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Direct detections of the axionlike particle revisited
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Axionlike particles (ALPs) are promising dark matter candidates. Their signals in direct detection
experiments arise from the well-known inverse Primakoff effect or the inverse Compton scattering of ALPs
with the electron. In this paper, we revisit the direct detection of ALP by carefully considering the
interference between the inverse Primakoff amplitude and the inverse Compton amplitude in the scattering
process a + e — e + y for the first time. It shows that the contribution of the interference term turns to be
dominated in the scattering for a large ALP energy. Given the new analytical formula, signals or constraints
of ALP couplings in various projected experiments are investigated. Our results show that these
experiments may put strong constraints on ALP couplings for relatively heavy ALP. We further study
projected constraints on ALP from the JUNO experiment, which shows competitive constraints on ALP

couplings using a ten-year exposure.
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I. INTRODUCTION

The strong CP problem finds a solution via the Peccei-
Quinn mechanism [1,2], which gives rise to a fascinating
prediction; the existence of a new particle called the axion, as
outlined in Refs. [3-5]. These ultralight, weakly interacting
particles, such as axions or axionlike particles (ALPs), have
also gained prominence as potential dark matter (DM)
candidates within the diverse theories of DM [6-12].
Since they can couple to the Standard Model (SM) particles
such as photon and electron, extensive experimental
works [13-16] have been devoted to searching for such
particles through the axion-photon coupling or the axion-
electron coupling, and stringent limits on these couplings
have already been imposed.

The Sun is an excellent source of axions, offering an
easily obtainable flux of axions generated in the center of
the Sun via various processes [17,18]. However, the
endeavor to detect axions or ALPs is an arduous under-
taking, primarily due to their extremely weak interactions
with SM particles. Fortunately, Sikivie [19] made a break-
through by showing that these elusive ALPs may be
detected when they convert into photons in the magnetic
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fields in 1983. This discovery presented a viable method for
the detection of ALPs. Currently, many experiments are
carried out searching for ALPs, of which the constraint
given by the CERN Axion Solar Telescope (CAST) is
Gy < 6.6 x 107" (GeV™") [14,20], with g,, being the
coupling of the ALP to diphoton. Still, more stringent
bounds arise from astrophysical observations, of which the
stellar evolution, determined using the R2 parameter,
the ratio of stellar populations on the asymptotic giant
branch to horizontal branch stars in globular clusters, gives
Gy <47 x 107" (GeV™') [21].

In addition to searching for ALPs with a Helioscope,
there is currently a significant focus on utilizing DM
direct detection experiments based on underground labo-
ratories [22-25] to either directly detect ALPs or set novel
constraints on ALP couplings in projected direct detection
experiments. Either solar axions or heavy axion DM with
large kinetic energy [26,27] can be detected in these
experiments. Assuming that ALPs couple to neutrinos,
the supernovae neutrinos can also boost the galactic
DM ALPs via elastic scattering, resulting in relativistic
ALPs [28]. In this paper, we will consider the direct
detection signals of the ALP arising from the following
three sources: (1) supernova neutrino-boosted ALPs
(v~c); (2) solar axion; (3) galactic ALP DM(v~ 10~3¢c)
with large kinetic energy.

In this paper, we focus on the scattering process
a+e—e+y, where a is an ALP, e and y are electron
and photon, respectively. This process, if mediated by the
dimension-five operator g, aF WF w18 called inverse
Primakoff (IP) scattering [29,30]. Alternatively, the scattering
mediated by the dimension-four operator g, aéiy’e is called

Published by the American Physical Society
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FIG. 1.

the inverse Compton (IC) scattering [31-33]. As shown in
Figs. 1(a)-1(c), the coherent enhancement factor for the
inverse Primakoff scattering is 72, with Z the atomic number
of the target nucleus, which is similar to the Coulomb
scattering process, while the coherent enhancement factor
for the inverse Compton scattering is Z. Usually these two
processes are separately considered in the literature by setting
either g,, or g,, to be zero. However, the axion-photon and
the axion-electron couplings may exist simultaneously in a
real case, so one needs to account for the contribution to the
scattering induced by the interference of two interactions,
which is done in this paper. Our calculation shows that this
contribution can be dominant for a large axion energy E,, as
can be seen in Fig. 2. The complete calculation helps to
improve constraints on ALP couplings in projected DM
direct detection experiments such as XENON, PandaX, etc.

