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Searches for axionlike particles (ALPs) are motivated by the strong CP problem in particle physics
and by unexplained dark matter in astrophysics. In this paper, we discuss novel ALP searches using
monoenergetic nuclear deexcitation photons from a beam dump, using the isotope decay-at-rest (IsoDAR)
experiment as an example. We show that IsoDAR can set limits that close a gap in traditional QCD axion
searches using the ALP-photon coupling, as well as provide sensitivity to large regions of new parameter
space in models where ALPs couple to nucleons and electrons. We also show how isotope decay-at-rest
experiments may be designed to improve potential ALP production and optimize detection sensitivity.
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I. INTRODUCTION

Axions were originally motivated during the breaking of
Peccei-Quinn symmetry, which had been proposed to solve
the strong CP problem [1–9]; the parameter space for
such pseudoscalar axionlike particles (ALPs) has since
been expanded to include the pseudo-Nambu-Goldstone
bosons of other broken symmetries like Majorons and
familons [10], ALP dark matter [11], heavy ALPs in the
MeV–GeV mass scales [12–14], and so called “axiverse”
pseudoscalars which may number in the tens to hundreds
from string theory compactification scenarios (see, e.g.,
Refs. [15,16]). Designing an experiment for such a broad
parameter space requires high-intensity sources of ALP
flux and strong background rejection.
ALPs have been searched for using a variety of

methods both in laboratory and using astrophysical obser-
vations [17–71]. Most relevant for the isotope decay-at-rest
(IsoDAR) experiment [72–75] discussedhere,ALP searches
have been proposed at several beam dumps and nuclear
reactors using neutrino detectors [14,76,77]. In GeV-scale
beam dump experiments, ALP production from mono-
energetic nuclear excitations may be washed out, as the

GeV-scale proton beam will leave the majority of its energy
footprint in the continuum spectra of hadronic and electro-
magnetic particle cascades before reaching the characteristic
MeV scale of nuclear excitations. However, MeV-scale
beam dumps offer the capability to utilize such transitions
to study ALPs as the dominant production modes via
couplings to nucleons and inducing a sharply peaked
signal that may be distinguished from backgrounds. We
present the capability of using a MeV-scale proton beam to
probe new parameter space of ALPs sourced from electro-
magnetic secondaries as well as nuclear excited states in the
beam target environment.
The IsoDAR experiment will use a high power cyclotron

to produce 10 mA of protons at 60 MeV (7.9 × 1024

protons on target over five years, including downtime). The
protons impinge on a beryllium target surrounded by a
7Li=beryllium sleeve, which through nuclear processes
produce electron antineutrinos. The proton-target inter-
actions simultaneously produce photons, mainly from
the deexcitation of the nuclei. The entire photon distribu-
tion has been modeled in GEANT4 and shown to be
isotropic. This is due to the dominance of secondary
interactions producing photons. In this paper, we inves-
tigate how these photons and nuclear transitions can
produce ALPs and be detected with the liquid scintillator
counter (LSC; 2.26 kton, 15 m diameter, 15 m height)
detector at Yemilab [78], 17 m center-to-center from the
target [72,74]. This is shown in the cartoon in Fig. 1.
We demonstrate that the IsoDAR at Yemilab experiment

can explore new parameter space for ALPs. It can also
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provide laboratory-based, model-independent constraints
over parameter space excluded only by astrophysical
considerations.

II. ALP PRODUCTION IN THE IsoDAR TARGET

To understand the ALP production channels we simulate
the nuclear interactions inside the IsoDAR target using
GEANT4 [79]. The photon flux is calculated using the
QGSP_BIC_AllHP physics list and based on a detailed
IsoDAR target and sleeve geometry [72]. In addition to
modeling the primary nuclear interactions from beam
collision, GEANT4 accounts for secondary photon produc-
tion from processes such as nuclear and atomic excitations.
This includes secondary neutron scattering and cascade
photons which are crucial processes in IsoDAR [72–74].
We begin by considering electromagnetically coupled

ALPs, described by

Laγ ¼ −
1

4
gaγaFμνF̃μν: ð1Þ

We estimate the ALP flux by finding the probability of
ALP production per photon and sum over the flux and
each target layer to find the total ALP flux. The integrated
cross section for Primakoff scattering has been reported in
Refs. [80–83].
Similarly, electron ALP couplings of the Yukawa form

Lae ⊃ igaeaψ̄eγ
5ψe ð2Þ

may be searched using several channels. In the IsoDAR
target, products produced in electromagnetic showers may
interact with the target material producing an ALP flux
through an ALP-electron coupling. Photons impinging on
target electrons at rest can undergo Compton-like scattering
(γe− → ae−), while electrons and positrons may source

resonantly produced ALPs (eþe− → a), or ALPs through
associated production (eþe− → aγ), and bremsstrahlung
(e�N → e�Na). These channels have been studied
recently in the context of proton beam targets in
Refs. [84–86]. For ALPs produced from Compton scatter-
ing, we convolve the scattering cross section with the
photon flux in the IsoDAR target. For ALPs produced from
bremsstrahlung, resonance, and associated production,
however, the energy loss of the electrons and positrons
in the IsoDAR target must also included. For eþe− → a
resonant production from positrons impinging on IsoDAR
target electrons, the ALP rate is

Φa ∝
Z

Emax
þ

Emin
þ

Z
Eþ

Z
T

0

dΦeþ

dEþ
Iðt; Eþ; E0ÞσðE0ÞdtdE0dEþ;

ð3Þ

where Iðt; Ei; EfÞ ¼ θðEi−EfÞ
EiΓð4t=3Þ ðlnEi=EfÞ4t=3−1 is the energy

loss smearing function for the electron/positron radiation
length t and target radiation thickness T [87].
Similar fluxes are derived for associated production and

bremsstrahlung, except the differential energy cross section
is used, and the resulting ALP flux takes on a continuous
energy spectrum.
We consider models that predict the decay rate ratio Γa=Γγ

for nuclear decay N� → N þ a=γ. A pseudoscalar ALP a is
associated with MJ transitions (magnetic multipole transi-
tions with angular momentum J). Magnetic multipole
transitions, e.g., magnetic dipole (M1) and quadrupole (M2),
have angular momentum change ΔI ¼ J and parity change
Δπ ¼ ð−1ÞJþ1. The coupling is given by

