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The feeble interactions of light axionlike particles (ALPs) render them long lived. Probing long-lived
ALPs therefore demands facilities with a macroscopic decay volume to match their potentially long decay
lengths, such as high-intensity beam dump experiments. An optical dump setup was proposed by utilizing
hard photons from the collision of a high-energy electron beam and a high-intensity laser pulse. In this
work, we revisit the probe of long-lived ALPs with MeV ∼ GeV mass via a laser-assisted optical dump. We
consider the low-energy effective Lagrangian for ALPs incorporating the ALP-photon and ALP-fermion
interactions. The scope of optical dump searches is extended to both the ALP-photon coupling induced
Primakoff process and the Compton-like scattering via the ALP-electron coupling. We also investigate the
correlation between the Primakoff process and Compton scattering, and exhibit the interplay of two ALP
couplings in light of the optical dump experiment.
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I. INTRODUCTION

The axionlike particle (ALP) is a well-motivated exten-
sion of the Standard Model (SM). It is a CP-odd pseudo-
Nambu-Goldstone boson arising from the spontaneous
breaking of a globalUð1Þ symmetry. The most well-studied
candidate of such a CP-odd boson is the QCD axion [1–4]
(see a recent review, Ref. [5], and references therein). It was
suggested to solve the strong CP problem in the Peccei-
Quinn (PQ) theory. The ALP mass (ma) and the symmetry
breaking scale (also called decay constant fa) associated
with an ALP in many other models can be generally
unrelated [6–20]. The range of the ALP mass may vary
from sub-micro-eV [9,10,21–23] to the TeV scale or even
beyond [24–30]. The nature of the ALP depends on the size
of various interactions between the ALP and the SMmatter.
For example, the partial decay width of the ALP is
essentially given by

Γa ∝
�
m3

a=f2a; for theALPs coupled to gauge bosons;

mam2
f=f

2
a; for theALPs coupled to fermion f:

ð1Þ

As a result, the ALPs with a small mass at a high-energy
scale fa can manifest as long-lived particles (LLPs). The
above scaling implies that long-lived ALPs occupy the
corner of parameter space with sufficiently large fa and
small ma such that the intrinsic width is tiny. They remain
detectable only if their boosted decay length matches the
macroscopic scale of the experiments. Threshold openings
for the fermionic channel (ma ≃ 2mf) also create sharp
transitions in lifetime versus mass. This feature makes the
boundary between “prompt,” “displaced,” and “invisible”
highly structured rather than smooth [31–36].
The probe of ALPs requires rather different detection

strategies and facilities in experiments. Searches for long-
lived ALPs are predominantly conducted via accelerator-
based forward search experiments [32,37–44], or high-
intensity beam dump experiments [45–47]. A beam dump
experiment places an ultradense and thick target with
high-atomic-number, typically tungsten (W), lead (Pb),
or aluminium (Al), directly in the path of a high-energy
primary accelerator beam. The full beam energy is depos-
ited in the dump and generates plentiful secondary SM
particles (e.g., mesons, prompt photons, or leptons) from
hadronic/electromagnetic cascades inside the dump vol-
ume. The feebly coupled, light, long-lived exotic particles
(such as ALPs, dark photons, and etc.) produced in these
secondary decays or bremsstrahlung processes can traverse
the dense shielding behind the dump without interaction.
They then decay or scatter in a low-background, instru-
mented detector placed several to tens of meters down-
stream. Unlike limited thin-target setups, beam dumps are
engineered to safely absorb the full primary beam intensity.
This robust design maximizes the total number of accu-
mulated beam particles and delivers the extreme integrated
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luminosities essential for probing hidden sector new
physics.
Notably, the conventional beam dump experiments are

driven by a high-energy accelerator beam of the fermionic
particle, such as electron [45–51], muon [52,53], or proton
[54–58]. The ALP-fermion and ALP-photon couplings
induce the ALP production from the bremsstrahlung
process and Primakoff-like process, respectively, which
are both 2 to 3 productions. In particular, the probe of the
ALP-photon coupling relies on the Primakoff-like process
in which a virtual photon is exchanged between the beam
particle and the target nuclei [59,60]. An ALP coupled to
photons can be emitted from the virtual photon. One
usually utilized an improved Weizsäcker-Williams approxi-
mation method to simplify this 2 → 3 production to a
2 → 2 phase space [61,62]. The virtual photon can be
viewed as a real photon under this approximation.
However, this approximation method results in highly
collinear final states and the mass limitation of the
produced ALP [60–65].
Recently, a new strategy to search for feebly coupled

new particles with an optical dump was proposed based on
the collision between a high-energy electron beam and a
high-intensity laser pulse (shortly named LUXE-NPOD:
New Physics at Optical Dump) [66,67]. The laser of a high-
intensity electromagnetic field promotes the studies of
strong-field particle physics and has plenty of applications
in the high-intensity frontier (see a recent review [68] and
references therein). A high-energy electron beam collides
with an intense laser beam of a number of optical photons
and radiates a large flux of hard photons. This process is the
well-known nonlinear Compton scattering. The observa-
tion of nonlinear Compton scattering in the E144 experi-
ment performed at SLAC in 1990s [69,70] motivated the
studies of nonperturbative QED and nonlinear QED [71].
In that LUXE-NPOD proposal, the large flux of hard
photons from the proposed Laser Und XFEL Experiment
(LUXE) [72,73] at the European X-Ray Free-Electron
Laser (XFEL) [74] was suggested to strike a dump of
target atom tungsten. A bosonic new particle of interaction
with photons can be produced through a direct Primakoff
process without virtual photon approximation in the cal-
culation [66,75]. A detector is then placed after the physical
dump to detect the diphoton product from the decay of new
spin-0 LLP. This method provides us with a good oppor-
tunity to actually reexamine the search of long-lived ALP
of not merely ALP-photon coupling [60,76–78].
In this work, we investigate the probe of feebly interact-