Apart from the DM direct detection experiments men-
tioned above, an increasing number of researchers are
interested in probing axions or ALPs using neutrino detec-
tors, such as Super-K [34], JUNO [35], and others [36,37].
The strength of neutrino experiments lies in their substantial
fiducial mass (~20 kton), which helps to improve the
exclusion limits. However, their drawback is that they can
only search for ALPs with high energies due to the threshold
of the detector. In this paper, we focus on the detectability of
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FIG. 2. The cross sections inverse Primakoff (blue dashed line),
inverse Compton(red dashed line) and interference terms (green
dashed line) conversion of ALP into photon. The black solid line
represents the total cross section.
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Tree-level Feynman diagrams illustrating (a) the inverse Primakoff process and (b), (c) the inverse Compton process.

the supernova neutrino-boosted ALP, whose energy can
reach MeV, using the JUNO detector. Projected constraints
on ALP coupling at the 90% confidence level (C.L.) is
presented in Fig. 7.

The remaining of the paper is organized as follows. In
Sec. II, we calculate the scattering cross section a + e —
e + y induced the inverse Primakoff process, the inverse
Compton process and the interference between these two
terms. We discuss three fluxes of incoming axions; super-
novae neutrino boosted ALPs, solar axions, and Galactic
ALP DM in Sec. III. Then, we study the limitations of g,
and g,, in DM direct detection experiments. The con-
straints of JUNO are given in Sec. IV. Finally, summary
remarks are given in the Sec. V.

II. ALP-ELECTRON SCATTERING

ALPs have gained attention in particle physics as they
may play an important role in addressing various problems
in terrestrial experiments and astrophysical observations,
including DM and the strong CP problem. ALPs are
assumed to be superlight and weakly interacting particles,
and are predicted in certain extensions to the SM with
spontaneous breaking global symmetries. Despite the
possibility for ALPs to interact with a wide range of
particles in various forms, most ALP models actually
propose interactions specifically with photons and elec-
trons with Lagrangian of the following form:

L= —%gayaF"”FW + ggeatiy’e, (1)
where a stands for the ALP. F** is the electromagnetic field
strength and its dual £, =€, ,;F*. g,, and g,, denote
the axion-photon and axion-electron couplings, respec-
tively. For the detection of ALPs, they can be probed
via oscillations of ALP into the photon in a helioscope with
constraint put on the coupling g,,. They can also be
detected by the axioelectric effect by measuring the rate
of atomic ionization induced by the absorption of ALP of
the energies up to 100 keV [38]. Alternatively, they can be
detected in direct detection experiments via the inverse
Compton scattering [36,39,40] or the inverse Primakoff
process [29,41-44] with the photon as the signal. In this
paper, we focus on the photon signal of ALPs in
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underground detectors, so we pay special attention to the
inverse Compton scattering and the inverse Primakoff
process, as well as their interference effect assuming ¢,,
and g,, exist simultaneously.

Many experiments employ the inverse Primakoff scatter-
ing process of ALP with atoms as the detection channel,
where the incoming ALPs are converted into photons in the
electromagnetic field of the atom. It utilizes a screened
Coulomb potential to portray the electrostatic field in the
target atom. This potential takes the form of the Yukawa
potential, with the screening length denoted as r,. For the
inverse Compton scattering process as shown in Figs. 1(b)
and 1(c), the collision of ALP with the electron in the
detector results in a photon in the final state. It should be
mentioned that there is IP-like scattering process that also
contribute to the a + e — e 4y scattering, as shown in
Fig. 1(a), the interference of which with the traditional
inverse Compton process has not been explicitly calculated.

The differential scattering cross section of the IP process
is directly governed by the parameters g,, and m,, which
determine the strength and characteristics of the interaction.
The cross section of this process is obtained as

2
de® a , 1 E;

dQ a ggd}’ |:(Ea + Me N — Pq COS 9) p?l

(B, E,+ Do) | Fi@)sivd. (@)

where a = e?/4r is the fine structure constant and m, y is
the electron or nucleus mass. For the incoming ALP of the
mass m,, its energy and momentum are E, and p,,
respectively, p, = |p,|. The energy and momentum of
the outgoing photon are E, and p,. 0 is the scattering
angle and ¢ =p, —p, is the momentum transfer. An
alternative method utilized in this paper to approximate
the form factor F,(¢*) involves assuming a screened
Coulomb potential arising from the electrostatic field,

. . 2 _ Zpg .
resulting in F,(q*) =Fie [41,42]. According to the
0

energy conservation, one has

2m, vE 2
Ey _ me,N a + my ) (3)
2(E,+m,n— p,cos0)

Inserting Eq. (3) into Eq. (2) and then integrate over the
solid angle, we can obtain ¢'*(g,,. E,. m,).