LaN ¼ iaψ̄Nγ5ðg0aNN þ g1aNNτ3ÞψN; ð4Þ

where ψN ¼ ðpnÞ. The branching ratio for the transitions to
ALPs is [81]

�
Γa

Γγ

�
MJ

¼ 1

πα

1

1þ δ2
J

J þ 1

�jp⃗aj
jp⃗γj

�
2Jþ1

×

�
g0aNNβ þ g1aNN

ðμ0 − 1=2Þβ þ μ1 − η

�
2

; ð5Þ

where β and η are nuclear structure factors. The GEANT4

simulation of IsoDAR provides several transition lines
including the energy and the flux, as shown in Fig. 2.
The nuclear structure factors β and η are then computed in
BIGSTICK [88], and we consult the Nuclear Data Service
(NDS) to find the transitions that match with the lines
GEANT4 generates. See Appendices for the selected lines.
Since typical values of β ≃ 1 for the isotopes that source
ALPs in the IsoDAR target, this makes the branching ratio in
Eq. (5) roughly proportional to g0aNN þ g1aNN , and we take a

FIG. 1. ALP production from the IsoDAR at Yemilab target and
detection via electron, nucleon, and photon couplings leading to
γ, γγ, γe−, and eþe− final states in the LSC detector.
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single effective coupling gann ≡ g0aNN þ g1aNN to simplify
our view of the parameter space.

III. ALP DETECTION MECHANISMS

We express the probability of detection in several steps:
(1) The probability that the ALP survives to the detector

without decaying, PS1.
(2) The probability that the ALP survives to the detector

without scattering, PS2.
(3) The probability the ALP decays inside the detector

to visible energy, Pdecay.
(4) The probability the ALP scatters inside the volume

of the detector, Pscatter.
The probability of ALP decay can be calculated by

integrating the probability density over the distance the
ALP travels. In the case of the probabilities for which the
ALP is producing photons in the detector, the integrated
distances are the boundaries of the detector, or l. For
survival probabilities, we will call this distance d.
Therefore, the probability of the ALP not decaying before
the detector, or decaying inside the detector, are

PS1 ¼ e−d=ðτvaÞ; Pdecay ¼ 1 − e−l=ðτvaÞ; ð6Þ

where τ ¼ γ=Γ is the lab frame lifetime of the ALP
va ¼ pa=E. For couplings to photons, for example, the
decay width of the ALP is related to its mass and gaγ by
Γ ¼ ðg2aγm3

aÞ=ð64πÞ and γ is the Lorentz factor.
Similarly, to find PS2 and Pscatter, we can alter Eq. (6) by

replacing 1=ðτvaÞwith nσðEÞ. Here n is the number density
of the material the ALP is traveling through and σ is the
cross section of the coupling being investigated.
The total probability is found by integrating over the

solid angle of the detector. This integration is uniform due
to the isotropic processes of production,

Ptotal ¼
Z

5π
6

−5π
6

Z
5π
6

−5π
6

PS1PS2½Pscatter þ Pdecay

− ðPscatter � PdecayÞ�dθdϕ: ð7Þ

For ALPs with masses ma > 2me the decay channel
to eþe− becomes available, with width Γða → eþe−Þ ¼
g2aema
8π ð1 − 4m2

e
m2

a
Þ1=2. Detection rates from a → eþe− decays

inside the detector fiducial volume can be calculated
using the same probabilities from the previous section.
Alternatively, ALPs with couplings to electrons can be
detected via inverse Compton scattering (ae− → γe−). The
resulting detected energy spectra from electron coupling
production and detection channels is shown in Fig. 3.
The total number of ALP events requires a convolution

of this probability density with the associated spectrum. We
take 5π=6 as the angle that the LSC detector covers from
the IsoDAR target based on the geometry in Ref. [72],

Nevents ¼
Z

∞

3 MeV
SðEÞPtotalðEÞdE; ð8Þ

where SðEÞ is the photon or electron spectrum weighted by
the probability of ALP production in the target. A lower
limit of 3 MeV was taken for the LSC detector, as below
this energy threshold additional backgrounds become
insurmountable due to radiogenic-induced gammas. The
signals in this paper are identical to electronlike events seen
in the detector and have a 32% detection efficiency. In the
LSC photon and electronlike signals are indistinguishable,
and no angular reconstruction has been used in this case.
These are explored more in [89].

FIG. 2. Photon spectrum generated from the GEANT4 simulation
of IsoDAR. Photon sources include both continuum and discrete
channels, notably neutron capture and inelastic processes involv-
ing d, p, n, and α channels.

FIG. 3. ALP production and detection in various coupling
combinations. Nuclear transitions and emission lines in the
photon flux showing up for gaγ- and gann-dependent signals
(red, green) while resonantly produced ALPs through eþe− to
sharp peaks positioned at ∝ m2

a (blue), provided that ma > 2me.
The Yemilab background is shown in black for comparison. A
detector energy resolution of 3% is applied.
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IV. BACKGROUND ANALYSIS

The IsoDAR backgrounds have been well studied. The
LSC cannot distinguish electron-antineutrino-like events
from ALP-like events, we thus use the background analyses
from Refs. [72,73], included in Fig. 3, while adding the
neutrino events as a background to the ALP signal. These
backgrounds include solar neutrinos, cosmogenic isotopes,
and radiogenics within the detector and from rock sur-
rounding the detector.
Artificial noise was added in a Poisson distribution to

each 0.1 MeV bin of the background spectrum to simulate
random fluctuations in the data. 10,000 pseudoexperiments
were thrown with and without ALPs injected into the data
and the signal events were counted. A Δχ2 test was then
used to compare the signal with and without ALPs for each
set of ALP parameters. We then compared the signal at this

point in parameter space to background to see if it could be
differentiated from background at 90% confidence level.
This process was repeated over the relevant ALP parameter
space in order to draw the projected sensitivity.