ing ALPs with photons or fermions via a laser-assisted
optical dump. Given ALP-fermion coupling, unlike a
fermionic beam dump, an ALP can be emitted to final
states through a Compton-like scattering between the hard
photons and the electrons or nuclei in the target atoms.
Thus, one can also explore ALP-fermion coupling via this
optical dump experiment. Moreover, this motivates a

systematic study of correlations among distinct ALP
couplings subject to LLP searches. We consider the low-
energy effective Lagrangian for ALP coupled to a photon
and fermion such as an electron. The impact of multiple
couplings on ALP decay and lifetime will also be discussed
in detail. We will first examine the photophilic or electro-
philic cases of ALP. The Primakoff process and Compton
scattering in optical dump experiments are investigated for
the probe of ALP-photon coupling and ALP-electron
coupling, respectively. They are both a 2 → 2 production
of long-lived ALP. We also demonstrate the correlation
between the Primakoff process and Compton scattering,
and exhibit the interplay of two ALP couplings in light of
the optical dump experiment.
This paper is organized as follows. In Sec. II, we review

the low-energy effective Lagrangian for the ALP coupled to
a photon or fermion. The details of the ALP decay and
lifetime will also be discussed. In Sec. III, we consider the
laser-assisted production mechanism of hard photons via
the nonlinear Compton scattering. The emitted photon
spectrum will be presented. We explore the search method
of long-lived ALPs at the optical dump and show the
sensitivity reach for model parameters in Sec. IV. Both the
Primakoff process and Compton scattering in the optical
dump experiment will be investigated for the probe of ALP-
photon coupling and ALP-electron coupling, respectively.
We also consider the correlation between them and exhibit
the interplay of two ALP couplings. Our conclusions are
drawn in Sec. V.

II. THE EFFECTIVE LAGRANGIAN AND
PROPERTIES OF ALP

In this section, we first review the low-energy effective
Lagrangian for an ALP coupled to photons or fermions, and
then discuss the resulting implications for ALP properties.
We consider the ALP-photon and ALP-fermion inter-

actions via the following effective dimension-five Lagrangian
below the electroweak scale [79,80]

LALP ⊃ caγ
α

4πfa
aFμνF̃μν þ caf

∂μa

2fa
f̄γμγ5f; ð2Þ

where caγ and caf are two dimensionless parameters, α is the
fine-structure constant, Fμν and F̃μν are the electromagnetic
field strength tensor and its Hodge dual tensor, respectively.
The above ALP-photon coupling is a model-dependent
ultraviolet (UV) parameter and is related to the electromag-
netic anomaly of the globalUð1Þ symmetry. In this work, the
ALP-photon coupling is simply taken as an independent
parameter in an effective framework. A dimensional UV
ALP-photon coupling is defined as gaγ ≡ caγα=ðπfaÞ. The
ALP-fermion interacting term can be rewritten up to a total
derivative and equation of motion
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caf
∂μa

2fa
f̄γμγ5f → −i

cafmf

fa
af̄γ5f: ð3Þ

One usually defines another dimensionless ALP-fermion
coupling gaf ≡ cafmf=fa. In this work, we restrict us to
only ALP-electron interaction. Flavor nonuniversality of
fermions is expected in the most general effective
Lagrangian for fermionic ALP interactions [80,81] because
nonuniversal PQ charge matrices can be embedded to the
mass eigenstate basis. In particular, a class of models relate
the Uð1ÞPQ symmetry to a global Uð1Þ flavor symmetry
[82–86]. The electrophilic ALP would emerge by assigning a
specific PQ charge for SM leptons. As a phenomenological
study, we remain agnostic about the origin of the ALP-
electron coupling.
Since light ALPs can only be produced in beam dump

experiments if their mass lies below the GeV scale, we
focus our analysis on the a → γγ and a → eþe− decay
channels. For photophilic or electrophilic scenario, the ALP
decay width is respectively given by

Γða → γγÞ ¼ m3
aα

2

64π3f2a
c2aγ ¼

m3
a

64π
g2aγ; ð4Þ

Γða → eþe−Þ ¼ mam2
e

8πf2a
c2ae

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

m2
a

s

¼ ma

8π
g2ae

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

m2
a

s
for ma > 2me: ð5Þ

Notably, the ALP-electron coupling induces an additional
loop correction to the a → γγ decay width. When both
couplings exist, the a → γγ decay width becomes [80]

Γða→ γγÞ ¼ m3
aα

2

64π3f2a

����caγ þ caeB

�
4m2

e

m2
a

�����2 ¼ m3
aα

2

64π3f2a
jceffaγ j2;

ð6Þ

where the effective coupling is ceffaγ α=ðπfaÞ≡ geffaγ as the
combination of the UV ALP-photon coupling caγ and cae
induced loop correction, and the loop function B reads

BðxÞ ¼ 1 − xfðxÞ2; fðxÞ ¼

8><
>:

arcsin
�

1ffiffi
x

p
�

x ≥ 1;

π
2
þ i

2
ln
�
1þ ffiffiffiffiffiffi

1−x
p

1−
ffiffiffiffiffiffi
1−x

p
�

x < 1:

ð7Þ

The electron-loop term in Eq. (6) is unavoidable for a → γγ
decay width if ALP-electron coupling exists. The ALP-
photon coupling can also induce an additional loop-level
contribution to the ALP-electron coupling. However,
according to the derivation in Ref. [31], the ALP-photon

coupling induced part in the effective ALP-electron cou-
pling is proportional to α2caγ=ð16π2Þ. Compared with cae
of the same order as caγ , the ALP-photon coupling induced
contribution can be neglected as shown in the other
literature (for instance Ref. [80]). We thus ignore this
loop-level contribution in our calculation. In Fig. 1,
we show the ALP decay lengths (left panels) and the
ALP decay branching ratios (right panels) as a function of
ma for the photophilic case (top, with a branching ratio of
unity into γγ), the electrophilic case (middle), and the case
in the presence of both couplings (bottom). For illustration,
we choose representative benchmark values caγ=fa ¼
f10−4; 10−3; 10−2g GeV−1 in the photophilic case,
cae=fa ¼ f10−3; 10−2; 10−1g GeV−1 in the electrophilic
case, and caγ=fa ¼ cae=fa ¼ f10−3; 10−2; 10−1g GeV−1

in the two-coupling case. In the branching-ratio panels,
the solid and dashed curves denote the a → eþe− and
a → γγ decay modes, respectively. The lifetime panels
show that cτa decreases with increasing ma and coupling
strength. In the electrophilic and two-coupling cases, the
opening of the tree-level a → eþe− channel atma ¼ 2me ≈
1 MeV significantly shortens the ALP lifetime. The
branching-ratio panels show that the diphoton mode
dominates below the electron threshold, while the eþe−
channel becomes important above threshold. Forma greater
than about 0.1 GeV, the diphoton branching ratio increases
again due to the faster mass scaling of the diphoton decay
width. These features determine both the ALP decay
probability in the downstream detector and the relevant
visible final states. Note that the inclusion of muon and tau
leptons will modify the ALP decay features when kine-
matically allowed. Nevertheless, they involve more free
coupling parameters and only change the edge of the our
sensitivity reach forma ≳ 0.2 GeV andma ≳ 3.5 GeV. We
will thus not take into account their contribution.

III. LASER-ASSISTED PHOTON SOURCE AND
OPTICAL DUMP

In this section, we discuss the laser-assisted collision and
the consequent high-energy photon spectrum for the optical
dump strategy proposed for the LUXE experiment in
Ref. [66]. In this optical dump proposal, the high flux of
GeV photons generated in an electron-laser collision is
used as the beam source for the LLP search. For this setup,
an electron bunch collides with an optical laser pulse and
produces a forward photon beam with GeV-scale energies.
The emitted photons are then directed onto a physical
dump, where interactions with the target material can
produce new weakly coupled particles.
The production of the hard photon beam is described

within the framework of strong-field QED. In the external
background of the high-intensity laser, the incoming
electron undergoes continuing interactions with plentiful
laser photons and is treated as a Volkov state [87], denoted
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by e−V. The dominant emission process is through nonlinear
Compton scattering [69,70]

e−VðþnγLaserÞ → e−V þ γ: ð8Þ

In principle, the emitted photons can initiate nonlinear
Breit-Wheeler pair production [88] inside the laser field.
For the LUXE benchmark parameters, this process occurs
on a much longer time scale than photon emission and the
laser-pulse duration [66,73]. Therefore, the laser behaves as
an effective thick medium for the electrons, while most of
the emitted photons stream freely through it. This is the key

feature of the optical dump setup: an intense hard-photon
beam is formed before the downstream physical dump.
Note that the collision of an electron beam and intense laser
pulse can also directly produce a new massive dark particle
beyond the SM [66,75,89–94] through the interaction with
the electron, e.g., e−V → e−V þ a via ALP-electron coupling.
However, the mass of a produced dark particle is restricted
to be less than 2me ∼ 1 MeV [93]. As a result, the lifetime
of the dark particle is sufficiently long so that it typically
decays well beyond the detector located several meters
downstream of the dump. We will not consider this
“primary” production mode below.

FIG. 1. Proper decay length cτa (left panels) and decay branching ratios (right panels) as functions of the ALP mass ma. The first row
shows only cτa for the photophilic case with only caγ=fa, the second row corresponds to the electrophilic case with only cae=fa, and the
third row is for the case with both couplings satisfying caγ=fa ¼ cae=fa. In the branching-ratio panels, the solid and dashed curves
denote a → eþe− and a → γγ, respectively.
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For the later calculation, we distinguish two interaction
areas in the optical dump setup: the photon source area and
the ALP production area. The electron-laser collision area
provides the primary photon beam and fixes the spectrum
dNγ=dEγ , normalized per incident electron. For electron
beam energy Ee ¼ 16.5 GeV, we obtain the primary
photon spectrum using the Monte Carlo package Ptarmigan

[95,96], which implements the strong-field QED simula-
tion of nonlinear Compton photon emission at LUXE
experiment. The input parameters of Ptarmigan are based
on the LUXE electron-beam and laser benchmark configu-
rations [66,73]. The electron beam energy is set to
Ee ¼ 16.5 GeV, and each electron bunch contains Ne ¼
1.5 × 109 physical electrons. The remaining electron-beam
parameters are taken from the LUXE baseline setup,
including a transverse beam size of 5 μm and a bunch
length of 24 μm [73]. Two operation phases were sug-
gested for the LUXE experiment [66,73]: phase 0 (phase 1)
refers to the initial 40 TW (upgraded 350 TW) LUXE laser
setup. The laser intensity parameter is defined as ξ≡
eE=ðmeωLÞ with E being the peak electric field and ωL
the laser photon energy. The phase-0 (phase-1) laser input
uses intensity parameter ξ ¼ 3.2ð3.4Þ, laser wavelength
λ ¼ 0.8 μm, pulse duration τ ¼ 25ð120Þ fs, and transverse
spot size w0 ¼ 6.5ð10Þ μm. The laser polarization is
circular in both cases.
The resulting spectra in phase 0 and phase 1 are shown in

the left panel of Fig. 2, which agrees with the expected
LUXE benchmark distribution [66]. Besides, high-energy
electron beams are being developed to enable studies in
high-precision and high-energy elementary particle physics
[49,50,97–99]. We also consider a higher energy bench-
mark with Ee ¼ 125 GeV as a representative future sce-
nario [100,101]. The electron-beam setups are taken from
the baseline parameters for the International Linear Collider
(ILC) [100–102]: bunch electrons Ne ¼ 2 × 1010, trans-
verse beam size 75 nm given as the geometric mean of