In the traditional calculation of the IP process,
the nucleus recoil is neglected resulting in E, ~ E,.
Furthermore, if we ignore the mass of the ALP, the transfer
momentum can be simplified as |g| = 2p,, sin (6/2) and the
factor (E, + m,y — p,cosf) can be approximated as
m, . In this approximation, our result in Eq. (2) can be
simplified to the differential cross section which appear in
most of the literature [29,41-44],

dof a a . q- q’

4% _ * o poeeintd=-2 2 L (4_L )\ 2002,

10— 4 daFal@)sin T62 9 2\ 47 2(q°)
(4)

The differential cross section for the inverse Compton
scattering is given as [36,39,40]

do'®  Zg, aE, 4m2E?
dQ  8zm? p, (2m,E, + m2)?
~ 4mg pam,E, sin® 6
@mE, +mz)* )

4m,E,
(2m,E, + m2)

(5)

which is enhanced by the atomic number Z.

Most importantly, if there are axion-photon and axion-
electron couplings simultaneously (i.e., both g, and g, are
nonzero), the total squared matrix elements of the combined
process exhibit interference between the traditional inverse
Compton scattering terms given in Figs. 1(b) and 1(c) and
the IP-like term given in Fig. 1(a). To assess the contribu-
tions of the interference terms, we define the cross section
arising from the interference terms (IT) as ¢'T, which can be
written as

do'm  «a Z94r94.E; PaSin? 0
dQ 8z (m,+ E, — p,cos0) (q*> + r5?)
1 1
X — . 6
<me+Ea—pacos9+me> (6)

It should be mentioned that ¢'T is only enhanced by the
factor Z, which is because we only account the interference
of the inverse Compton scattering and the IP-like process
induced by the Coulomb potential of the single electron.

Finally, the total cross section is 1% = ¢'¥ + 6'C 4 6'T,
We explore the contribution of each term, as depicted in
Fig. 2, varies with ALP energy (E,). The depicted figure
represents a scenario with parameters set as g, =
10710 (GeV™"), g = 107", Z =54 (Xe), ry =245 A
(LXe), m, = 107 keV. If we alter the coupling constants
as well as the target material, the contributions of each
process will undergo changes.

In addition, ALP can decay into diphoton with the decay
width [6,36,45]

s
64r

(7)

The lifetime of ALP is then given as 7, = I'"!. When the
ALP mass (or g,,) is small enough, its lifetime can be
longer than the age of the universe. Alternatively, there is
constraint on the mass of ALP and its coupling g, from the
stability of ALP. In the following analysis, we assume that
Jay 18 small enough so as to avoid the stability constraint for
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Galactic ALP DM (v ~ 107%¢), which has g,, < 5.4 x
10716 (GeV~!) for m, = 1000 keV.

ITI. DIRECT DETECTION SIGNAL

In this section, we discuss the photon signal of ALP in
DM direct detection experiments by accounting the con-
tribution of the interference given in the last section. We
will first discuss the ALP flux used in the calculation, then
we show constraints of current and projected direct
detection experiments on ALP couplings.

A. ALP flux

1. Neutrino-boosted ALP flux

The possibility of boosting ALPs by elastic scattering of
supernova neutrinos with ALPs is discussed in Refs, [28,46].
Consequently, the ALP energy experiences a substantial
amplification, leading them to exhibit characteristics of
relativistic particles. Although the scattering cross section
is small, the huge neutrino flux greatly enhances the ALP
flux, which helps to increase the number event of the direct
detection. We conservatively estimate the ALP flux by
ignoring the effect of neutrino oscillations, and the boosted
ALP flux given in the Ref. [28] is applied in our analysis.

