the expected events for inverse Compton
scattering are

10717g T T T E 1071g T E
SRR 0 mygrse: Compton. (10 kpe) E ]
i air pw(lu(_'luln_L!J_lq_)(ﬂ _ ] SRR A 111\(‘1\((nnlpton(l()l\]u}
1078 otal (10 kpc) E 1075 E
L >‘ ] F pair production (10 kpc) §
o F & 1 i total (T0 kpc) b
% - ~ - % = .
(= —19 inverse-Compton (200 pc) [ 19

© 1[] & :_ ...................................................................................... _: o 10 ; E
S F E S F E
= f 1= ]
C pair production (200 pc) _ ] I S A inverse_Compton. (200, pe]]
r total (200 pc) , - i
—20 _ —20 4
10 E E 10 E____ pair production (200 pc) 3
r ] o tofal (200 pc) 7
- Trapping - Trapping 1
i . | JUNO ; . Hyper-Kamiokande

107 3 ; 107 -

10-* 107¢ 107 1072 10-# 10-¢ 10 1072

m, [MeV] m, [MeV]

FIG. 6.

Exclusion region in the (|g., gu.|. m,) plane at 90% CL for the trapping regime. The left panel refers to the sensitivity of

JUNO, while the right one to the sensitivity of Hyper-K. The blue lines represent the sensitivity for axions produced in a SN at 10 kpc,
while the green one from a SN at 200 pc. The dotted lines denotes the sensitivity from inverse Compton scattering, the dashed ones from
axion-induced external pair production and the solid ones from their combination. The red and purple bands show the preferred regions

for the DFSZ-I and DFSZ-II models.
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Sexpected ~3.0 x 1038 ggp gﬁe (34)

yielding [g,,9a.| ~ 1.0 x 107'?, while combining it with
pair production leads to

Sexpected ~4.9 x 1039 g(%p gie (35)

with sensitivity reaching |g,, gue| ~ 2.5 x 10720

Figure 6 shows the sensitivity in the (|g,, 9|, 7,) plane
at 90% CL in the trapping regime. The blue curves indicate
sensitivity for a SN at 10 kpc, while the green curves
corresponds to a closer SN at 200 pc. The left panel shows
the results for JUNO. Hyper-Kamiokande will reach a
factor of ~4 better sensitivity with respect to JUNO also in
the trapping regime. The corresponding results are shown
in Table I and Fig. 6.

VI. CONCLUSIONS

In this work, we explored axion detection through the
process of axion-induced pair production in a nuclear
electric field. This process represents the axion equivalent
of the well-known Bethe-Heitler process [4], whose appli-
cation to axion searches has been largely overlooked in
previous literature. We provide a new derivation of this
process, including the nuclear form factor, and present a
simple expression for the corresponding cross section in
terms of the Bethe-Heitler cross section, which can be
readily applied to specific experimental scenarios.

Our study demonstrates that this mechanism offers
competitive sensitivity compared to traditional detection
channels, especially for highly energetic ALPs. In particu-
lar, our analysis shows that axion pair production dominates
over the inverse Compton scattering process at energies
above approximately 10 MeV, making it an optimal
approach for detecting axions or ALPs produced in nuclear
reactions or supernova (SN) explosions (see Fig. 3). We
have applied this mechanism to two scenarios: the 5.5 MeV
solar axion line produced in the solar pp-chain, and SN
axions, assuming a galactic SN event.

In exploring these cases, we analyzed the sensitivity of
established underground experiments, such as Borexino,
JUNO, and Hyper-K, to these axions, comparing scenarios
with and without the inclusion of the pair production
process. Our results, summarized in Table I, show how
incorporating axion pair production significantly enhances
sensitivity and improves the bounds, particularly for SN
axions. This is evident also from Figs. 4-6, which present
our findings for the solar and SN cases respectively.

Notice that an experiment like Borexino would not be
competitive on SN axion searches with respect to JUNO
and Hyper-K because of the smaller fiducial volume.
However, the better energy resolution makes its sensitivity
comparable to that of the next generation experiments for
solar axion searches.

By demonstrating the potential impact of this mechanism
on detection capabilities, particularly for SN axions with
energies above a few MeV, we underline the need to
consider axion pair production as a viable detection channel
in future experimental searches.

