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We propose a novel way to search for feebly interacting massive particles, exploiting two properties of
systems involving collisions between high energy electrons and intense laser pulses. The first property is that
the electron-laser collision results in a large flux of hard photons, as the laser behaves effectively as a thick
medium. The second property is that the emitted photons free-stream inside the laser and thus for them the
laser behaves effectively as a very thin medium. Combining these two features implies that the electron-
intense-laser collision is an apparatus, which can efficiently convertOð10 GeVÞ electrons to a large flux of
hard, collinear photons. The photons are directed onto a solid dump in which feebly interacting massive
particles may be produced. With the much smaller backgrounds induced by the photon beam compared to
those expected in electron- or proton-beam dump experiments and combined with a relatively shorter dump
used here, the sensitivity to short lifetimes is unparalleled. We denote this novel apparatus as “optical dump”
or NPOD (new physics search with optical dump). The proposed LUXE experiment at the European XFEL
has all the basic required ingredients to realize this experimental concept for the first time. Moreover, the
NPOD extension of LUXE is essentially parasitic to the main experiment and thus, practically it does not
have any bearing on its main program. We discuss how the NPOD concept can be realized in practice by
adding a detector after the last physical dump of the experiment to reconstruct the two-photon decay of a new
spin-0 particle. We show that even with a relatively short dump, the search can still be background-free.
Remarkably, even with a few days of data taking with a 40 TW laser corresponding to its initial run, LUXE-
NPOD will be able to probe an uncharted territory of models with pseudoscalars and scalars. Furthermore,
with a 350 TW laser of the main run, LUXE-NPODwill have a unique reach for these models. In particular it
can probe natural scalar theories for masses above 100 MeV. We note that the new NPOD concept may be
ported to other existing or future facilities worldwide, including, e.g., future lepton colliders.

DOI: 10.1103/PhysRevD.106.115034

I. INTRODUCTION

Despite its great success, the standard model (SM) of
particle physics does not provide a complete description
of Nature; new particles and/or forces are required to
account for the observed neutrino oscillations, dark
matter, and the cosmological baryon asymmetry. This
provides us with a strong motivation to search for new
physics (NP), yet the above observations cannot be
robustly linked to a specific microscopic physical scale.
Therefore, there are worldwide efforts to probe physics
beyond the SM (BSM) at different energy scales in
different types of experimental frontiers, see, e.g.,
Ref. [1] for a recent discussion. Despite all of these
efforts we are currently lacking a “smoking gun” for a
direct observation of NP. This calls for new experimental
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approaches that may open the window to alternative ways
to search for BSM physics.
In this work, we introduce a novel way to search for

feebly interacting particles (FIPs), using collision of high
energy electrons with intense laser pulses. Our proposal
highlights the complementary between the largely unex-
plored nonperturbative and nonlinear quantum electrody-
namics (QED) phenomena, such as Schwinger pair
production in a strong electromagnetic (EM) field [2–4],
and the quest for BSM physics. We point out that an intense
laser behaves as a new type of a particularly-effective dump
for the incoming electron beam as follows. In the collision
between a high-energy electron beam and an intense laser,
the laser behaves as a thick medium, leading to the
production of a large flux of hard photons [5–9].
Furthermore, as the photons have a negligible interaction
with the EM field, they practically free stream in the laser
after being produced, see Fig. 1. Thus, the outgoing photon
flux can be used to search for weakly interacting new
particles that couple to photons, covering an uncharted
territory of the relevant parameter space, see Fig. 5.
Let us comment about the essential advantage of this

proposal compared with other state-of-the-art beam-dump
based setups. In other experiments, photons may be
produced by placing a thin solid target to induce brems-
strahlung processes. However, in that case the photons are
generated from weakly-coupled processes, and conse-
quently, the flux per-electron obtained with such a design
is more than an order of magnitude lower than what can be
achieved with the nonlinear NPOD idea. Alternatively, the
new particles can be produced from secondary photons that
are produced when an electron (or proton) beam is directly
shot on a thick solid target.
The main advantage of the NPOD idea is that the

corresponding background can be significantly [Oð100Þ]
lower compared to conventional beam dump experiments
mentioned above, while the signal yield in the latter is only

a factor of few larger. To explain that intuitively, let us focus
on a fixed initial beam of Ne electrons withOð10–20Þ GeV
each. In the NPOD case, one will typically generate ∼2Ne
photons (above 1 GeV) that will reach the dump for the NP
production there. In the other case, there will be instead
∼9Ne photons (above 1 GeV), all produced after (but close
to) the beginning of the dump. While having more photons
available for new physics production, this case also features
a significantly increased hadronic and electromagnetic
activity in the dump.
Consequently, the number of particles escaping the

dump will be larger by a factor of Oð10Þ, which is roughly
the ratio between the incoming electron energy and the
typical energy of the photons in the NPOD case. Since the
analysis requires two photons per signal candidate, and
since the background mostly consists of photons and
neutrons faking photons in the detector, the two-photon
background is ultimately Oð> 102Þ larger than in the
NPOD case (assuming the same initial beam, the same
solid target and the same detector). These advantages are
not inherent for LUXE and hence they make the new
NPOD concept applicable in a variety of existing/future
facilities worldwide.
Concretely below, we focus below on the proposed

LUXE experiment [10,11] at the Eu.XFEL [12]. We
demonstrate that it has the potential to probe an unexplored,
well motivated, parameter space of new spin-0 (scalar or
pseudoscalar) particles with coupling to photons. This
proposal is denoted as LUXE-NPOD: New Physics at
Optical Dump. LUXE is planning to start with a 40 TW
laser (phase-0) and later deploy a 350 TW laser (phase-1).
This setup can probe spin-0 particles with masses up to
Oð350Þ MeV and a decay constant of Oð105–106Þ GeV,
beyond the reach of existing limits.

II. ELECTRON-LASER COLLISIONS

The interaction between high-energy electrons and
intense laser pulses is reviewed in [5,6,13–15]. Here we
highlight the relevant points required for the LUXE-NPOD
proposal, where the electron’s energy is ≈16.5 GeV and
there are ∼109 of them per bunch crossing (BX). The
behavior of an electron traveling inside an intense laser
pulse can be described by treating the laser as a background
field. The modified electron-field modes are known as
Volkov states [16], denoted as e−V below. These states
provide an exact solution to the corresponding modified
Dirac equation. Emission processes and pair production are
then evaluated using perturbation theory, the “Furry pic-
ture” [17], similar to what is done in the background-free
case. In contrast, the photons can be described as back-
ground-free fields, similar to free photons propagating
in space.
The passage of an electron inside the laser pulse is

controlled by two processes related to each other by an
exchange of the initial and final states. The first process is the