2. Solar axion flux

Both axion-photon and axion-electron couplings are
important parameters to determine the solar axion flux.
The axion-electron coupling induces a large number of
reactions that are significant. The most important processes
are the ABC reactions; Atomic axiorecombination [47,48]
and atomic axiodeexcitation, axio-Bremsstrahlung in
electron-ion [49,50] or electron-electron collisions, and
Compton scattering [51-53]. In fact, there is uncertainty in
the ABC processes. Sebastian Hoof er al. [54] have
analyzed this problem and the results are very similar to
these from Redondo [17], so we only refer to the solar
axion flux given by Redondo [17] in this paper. The axion
flux, arising from the Primakoff effect [55,56], cannot be
neglected in certain cases. We use the formula [57-59],

do g 2
L=6x10"( —r2E—
dg, O~ (10—10 GeV!

E O\ 2481
X <kei]) exp—E“/(1.205 keV) em~2s lkev-! (8)

to calculate the axion flux from the Primakoff effect.

In this paper, the ALP flux comprises both the ABC
process and the Primakoff process. We reference the solar
axion flux reported in Ref. [17] (for details regarding the
solar axion flux, see Ref. [17,18,60]).

3. ALP DM flux
If we assume that ALPs exclusively make up the entirety
of the galactic DM density, the total flux of ALP DM is

@, = PDM
ma

Va- ©)

Where m,, v,, and p, are the mass, velocity and the local
energy density of the ALP, respectively. Precisely, the local
DM density in the solar system is taken as ppy =
(0.2-0.6) GeV/cm® [61,62]. The flux of ALP DM can
be expressed by

1 keV

O, = x9x 10?2 (cm™2-s71), (10)

a

by taking ppy = 0.3 GeV/cm? [26,63] and v, ~ 1073¢. If
one accounts for the effect of the DM local velocity,
Eq. (10) should be multiplied by the factor of the
Maxwell-Boltzmann distribution [64].

We show the flux of the solar axion and neutrino boosted
ALP in Fig. 3, in which the blue and orange curves
represent the flux induced by the ABC processes and
the Primakoff process, respectively. The green curve
represents the neutrino boosted ALP flux enhanced by
the factor of 10°. For the ALP DM flux, we use the Eq. (10)
directly.

B. Direct detection constraints

In this subsection, we study signals for three types of
ALP fluxes in DM direct detection experiments so as to put
constraints on ALP couplings. The expected number of
events for signals due to the inverse Primakoff, inverse

10"
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FIG. 3. The blue line represents the solar axion flux produced

by the ABC processes with g,, = 103 [17]. The orange line
represents the solar axion flux generated by the Primakoff process
with g,, = 107" (GeV~") [57-59]. Neutrino-boosted ALP flux
is shown as green line with m, = 10~!> keV [28]. Note that the
green line has been scaled up by a factor 10° to make it visible.
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FIG. 4. 90% C.L. limits on axion-photon (axion-electron) coupling g, (g,.) versus ALP mass in the left (right) panel. The blue solid,
cyan solid, and blue dashed lines represent constraints of direct detection experiments PandaX-4T, XENONnT, and PandaX-30T,
respectively, applied to three different incoming ALP fluxes; neutrino-boosted ALP, solar axion, and Galactic ALP DM. For
comparison, other search experiments including ALPS (red) [69], CAST (darker red) [14,20], Beam dump (green) [70-74] and
horizontal branch stars (brown) [21] are also shown in left panel. And there is stability constraint as ALP can decay into photons(gray
dashed line). In right panel, the bounds from solar neutrino flux (green) [75] and red giants (darker green) [76], underground detectors

SuperCDMS (darker red) [77] are added.

Compton, and their interference in the detector is given

by [35,65]
Nevent:NT'q)a'(GIP+UIC+GIT)'€’ (11)

where Ny is the number of targets and @, denote the flux of

the incoming ALP, with the subindex a denoting three

distinct types of fluxes described in Sec. Il A, and ¢

represents the detector efficiency. In the following, we

assume € = 1 for all detection channels.

We can define the signal-to-noise ratio of the signal as

. _ S .

the quantity ry, = Tm Ny is the total number of

background events. The value of S is determined using
the Feldman-Cousins 90% upper confidence level of
signal events, with ry, ~1.64 [46]. Thus by comparing
the S to N, times the detector target exposure 7' x W,
where 7 and W are the exposure time and the weight of
the target, respectively, we can derive the 90% C.L. limits
on g, and g,. For (projected) DM direct detection
experiments XENONnT, PandaX-4T, and PandaX-30T,
the exposure are taken as 1.16, 0.63, and 30 ton-years,
respectively [16,66—68].