V. RESULTS AND CONCLUSIONS

Figure 4 shows IsoDAR’s projected sensitivity to ALP
parameter space over nucleon, photon, and electron cou-
plings using an estimated 7.88 × 1024 protons on target
over five years. We have presented the existing limits
in a model-independent way, but if the reader wishes to
compare this parameter space to traditional QCD axion
models [such as the Dine-Fischler-Srednicki-Zhitnitsky
(DFSZ)-type models [6,90,91] or Kim-Shifman-
Vainshtein-Zakharov (KSVZ) [92,93] models], one can
refer to Refs. [42,85,86] where the relevant QCD model

(a) (b)

(c) (d)

FIG. 4. Sensitivity contours at 90% CL, for 5 and 10 yr exposures, using (a) couplings to photons, (b) couplings to electrons,
(c) couplings to nucleons and photons, and (d) couplings to nucleons and electrons. (c),(d) ALPs are produced via nuclear transitions and
propagate to the detector to subsequently scatter or decay via electron coupling (inverse Compton, a → eþe− decay) or photon coupling
(inverse Primakoff, a → γγ decay) channels.
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space is highlighted (although the effect of a multipara-
meter analysis of a full QCD axion model on the single-
parameter constraints has not been considered).
We first present the case where the production and

detection mechanisms are solely via the photon coupling.
The sensitivity is shown in Fig. 4(a). We find a slight
increase in the sensitivity over generic ALP parameter
space, extending the existing beam dump constraints down
in the coupling until the SN1987a and horizontal branch
(HB) stars constraints [94,95].1

The IsoDAR experiment tests astrophysical limits, which
are known to be model dependent (see, e.g., Ref. [97]) and
are often being revised with new data and theoretical
guidance. They can also be lifted in several specific models
[98–104], and in this sense IsoDAR probes valuable
parameter space in a model-independent way.
The projected sensitivity to ALPs coupling to electrons is

showninFig.4(b),wherewehaveconsideredALPproduction
in the IsoDAR target via Compton scattering, associated and
resonant production, and ALP-bremsstrahlung. We project
sensitivity over new values of gae beyond the missing-energy
constraint fromNA64 [105–107] and even extend the existing
decay limits beyond the beam dump bounds [108–112] and
test the space only excluded by the SN1987a neutrino
measurement [113].
Next we show a sensitivity projection in the combined

parameter space of nucleon, photon, and electron cou-
plings. For simplicity we assume ALPs are produced
primarily in nuclear transitions and then propagate to the
detector to either decay or scatter through either gae or gaγ
mediated channels. We perform the parameter space scan in
a similar way to Ref. [42] by iterating over combinations of
ðgann; gaeÞ or ðgann; gaγÞ and mapping CL contours in the
product space jgann · gaej or jgann · gaγj. Note there is a
sharp cutoff at ∼10 MeV from where the photon spectrum
terminates as seen in Fig. 2. The flat regions at lower
masses describe the regime in which detection is scattering
dominated, while at higher masses the detection becomes
decay dominated. The “wiggles” at higher masses in
Fig. 4(a) are due to the ALP masses exceeding the photon
peaks seen in Fig. 2, causing sudden drops in production.
The sensitivity for ALPs produced via nuclear transitions
and detected by inverse Primakoff scattering and decays to
γγ (gae → 0, gaγ ≠ 0, gann ≠ 0) can be seen in Fig. 4(c),
which projects a new exclusion over almost a full order of
magnitude in the coupling product jgaγ · gannj, while also
testing astrophysical constraints. The sensitivity reach
using the same production modes but with detection
through inverse Compton scattering and decays to eþe−
(gaγ → 0, gae ≠ 0, gann ≠ 0) is shown in Fig. 4(d) and also
shows good reach over new parameter space forma > 2me,

where the eþe− decays become kinematically accessible.
Existing bounds from Borexino [114,115], Texono [116],
and Bi4Ge3O12 (BGO) bolometers [117,118] are shown
along with the astrophysical bounds from HB stars and
SN1987a in both scenarios in Figs. 4(c) and 4(d). In
addition, the null observations of CHARM [119] and
NUCAL [120] may be used to set constraints by consid-
ering ALP production from proton bremsstrahlung in their
beam targets through the nuclear couplings g0aNN , g

1
aNN and

decays to γγ and eþe−. We have computed the exclusions
from CHARM and NUCAL independently in this work and
show them in Figs. 4(c) and 4(d).
In conclusion, we have presented a strategy to study

ALPs utilizing nuclear transitions in a fixed target neutrino
facility. These monoenergetic peaks provide specific signal
above background leading to probing of parameter space
which would otherwise require higher flux. These peaks
provide new ways to probe axion-nucleon couplings. We
used the IsoDAR neutrino experiment as an example.
Using GEANT4 we showed the IsoDAR target provides
monoenergetic peaks from nuclear excitations, as well as a
high flux of electrons that can be used to study electron-
ALP couplings. Using this technique we were able to
demonstrate that this experiment will be able to duplicate
lab-based and astrophysical constraints, as well as probe
entirely new parameter spaces that span several models.
This study has focused on use of the LSC detector, as this is
planned for other IsoDAR physics goals; however, in the
future, one could consider pairing the source with a detector
optimized for ALP searches, such as a detector who has
thresholds below 3 MeV, or substitute the IsoDAR neutrino
target with one that has been optimized to produce ALPs
through nuclear excitations, rather than beta decay. The
backgrounds of an ALP experiment would be reduced with
the neutrino flux, further improving the sensitivities pre-
sented here.
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APPENDIX A: QCD AXION BENCHMARK
MODELS AND THEIR PARAMETER SPACE

The correlations between the QCD axion mass and its
effective couplings are given below, taken from Ref. [121].