Laser pulse 

Free GeV 
photons

Beam 
electron

FIG. 1. Schematic illustration of the optical dump. The high
intensity laser pulse behaves effectively as a thick medium for the
incoming electron, that in turn may emit a large flux of hard
photons which “free stream” in this optical medium and can be
used to search for new physics.
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Compton scattering [18,19] (often referred as high-intensity
or nonlinear Compton scattering), e−V → e−V þ γ, where our
focus is on cases where, in the lab frame, the electron emits a
photon, γ, at OðfewÞ GeV. The typical timescale for this
process is τγ ¼ 1=Γγ ∼Oð10Þ fs. The second process to be
discussed below, is the Breit-Wheeler pair production [20]
(often referred as one photon pair production or nonlinear
Breit-Wheeler pair production), γ → eþV þ e−V. In practice,
this process can be viewed as if the original electron first
emits a photon, which subsequently interacts with the laser
leading to the production of a pair of Volkov states. The
typical pair production timescale relevant to LUXE is τee ¼
1=Γee ∼Oð104–106Þ fs [11]. The typical laser pulse dura-
tion foreseen at LUXE is tL ∼Oð10–200Þ fs, and finally, the
relevant time scale of LUXE’s 800 nm laser itself is∼1=ωL ∼
0.4 fs [11], where ωL is the laser angular frequency.
We find the following hierarchy among these four

timescales to be 1=ωL ≪ τγ ≲ tL ≪ τee. Several points
are in order as follows: (i) the fact that 1=ωL is the shortest
scale in the problem supports the treatment of the laser as a
background field (along with the large occupation number
of the laser photons) to a leading order; (ii) the fact that τee
is much longer than all the other scales in the problem
implies that we can treat the photons in the laser as free
streaming; and (iii) the fact that τγ is shorter than tL implies
that it behaves as a thick target for the electrons. For an
ideal large pulse (spatially and temporally), the electrons
will in principle lose all their energy to the photons. The
combination of points (ii) and (iii) above and the resulting
hard spectrum of photons is the core reason for why we
denote our experiment as optical dump and for being a
novel concept to search for FIPs.
In practice, due to the limited size and duration of the

laser’s pulse [11], the beam electrons at LUXE are not
stopped. These electrons are deflected away by a magnet
right after the interaction with the laser. The region after the
electron-laser interaction chamber in Fig. 3 can be consid-
ered as being effectively free from any electrons that passed
the optical dump region.
To contrast the optical dump with a conventional solid-

dump, consider the propagation of high energy electron or
photon in the dump. In both cases the mean free path is
controlled by scattering of the highly charged heavy
nucleus, which is of the order of the electron radiation
length, X0 (see, e.g., Ref. [21]). This is an important
difference between the laser medium and a solid-material
medium. In the former, the pulse length can be made long
compared to the photon production timescale, while being
short enough compared to the pair production one, i.e.,
τγ ≲ tL ≪ τee. Therefore, a few hard photons (with Eγ ≳
1 GeV on average) per incoming electron exit the laser
pulse. In the thick limit of a solid-material dump, if the
material length, d, is much larger than X0, all of the hard
photons will be absorbed in the material. In the thin solid-
material limit, where d ≪ X0, the hard bremsstrahlung

photons can escape the material, but their production rate is
suppressed by d=X0 ≪ 1. For example, in phase-1 of
LUXE (or with a thin solid-material with d=X0 ∼ 0.1)
we expect ≳1.7 (or ∼0.06) photons with Eγ > 1 GeV per
incoming electron.
Another important feature of the NPOD idea in the

context of LUXE, is that it can be viewed as a parasitic
extension, i.e., it does not drive the design and operation of
the main experiment. In principle, this may be compared
with a simpler experiment, where the same initial electron
beam is shot directly on the same dump. This hypothetical
setup is denoted hereafter as e-dump. As we argued above,
while the NPOD case can be background-free, the back-
ground in the e-dump case will be excessive. Nevertheless,
we provide a quantitative study of this setup below.
Furthermore, unlike LUXE-NPOD, the e-dump setup is
by-construction dedicated experiment. The e-dump hypo-
thetical setup should therefore be regarded only as a
reference in the comparisons given below.
The resulting (primary and secondary) photons spectra

for LUXE-NPOD case are shown in Fig. 2. The thin solid-
material case and the e-dump case are also shown for
reference.

III. NEW PHYSICS SCENARIOS

We consider new spin-0 particles, which are found in
well motivated extensions of the SM. We focus on two
cases: a pseudo-scalar, a, which is often called axionlike
particle (ALP), and a scalar, ϕ. Light ALPs arise in variety
of models motivated by the Goldstone theorem, with their

FIG. 2. The emitted photon spectrum for LUXE-NPOD phase-
0 (1) in blue (black) compared to the perturbative bremsstrahlung
spectrum with Ee ¼ 16.5 GeV and target length of 0.01X0 in red
and to photons from the electron beam shot on the same dump
(the e-dump setup) in orange.
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masses protected by a shift symmetry, see Refs. [22–26] for
recent reviews. In addition, we consider a CP even, ϕ,
where theoretically, constructing a natural model of a light
scalar is rather challenging. However, two concrete pro-
posals have been put forward, one where the scalar mass is
protected by an approximate scale-invariance symmetry
(see for instance [27] and Refs. therein), and a second one
where it is protected by an approximate shift-symmetry that
is broken, together with CP [28,29], by two sequestered
sectors (inspired by the relaxion paradigm [30]). For
simplicity, we study CP conserving model (either ALP
or scalar) described by a single coupling to photons and
captured by

La;ϕ ¼ a
4Λa

FμνF̃μν þ ϕ

4Λϕ
FμνFμν; ð1Þ

where Fμν is the photon field strength and F̃μν ¼ 1
2
ϵμναβFαβ.

The decay rate of the ALP into two photons are given by
Γa→2γ ¼ m3

a=ð64πΛ2
aÞ (for scalar replace a with ϕ).

The ϕ-photons coupling induces, quadratically diver-
gent, additive contribution to the scalar mass-square,
δm2

ϕ ∼ Λ4
UV=ð16π2Λ2

ϕÞ. This leads to a naturalness bound

Λϕ ≳ 4 × 105 GeVðΛUV
TeVÞ2 200 MeV

mϕ
, where ΛUV is the scale in

which NP is required to appear in order to cancel the
quadratic divergences. Moreover, the same loop diagram as
above induces a mixing between the Higgs and the ϕ scalar.
This mixing can be estimated by calculating the square
mixed mass term δμ2Hϕ ∼ Λ4

UVα=ð64π3ΛϕvÞ, where v ≃
246 GeV is the Higgs VEV. Thus, the H − ϕ mixing is
θHϕ ∼ 10−6ðΛUV

TeVÞ4 4×105 GeV
Λϕ

, which is in an unconstrained

region of parameter space of Higgs portal (or relaxion)
models. See Refs. [1,31] for a recent analysis.
We mainly focus on processes involving ALP and scalar

production, which are equal in the coherent production
limit (used here), we therefore denote them simply as
X ¼ a;ϕ. The photons produced in the electron-laser
collisions (see Fig. 2 for the spectra) are freely propagating
to collide with the nuclei, N, of the material of some sizable
dump to produce NP. Thus, the X are produced via
Primakoff like production, γ þ N → N þ X. An illustration
of this process is provided in Fig. 3 (top) in the context of
LUXE along with the associated background topologies
(bottom). Another mechanism is Primary NP production,
where the NP is directly produced at the electron-laser
interaction region via X electron coupling, see Appendix B
for further details.