We first assume g,, =0 and g,, # 0, such that the
number of expected events is simplified t0 Ny =
Ny - ®, - o', The resulting 90% C.L. limits are given in
the left panel of Fig. 4, which shows g,, versus m, for
various experiments. The blue solid, cyan solid, and blue
dashed lines represent the constraints of direct detection
experiments PandaX-4T, XENONnT, and PandaX-30T,
respectively. For comparison, the bounds from the
ALPS (red) [69], CAST (darker red) [14,20], beam dump
(green) [70-74] and horizontal branch stars (brown) [21]

are also added. Constraints on the neutrino-boosted ALPs
are shown in the top-left corner of the figure. The con-
tribution of the ABC processes to the solar ALP flux is
removed when g,, = 0, thus we only consider the ALP flux
generated by the Primakoff effect, which is proportional to
ggy. Its constraints are shown as horizontal lines at the
center of the figure. The stability constraint on m, and g,, is
added to the plot in the left-panel of Fig. 4, marked as gray
dashed line, to the right part of which 7, < 13.8 billion
years. The direct detection constraints with ALP flux
arising from the galactic DM are shown in Fig. 4, where
the detector threshold for the xenon target considered here
is about O(1) keV [16,22]. Though these constraints do not
reach the limits set by astrophysical observations, they can
be improved in the future by increasing the exposure or
advancing the detection technology.

For the case g,, = 0 and g,, # 0, the number of events is
given as Neyey = N7 - ®, - 6'°. The 90% C.L. limits of
Jae are shown in the right panel of Fig. 4. Other limits
include solar neutrino flux (green) [75], red giants (darker
green) [76,78] and underground detectors SuperCDMS
(darker red) [77]. The analysis is similar to the previous
case except that the source of the solar axion flux is induced
by the ABC processes. For ALP DM, ¢'€ increases with m,,
when m, < 1 MeV, so the upper limit on g,, is inversely
proportional to m,. We restrict ALP mass to 1 MeV to
avoid it decaying into electron-positron pair.

For the case g,, # 0 and g,, # 0, we use Eq. (11) directly
to constrain the two couplings. We show the upper limits on
ay by fixing g,, = 107'* in the left panel of Fig. 5, and find
more stringent constraints put by the solar ALP flux. Since
both g,, and g, are nonzero, the solar ALP flux is
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FIG. 5. 90% C.L. limits on axion-photon or axion-electron coupling constants versus ALP mass. We set g,, = 1074 and Gay =
5.4 x 107'% (GeV™") in left and right panel, respectively. The gray dashed line indicates the stability constraint.

attributed to ABC and Primakoff processes. We further see
that the limits of pandaX-30T in the future is almost
comparable to the limits from astronomical observations,
which is a very promising trend. Alternatively, we show the
exclusion limits on the g,, in the right panel of Fig. 5. Since
Jay 1s very small in this case, the solar ALP flux generated
by Primakoff effect is almost negligible compared to the
ABC processes. We set g,, = 5.4 x 107'® GeV™! in the
right panel of Fig. 5, which guarantees that the ALP is
stable with mass up to 1000 keV.

Furthermore, we have scanned two parameters g,, and
Gae- In Fig. 6, we show the resulting 90% C.L. constraints
on the g, —g, plane given by the XENONnT and
PandaX-30T. Since the constraint of the pandaX-4T is

m,=10"*(keV)

XENONNT

10—8 1 = = = PandaX-30T | 4

-----
~a

10-12 10-10

YGae

10713

FIG. 6. 90% C.L. limits on g,,—¢,, plane in XENONnT and
PandaX-30T. Gray lines represent the constraints from astro-
physical bounds including red giants [78] and the horizontal
branch stars [21], as well as the constraints from the solar
neutrino [75], with arrows denoting excluded regions. We take
m, = 107* keV in the figure.

very similar to that of the XENONNT, we only show the
results of XENONNT for simplification. In small-mass
case, m, = 10~ keV, the incoming ALP flux is mainly
from the solar ALPs. The gray lines are exclusion limits
from astrophysical observations. We find that there is still
parameter space that survives in astrophysical bounds but
can be excluded by future projected direct detection
experiments, providing added confidence for further
investigations.