These findings highlight the importance of including
axion pair production in the broader context of axion and
ALP detection, as it may not only enable new constraints on
axion properties but also offer deeper insights into stellar
environments and fundamental physics.
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APPENDIX: THE AXION-INDUCED EXTERNAL
PAIR PRODUCTION CROSS SECTION

The process a(k,) +5 X(p1) =% X(p2) +e*(£1) +
e~ (¢_) depicted in Fig. 1 is the analogous of the pho-
ton-lepton pair production in the Standard Model, the so
called Bethe-Heitler process. It was computed for the first
time in Refs. [55,56], using the atomic form factor of
Ref. [59]. We use the following definitions for the four-
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momenta of the process: k, = (Ealz ) is the axion 4-momentum, p; = (my,0) is the initial state target 4-momentum,

p> = (E,, p») is the final state target 4-momentum, £, = (E, £, ) is the positron 4-momentum and #_ = (E_,£_) is the
electron 4-momentum. Following the above definitions we have

ko €o=EEs—k, 0o

ky - py = E my

ko pr=EEy —k, Py = a\/|ﬁ2|2+m%(_l_éa'ﬁZzEamX_l_éa'ﬁZ

(.- t_.=E.E_.—0 -{_

Cy-py = Eimy

Ci-py=ELE; — 21'132 (A1)

We take a reference frame where k, = (0,0, |1'£a|) 2+ = |¢,|(sin@, cos¢,,sin@, sing,,cosf,) and /. =
|£_|(sin@_ cos ¢p_, sin O_sin ¢p_, cos 6_). Furthermore, we define the angle ¢p = ¢, — ¢_ such that ¢ is the angle between

the planes 1% -t . and Ea Z_. Asa consequence, we have

Cr Ky = |k,||£2] cos 6.
£.-f_=|.||7_|[sin6, sin6_(cosp, cosp_ + sing, sing_) + cos 6, cosd_]
= |Z.||Z_|[sin 6, sinO_ cos ¢ + cos O, cosO_]
Ky pr = |ka|? = k||| cos O, — |l§ |1Z_| cos 6_
Copr=|ky||fs|cosO, —|2.||7- (sm26+s1n29 cos ) — |2 |? (A2)

Now we derive the differential cross section

_ (2z) | M26W (k, + p1 — q) Jo — IM|*6(E, + E, —E,) d&¢.d¢_
4/ (ky - p1)* = mgms 4y/(k, - p)? = mZm% 8(2n)°E E_E,

_MPS(E,+ E\ - E,) ¢ .d*¢_

32(27)mylk,|  E+E-E>

(A3)

where d®* = [[,_, _, d’pr/(27)*2Ey is the three-body phase with ¢ = £, +£_+ p, and E, = E, + E_ + E,. Now
we expand the @°#; and take into account that the momentum of the target in the final state is much smaller than the mass of
the target in the final state: £, ~ my = E;. We have then

_IMPS(E,—E, - E.)
32(27) m |k, | EL B
_IMPS(E,—E, - E.)
32(27) m} |k, |
 [M|Pdcos 6, |7, |dgp. dcos_|7_|dE_dgp_

a 32(27)5m2 k|
IMP|Z,||Z_|d cos 0. dcosO_dE_dgp
32(27)*m3 |k, |
|M| |Z.,||Z_|d cos 6., dcos0_dE_d¢
5127z4mX|k |

dcos 0., |2, |*de . dd.dcosO_|7_|Pde_de_

dcos€+|f+|dE+d¢+dcose |f |dE_dep_

=J
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where we used the fact that £d¢ = EdE, integrated in dE, using the delta function that imposes E, = E_ — E,,, and
J = —1 is the Jacobian for the transformation of the ¢ angle. The matrix element modulo squared in Eq. (11) is in details

4
€0,
MP = 2 (M + Mo+ 2M,)
32

[2111?((](“ : f—)(ka : f—&-) - z(ka ' f—&—)(ka ' pZ)(pl ' f—)

—2(ky -4 ) (kg p1)(pa-C2) +mE(=mx (€4 - ) + (pa- ) (p1-€4)