horizontal and vertical beam sizes, and bunch length
300 μm. The laser properties for phase 0 and phase 1
are assumed to be the same as LUXE benchmarks. The
resulting phase-0 and phase-1 spectra for this high-energy
electron beam are shown in the right panel of Fig. 2. Both
spectra decrease with the photon energy, but they retain a
sizable photon flux over the energy range of the GeV scale
(tens of GeV) relevant for ALP production with
Ee ¼ 16.5ð125Þ GeV. For a fixed electron-beam energy,
the phase-1 spectrum is significantly larger than the phase-
0 spectrum across the full range. This reflects the enhanced
photon yield expected in the upgraded laser configuration.
This high-energy photon spectrum is the common input for
all subsequent event-rate calculations in the physical dump.
The downstream physical dump is the area of ALP

production, where the incoming photons scatter off the
tungsten nucleus or atomic electrons and may be converted
into ALPs. In the original LUXE-NPOD study, this
secondary production was mainly considered through the
Primakoff process between photons and nucleus N,
γ þ N → aþ N, for spin-0 particles coupled to photons
[66]. In this work, we also consider Compton-like scatter-
ing which allows the optical dump setup to probe ALP
couplings to fermion.

IV. SEARCHING FOR LONG-LIVED
ALPS AT OPTICAL DUMP

After the hard photon is generated in the electron-laser
interaction area, it is used as the incident beam for ALP
production in the downstream dump. In this section, we
describe the production and decay probability of long-lived
ALPs in the optical dump setup. We then calculate the
visible signal yield and present the projected sensitivity to
ALP couplings.
We now evaluate the total production rate of ALPs

within the experimental volume. The total detectable ALP
yield, Na, determines the sensitivity reach of the proposed

FIG. 2. Photon energy spectra dNγ=dEγ generated in the electron-laser interaction area, normalized per incident electron. The left
panel shows the Ee ¼ 16.5 GeV LUXE benchmark used in Ref. [66]. The right panel shows the Ee ¼ 125 GeV benchmark adopted in
this work as a representative high-energy scenario. In each panel, the blue and black curves denote the phase-0 and phase-1 laser
configurations, respectively.
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optical dump experiment. By convolving the primary
photon spectrum with the target-specific production cross
section, accounting for the decay probability within the
detector’s volume and the angular acceptance and effi-
ciency of the detector, the visible signal yield for a given
production channel i can be written as

Ni
a ≈ Leff

Z
dEγ

dNγ

dEγ

Z
tmax

tmin

dt
dσiðEγÞ

dt
PdecayA; ð9Þ

where i ¼ “Prim” and “Comp” denote the Primakoff
process and Compton scattering, respectively. Each term
in Eq. (9) is defined as follows [66]:

(i) The effective luminosity Leff incorporates the elec-
tron bunch population Ne ¼ 1.5 × 109 electrons
with a fixed energy of Ee ¼ 16.5 GeV, NBX ¼
1.0 × 107 laser-pulse and electron-bunch collisions
per year and other target properties [64]

Leff ¼ NeNBX
9ρWX0

7AWm0

; ð10Þ

where ρW ¼ 19.3 g=cm3 is tungsten density, 9
7
X0 ≈

0.45 cm is the radiation length of photons losing
most of their energy, and AW ¼ 184 and m0 ¼
1.66 × 10−24 g (∼930 MeV) represent the mass
number of tungsten and the nucleon mass, respec-
tively. The resulting effective luminosity is approx-
imately estimated to be Leff ≈ 0.426 fb−1. For an
ILC-like high-energy electron beam, we instead
have Ee ¼ 125 GeV, Ne ¼ 2 × 1010 and NBX ¼
6.6 × 1010 [100]. The consequent effective luminos-
ity becomes Leff ≈ 3.753 × 104 fb−1. For Eqs. (9)
and (10), we use the formulas in the LUXE-NPOD
proposal [66] which follows Eq. (17) of Ref. [103]
for the muon beam and Eq. (45) of Ref. [104] for
secondary photons. The involvement of effective
luminosity agrees with the signal rate in Ref. [103]
with a constant energy loss and in Ref. [105] under
the assumption of zero radiative losses of the beam
particle in the material.

(ii) The differential energy spectrum of primary photons
dNγ=dEγ, constituting a foundational input for the
ALP yield calculation, represents the number of
high-energy photons generated per unit energy
interval within the laser-electron collision. These
photons are created via nonlinear Compton scatter-
ing—a cornerstone strong-field QED process in
which a relativistic electron coherently absorbs
n ≥ 1 optical laser photons and emits a single
high-energy photon e− þ nγLaser → e− þ γ. We
adopt the photon energy spectrum obtained by the
Ptarmigan package in Sec. III.

(iii) The cross section dσi=dt describes the conversion of
an incoming photon into an ALP through the
production channel i. For Primakoff production with
i ¼ “Prim”, the photon scatters off the electromag-
netic field of the tungsten nucleus and the rate is
controlled by the effective ALP-photon coupling
geffaγ . For Compton-like production with i ¼ “Comp”,
the incoming photon scatters off a target fermion. In
this work, we consider atomic electrons outside the
nucleus for probing the ALP-electron coupling gae.
The explicit form of the differential cross section
will be given below.