IV. JUNO CONSTRAINTS

The next-generation multipurpose Jiangmen Underground
Neutrino Observatory (JUNO) [79-83] is a state-of-the-
art neutrino experiment primarily designed to investigate the
properties of neutrinos, but it also has the potential to
contribute to the search for new physics beyond the
Standard Model, such as proton decay [79], hidden sector
particles [84], and axions [35], etc. In this paper, we employ
the JUNO detection experiment to set boundaries on the
couplings of ALP. Thanks to its extensive exposure, we can
significantly restrict the allowable values of the couplings.

One of the main components of the JUNO is the central
detector, which is a massive, spherical acrylic sphere
filled with a high-purity liquid scintillator (LS). The
detection medium is a linear alkylbenzene (LAB) com-
posed of 19 carbon atoms C;9H3,, which has excellent
transparency, high flash point, low chemical reactivity,
and good light yield. The LS is also doped with 3 g/L
of 2,5-diphenyloxazole (PPO) and 15 mg/L of pbis-
(o-methylstyryl)-benzene (bis-MSB). The density of the
LS is 0.859 g/ml, with a total of 20 ktons in a spherical
container with a radius of 17.7 meters. The central
detector is submerged in a cylindrical pool to protect it
from the radioactivity of the surrounding rock. On the top
of the water pool, a muon tracker will be installed. We
refer the reader to Ref. [79] for more details about
the JUNO.
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Due to the threshold of the detector (Ey > 0.8 MeV),
both the solar ALPs and the ALP DM fluxes are almost
undetectable in the JUNO, leaving the supernova neutrino-
boosted ALP as the only possible way out. The ALP fluxes
have been discussed in Sec. III.A. Similar to the discussion
in the Sec. IILB, we still use 6™ = (6 + 6'© 4 6'T) to0
constrain limits. The expected number of events per unit
time is

Nevent:Ne 'q)a : (O—IP+GIC+O-IT) "R -e, (12)
where N, ~5.5 x 10** is the number of electrons in the
16.2 kton fiducial volume. R and e represent the detector
energy resolution and efficiency, respectively. The following
discussion assumes that € = 1 and over the energy thresh-
old. Here, we use the likelihood function in Ref. [83] to
conduct numerical analysis. Reference [84] shows the total
number of events (S) expected to be detected over a ten year
period, S = 97, corresponding to a 90% C.L. sensitivity.
Therefore, we use Sjnmic = 97 counts for ten years of data.
The number of events used to constrain the upper limit
on ALP couplings satisfy S = Ngyen* T < Spimi and
T = 10 years. In this way, the numerical results are shown
in Fig. 7.

We choose to forecast the sensitivity at the 90% C.L. to
make a direct comparison with constraints of DM direct
detection experiments. Our result shows that the exclusion
limits of the JUNO experiment are enhanced by approx-
imately two orders of magnitude compared to direct
detection experiments, owing to the substantial fiducial
volume of JUNO. It is worth noting that even in the case of
the next-generation PandaX-30T experiment, JUNO is

likely to provide constraints on ALP couplings that are
approximately one order of magnitude tighter. The most
stringent constraints on couplings have been reached g,, <
7% 10710 (GeV~!) and g,, < 7.5 x 10713, which are bet-
ter than constraints from astrophysical bounds. It should be
mentioned that these are very conservative limits, as we
have considered small values for both g,, (left panel) and
Jay (right panel) in Fig. 7.

V. CONCLUSION

The direct detection of ALPs is an important issue as the
ALP itself serves a promising DM candidate and may solve
the strong CP problem. In addition to cavity experiments,
which measure g,, via oscillations of ALP into photon in
electromagnetic fields, direct detection experiments may
also detect ALP via the inverse Compton process or inverse
Primakoff process. In this paper, we pay special attention to
the calculation of the process a + ¢ — e + y, and show the
interference between the inverse Primakoff and inverse
Compton amplitudes. We have shown constraints of
projected direct detection experiments on couplings ¢,
and g,,. We further studied the constraints of the JUNO
Cherenkov detector on these couplings. This study pro-
vides theoretical support for the detections of ALPs.
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