2(k, - f_)(mg((ka ly) = (kg p2)(€5 - 1)

M= =3, 27
+ (p2-€)(pr-£2) +mi((p1 - p2) —2mg))]
, 3
Mol = G, 7
= (k- p)(€4 - p2)) +mg(=mz(£_-£) + (£-- p2)(€5 - p1)
+ (- p)(€ - p2) +mi((py - p2) —2my))]
s 3

(m2=2(k, - £2))(m% = 2(k£))
+ (kg - p2)(€s - p1) + (ko p1) (€4 p2)) = 2(ky - p1) (ke - p2)((€- - 1) + m2)

((ka ' f—)(_2m§((ka : ?’ﬂ-ﬁ-)

+ (ko - €1 ) (kg - p2) (2= p1) + (kg - p1) (€= p2)) —mE((Z- - p2) (€ - py)

)
+ (- p)(Cs - p2) = (€= C)(py - pa)) + mymgmy)

[1] R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440
1977).

[2] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).

[3] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

[4] H. Bethe and W. Heitler, Proc. R. Soc. A 146, 83 (1934).

[51 G. Bellini et al. (Borexino Collaboration), Phys. Rev. D 85,
092003 (2012).

[6] G. Lucente, N. Nath, F. Capozzi, M. Giannotti, and A.
Mirizzi, Phys. Rev. D 106, 123007 (2022).

[7]1 F. An et al. (JUNO Collaboration), J. Phys. G 43, 030401
(2016).

[8] K. Abe et al. (Hyper-Kamiokande Collaboration), arXiv:
1805.04163.

[9] G. Raffelt and L. Stodolsky, Phys. Lett. 119B, 323 (1982).

[10] P. Carenza, T. Fischer, M. Giannotti, G. Guo, G. Martinez-
Pinedo, and A. Mirizzi, J. Cosmol. Astropart. Phys. 10
(2019) 016; 05 (2020) EO1.

[11] A. Lella, P. Carenza, G. Lucente, M. Giannotti, and A.
Mirizzi, Phys. Rev. D 107, 103017 (2023).

[12] A. Lella, P. Carenza, G. Co’, G. Lucente, M. Giannotti,
A. Mirizzi, and T. Rauscher, Phys. Rev. D 109, 023001
(2024).

[13] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli, Phys.
Rep. 870, 1 (2020).

[14] C. Antel et al., Eur. Phys. J. C 83, 1122 (2023).

[15] A. Caputo and G. Raffelt, Proc. Sci. COSMICWISPers
(2024) 041 [arXiv:2401.13728].

[16] P. Carenza, M. Giannotti, J. Isern, A. Mirizzi, and O.
Straniero, arXiv:2411.02492.

[17] T. W. Donnelly, S.J. Freedman, R.S. Lytel, R. D. Peccei,
and M. Schwartz, Phys. Rev. D 18, 1607 (1978).

[18] W.C. Haxton and K.Y. Lee, Phys. Rev. Lett. 66, 2557
(1991).

[19] L. Di Luzio et al., Eur. Phys. J. C 82, 120 (2022).

[20] R. Massarczyk, P. H. Chu, and S.R. Elliott, Phys. Rev. D
105, 015031 (2022).

[21] H.-T. Janka, K. Langanke, A. Marek, G. Martinez-Pinedo,
and B. Mueller, Phys. Rep. 442, 38 (2007).

[22] A. Mirizzi, I. Tamborra, H.-T. Janka, N. Saviano, K.
Scholberg, R. Bollig, L. Hudepohl, and S. Chakraborty,
Riv. Nuovo Cimento 39, 1 (2016).

[23] K. Rozwadowska, F. Vissani, and E. Cappellaro, New
Astron. 83, 101498 (2021).

[24] M. L. Costantini, A. Ianni, and F. Vissani, Nucl. Phys. B,
Proc. Suppl. 139, 27 (2005).

[25] A. Lella, E. Ravensburg, P. Carenza, and M. C. D. Marsh,
Phys. Rev. D 110, 043019 (2024).

[26] B. Fore and S. Reddy, Phys. Rev. C 101, 035809 (2020).