IV. THE LUXE-NPOD PROPOSAL

We propose to use the high flux of GeV photons, emitted
from LUXE’s electron-laser interaction region, to search
for FIPs of spin-0. We present the experimental setup and
assume a given flux of hard photons. After being produced,

the photons freely propagate to a physical dump and
interact with its nuclei to produce the X particle.
The dump is of length LD and it is positioned ∼13 m

away from the electron-laser interaction region. The X
particles are long-lived and hence, they will travel some
distance before decaying into γγ. Therefore, an empty
volume of length LV is left at the back of the dump to allow
the X particles to decay back into two photons. The two-
photon signature is our signal in the detector which is
positioned at LV after the dump.
The expected number of X’s produced and detected in

the proposed setup shown in Fig. 3 (top) can be approxi-
mated as (see, e.g., Refs. [32,33]),

NX ≈ Leff

Z
dEγ

dNγ

dEγ
σX

�
e−

LD
LX − e−

LVþLD
LX

�
A; ð2Þ

with σX ∝ Z2 is the Primakoff cross section, e.g., [34,35], Z
is the nuclear charge, Leff is the effective luminosity
discussed below, Eγ is the incoming photon energy, LX ≡
cτXpX=mX is the propagation length of the X particle, with

τX and pX ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
γ −m2

X

q
being its proper life-time and

momentum, respectively. A stands for the angular accep-
tance and efficiency of the detector.
We estimate NX independently by using a MADGRAPH5

v2.8.1 [36–39] Monte Carlo simulation, including an event-
by-event acceptance estimation. We use the UFO model
[39] from Ref. [40] and follow Refs. [33,41,42] for the form
factors. The results of the approximation in Eq. (2) and the
MADGRAPH5 simulation are found to be in a very good
agreement.
As a benchmark, we consider a tungsten (W) dump with

LD ¼ 1.0 m and a radius of 50 cm. With this choice, the
effective or integrated luminosity can be written as Leff ¼
NeNBX

9ρWX0

7AWm0
[41], where ρW is the W density, AW is its

mass number and X0 is its radiation length (all taken from
[21]). NeNBX is the experiment repetition. The remaining

FIG. 3. A schematic illustration of the LUXE-NPOD concept.
Top: the secondary production mechanism realization in the
experimental setup. Bottom: the relevant background topologies.
The electrons are deflected by a magnet placed right after the
interaction chamber.
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parameter is the nucleon mass, m0 ¼ 1.66 × 10−24 g. An
electron beam with a bunch population of Ne ¼ 1.5 × 109

electrons is assumed with a fixed energy of Ee¼16.5GeV,
and the outgoing photon spectrum from the electron-
laser interaction is denoted as dNγ=dEγ. These are typical
Eu.XFEL operation parameters as discussed in [11]. We
further assume one year of data taking, corresponds to 107

live seconds of the experiments. Thus, NBX ¼ 107 laser-
pulse and electron-bunch collisions (or BXs) for a laser
with a 1 Hz repetition rate.
For the detector, we assume a disk-like structure with a

radius of R ¼ 1 m positioned at LV ¼ 2.5 m after the end
of the dump and concentric with it. We assume a minimal
photon-energy threshold of 0.5 GeV for detection and
hence, a signal event is initially identified as having two
photons in the detector surface with Eγ > 0.5 GeV. In
addition, we show that two final photons can be effectively
separated, see Appendix D.
The differential photon flux per initial electron, dNγ=dEγ

shown in Fig. 2, includes photons from the electron-laser
interaction, as well as secondary photons produced in the
EM shower which develops in the dump.With LD ≳ 0.2 m,
all of the primary photons are stopped in the dump.
The primary photon flux is determined from full strong-

field QED Monte Carlo simulation [43], using probability
rates derived in [44] and corresponding to the two LUXE
benchmarks (phase-0 and phase-1) which mostly differ by
the laser power (40 TW and 350 TW respectively). This
simulation code has been benchmarked extensively against
theoretical calculations from strong-field QED [45]. Based
on an initial optimization, trying to maximize the flux of
photons with energies above 1 GeV (see Fig. 95 in [11]), a
laser pulse length of 25(120) fs for phase-0 (1) with a
transverse spot-size of 6.5ð10Þ μm (full width at half
maximum) is assumed. These pulse configurations corre-
spond to an intensity parameter of ξ ≃ 3.2ð3.4Þ for phase-0
(1). The laser intensity parameter is ξ≡ eE=ðmeωLÞ where
E is magnitude of the laser’s electric field and ωL ∼ 1.5 eV
is the energy of the laser photon (at 800 nm wavelength).
These parameters are already sufficient to demonstrate the
capability of the NPOD proposal: further optimization of
the electron-laser collision will be considered in future
work. For a dump at a distance of 13 m from the interaction
point, about 95% of the emitted photons fall inside a radius
of 5 cm. The photon passage through the dump material
and the evolution of the shower inside the dump are
simulated with GEANT4 v 10.06.p01 [46–48] (using the
QGSP_BERT physics list). Since the emitted Compton
photon flux was never measured at the laser parameters of
LUXE, we propose to use the measured flux in order to
normalize Na in-situ, i.e., taking dNγ=dEγ from the
experimental measurement planned at LUXE. The mea-
surements of both the flux and the value of ξ will be
available per BX by several independent detectors of the
main experiment [11].

A tungsten dump of LD ¼ 1.0 m is effectively blocking
all incident primary Compton photons. However, the SM
particles produced in the dump during the shower generate
backgrounds of three types: (i) charged particles, namely
electrons, muons and hadrons; (ii) fake photons: mostly
neutrons misidentified as photons; and (iii) real photons:
mostly from EM/hadronic interactions close to the end of
the dump, or from meson decays in the volume.
These backgrounds rates are estimated using a detailed

GEANT4 simulation as discussed below. Our simulation
includes a detailed description of only the beam, the dump
(with its supporting structure) and a conceptual detector,
i.e., we do not attempt to simulate the response of a specific
detector technology. All particles that reach this conceptual
detector surface are recorded in terms of their position,
momentum, origin and time-of-arrival. We consider a
minimum threshold of 0.5 GeV per photon.
Although incorporating a specific implementation of a

real detector in the simulation is beyond the scope of this
work, we argue that with current detector technologies this
search can be regarded as background-free. The main
aspects of a realistic detector that are crucial to suppress
the background completely are good angular and energy
resolution to allow the reconstruction of the decay point
and the mass of the hypothetical X particle. Additionally,
timing resolution can be used to efficiently reject photons
produced via secondary neutron interactions. In the dis-
cussion below, we quantify the overall impact of these
requirements on the rejection and further assume that a
detector fulfilling the minimum set of these requirements
can be built.
While the background levels for phase-0 are softer and

smaller than those of phase-1, the same levels are con-
servatively assumed hereafter also for phase-0.