(iv) The decay probability factor is given by

Pdecay ¼ ðe−LD=La − e−ðLVþLDÞ=LaÞ × BRða → XÞ;
ð11Þ

where LD ¼ 1 m and LV ¼ 2.5 m are the character-
istic length of the tungsten dump and the distance
from dump end to downstream detector, respec-
tively. La ¼ cτapa=ma denotes the decay length of
the ALP with τa being the ALP lifetime and pa ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
a −m2

a

p
its momentum. BRða → XÞ denotes

the branching ratio of ALP decay to the final state
X ¼ γγ or eþe−. This factor requires the ALP to
escape the dump and decay inside the downstream
decay volume. The LUXE-NPOD proposal sug-
gested placing a magnet at the back of the dump
aiming to bend away the charged SM particles
produced in the dump and reduce the generated
SM backgrounds. Nevertheless, as discussed in the
layout optimization for LUXE-NPOD [67], the
charged SM component is subdominant in back-
grounds and thus it does not change the overall
picture of the background, even if an additional
magnet is not considered. Suppose the magnet is
really placed right after the bump, to account for the
effect of the magnetic field for eþe− from ALP
decay, we can modify the decay probability factor to
explore the ALP preferring to decay after the magnet

Pdecay ¼ ðe−ðLDþLMÞ=La − e−ðLVþLDÞ=LaÞ
× BRða → eþe−Þ; ð12Þ

where 0 < LM < LV denotes the length of shielding
magnet and LM ¼ 0.5 m is assumed to estimate the
eþe− signal rate.

(v) A denotes the angular acceptance and efficiency of
the detector. We assume a photon energy detection
threshold of Eγ ¼ 0.5 GeV and take the angular
acceptance to beA ¼ 1. This is justified because the
typical signals of Oð1–10Þ GeV photon energy for
ALPs with mass of Oð1 − 105Þ MeV produce an-
gular distributions largely compatible with the
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LUXE-NPOD detector geometry. Any resulting
geometric corrections are at most of Oð1Þ and do
not significantly affect our results.

Next, we discuss the individual production channels and
show the relevant sensitivity reach of ALP couplings via
the optical dump.

A. Primakoff production

The hard photon beam collides the physical dump and
can produce light ALPs through two different processes:
Primakoff production or Compton scattering. We will first
investigate these two production channels induced by
individual ALP coupling, and analyze their possible cor-
relation in next subsection.
For the photophilic ALP only coupled to photons, the

relevant production channel is the Primakoff process from
the collision between photons and dump nucleus N

γðkÞ þ NðpNÞ → aðpaÞ þ Nðp0
NÞ;

q ¼ k − pa ¼ p0
N − pN; ð13Þ

with the Mandelstam variables t ¼ q2 and s ¼ ðkþ pNÞ2.
In this process, an incoming photon scatters off the
electromagnetic field of the tungsten nucleus and converts
into an ALP through the gaγ vertex. This process proceeds
through the t-channel photon exchange, as illustrated in
Fig. 3, and corresponds to the Primakoff production
mechanism in the Coulomb field of nucleus. Since the
production rate is enhanced by the atomic number square
Z2, a high-Z material such as tungsten provides an efficient
target. The same production mechanism has been studied
through the LUXE-NPOD optical dump setup in Ref. [66].
The high-energy photon can also scatter off atomic elec-
trons. However, the cross section for Primakoff scattering
off electrons is significantly smaller than that for scattering
off nucleus which is enhanced by a factor of Z2. Wewill not
consider Primakoff scattering off electrons below.
For the Primakoff process, the scattering amplitude can

be written as

iMPrim
γN→aN ¼ ie

gaγ
t
JμhadJγaμ; ð14Þ

where Jμhad and Jμγa denote the hadronic current and the
photon-ALP current, respectively. After averaging over the
initial photon polarization and the nuclear spin, the squared
amplitude takes the tensor form

jMPrim
γN→aN j2 ¼ e2g2aγ

1

t2
Lμν
γaWμν; ð15Þ

where Lμν
γa is fixed by the aγγ vertex, whileWμν contains the

elastic nuclear response and the nuclear charge form factor
FN . See the Appendix for the details. Carrying out the
tensor contraction gives the laboratory-frame differential
cross section [106]

dσPrimγN→aN

dt
¼ αZ2jFNðtÞj2Γða → γγÞHðmN;ma; s; tÞ; ð16Þ

where

HðmN;ma; s; tÞ

¼ 128πm4
N

m3
a

m2
atðm2

N þ sÞ −m4
am2

N − t½ðs −m2
NÞ2 þ st�

t2ðs −m2
NÞ2ðt − 4m2

NÞ2
ð17Þ

with s ¼ m2
N þ 2mNEγ for a stationary target nucleus.

We integrate the product of the differential cross section
and the decay probability over the variable t. The kinematic
limits are

tmin;max ¼ m2
a −

s −m2
N

2s
½sþm2

a −m2
N � λ1=2ðs;m2

a; m2
NÞ�;
ð18Þ

with the Källén function λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy−
2xz − 2yz.
After substituting Eq. (16) into the general event-yield

formula in Eq. (9), we evaluate the expected number of
ALP events in the photophilic ALP scenario. In this case,
the ALP production rate is determined by the UV parameter
gaγ through the Primakoff cross section. The decay prob-
ability is given by the same coupling through the decay
width Γða → γγÞ. For the SM backgrounds, we follow the
estimate for LUXE-NPOD in Ref. [66]. For a 1 m tungsten
dump, the primary Compton photons are expected to be
absorbed before reaching the decay volume. The SM
backgrounds mainly come from three sources: charged
particles produced in the shower, neutrons misidentified as
photons, and real photons from electromagnetic or hadronic
interactions near the end of the dump. Charged particles can

FIG. 3. The Feynman diagram for ALP production via photon
scattering off a nucleus, γðkÞ þ NðpNÞ → aðpaÞ þ Nðp0