1See also Ref. [96] for a discussion on potential constraints
from supernovae explosion energy which may apply in this
region of parameter space.
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We simply reiterate those correlations here for convenience
of the reader. The relation between the Peccei-Quinn
breaking scale fa and the axion mass is

fa ¼
�
5.691 × 106 eV

ma

�
GeV: ðA1Þ

To find the correlations between the axion mass and its
effective couplings to photons in the KSVZ benchmark
model is then given by Eq. (A2),

gaγ ¼
ma

GeV

�
0.203

E
N
− 0.39

�
: ðA2Þ

We then consider a range of model parameter space by
considering anomaly number ratios of E=N ¼ 44=3 to
E=N ¼ 2. This defines a band in ðma; gaγÞ parameter space
in which the QCD axion’s couplings and mass may reside.
For the DFSZ benchmark model, for which couplings to

electrons would be dominant relative to the photon cou-
plings, we take

gae ¼
meCaeðma; tan βÞ

fa
; ðA3Þ

where the coefficient Cae is dependent on the rotation angle
β for the vacuum expectation values of the extended Higgs
sector in DFSZI and DFSZII models,

DFSZðIÞ∶ Cae ¼ −
1

3
sin2β þ 3α2

4π2

�
E
N
logðfa=maÞ

− 1.92 logð1=meÞ
�
;

E
N

¼ 8=3; ðA4Þ

DFSZðIIÞ∶ Cae ¼
1

3
sin2β þ 3α2

4π2

�
E
N
logðfa=maÞ

− 1.92 logð1=meÞ
�
;

E
N

¼ 2=3: ðA5Þ

Here we take tan β values between 0.25 and 120,
which equates to sin β ¼ 0.242536 and sin β ¼
0.999965, respectively [122].

APPENDIX B: NUCLEAR EXCITED STATES
IN THE IsoDAR TARGET AND ALP

EVENT RATES

The nuclear excited states induced through proton
collision and particle shower cascades in the IsoDAR
target are listed for the M1 and M2 transitions relevant
for pseudoscalar ALP production in Table I. The best
matches of nuclear transitions between GEANT4 and
NDS are presented for select isotopes. Recall the ALP
production branching ratio given by Ref. [81] for a
transition is

�
Γa

Γγ

�
MJ

¼ 1

πα

1

1þ δ2
J

J þ 1

�jp⃗aj
jp⃗γj

�
2Jþ1

×

�
g0aNNβ þ g1aNN

ðμ0 − 1=2Þβ þ μ1 − η

�
2

: ðB1Þ

Nuclear structure factors β and η are computed by
BIGSTICK [88] if possible, otherwise β and η are set to
the default values (1 and 0.5, respectively).

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

[2] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[3] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[4] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B,

127 (1983).
[5] L. Abbott and P. Sikivie, Phys. Lett. 120B, 133 (1983).
[6] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).
[7] L. D. Duffy and K. van Bibber, New J. Phys. 11, 105008

(2009).

[8] D. J. E. Marsh, Phys. Rep. 643, 1 (2016).
[9] M. Battaglieri et al., arXiv:1707.04591.

[10] I. G. Irastorza and J. Redondo, Prog. Part. Nucl. Phys. 102,
89 (2018).

[11] F. Chadha-Day, J. Ellis, and D. J. E. Marsh, Sci. Adv. 8,
abj3618 (2022).

[12] A. Hook, S. Kumar, Z. Liu, and R. Sundrum, Phys. Rev.
Lett. 124, 221801 (2020).

[13] A. Valenti, L. Vecchi, and L.-X. Xu, J. High Energy Phys.
10 (2022) 025.

TABLE I. M1 and M2 nuclear transitions, their energies, and
nuclear parameter inputs to the ALP production branching ratio.

Nucleus Energy in MeV Type β η

Fe57 7.606 M1 0.7071 −0.3111
Li8 1.009 M1 1 −0.0260
Li8 2.053 M1 1 −0.1034
O15 5.281 M2 1 0.5

LOYD WAITES et al. PHYS. REV. D 107, 095010 (2023)

095010-6

https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1088/1367-2630/11/10/105008
https://doi.org/10.1088/1367-2630/11/10/105008
https://doi.org/10.1016/j.physrep.2016.06.005
https://arXiv.org/abs/1707.04591
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1126/sciadv.abj3618
https://doi.org/10.1126/sciadv.abj3618
https://doi.org/10.1103/PhysRevLett.124.221801
https://doi.org/10.1103/PhysRevLett.124.221801
https://doi.org/10.1007/JHEP10(2022)025
https://doi.org/10.1007/JHEP10(2022)025


[14] K. J. Kelly, S. Kumar, and Z. Liu, Phys. Rev. D 103, 095002
(2021).

[15] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, Phys. Rev. D 81, 123530 (2010).

[16] M. Cicoli, M. Goodsell, and A. Ringwald, J. High Energy
Phys. 10 (2012) 146.

[17] S. J. Asztalos et al. (ADMX Collaboration), Phys. Rev. D
64, 092003 (2001).

[18] N. Du et al. (ADMX Collaboration), Phys. Rev. Lett. 120,
151301 (2018).

[19] Y. Kahn, B. R. Safdi, and J. Thaler, Phys. Rev. Lett. 117,
141801 (2016).

[20] C. P. Salemi (ABRACADABRA Collaboration), arXiv:
1905.06882.

[21] B. M. Brubaker et al., Phys. Rev. Lett. 118, 061302 (2017).
[22] A. Droster and K. van Bibber (HAYSTAC Collaboration),

arXiv:1901.01668.
[23] D. F. Jackson Kimball et al., Springer Proc. Phys. 245, 105

(2020).
[24] K. Zioutas et al., Nucl. Instrum. Methods Phys. Res., Sect.

A 425, 480 (1999).
[25] CAST Collaboration, Nat. Phys. 13, 584 (2017).
[26] I. Irastorza et al. (IAXO Collaboration), The International

Axion Observatory IAXO. Letter of Intent to the CERN
SPS committee (2013).