V. BACKGROUNDS DISCUSSION

The rate of charged SM particles (mostly muons and
protons), which in principle arrive at the detector with a
minimum energy of 0.5 GeV, is smaller by roughly a factor
of 10 compared to the rate of neutrons with the same
characteristics (the neutrons are also typically more ener-
getic). These and other charged particles can be effectively
bent away from the detector surface by a magnetic field
of B ≈ 1 T over an active bending length of ∼1 m.
Furthermore, muons from the dump or from cosmic rays,
which do arrive at the detector can be vetoed with dedicated
muon-chambers placed behind and above the photon
detector. Hence, the charged particle component is not
considered as background in the following discussion.
Thus, focusing on background photons and/or neutrons,

we denote the average number of particles with energy
above 0.5 GeV arriving at the conceptual detector surface
per one BX as μxðLDÞ. In this notation, x is a neutron
(x ¼ n) or a photon (x ¼ γ) and LD is measured in meters.
The sources for both background photons and neutrons are
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dominated by the hadronic activity close to the end of the
dump, with photons mostly originating from meson decay
near the dump-edge. This is further discussed in
Appendix C. We note that the background photons yield
includes both prompt photons from the dump as well as all
kinds of decays of SM particles, as illustrated in Fig. 3.
Following a GEANT4 run with 1010 primary photons

(equivalent to ∼2 BXs), which are distributed according to
the photon spectrum of LUXE’s phase-1 from Fig. 2, we
find that the number of such neutrons per BX is
μnð1.0 mÞ ¼ 10� 2.3, where the error is statistical only.
In the same run, we also find zero photons and thus, we can
only infer from it that μγð1.0Þ < 3. A statistically precise
estimation of μγð1.0 mÞ is rather challenging computation-
ally, since the number of BXs simulated has to be a few
orders of magnitude larger than what is simulated now.
We approach the problem of extracting μγð1.0 mÞ in two

independent analyses that yield consistent results. Both
approaches are based on the modeling of the amount of
particles that exit the dump as a function of its length. This
modeling is achieved by fitting the results from repeated
simulation runs for different LD values below its nominal
value to allow for adequate background photon statistics.
For LD < 1 m, both μγðLDÞ and μnðLDÞ become large
enough such that our statistical error becomes sufficiently
small and we can confidently fit the model’s parameters.
In our first approach we simply model the exiting photon
flux as an exponentially falling distribution of LD, while in
the second approach we assume that the photon to neutron
number ratio is constant with LD. Both approaches yield a
consistent result as expected, but we focus below on
the second approach since it gives a slightly larger estimate
of the background and hence, a more conservative
projection.
In the second approach, the extrapolation to the nominal

case of LD ¼ 1.0 m is done by fitting the ratio Rγ=n ¼
μγðLDÞ=μnðLDÞ vs LD < 1.0 m to a zeroth order poly-
nomial and multiplying the result by the number of
neutrons per BX obtained for the nominal case of
LD ¼ 1.0 m, i.e., μγð1.0 mÞ ≈ μnð1.0 mÞ × Rγ=n. The
result of the fit for five such runs starting from LD ¼
0.30 m and going up to LD ¼ 0.50 m in steps of 0.05 m is
Rγ=n ¼ 0.0013� 0.0002. The reduced χ2 of the fit is 1.88.
The data and fit can be seen in Fig. 4, which validates the
assumption of approximately constant ratio. In the absence
of data around LD ≈ 1 m, the flat ratio assumption is
essentially the simplest one can make, which also provides
a capping to the extrapolated background. Different
assumptions for the modeling of the ratio were tested as
well, but were found to yield slightly lower levels of
backgrounds and hence, we remain with the flat ratio
assumption for the subsequent analysis.
Figure 4 also shows the same ratio for the hypothetical e-

dump setup and otherwise the same conditions as discussed
above. The only difference is that instead of simulating 1010

primary photons, we simulate 3 × 109 monochromatic
(Ee ¼ 16.5 GeV) primary electrons. The spectrum of the
photons produced in the resulting shower inside the dump
is also shown in Fig. 2. The fit result for the hypothetical
e-dump case is Rγ=n ¼ 0.0062� 0.0002, i.e., significantly
larger than for the LUXE-NPOD setup. This difference
implies that while the two-photon background induced by
real photos or neutrons faking photons may be manageable
for the LUXE-NPOD setup with a reasonable assumption
of a specific detector technology, it will be nonmanageable
for the hypothetical e-dump setup for the same technology
assumption (and moreover for a similar “protons on
dump” case).
The extrapolated number of photons per BX for the

nominal case of LD ¼ 1.0 m is therefore μγð1.0 mÞ ¼
0.013� 0.004. In the following discussion we will omit
the dump length notation, while still assuming LD ¼ 1.0 m,
i.e., μγ ¼ μγð1.0 mÞ and μn ¼ μnð1.0 mÞ.
The number of background events over some period of

run-time, where two photons are detected in the same BX
can be calculated from the probability to find two real
photons or two fake photons (neutrons misidentified as
photons) or one real photon and one fake photon per BX in
the detector volume:

(i) the probability to find two real photons is
P2γ ¼ Pðμγ; 2Þ, where P is a Poisson probability,

30 35 40 45 50
Dump length [cm]

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

n
N
�

N

0.0002�= 0.0013R=1.88,�

0.0002�= 0.0062R=3.41,�

LUXE-NPOD

Fit & 95% CI

Electrons on dump

Fit & 95% CI

FIG. 4. The ratio of number of photons to the number of
neutrons vs different dump lengths ranging from 30 cm to 50 cm
for the LUXE-NPOD setup in black. For comparison, the same
ratio is given for the hypothetical e-dump setup in gray. Each data
point corresponds to a full simulation of two BXs for the given
dump length. Beyond 50 cm, there are only a few or no photons
left and hence these points are not simulated. The fits to a zeroth
order polynomial of the ratios are shown along with the
corresponding 95% confidence intervals. The fitted ratio, Rγ=n,
is used to derive the probabilities to find two photons (real or
fake) as discussed in the text.
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(ii) the probability to find two fake photons fromneutrons
is P2n→2γ ¼

P∞
kn¼2 Pðμn; knÞ × Bð2; kn; fn→γÞ ¼

f2n→γe−μnfn→γ μ2n=2, where B is a binomial probability,
kn is the number of neutrons and fn→γ is the
probability to misidentify a neutron as a photon with
Eγ > 0.5 GeV, and

(iii) the probability to find one real photon and
one fake photon from a neutron is Pnþγ→2γ ¼
Pðμγ; 1Þ ×