NÞ, in-
duced by the ALP-photon coupling gaγ .
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be swept away by a magnetic field, so the dominant
residual background is the neutral component. In this
setup, the rate of the neutral background reaching the
detector is estimated to be μn ≃ 10 for neutrons or μγ ≃
0.013 for real photons per bunch crossing. The neutron rate
must be weighted by the probability that a neutron is
misidentified as a photon. For a neutron-to-photon fake rate
fn→γ ≲ 10−3, the effective fake-photon rate becomes
μnfn→γ ≲ 10−2 per bunch crossing, which is the same
order as the real-photon rate. Both components are then
further suppressed by the event-selection rejection factor
Rsel ≲ 10−3. Under these assumptions, the expected back-
ground is well below one event per year. We therefore adopt
the same background-free benchmark to get the sensitiv-
ity reach.
We take the tungsten dump geometry and the photon

spectra described in Sec. III, and require three expected
signal events Na ¼ 3 to obtain the sensitivity contour. The
sensitivity reach in the plane of ma versus gaγ is shown in
Fig. 4. We show the results for Ee ¼ 16.5 GeV (left panel)
and for Ee ¼ 125 GeV (right panel). We find good agree-
ment between our low-energy beam results and those
reported in Ref. [66]. The parameter space inside the
contours yields more than three expected signal events.
The ALPs with a coupling above the upper bound decay
before reaching the LLP detector. Any gaγ coupling smaller
than the lower bound ∼10−6 GeV−1 (∼10−7 GeV−1) for
Ee ¼ 16.5ð125Þ GeV makes the production rate too small
to generate enough signal events. The phase-1 configura-
tion reaches smaller couplings than phase 0, as expected

from its larger hard-photon flux. The sensitivity to ALP
mass is enhanced by 1 order of magnitude when switching
to a higher-energy beam.

B. Compton scattering

The above scenario assumes that ALP production is
dominated by the ALP-photon coupling. If instead the
ALP only couples to electrons in the electrophilic case, it
can also be produced through a Compton-like scattering
process

γ þ e → aþ e; ð19Þ

where the atomic electrons reside outside the tungsten
nucleus. Next, we examine this Compton scattering for the
electrophilic ALP. Note that the effective ALP-photon
coupling can also be induced by the ALP-electron vertex at
the one-loop level. Here, for simplicity, we ignore the
Primakoff process given by the loop-suppressed geffaγ

coupling and only take into account the effect on ALP
decay. The correlation between the not-negligible ALP-
photon coupling and the ALP-electron coupling will be
discussed in the next subsection.
Now, we present the analytical framework for estimating

the expected signal yield of ALPs produced via the photon-
electron scattering process γ þ e− → aþ e− in a tungsten
target. We begin with considering the idealized case of
scattering off a free electron, which provides the funda-
mental cross section for this process. The relevant Feynman
diagrams are shown in Fig. 5. The differential cross section

FIG. 4. The sensitivity reach in the parameter space of ma versus gaγ from ALP production via the Primakoff process γ þ N → aþ N
and a → γγ decay mode, assuming only the ALP-photon coupling gaγ . We take two different laser-electron collision configurations:
phase 0 (blue) and phase 1 (black). For a required number of signal events Na ¼ 3, the results are shown for electron beam energies
Ee ¼ 16.5 GeV (left panel) and 125 GeV (right panel). We also show the exclusion limits from LEP [107] (gray), BESIII [108,109]
(orange), Belle II [110] (purple), the existing beam dump (cyan, combined limit from CHARM [111], E141 [45], E137 [46,112], NuCal
[113,114], and NA64 [49]. See also the summaries [113,115]), and BABAR [112,116] (yellow) for comparison. Some astrophysical
constraints are also shown, including the SN1987A gamma bound [117] (red dash-dotted line), SN1987A neutrino bound [118,119]
(blue dash-dotted line), SN1987A bound with a → γγ [120,121] (green), and low-energy supernovae bound with a → γγ [118]
(magenta).
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with respect to the Mandelstam variable t for this free-
electron Compton scattering is given as

dσfreeγe→ae

dt
¼ g2aeα
2ðs−m2

eÞ2
	
m2

að3m2
e − sÞþ ðm2

e − sÞðm2
e − s− tÞ

ðm2
e þm2

a − s− tÞ2

þm2
að3m2

e − sÞþ ðm2
e − sÞðm2

e − s− tÞ
ðs−m2

eÞ2

þ 4m2
am2

eþ 2ðm2
aþm2

e − sÞðm2
e − s− tÞ

ðs−m2
eÞðm2

eþm2
a− s− tÞ



; ð20Þ

where s ¼ ðkþ peÞ2 and t ¼ ðpe − p0
eÞ2. While the free-

electron approximation provides the fundamental interac-
tion strength, a realistic fixed-target environment must
account for the fact that electrons are bound within atomic
shells. Consequently, a physically accurate cross section
must incorporate atomic effects, such as nuclear screening
and electron binding energies. For the high-energy photons
considered in this work, on the order of Oð1–10Þ GeV or
even beyond, the incident energy far exceeds the K-shell
binding energy of the tungsten target. Thus, the influence of
individual atomic binding energies becomes secondary,
which allows us to treat the collective response of the atom
through a corrected cross section [122,123]

dσComp
γe→aeðEγÞ
dt

¼ dσfreeγe→ae

dt
× ZeffðTeÞ; ð21Þ

where the integration limits for t take the same form as
those in Eq. (18), with the nuclear massmN replaced by the
electron mass me. Zeff is the effective atomic number.
While the fundamental interaction occurs with individual
electrons, the collective effect of the atomic electrons is
captured by the effective charge Zeff . It is a function of the
electron recoil kinetic energy Te. Since atomic electrons
occupy discrete shells, scattering only occurs if the energy
transfer Te exceeds the binding energy of a specific shell.
Thus, ZeffðTeÞ acts as a step-wise weight factor that
determines the number of active electrons available for
ionization at a given energy transfer. It is given by the form
ZeffðTeÞ ¼

P
Z
i ΘðTe − BiÞ with Bi being the binding

energy of the ith electron [124]. The specific discrete
values of Zeff and their corresponding energy thresholds for
tungsten (Z ¼ 74) [125,126] are summarized in Table I. To

evaluate the total cross section, we utilize the kinematic
relationship between the electron recoil kinetic energy Te
and the variable t

t¼ðpe−p0
eÞ2¼ 2m2

e−2meE0
e ¼ 2meðme−E0

eÞ¼−2meTe:

ð22Þ

By performing this variable substitution, we can express the
effective charge Zeff as a function of t. This allows us to
integrate the differential cross section over the t variable
while accounting for the energy-dependent electron occu-
pancy Zeff in a single step.
Based on the cross section for γ þ e− → aþ e−, we

compute the signal rate from Eq. (9) by assuming only the
ALP-electron coupling gae and searching for a → eþe−
decay mode. The tungsten target is treated as a collection of
atomic electrons, with the number of active electrons
determined by the effective atomic number ZeffðTeÞ. We
then extract the projected sensitivity by solving for the
contour with Na ¼ 3 expected events. The results are
displayed in Fig. 6 in the plane of ma versus gae. One
can see that the optical dump setup can probe the ALP-
electron coupling down to gae ∼ 10−6 (10−7) and even
lower for Ee ¼ 16.5ð125Þ GeV. Compared with phase 0,
phase 1 extends to lower ALP-electron coupling because of
its larger flux of GeV photons. The sensitivity to ALP mass
is also enhanced by a factor of 5 when switching to a
higher-energy beam.

FIG. 5. The Feynman diagrams for ALP production via photon scattering off atomic electrons, γðkÞ þ e−ðpeÞ → aðpaÞ þ e−ðp0
eÞ.

TABLE I. Effective atomic number Zeff for tungsten (Z ¼ 74)
as a function of the electron recoil energy Te in unit of eV.

Recoil energy range [eV] Zeff Recoil energy range [eV] Zeff

Te > 69 525 74 490.4 < Te ≤ 594.1 28
12100 < Te ≤ 69 525 72 423.6 < Te ≤ 490.4 26
11544 < Te ≤ 12 100 70 255.9 < Te ≤ 423.6 20
10207 < Te ≤ 11 544 68 243.5 < Te ≤ 255.9 18
2820 < Te ≤ 10 207 60 75.6 < Te ≤ 243.5 10
2575 < Te ≤ 2820 58 45.3 < Te ≤ 75.6 8
2281 < Te ≤ 2575 56 36.8 < Te ≤ 45.3 6
1872 < Te ≤ 2281 50 33.6 < Te ≤ 36.8 4
1809 < Te ≤ 1872 48 31.4 < Te ≤ 33.6 2
594.1 < Te ≤ 1809 30 Te ≤ 31.4 0
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C. Correlation between Primakoff and Compton
processes

We now consider the case in which more than one ALP
coupling is present at the same time. First, we focus on the
two-dimensional parameter space spanned by geffaγ and gae.
In this case, ALPs can be produced through both Primakoff
production on nucleus and Compton-like scattering on
atomic electrons. In our event-rate estimate, the total
production rate is obtained by adding the two independent
production contributions

σPrimþCompðEγÞ ¼ σPrimγN→aNðEγÞ þ σComp
γe→aeðEγÞ; ð23Þ

where the first (second) term is the Primakoff (Compton-
like) contribution determined by geffaγ (gae) and is evaluated
using Eq. (16) [Eq. (21)]. The decay widths and branching
fractions are calculated using the total ALP decay width,
including both the a → γγ and a → eþe− channels when-
ever they are kinematically allowed. Note that Ref. [80]
calculated the off-shell ALP-photon vertex function with
off-shell ALP, one on-shell photon and one off-shell
photon. According to their result, in the limit where the
ALP is taken on shell, one recovers the expression for the
effective coefficient ceffaγ entering the a → γγ decay rate.
Thus, it is appropriate to use the effective coupling geffaγ in
the Primakoff production.
The resulting sensitivity contours in the plane of geffaγ

versus gae are shown in Fig. 7. Instead of scanning the full
three-dimensional parameter space of ma, geffaγ , and gae, we
choose two representative ALP mass benchmarks ma ¼
0.01 GeV (left panels) and 0.002 GeV (right panels). This
allows us to display directly how the two couplings
compensate each other in producing an observable signal.

The contours correspond to Na ¼ 3 expected signal events
in phase 0, for Ee ¼ 16.5 GeV (upper panels) and Ee ¼
125 GeV (lower panels). The contour shapes are deter-
mined by the combined effects of ALP production and
decay. The blue and green shaded regions correspond to the
decay channel of a → eþe− and a → γγ, respectively. We
also show red dotted lines indicating the special case with
gaγ ¼ 0 and geffaγ completely given by gae. The search for the
a → eþe− (a → γγ) decay channel places an upper limit on
the sensitivity of geffaγ (gae) coupling. When gae is very
small, the Compton-like production channel become inef-
fective, and the sensitivity reduces to the single ALP-
photon coupling case discussed above. Conversely, when
geffaγ is very small, the Primakoff contribution becomes
negligible, and the constraint approaches the limit of single
ALP-electron coupling. In the intermediate region, both
couplings contribute to the event yield, and the sensitivity
cannot be interpreted as a bound on only one coupling.
Notably, due to the sizable contribution from the Primakoff
process, the sensitivity to the gae coupling in the inter-
mediate region can be improved by 2–3 orders of magni-
tude compared to the case where geffaγ can be neglected.

V. CONCLUSION

The feeble interactions of light ALPs render them long
lived. Probing long-lived ALPs therefore demands facilities
with a macroscopic decay volume to match their extended
decay lengths, such as high-intensity beam dump experi-
ments. Conventional beam dump experiments utilize high-
energy fermion beams to collide on a fixed target. ALP
production proceeds predominantly via 2 → 3 bremsstrah-
lung and Primakoff-like processes which require a dedi-
cated approximation method to simplify the calculation.
An optical dump was proposed based on the collision of a