[27] E. Armengaud et al. (IAXO Collaboration), J. Cosmol.
Astropart. Phys. 06 (2019) 047.

[28] A. C. Melissinos, Phys. Rev. Lett. 102, 202001 (2009).
[29] W. DeRocco and A. Hook, Phys. Rev. D 98, 035021

(2018).
[30] I. Obata, T. Fujita, and Y. Michimura, Phys. Rev. Lett. 121,

161301 (2018).
[31] H. Liu, B. D. Elwood, M. Evans, and J. Thaler, Phys. Rev.

D 100, 023548 (2019).
[32] R. Volpe, arXiv:1910.10429.
[33] R. Dusaev, D. Kirpichnikov, and M. Kirsanov, Phys. Rev.

D 102, 055018 (2020).
[34] D. Banerjee et al. (NA64 Collaboration), Phys. Rev. Lett.

125, 081801 (2020).
[35] J. L. Feng, I. Galon, F. Kling, and S. Trojanowski, Phys.

Rev. D 98, 055021 (2018).
[36] A. Berlin, N. Blinov, G. Krnjaic, P. Schuster, and N. Toro,

Phys. Rev. D 99, 075001 (2019).
[37] T. Åkesson et al. (LDMXCollaboration), arXiv:1808.05219.
[38] A. Berlin, S. Gori, P. Schuster, and N. Toro, Phys. Rev. D

98, 035011 (2018).
[39] S. Alekhin et al., Rep. Prog. Phys. 79, 124201 (2016).
[40] W.M. Bonivento, D. Kim, and K. Sinha, Eur. Phys. J. C

80, 164 (2020).
[41] J. B. Dent, B. Dutta, D. Kim, S. Liao, R. Mahapatra, K.

Sinha, and A. Thompson, Phys. Rev. Lett. 124, 211804
(2020).

[42] D. Aristizabal Sierra, V. De Romeri, L. J. Flores, and D. K.
Papoulias, J. High Energy Phys. 03 (2021) 294.

[43] H. M. Chang et al. (Texono Collaboration), Phys. Rev. D
75, 052004 (2007).

[44] N. Oka et al. (XMASS Collaboration), Prog. Theor. Exp.
Phys. 2017, 103C01 (2017).

[45] E. Armengaud et al., J. Cosmol. Astropart. Phys. 11 (2013)
067.

[46] E. Armengaud et al. (EDELWEISS Collaboration), Phys.
Rev. D 98, 082004 (2018).

[47] T. Aralis et al. (SuperCDMS Collaboration), Phys. Rev. D
101, 052008 (2020).

[48] E. Aprile et al. (XENON Collaboration), Phys. Rev. D 102,
072004 (2020).

[49] J. B. Dent, B. Dutta, J. L. Newstead, and A. Thompson,
Phys. Rev. Lett. 125, 131805 (2020).

[50] C. Fu, X. Zhou, X. Chen, Y. Chen, X. Cui, D. Fang, K.
Giboni, F. Giuliani, K. Han, X. Huang, and et al., Phys.
Rev. Lett. 119, 181806 (2017).

[51] S. Moriyama, Phys. Rev. Lett. 75, 3222 (1995).
[52] M. Krcmar, Z. Krecak, M. Stipcevic, A. Ljubicic, and D.

Bradley, Phys. Lett. B 442, 38 (1998).
[53] M. Krcmar, Z. Krecak, A. Ljubicic, M. Stipcevic, and D.

Bradley, Phys. Rev. D 64, 115016 (2001).
[54] A. Derbin, S. Bakhlanov, A. Egorov, I. Mitropolsky, V.

Muratova, D. Semenov, and E. Unzhakov, Phys. Lett. B
678, 181 (2009).

[55] Y. Gavrilyuk et al., Phys. Part. Nucl. 49, 94 (2018).
[56] R. Creswick, D. Li, F. T. Avignone, and Y. Wang, in

Proceedings, 13th Patras Workshop on Axions, WIMPs
and WISPs, (PATRAS 2017): Thessaloniki, Greece, 2017
(2018), pp. 11–14.

[57] D. Li, R. Creswick, F. Avignone, and Y. Wang, J. Cosmol.
Astropart. Phys. 10 (2015) 065.

[58] D. Li, R. J. Creswick, F. T. Avignone, and Y. Wang,
J. Cosmol. Astropart. Phys. 02 (2016) 031.

[59] G. Benato, A. Drobizhev, S. Rajendran, and H. Ramani,
Phys. Rev. D 99, 035025 (2019).

[60] J. B. Dent, B. Dutta, A. Jastram, D. Kim, A. Kubik, R.
Mahapatra, S. Rajendran, H. Ramani, A. Thompson, and
S. Verma, Phys. Rev. D 105, 015030 (2022).

[61] J. B. Dent, B. Dutta, J. L. Newstead, A. Rodriguez, I. M.
Shoemaker, Z. Tabrizi, and N. T. Arellano, Phys. Rev. D
104, 055044 (2021).

[62] P. Carenza, C. Evoli, M. Giannotti, A. Mirizzi, and D.
Montanino, Phys. Rev. D 104, 023003 (2021).

[63] G. Galanti and M. Roncadelli, Phys. Rev. D 98, 043018
(2018).

[64] F. Tavecchio, M. Roncadelli, G. Galanti, and G. Bonnoli,
Phys. Rev. D 86, 085036 (2012).

[65] G. Galanti, M. Roncadelli, A. De Angelis, and G. F.
Bignami, Mon. Not. R. Astron. Soc. 493, 1553 (2020).

[66] A. Ayala, I. Domínguez, M. Giannotti, A. Mirizzi, and O.
Straniero, Phys. Rev. Lett. 113, 191302 (2014).

[67] M. Ajello et al. (Fermi-LAT Collaboration), Phys. Rev.
Lett. 116, 161101 (2016).

[68] J. P. Conlon and M. C. D. Marsh, Phys. Rev. Lett. 111,
151301 (2013).