P∞
kn¼1 Pðμn; knÞ × Bð1; kn; fn→γÞ ¼

ðμγe−μγ Þðfn→γe−μnfn→γ μnÞ.
For the values of μγ and μn obtained above, the resulting

probabilities are P2γ≈8.3×10−5, P2n→2γ ≈ 50f2n→γe−10fn→γ ,
and Pnþγ→2γ ≈ 0.13fn→γe−10fn→γ , respectively. The “fake
rate”, fn→γ , depends strongly on the specific detector
technology choice. The dump itself can be further optimized
to maximize the effective luminosity and the signal produc-
tion rate, while minimizing the hadronic interaction length,
using a combination ofmaterials, and an improved geometry.
Besides minimizing fn→γ , the number of two-photon back-
ground events estimated from the probabilities above can be
reduced by a set of selection requirements based on the
reconstructed properties of the two-photon system. These
may include, for example, requirements on the invariant
mass, the common vertex, the X production vertex and the
timing. As for fn→γ, the projected performance of these
requirements depends strongly on the detector technology.
The rejection power of the full selection criteria per BX is
hereafter denoted as Rsel. For simplicity, we assume that Rsel
is similar between thedifferent background components. The
number of background two-photon events in one year (with
NBX ¼ 107) is estimated to be Nb ¼ NBXPbRsel, where
b ¼ 2γ; 2n → 2γ and nþ γ → 2γ for the three background
components respectively. The numerical estimates for these
three channels are therefore:

N2γ ≈ 8.3 × 102Rsel; ð3Þ

N2n→2γ ≈ 5.0 × 108f2n→γe−10fn→γRsel; ð4Þ

Nnþγ→2γ ≈ 1.3 × 106fn→γe−10fn→γRsel: ð5Þ

We see that with Rsel ≤ 10−3 − 10−4 and fn→γ ≤ 10−3 −
10−4 we can achieve < 1 background events. Hence, our
projections for the sensitivity assumes a background-free
experiment. Consequently, the 95% C.L. region corre-
sponds to NX ¼ 3.
The requirements on Rsel and fn→γ can be translated to a

general requirement for the detector performance. For Rsel
the main properties that can be used to discriminate
between signal and background are the azimuthal angles
of the two photons, the decay vertex two photons, the
transverse momentum of the two-photon system and
the invariant mass. For neutron rejection in addition the
calorimeter shower properties and the time of arrival can be

explored. It can be shown that the required background
reduction is achievable with existing detector (calorimeter)
technologies: time resolution1 of ∼Oð10–100Þ ps [49–51],
energy resolution of a few percent and finally, position and
angular resolutions of ∼Oð100Þ μm and ∼Oð100Þ mrad
respectively [49,51–53]. We note that even a subset of these
specifications is sufficient to meet our minimal require-
ments for the search.
For completeness, we also quote the values of μn and μγ

resulting from a simulation of two BXs of e-dump case
discussed above. These are found to be μnð1.0Þ ¼ 42.6�
4.6 and μγð1.0Þ ¼ 0. The derivation of the different back-
ground components is identical to the one given above for
the LUXE-NPOD setup. Using μnð1.0Þ along with the
average ratio of photon per neutron (see Fig. 4), we
estimate that μγð1.0Þ ≈ 0.26 for the e-dump setup, i.e., a
factor of 20 larger than for LUXE-NPOD. Plugging in the
numbers as shown above, the comparison between the
background rates of LUXE-NPOD to e-dump for 107 BX’s
and assuming Rsel ¼ 5 × 10−4 and neutron to photon fake
rate of fn→γ ¼ 5 × 10−4 is given in Table I.
As one can see, the background in the case of e-dump is

at least two orders of magnitude larger than in the case of
LUXE-NPOD. Although the “protons on dump” case is not
simulated for this study, it is expected to be even larger than
the e-dump case. Hence, the X search becomes much more
challenging in terms of the requirements on the detector
and on the offline analysis if one is to start from the e-dump
(or “protons on dump”) case instead.
In addition, the background rate in LUXE-NPOD phase-

0 will be much smaller. Thus, LUXE-NPOD can be still in a
background-free region with much looser detector require-
ments. This is not the case for e-dump, where the back-
grounds become much larger due to the worse detector.
This can be demonstrated as follows. Let us assume a
detector with Rsel ¼ fn→γ ¼ 5 × 10−3. We can conserva-
tively assume that the photons-to-neutrons ratio is similar to
phase-1. However, the number of neutrons can be scaled
down roughly by the ratio of the initial photon spectra

TABLE I. The two-photon background components (combina-
tion of real photons and/or fake photons from neutrons) and their
sum for LUXE-NPOD, compared with the hypothetical case
of e-dump.

Background component LUXE-NPOD e-dump

2γ 0.42 130
nþ γ → 2γ 0.32 21
2n → 2γ 0.06 1
Total ∼0.8 ∼150

1The ultimate time resolution of the EM calorimeter will also
determine the required cosmic muons veto strength and hence the
required arrangement of muon chambers.
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between phase-0 and phase-1 as ∼1=10 (see Fig. 2). Thus,
we have ∼1 neutron per BX for a dump of 1 m, leading to
0.0013 photons per BX (instead of 0.013 in phase-1). The
resulting total background budget for phase-0 with a looser
detector requirements, compared with the e-dump setup,
is estimated as ∼0.95 and ∼4000 for LUXE-NPOD and
e-dump setups, respectively. This should be compared with
the bottom row of Table I. The signal for e-dump is larger
by factor of ∼20 than for LUXE-NPOD in phase-0.
However, while LUXE-NPOD may still remain back-
ground-free, even with loosened detector requirements
(compared with those of phase-1), the background in the
e-dump case with the same detector increases to an
effectively unmanageable level.
The background estimations discussed above rely on the

conservative assumption that for a fixed energy threshold,
the ratio of the number of photons to the number of
neutrons which arrive at the detector face per BX is
approximately constant for different dump lengths, so that
it can be extrapolated from short dumps. This assumption is
important due to the extreme computational difficulty to
fully simulate enough bunch crossings to allow a reliable
estimation of the number of two-photon events with
E > 0.5 GeV at LD ¼ 1 m. In that case, more than
∼107 bunch crossings would be needed. We leave this
extreme simulation campaign to a future work and instead,
we rely on the flat ratio assumption.

VI. PROJECTED SENSITIVITY

In the reminder of the discussion, our projections for
the sensitivity assume a background-free experiment.
Consequently, the 95% C.L. region corresponds toNX ¼ 3.
The sensitivity projections of LUXE-NPOD for NX ¼ 3

are shown in Fig. 5 for the X mass versus the effective
coupling as defined in Eq. (1). The contours for different
NX values are shown in Appendix A. We compare the result
to the current bounds from LEP [54–56], PRIMEX [35,57],
NA64 [58,59], Belle-II [60], and beam-dumps experiments
[61,62]. In addition, the future projections of NA62
(in dump-mode), NA64, Belle-II, FASER, PRIMEX and
GLUEX [35,63–67] are presented. We see that already in
phase-0 LUXE can probe an unexplored parameter space
in the mass range of 50 MeV≲mX ≲ 250 MeV and
1=ΛX > 4 × 10−6 GeV−1. Moreover, we see that LUXE
phase-1 is expected to probe 40 MeV≲mX ≲ 350 MeV
and 1=ΛX > 2 × 10−6 GeV−1. The region of natural
parameter space for scalar is below the brown dashed-
dotted line of Fig. 5, which will be probed in phase-1. The
projections from the FASER2 (planned for a HL-LHC
future run scheduled to start in 2029 [68]) and NA62 in
dump mode are roughly similar with the LUXE phase-1
sensitivity curve, that is expected to be reached after one
year of running. Finally, We also consider an optimized
dump setup with LD ¼ 0.5m and show the projected
sensitivity for illustration.