FIG. 6. The sensitivity reach in the parameter space of ma versus gae from ALP production via the Compton process γ þ e → aþ e
and a → eþe− decay mode, assuming only the ALP-electron coupling gae. We take two different laser-electron collision configurations:
phase 0 (blue) and phase 1 (black). For a required number of signal events Na ¼ 3, the results are shown for electron beam energies
Ee ¼ 16.5 GeV (left panel) and 125 GeV (right panel). We also show the exclusion limits from BABAR (yellow) [31,60,127], E137
(green) [48], and NA64 (red) [50] for comparison.
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high-energy electron beam and high-intensity laser pulse.
The large flux of hard photons from the electron-laser
collision was suggested to strike a dump of target atom
tungsten to produce feebly interacting new particles such as
ALPs. The long-lived ALPs coupled to photons can be
produced through a direct Primakoff process without
virtual photon approximation in the calculation.
In this work, we revisit the probe of long-lived ALPs with

MeV ∼ GeV mass via a laser-assisted optical dump. We
consider the low-energy effective Lagrangian for ALPs
incorporating both the ALP-photon and ALP-fermion (e.g.,
electron) interactions. The primary photon spectrum is
obtained by using the Ptarmigan package to implement the
strong-field QED simulation of nonlinear Compton photon
emission at LUXE.We then calculate the visible ALP signal
rate by convolving the primary photon spectrum with the
ALP production cross section, decay probability, and the
detector efficiency. The scope of optical dump searches is
extended to both the gaγ coupling induced Primakoff
process and the Compton-like scattering via the gae cou-
pling. We also demonstrate the complementarity of the
Primakoff process and Compton scattering, and exhibit the

interplay of two ALP couplings in light of the optical dump
experiment. Our conclusions are summarized as follows:

(i) For photophilic ALPs, the ALP production rate is
only determined by the UV parameter gaγ through
the Primakoff process. We find good agreement
between our sensitivity to the ALP-photon coupling
with a low-energy electron beam and that reported in
Ref. [66] for the LUXE experiment. The lower bound
of gaγ becomes ∼10−6 GeV−1 (∼10−7 GeV−1) for
Ee ¼ 16.5ð125Þ GeV. The sensitivity to ALP mass
is enhanced by 1 order of magnitude when switching
to a high-energy beam Ee ¼ 125 GeV.

(ii) For the electrophilic case, the ALPs can be produced
through a Compton-like scattering process between
the hard photons and the electrons in the target
atoms. The optical dump setup can probe the ALP-
electron coupling down to gae ∼ 10−6 (10−7) and
even lower for Ee ¼ 16.5ð125Þ GeV.

(iii) For the case with both ALP-photon and ALP-
electron couplings, the Primakoff process and
Compton scattering compensate each other in pro-
ducing an observable signal. Because of the sizable

FIG. 7. The sensitivity reach in the parameter space of geffaγ versus gae in phase 0, assuming electron beam energies Ee ¼ 16.5 GeV
(upper panels) and 125 GeV (lower panels). The blue (green) shaded regions correspond to the decay channel of a → eþe− (a → γγ).
The left (right) panels show results for the ALP mass benchmarkma ¼ 0.01 GeV (0.002 GeV). The red dotted lines indicate the special
case with gaγ ¼ 0 and geffaγ completely given by gae.
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contribution from the Primakoff process, the sensi-
tivity to the gae coupling can be improved by 2–3
orders of magnitude compared to the case where the
ALP-photon coupling can be neglected.
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APPENDIX: THE AMPLITUDE OF THE
PRIMAKOFF PROCESS

In this appendix we follow Ref. [106] to present the
derivation of the Primakoff production amplitude. The
amplitude of Primakoff production is given by

iMPrim
γN→aN ¼ ie

gaγ
t
JμhadJγaμ; ðA1Þ

where Jμhad is the electromagnetic current of the target
nucleus and Jμγa is the photon-ALP current. From the aγγ
vertex, the photon-ALP current is

Jμγa ¼ iϵμαρσεαðkÞqρkσ: ðA2Þ
After averaging over the initial photon polarization and the
nuclear spin, the squared amplitude takes the tensor form

jMPrim
γN→aN j2 ¼ e2g2aγ

1

t2
Lμν
γaWμν; ðA3Þ

where

Lμν
γa ¼ 1

2

X
λ

JμγaJν�γa; Wμν ¼
X

had;avg

J�had;μJhad;ν: ðA4Þ

Here the factor 1=2 accounts for the average over the two
initial photon polarizations. Evaluating the polarization
sum gives

Lμν
γa ¼−

	ðt−m2
aÞ2

8
gμνþ t−m2

a

4
ðpμ

akνþ kμpν
aÞþ

m2
a

2
kμkν



:

ðA5Þ

For coherent elastic scattering off the nucleus, the nuclear
tensor is given by

Wμν ≃ 4ρ2Z2jFNðtÞj2KμKν; Kμ ¼ pμ
N þ qμ

2
; ðA6Þ

with

ρ ¼ 16m4
N

ð4m2
N − tÞ2 : ðA7Þ

Substituting these expressions into differential cross section
yields the result of Eq. (16) given in the main text. The
finite size of the target nucleus is included through the
nuclear charge form factor FNðtÞ. Following Ref. [75],
we have

jFNðtÞj2 ¼
1

Z2
½Gel

2 ðtÞ þ Ginel
2 ðtÞ�; ðA8Þ

where

Gel
2 ðtÞ ¼

�
a2t

1þ a2t

�
2
�

1

1þ t=d

�
2

Z2;

Ginel
2 ðtÞ ¼

�
a02t

1þ a02t

�
2
	1þ t

4m2
p
ðμ2p − 1Þ

ð1þ t
0.71 GeV2Þ4


2
Z: ðA9Þ

The parameters are

a ¼ 111Z−1=3

me
;

a0 ¼ 773Z−2=3

me
;

d ¼ 0.164 GeV2A−2=3;

μp ¼ 2.79; ðA10Þ

where Z ¼ 74 and A ¼ 184 are taken for the tungsten
target. Here FNðtÞ is the nuclear electromagnetic charge
form factor, which encodes the loss of coherence at finite
momentum transfer. In the Primakoff amplitude, it always
enters multiplied by the coherent enhancement factor Z2.
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