[69] J. P. Conlon, M. C. D. Marsh, and A. J. Powell, Phys. Rev.
D 93, 123526 (2016).

[70] J. P. Conlon, F. Day, N. Jennings, S. Krippendorf,
and M. Rummel, J. Cosmol. Astropart. Phys. 07 (2017)
005.

[71] G. Raffelt and L. Stodolsky, Phys. Rev. D 37, 1237
(1988).

[72] J. R. Alonso, D. Winklehner, J. Spitz, J. M. Conrad, S.-H.
Seo, Y. Kim, M. Shaevitz, A. Bungau, R. Barlow, L.
Calabretta et al., J. Instrum. 17, P09042 (2022).

AXIONLIKE PARTICLE PRODUCTION AT BEAM DUMP … PHYS. REV. D 107, 095010 (2023)

095010-7

https://doi.org/10.1103/PhysRevD.103.095002
https://doi.org/10.1103/PhysRevD.103.095002
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1007/JHEP10(2012)146
https://doi.org/10.1007/JHEP10(2012)146
https://doi.org/10.1103/PhysRevD.64.092003
https://doi.org/10.1103/PhysRevD.64.092003
https://doi.org/10.1103/PhysRevLett.120.151301
https://doi.org/10.1103/PhysRevLett.120.151301
https://doi.org/10.1103/PhysRevLett.117.141801
https://doi.org/10.1103/PhysRevLett.117.141801
https://arXiv.org/abs/1905.06882
https://arXiv.org/abs/1905.06882
https://doi.org/10.1103/PhysRevLett.118.061302
https://arXiv.org/abs/1901.01668
https://doi.org/10.1007/978-3-030-43761-9_13
https://doi.org/10.1007/978-3-030-43761-9_13
https://doi.org/10.1016/S0168-9002(98)01442-9
https://doi.org/10.1016/S0168-9002(98)01442-9
https://doi.org/10.1038/nphys4109
https://doi.org/10.1088/1475-7516/2019/06/047
https://doi.org/10.1088/1475-7516/2019/06/047
https://doi.org/10.1103/PhysRevLett.102.202001
https://doi.org/10.1103/PhysRevD.98.035021
https://doi.org/10.1103/PhysRevD.98.035021
https://doi.org/10.1103/PhysRevLett.121.161301
https://doi.org/10.1103/PhysRevLett.121.161301
https://doi.org/10.1103/PhysRevD.100.023548
https://doi.org/10.1103/PhysRevD.100.023548
https://arXiv.org/abs/1910.10429
https://doi.org/10.1103/PhysRevD.102.055018
https://doi.org/10.1103/PhysRevD.102.055018
https://doi.org/10.1103/PhysRevLett.125.081801
https://doi.org/10.1103/PhysRevLett.125.081801
https://doi.org/10.1103/PhysRevD.98.055021
https://doi.org/10.1103/PhysRevD.98.055021
https://doi.org/10.1103/PhysRevD.99.075001
https://arXiv.org/abs/1808.05219
https://doi.org/10.1103/PhysRevD.98.035011
https://doi.org/10.1103/PhysRevD.98.035011
https://doi.org/10.1088/0034-4885/79/12/124201
https://doi.org/10.1140/epjc/s10052-020-7719-y
https://doi.org/10.1140/epjc/s10052-020-7719-y
https://doi.org/10.1103/PhysRevLett.124.211804
https://doi.org/10.1103/PhysRevLett.124.211804
https://doi.org/10.1007/JHEP03(2021)294
https://doi.org/10.1103/PhysRevD.75.052004
https://doi.org/10.1103/PhysRevD.75.052004
https://doi.org/10.1093/ptep/ptx137
https://doi.org/10.1093/ptep/ptx137
https://doi.org/10.1088/1475-7516/2013/11/067
https://doi.org/10.1088/1475-7516/2013/11/067
https://doi.org/10.1103/PhysRevD.98.082004
https://doi.org/10.1103/PhysRevD.98.082004
https://doi.org/10.1103/PhysRevD.101.052008
https://doi.org/10.1103/PhysRevD.101.052008
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevLett.125.131805
https://doi.org/10.1103/PhysRevLett.119.181806
https://doi.org/10.1103/PhysRevLett.119.181806
https://doi.org/10.1103/PhysRevLett.75.3222
https://doi.org/10.1016/S0370-2693(98)01231-3
https://doi.org/10.1103/PhysRevD.64.115016
https://doi.org/10.1016/j.physletb.2009.06.016
https://doi.org/10.1016/j.physletb.2009.06.016
https://doi.org/10.1134/S1063779618010136
https://doi.org/10.1088/1475-7516/2015/10/065
https://doi.org/10.1088/1475-7516/2015/10/065
https://doi.org/10.1088/1475-7516/2016/02/031
https://doi.org/10.1103/PhysRevD.99.035025
https://doi.org/10.1103/PhysRevD.105.015030
https://doi.org/10.1103/PhysRevD.104.055044
https://doi.org/10.1103/PhysRevD.104.055044
https://doi.org/10.1103/PhysRevD.104.023003
https://doi.org/10.1103/PhysRevD.98.043018
https://doi.org/10.1103/PhysRevD.98.043018
https://doi.org/10.1103/PhysRevD.86.085036
https://doi.org/10.1093/mnras/stz3410
https://doi.org/10.1103/PhysRevLett.113.191302
https://doi.org/10.1103/PhysRevLett.116.161101
https://doi.org/10.1103/PhysRevLett.116.161101
https://doi.org/10.1103/PhysRevLett.111.151301
https://doi.org/10.1103/PhysRevLett.111.151301
https://doi.org/10.1103/PhysRevD.93.123526
https://doi.org/10.1103/PhysRevD.93.123526
https://doi.org/10.1088/1475-7516/2017/07/005
https://doi.org/10.1088/1475-7516/2017/07/005
https://doi.org/10.1103/PhysRevD.37.1237
https://doi.org/10.1103/PhysRevD.37.1237
https://doi.org/10.1088/1748-0221/17/09/P09042


[73] J. Alonso, C. Argüelles, A. Bungau, J. Conrad, B. Dutta, Y.
Kim, E. Marzec, D. Mishins, S. Seo, M. Shaevitz et al.,
Phys. Rev. D 105, 052009 (2022).