[27] P. Carenza, B. Fore, M. Giannotti, A. Mirizzi, and S. Reddy,
Phys. Rev. Lett. 126, 071102 (2021).

[28] S.-Y. Ho, J. Kim, P. Ko, and J.-h. Park, Phys. Rev. D 107,
075002 (2023).

[29] A. Caputo, G. Raffelt, and E. Vitagliano, J. Cosmol.
Astropart. Phys. 08 (2022) 045.

043021-12


https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1098/rspa.1934.0140
https://doi.org/10.1103/PhysRevD.85.092003
https://doi.org/10.1103/PhysRevD.85.092003
https://doi.org/10.1103/PhysRevD.106.123007
https://doi.org/10.1088/0954-3899/43/3/030401
https://doi.org/10.1088/0954-3899/43/3/030401
https://arXiv.org/abs/1805.04163
https://arXiv.org/abs/1805.04163
https://doi.org/10.1016/0370-2693(82)90680-3
https://doi.org/10.1088/1475-7516/2019/10/016
https://doi.org/10.1088/1475-7516/2019/10/016
https://doi.org/10.1088/1475-7516/2020/05/E01
https://doi.org/10.1103/PhysRevD.107.103017
https://doi.org/10.1103/PhysRevD.109.023001
https://doi.org/10.1103/PhysRevD.109.023001
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1140/epjc/s10052-023-12168-5
https://doi.org/10.22323/1.454.0041
https://doi.org/10.22323/1.454.0041
https://arXiv.org/abs/2401.13728
https://arXiv.org/abs/2411.02492
https://doi.org/10.1103/PhysRevD.18.1607
https://doi.org/10.1103/PhysRevLett.66.2557
https://doi.org/10.1103/PhysRevLett.66.2557
https://doi.org/10.1140/epjc/s10052-022-10061-1
https://doi.org/10.1103/PhysRevD.105.015031
https://doi.org/10.1103/PhysRevD.105.015031
https://doi.org/10.1016/j.physrep.2007.02.002
https://doi.org/10.1393/ncr/i2016-10120-8
https://doi.org/10.1016/j.newast.2020.101498
https://doi.org/10.1016/j.newast.2020.101498
https://doi.org/10.1016/j.nuclphysbps.2004.11.209
https://doi.org/10.1016/j.nuclphysbps.2004.11.209
https://doi.org/10.1103/PhysRevD.110.043019
https://doi.org/10.1103/PhysRevC.101.035809
https://doi.org/10.1103/PhysRevLett.126.071102
https://doi.org/10.1103/PhysRevD.107.075002
https://doi.org/10.1103/PhysRevD.107.075002
https://doi.org/10.1088/1475-7516/2022/08/045
https://doi.org/10.1088/1475-7516/2022/08/045

AXION-INDUCED PAIR PRODUCTION: A NEW STRATEGY FOR ...

PHYS. REV. D 111, 043021 (2025)

[30] J. Engel, D. Seckel, and A. C. Hayes, Phys. Rev. Lett. 65,
960 (1990).

[31] S.-E. Ge, K. Hamaguchi, K. Ichimura, K. Ishidoshiro,
Y. Kanazawa, Y. Kishimoto, N. Nagata, and J. Zheng,
J. Cosmol. Astropart. Phys. 11 (2020) 059.

[32] S. Asai, Y. Kanazawa, T. Moroi, and T. Sichanugrist, Phys.
Lett. B 829, 137137 (2022).

[33] P. Carenza, G. Co, M. Giannotti, A. Lella, G. Lucente,
A. Mirizzi, and T. Rauscher, Phys. Rev. C 109, 015501
(2024).

[34] P. Carenza, G. Co’, T. Fischer, M. Giannotti, A. Mirizzi, and
T. Rauscher, in /4th Patras Workshop on Axions, WIMPs
and WISPs (2018), arXiv:1808.04101.

[35] M. Meyer, M. Giannotti, A. Mirizzi, J. Conrad, and M. A.
Sanchez-Conde, Phys. Rev. Lett. 118, 011103 (2017).

[36] E. Calore, P. Carenza, C. Eckner, M. Giannotti, G. Lucente,
A. Mirizzi, and F. Sivo, Phys. Rev. D 109, 043010
(2024).