We comment that in an hypothetical e-dump case, the
signal yield will be larger by a factor of few. However, for
same dump and detector, the number of background events
will be ≳150, compared to ≲1 for LUXE-NPOD). Thus,
we conclude that LUXE-NPOD can be background free
and a much clean experiment than ordinary e beam dump.

VII. OUTLOOK

The proposed LUXE-NPOD setup provides a novel way
of searching for new feebly interacting particles coupling to
photons. It has significant advantages compared to using
photons produced via bremsstrahlung or electrons or
protons on a dump. While in the bremsstrahlung case
the NP production will be significantly lower per primary
electron, the case of the electron- or proton-beam dump will
experience background larger. With a reasonable choice of
a detector technology, this search can be regarded as
background-free. In this case we show that for the same
detector assumption, the background yield in the electrons-
on-dump case (and moreover in the protons case) will be
larger by at least two orders of magnitudes. An unexplored
region of the parameter space can be accessed with just a
few days of data taking at a laser repetition rate of 1 Hz.
With one year of data taking, this search has the potential to

FIG. 5. The projected reach of LUXE-NPOD phase-0 (1) in a
solid blue (black) compared to the currently existing bounds
(gray regions) on X ¼ a;ϕ-photon couplings from LEP [54–56],
PRIMEX [35], Belle-II [60], NA64 [58,59] and beam-dumps
[61,62,69]. The dark blue dot-dashed is the projection from
on-tape PRIMEX dataset [35]. The dotted lines are future projec-
tions of NA62 (assuming 0 backgrounds), NA64, Belle-II,
FASER, PRIMEX and GLUEX [32,35,63–67]. The natural region
for the scalar model is below the brown dashed-dotted line. The
gray dashed line indicates the LUXE-NPOD phase-1 projection
with LD ¼ 0.5 m and background free search.
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discover such particles in a unique region of the param-
eter space.
There are several future directions following this pro-

posal. The first is to investigate spin-0 particles that couple
to gluons [35] and types of nonlinear photon dynamics
[70–74]. Furthermore there are several experiments that
aim to probe strong field QED which can adopt the NPOD
concept. In that context, investigating other types of
interactions or maybe even changing the flavor of the
incoming particles would be also be extremely interesting.
Furthermore, it would be interesting to explore what reach
could be obtained when using parasitically the high-energy
electron beams of future Higgs factories, e.g., the ILC [75],
FCC-ee [76], CEPC [77] and CLIC [78]. Finally, high-
intensity lasers are rapidly being further improved and a
1 kHz repetition rate should be achievable for 100 TW
lasers within the next decade, increasing the photon yield
by a factor of 1000 compared to the current proposal,
potentially resulting in a large sensitivity gain.
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APPENDIX A: SECONDARY NEW PHYSICS
PRODUCTION OF SPIN-0 PARTICLES

Contours of the expected number of spin-0 signal events
in secondary production are showed in Figs. 6 and 7. The
signal estimation is described in the main text by using
Eq. (2) and was verified by a MADGRAPH5 simulation.
We comment that a data-driven signal normalization can

be achieved by a short run on a thin target (measuring the π0

and η yields, e.g., [35]).

FIG. 6. Contours of the expected number of X events, NX, for
phase-0 compared to the currently existing bounds (gray regions).
For further details see Fig. 5.

FIG. 7. Contours of the expected number of X events, NX, for
phase-1 compared to the currently existing bounds (gray regions).
For further details see Fig. 5.
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APPENDIX B: PRIMARY NEW
PHYSICS PRODUCTION

In this section we explore primary new physics produc-
tion, see Fig. 8. In addition to X coupling with photons
we explore the ALP/scalar electron coupling, which is
captured by

Le;a;ϕ ¼ igaeaēγ5eþ gϕeϕēe: ðB1Þ

We also consider “millicharged” particles (mCP) [79–82],
denoted here as ψ , with a mass mψ ≪ me and a fractional
electric charge q ≪ 1. The effective mCP-photon interac-
tion can be simply written as

Lψ ¼ eqψ̄=Aψ : ðB2Þ

Next, we calculate new physics primary production of
the processes

e−V → e−V þ X;

e−V → e−V þ γ� → e−V þ X þ γ;

γ ðor γ�Þ → ψþ þ ψ−; ðB3Þ

for relevant works see Refs. [83–87]. The Feynman
diagrams of the above processes are plotted in Fig. 9.
The ratio between the above production rates and the QED-
only Compton scattering for ξ ¼ 3.4 and χ ¼ 0.65 are
plotted in Fig. 10, where we set gae ¼ 10−8,Λa ¼ TeV, and
q ¼ 5 × 10−5. Our calculation below are based on Ref. [5].

1. Nonperturbative X production
in a circularly polarized laser

We calculate the nonperturbative Compton emission of
ALP and scalar in a circular polarized laser. The back-
ground laser field can be written as

Aμ ¼ a1μ cosðk · xÞ þ a2μ sinðk · xÞ; ðB4Þ

where kμ is the laser four vector, xμ is the spatial coordinate,
A2 ≡ a21 ¼ a22 and k · a1;2 ¼ 0. The solution of the Dirac
equation for electron with momentum pμ (p2 ¼ m2

e) in the
above laser background is given by the Volkov state [16]

ψprðxÞ ¼
�
1þ e=k=A

2kp

�
urðpÞ

× exp

�
−ipx − i

Z
kx

0

dϕe

�
pA
kp

−
eA2

2kp

��
ðB5Þ

¼
�
1þe=k=a1

2kp
sinðkxÞþe=k=a2

2kp
cosðkxÞ

�
urðpÞ

×exp

�
−iqx− ie

�
a1p
kp

sinðkxÞþa2p
kp

cosðkxÞ
��

;

ðB6Þ

where urðpÞ is the Dirac spinor in free space. For
convenience, we define the followings

qμ ≡ pμ þ
e2a2

2ðkpÞ kμ; ξ ¼ ea
me

;

χ ≡ kq
m2

e
ξ ¼ kp

m2
e
ξ; u≡ k · pa

k · q0
; rm ≡ma

me
; ðB7Þ

such that m2� ≡ q2 ¼ m2
eð1þ ξ2Þ.

FIG. 8. A schematic illustration of the LUXE-NPOD concept
for the primary production mechanism realization in the exper-
imental setup.