[74] J. Alonso, K. Bang, R. Barlow, L. Bartoszek, A. Bungau,
L. Calabretta, J. Conrad, S. Kayser, Y. Kim, K. Park et al.,
arXiv:2110.10635.

[75] D. Winklehner, J. Bahng, L. Calabretta, A. Calanna, A.
Chakrabarti, J. Conrad, G. D’Agostino, S. Dechoudhury,
V. Naik, L. Waites et al., Nucl. Instrum. Methods Phys.
Res., Sect. A 907, 231 (2018).

[76] J. M. Berryman, A. de Gouvea, P. J. Fox, B. J. Kayser,
K. J. Kelly, and J. L. Raaf, J. High Energy Phys. 02 (2020)
174.

[77] M. F. Carneiro, Neutrino interaction physics & the
DUNE near detector, https://indico.cern.ch/event/868940/
contributions/3816980/attachments/2082771/3498525/XSec-
and-the-DUNE-ND-MateusF.Carneiro-2.pdf (2020).

[78] S.-H. Seo, arXiv:1903.05368.
[79] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.

Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).
[80] Y.-S. Tsai, Phys. Rev. D 34, 1326 (1986).
[81] 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).

[82] R. Creswick, F. T Avignone, H. Farach, J. Collar, A.
Gattone, S. Nussinov, and K. Zioutas, Phys. Lett. B 427,
235 (1998).

[83] F. T. Avignone III et al. (SOLAX Collaboration), Phys.
Rev. Lett. 81, 5068 (1998).

[84] F. Capozzi, B. Dutta, G. Gurung, W. Jang, I. M.
Shoemaker, A. Thompson, and J. Yu, Phys. Rev. D 104,
115010 (2021).

[85] A. A. Aguilar-Arevalo et al. (CCM Collaboration), arXiv:
2112.09979.

[86] A. Bhattarai, V. Brdar, B. Dutta, W. Jang, D. Kim, I. M.
Shoemaker, Z. Tabrizi, A. Thompson, and J. Yu, Phys.
Rev. D 107, 055043 (2023).

[87] Y. S. Tsai, Phys. Rev. D 34, 1326 (1986).
[88] C. W. Johnson, W. E. Ormand, K. S. McElvain, and H.

Shan, arXiv:1801.08432.
[89] J. Alonso et al., Phys. Rev. D 105, 052009 (2022).
[90] A. R. Zhitnitsky, Sov. J. Nucl. Phys. 31, 260 (1980).
[91] M. Dine, W. Fischler, and M. Srednicki, Phys. Lett. 104B,

199 (1981).
[92] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979).
[93] M. Shifman, A. Vainshtein, and V. Zakharov, Nucl. Phys.

B166, 493 (1980).
[94] A. Caputo, H.-T. Janka, G. Raffelt, and E. Vitagliano,

Phys. Rev. Lett. 128, 221103 (2022).
[95] P. Carenza, O. Straniero, B. Döbrich, M. Giannotti, G.

Lucente, and A. Mirizzi, Phys. Lett. B 809, 135709 (2020).

[96] A. Caputo, G. Raffelt, and E. Vitagliano, Phys. Rev. D 105,
035022 (2022).

[97] N. Bar, K. Blum, and G. D’Amico, Phys. Rev. D 101,
123025 (2020).

[98] J. Jaeckel, E. Masso, J. Redondo, A. Ringwald, and F.
Takahashi, Phys. Rev. D 75, 013004 (2007).

[99] J. Khoury and A. Weltman, Phys. Rev. Lett. 93, 171104
(2004).

[100] P. Brax, C. van de Bruck, and A.-C. Davis, Phys. Rev. Lett.
99, 121103 (2007).

[101] E. Masso and J. Redondo, J. Cosmol. Astropart. Phys. 09
(2005) 015.

[102] E. Masso and J. Redondo, Phys. Rev. Lett. 97, 151802
(2006).

[103] A. Dupays, E. Masso, J. Redondo, and C. Rizzo, Phys.
Rev. Lett. 98, 131802 (2007).

[104] R. N. Mohapatra and S. Nasri, Phys. Rev. Lett. 98, 050402
(2007).

[105] Y. M. Andreev et al. (NA64 Collaboration), Phys. Rev. D
104, L111102 (2021).

[106] Y. M. Andreev et al., Phys. Rev. D 104, L091701 (2021).
[107] S. N. Gninenko, D. V. Kirpichnikov, M. M. Kirsanov, and

N. V. Krasnikov, Phys. Lett. B 782, 406 (2018).
[108] D. J. Bechis, T. W. Dombeck, R. W. Ellsworth, E. V. Sager,

P. H. Steinberg, L. J. Teig, J. K. Yoh, and R. L. Weitz, Phys.
Rev. Lett. 42, 1511 (1979); 43, 90(E) (1979).

[109] J. D. Bjorken, S. Ecklund, W. R. Nelson, A. Abashian, C.
Church, B. Lu, L. W. Mo, T. A. Nunamaker, and P.
Rassmann, Phys. Rev. D 38, 3375 (1988).

[110] S. Andreas, O. Lebedev, S. Ramos-Sanchez, and A.
Ringwald, J. High Energy Phys. 08 (2010) 003.

[111] E. M. Riordan et al., Phys. Rev. Lett. 59, 755 (1987).
[112] A. Bross, M. Crisler, S. H. Pordes, J. Volk, S. Errede, and J.