[37] A. Lella, F. Calore, P. Carenza, C. Eckner, M. Giannotti, G.
Lucente, and A. Mirizzi, J. Cosmol. Astropart. Phys. 11
(2024) 009.

[38] Garching core-collapse supernova research archive, https://
wwwmpa.mpa-garching.mpg.de/ccsnarchive//.

[39] M. Rampp and H.T. Janka, Astron. Astrophys. 396, 361
(2002).

[40] M. Hempel and J. Schaffner-Bielich, Nucl. Phys. A837, 210
(2010).

[41] A.W. Steiner, M. Hempel, and T. Fischer, Astrophys. J. 774,
17 (2013).

[42] T. Sukhbold, S. Woosley, and A. Heger, Astrophys. J. 860,
93 (2018).

[43] A.R. Zhitnitsky and Y. I. Skovpen, Sov. J. Nucl. Phys. 29,
513 (1979).

[44] F. T. Avignone, C. Baktash, W. C. Barker, F. P. Calaprice,
R. W. Dunford, W. C. Haxton, D. Kahana, R. T. Kouzes,
H. S. Miley, and D. M. Moltz, Phys. Rev. D 37, 618 (1988).

[45] S. Dimopoulos, G.D. Starkman, and B. W. Lynn, Phys.
Lett. 168B, 145 (1986).

[46] P.F. Smith and J. D. Lewin, Phys. Rep. 187, 203 (1990).

[47] L.J. Rosenberg and K. A. van Bibber, Phys. Rep. 325, 1
(2000).

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

[49] K. Arisaka, P. Beltrame, C. Ghag, J. Kaidi, K. Lung, A.
Lyashenko, R. D. Peccei, P. Smith, and K. Ye, Astropart.
Phys. 44, 59 (2013).

[50] M. Berger, J. Hubbell, S. Seltzer, J. Chang, J. Coursey, R.
Sukumar, D. Zucker, and K. Olsen, Xcom: Photon cross
sections database, https://www.nist.gov/pml/xcom-photon-
cross-sections-database.

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

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

[53] E. Aprile et al. (XENON Collaboration), Phys. Rev. D 106,
022001 (2022).

[54] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. Lett.
130, 101002 (2023).

[55] B.R. Kim, R. Rodenberg, and C. Stamm, Phys. Lett. 122B,
87 (1983).

[56] B.R. Kim, B.H. Cho, S.K. Oh, C. Stamm, and R.
Rodenberg, Nucl. Phys. B242, 189 (1984).

[57] J. Blumlein et al., Int. J. Mod. Phys. A 07, 3835 (1992).

[58] W.A. Bardeen, S.H.H. Tye, and J. A. M. Vermaseren,
Phys. Lett. 76B, 580 (1978).

[59] Y.-S. Tsai, Rev. Mod. Phys. 46, 815 (1974); [49, 421(E)
(1977)].

[60] K.J. Kim and Y.-S. Tsai, Phys. Rev. D 8, 3109 (1973).

[61] A. Abusleme et al. JUNO Collaboration), Chin. Phys. C 45,
023004 (2021).

[62] R. Woo Reuters (2024), https://www.reuters.com/science/
inside-underground-lab-china-tasked-with-solving-physics-
mystery-2024-10-16/.

[63] K. Abe et al. (Hyper-Kamiokande Collaboration), Astro-
phys. J. 916, 15 (2021).

[64] K. Abe et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 109, 092001 (2024).

[65] A.R. Zhitnitsky, Sov. J. Nucl. Phys. 31, 260 (1980).

[66] M. Dine, W. Fischler, and M. Srednicki, Phys. Lett. 104B,
199 (1981).

[67] G. Grilli di Cortona, E. Hardy, J. Pardo Vega, and G.
Villadoro, J. High Energy Phys. 01 (2016) 034.