FIG. 9. The Feynman diagrams for primary new physics production, see Eq. (B3). The dressed electron is represented as a double line.
Left: e−V → e−V þ X; middle: e−V → e−V þ γ� → e−V þ X þ γ; right: γ ðor γ�Þ → ψþ þ ψ−.
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The e−VðpÞ → e−Vðp0ÞaðpaÞ amplitude can be written as

Me→ea¼gae

Z
d4xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

23pa;0q0q00
q ūr0 ðp0Þ

�
γ5þ

4β

ea2
=k=a1γ5sinðkxÞ

þ 4β

ea2
=k=a2γ5cosðkxÞ

�
×urðpÞe−iðα1 sinkx−α2coskxÞþiðq−q0−paÞx; ðB8Þ

where

α1;2 ¼ −e
a1;2 · p0

k · p0

β ¼ e2a2

8

�
1

k · q
−

1

k · q0

�
¼ −

uξ3

8χe
ðB9Þ

The exponent can be expanded into a Bessel functions as

ð1; cosϕ; sinϕÞe−iz sinðϕ−ϕ0Þ ¼
X∞
s¼−∞

ðB1; B2; B3Þe−isϕ:

ðB10Þ

with

B1 ¼ JsðzÞe−isϕ0 ;

B2 ¼
1

2
½Js−1ðzÞe−iϕ0 þ Jsþ1eiϕ0 �eisϕ0 ;

B3 ¼
1

2i
½Js−1ðzÞe−iϕ0 − Jsþ1eiϕ0 �eisϕ0 ; ðB11Þ

and z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α21 þ α22

p
and tanϕ0 ¼ −α1=α2. The ALP emis-

sion rate is evaluated by squaring the amplitude and
evaluating the phase space integration, which is straight-
forward in the center of mass system. The resulting rate is

Γe→ea ¼−
g2aem2

e

8πq0
X
s>s0

Z
u2

u1

du
ð1þuÞ2

×

��
r2m
2
þ ξ2

�
1þð1þu2Þ
2ð1þuÞ −

sχ
ξ3ð1þuÞ− 1

��
J2sðzÞ

−
ξ2

4

u
1þu

½J2s−1ðzÞþ J2sþ1ðzÞ�
�
; ðB12Þ

where

z ¼ ξ2

χ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2sχ
ξ

− r2m

�
u − ð1þ ξ2Þu2 − r2m

s
; ðB13Þ

s0 ¼
rmξ
χe

ðrm þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ξ2

p
Þ; ðB14Þ

u1;2 ¼
sχ

ξð1þ ξ2Þ −
r2m

2ð1þ ξ2Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

sχ
ξð1þ ξ2Þ −

r2m
2ð1þ ξ2Þ

�
2

−
r2m

1þ ξ2

s
: ðB15Þ

The production rate of scalar with electron coupling is
gϕeϕēe via the process of e−V → e−V þ ϕ is calculated
similar to the case of ALP. The rate is given by

Γe→eϕ¼
g2ϕem

2
e

8πq0
X
s>s0

Z
u2

u1

du
ð1þuÞ2

×

��
2−

r2m
2
−ξ2

�
1þð1þu2Þ
2ð1þuÞ −

sχ
ξ3ð1þuÞ−1

��
J2sðzÞ

þξ2

4

u
1þu

½J2s−1ðzÞþJ2sþ1ðzÞ�
�
; ðB16Þ

2. Off-shell ALP production in a circularly
polarized laser

The amplitude for the process e−VðpÞ → e−Vðp0Þ þ
γðk0Þ þ aðpaÞ or e−VðpÞ → e−Vðp0Þ þ γðk0Þ þ ϕðpϕÞ, can
be written as

Me→eγaðϕÞ ¼
e
l2
X
s

ūr0 ðp0Þ
��

=Gþ e2A2ðk ·GÞ=k
2ðk · pÞðk · p0Þ

�
C0

þ e

�
=a1=k=G
2k · p0 þ

=G=k=a1
2k · p

�
C1

þ e

�
=a2=k=G
2k · p0 þ

=G=k=a2
2k · p

�
C2

�
urðpÞ; ðB17Þ

where l ¼ k0 þ pa, Gν¼ lμk0ρϵ�σðk0Þϵμνρσ
Λa

ðGν¼ l·k0ϵ�νðk0Þ−l·ϵ�σðk0Þk0ν
Λϕ

Þ
parametrizes theALP-photon (scalar-photon) interaction and

C0ðsα1α2Þ ¼ JsðzÞe−isφ; ðB18Þ

FIG. 10. The new physics primary production rates of processes
in Eq. (B3) for ξ ¼ 3.4 and χ ¼ 0.65 normalized to the photon
production rate, τγ ¼ 1=Γγ ≈ 12 fs.
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C1ðsα1α2Þ ¼
�
s
z
JsðzÞ cosφþ iJ0sðzÞ sinφ

�
e−isφ; ðB19Þ

C2ðsα1α2Þ ¼
�
s
z
JsðzÞ sinφ − iJ0sðzÞ cosφ

�
e−isφ; ðB20Þ

with φ is the azimuthal angle of the outgoing electron,

αi ¼ e

�
ai · p
k · p

−
ai · p0

k · p0

�
;

z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α21 þ α22

q
¼ ξ2

χ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ uÞðλ2 − λÞ

p
;

cosφ ¼ α1
z

J0sðzÞ ¼
dJsðzÞ
dz

: ðB21Þ

The ALP production rate per unit time and unit volume
can be obtained

W ¼ 1

2VT

X
rr0

Z
d3pad3k0d3q0

ð2πÞ9ð2EaÞð2EγÞð2q00Þ
jMe→eγaðϕÞj2ð2πÞ4

× δð4Þðskþ q− q0 − lÞ: ðB22Þ

We integrate over the ALP and photon phase space and
express the outgoing electron phase space integration d3q0

in terms of new variables u ¼ k · l=k · q0 and λ ¼ l2=m2
e.

Therefore, we get that the ALP off-shell production rate per
initial electron per unit volume is.

Γe→eγaðϕÞ ¼
2παm2

e

q0Λ2
aðϕÞ

X
s>s0

Z
d3q0

q00
w

¼ 2π2αm4
e

q0Λ2

X
s>s0

Z
u2

u1

du
ð1þ uÞ2

Z
λ2

λ1

dλw; ðB23Þ

where

w ¼ 4ðs2J2s þ z2J02s Þλξ4ðu2 þ 2uþ 2Þ − 4z2J2sX
λ2ξ2ðuþ 1Þz2

×
ðλ − λ1Þ3
3072π4λ2

; ðB24Þ

X ¼ λ2ξ2ðuþ 1Þ − 8s2χ2e

þ λξðξ3ðu2 þ 2uþ 2Þ þ 2ξðuþ 1Þ − 4suχeÞ; ðB25Þ

s0 ¼
ðma þm�

eÞ2 −m�2
e

2k · q
¼ rmξ

2χ
ðrm þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ξ2

p
Þ; ðB26Þ

where the Bessel functions argument is z, E2
s ¼

ðqþ skÞ2 ¼ m2
eðξ3 þ ξþ 2sχeÞ=ξ and

u2;1 ¼
E2
s −m2

a −m�2
e �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE2

s −m2
a −m�2

e Þ2 − 4m2
am�2

e

p
2m�2

e

¼ 2sξ− r2mξ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r4mξ2 þ 4s2χ2e − 4r2mξðξþ ξ3 þ sχeÞ

p
2ξð1þ ξ2Þ ;