Wrbanek, Phys. Rev. Lett. 67, 2942 (1991).
[113] G. Lucente and P. Carenza, Phys. Rev. D 104, 103007

(2021).
[114] G. Bellini et al. (Borexino Collaboration), Eur. Phys. J. C

54, 61 (2008).
[115] G. Bellini et al. (Borexino Collaboration), Phys. Rev. D 85,

092003 (2012).
[116] H. M. Chang et al. (Texono Collaboration), Phys. Rev. D

75, 052004 (2007).
[117] A. V. Derbin, S. V. Bakhlanov, I. S. Dratchnev, A. S.

Kayunov, and V. N. Muratova, Eur. Phys. J. C 73, 2490
(2013).

[118] A. V. Derbin et al., Eur. Phys. J. C 74, 3035 (2014).
[119] F. Bergsma et al., Phys. Lett. 157B, 458 (1985).
[120] J. Blumlein et al., Z. Phys. C 51, 341 (1991).
[121] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli, Phys.

Rep. 870, 1 (2020).
[122] M. Giannotti, I. G. Irastorza, J. Redondo, A. Ringwald, and

K. Saikawa, J. Cosmol. Astropart. Phys. 10 (2017) 010.

LOYD WAITES et al. PHYS. REV. D 107, 095010 (2023)

095010-8

https://doi.org/10.1103/PhysRevD.105.052009
https://arXiv.org/abs/2110.10635
https://doi.org/10.1016/j.nima.2018.07.036
https://doi.org/10.1016/j.nima.2018.07.036
https://doi.org/10.1007/JHEP02(2020)174
https://doi.org/10.1007/JHEP02(2020)174
https://indico.cern.ch/event/868940/contributions/3816980/attachments/2082771/3498525/XSec-and-the-DUNE-ND-MateusF.Carneiro-2.pdf
https://indico.cern.ch/event/868940/contributions/3816980/attachments/2082771/3498525/XSec-and-the-DUNE-ND-MateusF.Carneiro-2.pdf
https://indico.cern.ch/event/868940/contributions/3816980/attachments/2082771/3498525/XSec-and-the-DUNE-ND-MateusF.Carneiro-2.pdf
https://indico.cern.ch/event/868940/contributions/3816980/attachments/2082771/3498525/XSec-and-the-DUNE-ND-MateusF.Carneiro-2.pdf
https://indico.cern.ch/event/868940/contributions/3816980/attachments/2082771/3498525/XSec-and-the-DUNE-ND-MateusF.Carneiro-2.pdf
https://indico.cern.ch/event/868940/contributions/3816980/attachments/2082771/3498525/XSec-and-the-DUNE-ND-MateusF.Carneiro-2.pdf
https://indico.cern.ch/event/868940/contributions/3816980/attachments/2082771/3498525/XSec-and-the-DUNE-ND-MateusF.Carneiro-2.pdf
https://arXiv.org/abs/1903.05368
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1103/PhysRevD.34.1326
https://doi.org/10.1103/PhysRevD.37.618
https://doi.org/10.1103/PhysRevD.37.618
https://doi.org/10.1016/S0370-2693(98)00183-X
https://doi.org/10.1016/S0370-2693(98)00183-X
https://doi.org/10.1103/PhysRevLett.81.5068
https://doi.org/10.1103/PhysRevLett.81.5068
https://doi.org/10.1103/PhysRevD.104.115010
https://doi.org/10.1103/PhysRevD.104.115010
https://arXiv.org/abs/2112.09979
https://arXiv.org/abs/2112.09979
https://doi.org/10.1103/PhysRevD.107.055043
https://doi.org/10.1103/PhysRevD.107.055043
https://doi.org/10.1103/PhysRevD.34.1326
https://arXiv.org/abs/1801.08432
https://doi.org/10.1103/PhysRevD.105.052009
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1103/PhysRevLett.128.221103
https://doi.org/10.1016/j.physletb.2020.135709
https://doi.org/10.1103/PhysRevD.105.035022
https://doi.org/10.1103/PhysRevD.105.035022
https://doi.org/10.1103/PhysRevD.101.123025
https://doi.org/10.1103/PhysRevD.101.123025
https://doi.org/10.1103/PhysRevD.75.013004
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.99.121103
https://doi.org/10.1103/PhysRevLett.99.121103
https://doi.org/10.1088/1475-7516/2005/09/015
https://doi.org/10.1088/1475-7516/2005/09/015
https://doi.org/10.1103/PhysRevLett.97.151802
https://doi.org/10.1103/PhysRevLett.97.151802
https://doi.org/10.1103/PhysRevLett.98.131802
https://doi.org/10.1103/PhysRevLett.98.131802
https://doi.org/10.1103/PhysRevLett.98.050402
https://doi.org/10.1103/PhysRevLett.98.050402
https://doi.org/10.1103/PhysRevD.104.L111102
https://doi.org/10.1103/PhysRevD.104.L111102
https://doi.org/10.1103/PhysRevD.104.L091701
https://doi.org/10.1016/j.physletb.2018.05.010
https://doi.org/10.1103/PhysRevLett.42.1511
https://doi.org/10.1103/PhysRevLett.42.1511
https://doi.org/10.1103/PhysRevLett.43.90.3
https://doi.org/10.1103/PhysRevD.38.3375
https://doi.org/10.1007/JHEP08(2010)003
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1103/PhysRevLett.67.2942
https://doi.org/10.1103/PhysRevD.104.103007
https://doi.org/10.1103/PhysRevD.104.103007
https://doi.org/10.1140/epjc/s10052-008-0530-9
https://doi.org/10.1140/epjc/s10052-008-0530-9
https://doi.org/10.1103/PhysRevD.85.092003
https://doi.org/10.1103/PhysRevD.85.092003
https://doi.org/10.1103/PhysRevD.75.052004
https://doi.org/10.1103/PhysRevD.75.052004
https://doi.org/10.1140/epjc/s10052-013-2490-y
https://doi.org/10.1140/epjc/s10052-013-2490-y
https://doi.org/10.1140/epjc/s10052-014-3035-8
https://doi.org/10.1016/0370-2693(85)90400-9
https://doi.org/10.1007/BF01548556
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1088/1475-7516/2017/10/010