043021-13


https://doi.org/10.1103/PhysRevLett.65.960
https://doi.org/10.1103/PhysRevLett.65.960
https://doi.org/10.1088/1475-7516/2020/11/059
https://doi.org/10.1016/j.physletb.2022.137137
https://doi.org/10.1016/j.physletb.2022.137137
https://doi.org/10.1103/PhysRevC.109.015501
https://doi.org/10.1103/PhysRevC.109.015501
https://arXiv.org/abs/1808.04101
https://doi.org/10.1103/PhysRevLett.118.011103
https://doi.org/10.1103/PhysRevD.109.043010
https://doi.org/10.1103/PhysRevD.109.043010
https://doi.org/10.1088/1475-7516/2024/11/009
https://doi.org/10.1088/1475-7516/2024/11/009
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive//
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive//
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive//
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive//
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive//
https://doi.org/10.1051/0004-6361:20021398
https://doi.org/10.1051/0004-6361:20021398
https://doi.org/10.1016/j.nuclphysa.2010.02.010
https://doi.org/10.1016/j.nuclphysa.2010.02.010
https://doi.org/10.1088/0004-637X/774/1/17
https://doi.org/10.1088/0004-637X/774/1/17
https://doi.org/10.3847/1538-4357/aac2da
https://doi.org/10.3847/1538-4357/aac2da
https://doi.org/10.1103/PhysRevD.37.618
https://doi.org/10.1016/0370-2693(86)91477-2
https://doi.org/10.1016/0370-2693(86)91477-2
https://doi.org/10.1016/0370-1573(90)90081-C
https://doi.org/10.1016/S0370-1573(99)00045-9
https://doi.org/10.1016/S0370-1573(99)00045-9
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1016/j.astropartphys.2012.12.009
https://doi.org/10.1016/j.astropartphys.2012.12.009
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://doi.org/10.1103/PhysRevLett.118.261301
https://doi.org/10.1103/PhysRevLett.118.261301
https://doi.org/10.1103/PhysRevLett.119.181806
https://doi.org/10.1103/PhysRevLett.119.181806
https://doi.org/10.1103/PhysRevD.106.022001
https://doi.org/10.1103/PhysRevD.106.022001
https://doi.org/10.1103/PhysRevLett.130.101002
https://doi.org/10.1103/PhysRevLett.130.101002
https://doi.org/10.1016/0370-2693(83)91174-7
https://doi.org/10.1016/0370-2693(83)91174-7
https://doi.org/10.1016/0550-3213(84)90139-1
https://doi.org/10.1142/S0217751X9200171X
https://doi.org/10.1016/0370-2693(78)90859-6
https://doi.org/10.1103/RevModPhys.46.815
https://doi.org/10.1103/RevModPhys.49.421
https://doi.org/10.1103/RevModPhys.49.421
https://doi.org/10.1103/PhysRevD.8.3109
https://doi.org/10.1088/1674-1137/abd92a
https://doi.org/10.1088/1674-1137/abd92a
https://www.reuters.com/science/inside-underground-lab-china-tasked-with-solving-physics-mystery-2024-10-16/
https://www.reuters.com/science/inside-underground-lab-china-tasked-with-solving-physics-mystery-2024-10-16/
https://www.reuters.com/science/inside-underground-lab-china-tasked-with-solving-physics-mystery-2024-10-16/
https://www.reuters.com/science/inside-underground-lab-china-tasked-with-solving-physics-mystery-2024-10-16/
https://www.reuters.com/science/inside-underground-lab-china-tasked-with-solving-physics-mystery-2024-10-16/
https://doi.org/10.3847/1538-4357/abf7c4
https://doi.org/10.3847/1538-4357/abf7c4
https://doi.org/10.1103/PhysRevD.109.092001
https://doi.org/10.1103/PhysRevD.109.092001
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1007/JHEP01(2016)034

	Axion-induced pair production: A new strategy for axion detection
	I. INTRODUCTION
	II. AXION PRODUCTION
	A. Axions from nuclear reactions in the Sun
	B. SN axions

	III. AXION DETECTION
	A. Inverse Compton scattering
	B. Axio-electric effect
	C. Axion-induced external pair production

	IV. EXPERIMENTS
	A. Borexino
	B. JUNO
	C. Hyper-Kamiokande
	D. Detection rates

	V. RESULTS
	A. Solar axions
	B. SN axions

	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX: THE AXION-INDUCED EXTERNAL PAIR PRODUCTION CROSS SECTION
	References