ðB27Þ

λ1 ¼ r2m; λ2 ¼
E2
su

m2
eð1þ uÞ − ð1þ ξ2Þu: ðB28Þ

3. Millicharged particle production
in a circularly polarized laser

The direct production of millicharged particle (mCP)
pairs by high-energy photons in a strong laser background:
see also the right-hand panel of Fig. 9 and Eq. (B3). Here
we consider the case where the high-energy photons are
produced by nonlinear Compton scattering, i.e., where the
photons are emitted and subsequently decay within the
same laser pulse. The rate (per unit time) at which mCP
pairs are produced by nonlinear Compton photons in an
ultraintense electromagnetic (EM) wave with invariant
amplitude ξ and wave vector κ, is given by:

ΓmCP ¼
1

Γγ

Z
1

0

Γ�ðsηe; ξ; q; rmÞ
dΓγðηe; ξÞ

ds
ds; ðB29Þ

where Γ�ðηγ; ξ; q; rmÞ is the rate at which a photon with
energy parameter ηγ ¼ κ · k=m2

e (momentum k) creates a
pair of particles with charge and mass ratio q and
rm ¼ mψ=me, Γγðηe; ξÞ is the rate at which an electron
with energy parameter ηe ¼ κ · p=m2

e (momentum p) emits
photons, and s ¼ ηγ=ηe. (The quantum parameter is recov-
ered as χe ¼ ξηe.)
We use the rates as calculated in the locally monochro-

matic approximation [44,45], which assumes the back-
ground EM field is a plane wave. For the photon emission
rate, we have

dΓγðηe; ξÞ
ds

¼ −
αm2

p0

X∞
n¼1

�
J2nðzÞ þ

ξ2

2

�
1þ s2

2ð1 − sÞ
�

× ½2J2nðzÞ − J2n−1ðzÞ − J2nþ1ðzÞ�
�
; ðB30Þ

where the bounds on s, for each n, are 0 < s <
sn=ð1þ snÞ, and the auxiliary variables are

z2¼ 4n2ξ2

1þ ξ2
s

snð1− sÞ
�
1−

s
snð1− sÞ

�
; sn¼

2nηe
1þξ2

: ðB31Þ

For the mCP pair creation rate, we have
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dΓ�ðηγ; ξ; q; rmÞ
ds

¼ q2r2m
αm2

k0
X∞
n¼n⋆

�
J2nðzÞ −

ξ2

2

�
1

2sð1 − sÞ − 1

�

× ½2J2nðzÞ − J2n−1ðzÞ − J2nþ1ðzÞ�
�
; ðB32Þ

where n⋆ ¼ ⌈2r2mð1þ q2ξ2=r2mÞ=ηγ⌉, 12½1−ð1−4=snÞ1=2�<
s< 1

2
½1−ð1−4=snÞ1=2�, and the auxiliary variables are

z2 ¼ 4n2q2ξ2=r2m
1þ q2ξ2=r2m

1

snsð1 − sÞ
�
1 −

1

snsð1 − sÞ
�
;

sn ¼
2nηγ=r2m

1þ q2ξ2=r2m
: ðB33Þ

Equations (B32) and (B33) are obtained from the electron-
positron pair creation rates by making the following
transformations: α → q2α, me → rmme, ξ → qξ=rm, and
η → η=r2m. The result of the calculation is ΓmCP as a
function of ξ and ηe, for given charge and mass fraction
q and rm.

APPENDIX C: THE CORRELATION BETWEEN
PHOTONS AND NEUTRONS BACKGROUNDS

Figure 11 shows the energy distributions (top) and
production vertex’s z coordinate (bottom) of photons and
neutrons. The data shown in the figure is taken from a
full GEANT4 v 10.06.p01 [46–48] simulation (using the
QGSP_BERT physics list) of two bunch crossings for
the nominal LUXE-NPOD setup. Altogether there are 1010

primary photons distributed in energy as in Fig. 2 (for
phase-1). These primary photons are shot on the dump and
produce electromagnetic and hadronic showers of particles,
which may escape the dump volume. The kinematic
properties of all particles which escape the dump and
arrive at the detector face are saved for further analysis.
Since the E > 0.5 GeV requirement leaves zero photons
and only a handful of neutrons for LD ¼ 1 m, this require-
ment is relaxed in order to plot the distributions seen in
Fig. 11. It can be seen in the top plot that the energy of most
of the particles is well below the photon’s minimum energy
of 0.5 GeV used in this work. The correlation between the
production of photons to that of neutrons cannot be trivially
explained within the scope of this work, but it can be clearly
seen in the bottom plot. This correlation is seen also in
Fig. 4. It can be expected that the correlation in the
production is independent of the particles minimum
energy, as long as one looks at samples obtained using
the same minimum energy for the two species (photons and
neutrons). While the dump is modeled as a 1 m-long
cylinder (stretching from z ¼ 500 mm to z ¼ 1500 mm),

the concrete support structure length is 0.5 m (stretching
from z ¼ 750 mm to z ¼ 1250 mm) with a matching
cylindrical slot, where the dump lies upon. Therefore,
the spectra continuity is altered at these two special points
and the increase in the spectra at these two points is
essentially due to particles leaking out of the dump and
scattering off the concrete support to reach the detector. The
particles coming from the concrete support usually arrive
very late to the detector face, typically more than 1 μs later
than the prompt photons we expect from the signal and they
are usually softer than the particles coming from the dump
end itself.
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FIG. 11. The energy (top) and the production vertex z-coor-
dinate (bottom) of all background neutrons and photons arriving
at the detector face for the LUXE-NPOD setup. The two
distributions are given with no energy cut. The production vertex
distribution is only shown for the range of the 1 m long dump.
The structures seen in the vertex distribution (z ¼ 750 mm and
z ¼ 1250 mm) are due to the shorter (0.5 m) dump’s supporting
structure (made of concrete). The data in the two distributions
correspond to two fully simulated bunch crossings.
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APPENDIX D: SEPARATION OF PHOTONS
AT THE DETECTOR

We argue that the two signal photons can be efficiently
separated, based on current EM calorimeters, even for the
case of mX ≲ 100 MeV, where the two photons may be
highly collimated. Sampling EM calorimeters provide
measurements of the energy distribution in transverse plane
as a function of depth. Having detailed transverse shower
shape at different depth allows to improve position, and
showers resolutions, and does not limit them by the Moliere
radius. In addition, with a compact design, the Moliere
radius can reach that of the absorber (W), ∼11 mm [88]
and effective Moliere radius evaluated using several
initial layers can be as small as ∼8 mm, see Ref. [89].
Reference [53] combines calorimeter with high resolution
tracking layers embedded at different depth. Therefore,
achieving the required resolution is challenging, but pos-
sible considering present developments in calorimeter
technologies.
Moreover, in our detailed MADGRAPH5 simulation we

check what is the number of signal events, where the spatial
separation between the two signal photons of one X decay
at the surface of the detector (denoted as Δr) is smaller than
20, 40, and 50 mm for several masses and decay constants
close to the edge of our reach. This is summarized in
Table II below and Fig. 12.

As we can see, the typical effect on the signal efficiency
is less than 40% and in most cases much smaller. Thus, we
can conclude that the effect on our projections is small. A
more detailed study is strongly depending on the specific
design of the detector and it is beyond the scope of our
current paper.
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