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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-intense-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 convert UV electrons to a large flux of hard, co-linear photons. We further propose to
direct this unique large and hard flux of photons onto a physical dump which in turn is capable of
producing feebly interacting massive particles, in a region of parameters that has never been probed
before. We denote this novel apparatus as “optical dump” or NPOD (new physics search with
optical dump). The proposed LUXE experiment at Eu.XFEL has all the required basic ingredients
of the above experimental concept. We discuss how this concept can be realized in practice by
adding a detector after the last physical dump of the experiment to reconstruct the two-photon
decay product 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 40 TW laser, which corresponds to the initial
run, and definitely with a 350 TW laser, of the main run with one year of data taking, LUXE-NPOD
will be able to probe uncharted territory of both models of pseudo-scalar and scalar fields, and in

particular probe natural of scalar theories for masses above 100 MeV.

I. INTRODUCTION

Despite its great success, the standard model (SM)
of particle physics does not provide a complete descrip-
tion 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 ro-
bustly linked to a specific microscopic physical scale.

Therefore, there are worldwide efforts to probe physics
beyond the SM (BSM) at different energy scales in dif-
ferent types of experimental frontiers, see e.g. [I] for a
recent discussion. Despite all of these efforts we are cur-
rently lacking a “smoking gun” for a direct observation
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of NP. This calls for new experimental approaches that
may open the window to alternative ways to search for
BSM physics.

In this work, we highlight the complementary be-
tween the largely unexplored non-perturbative and non-
linear quantum electrodynamics (QED) phenomena,
such as Schwinger pair production in a strong electro-
magnetic (EM) field [2H4], 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 [5HI]. Furthermore, as the photons have a
negligible interaction with the EM field, they practically
free stream in the laser after being produced. Thus, the
outgoing photon flux can be efficiently used to search for
weakly interacting new particles that couples to photons.
This is illustrated in Fig.

We show that with an additional forward detector, the
proposed LUXE experiment [I0,11] at the Eu.XFEL [12]
has the potential to probe an unexplored, well motivated,
parameter space of new spin-0 (scalar or pseudo-scalar)
particles with coupling to photons. This proposal is de-
noted as LUXE-NPOD: New Physics at Optical Dump.
LUXE is planning to start with a 40 TW laser and later
deploy a 350 TW laser; these two phases are denoted
phase-0 and phase-1, respectively. This setup can probe
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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.

scalar and pseudo-scalar with masses up to O(350) MeV
and decay constant of O(10° — 10%) GeV, beyond the
reach of existing limits.

II. ELECTRON-LASER COLLISIONS

The interaction between high-energy electrons and in-
tense laser pulses is reviewed in [B 6, 13, [14]. Here
we highlight the relevant points required for the LUXE-
NPOD proposal, focusing on the properties of the ra-
diation generated in the electron-laser collisions at the
LUXE experiment. The behavior of an electron trav-
eling 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 [15], de-
noted as ey, 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 picutre” [L6], similar to
what is done in the background-free case. In contrast,
the photons can be simply described as background-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 Compton scattering [I7), [I8] (often referred to in
the literature as high-intensity or non-linear Compton
scattering),

ey ey +, (1)

where our focus is on cases where, in the lab frame, the
electron emits a photon, v, at O(few) GeV. The typi-
cal timescale for this process is 7, = 1/I'y ~ O(10) fs.
The second process to be discussed below, is the Breit-
Wheeler pair production [19] (often referred to in the
literature as one photon pair production or non-linear

Breit-Wheeler pair production),
v ey ey . (2)

In practice, this process can be viewed as if the original
electron first emits a photon, which subsequently inter-
acts with the laser leading to the production of a pair
of Volkov states. The typical pair production timescale
relevant to LUXE is 7¢e = 1/Tce ~ O(10% — 106) fs [11].
The typical laser pulse duration foreseen at LUXE is
t, ~ O(10 — 200) fs, and finally, the relevant time scale
of LUXE’s 800 nm laser itself is ~ 1/wp, ~ 0.4fs [II],
where wy, is the laser angular frequency. We find the
following hierarchy among these four timescales to be

1/wL<<T»y,§tL<<Tee~ (3)

Several points are in order as follows: (i) the fact that
1/wy, is the shortest scale in the problem supports the
treatment of the laser as a background field to a leading
order; (ii) the fact that 7.. is much longer than all the
other scales in the problem implies that we can treat
the photons in the laser as free streaming; (iii) the fact
that 7, is shorter than ?;, 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, as already men-
tioned above, the core reason for why we denote our ex-
periment as optical dump and why we believe it provides
us with a novel concept to search for feebly interacting
massive particles.

In practice, due to the limited size and duration of the
laser’s pulse [I1], 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. [2| can
be considered 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 charge heavy
nucleus, which is of the order of the electron radiation
length, Xg see e.g. [20]. This is an important difference
between the laser medium and a solid-material medium.
In the former, the pulse length can be made long com-
pared to the photon production timescale, while being
short enough compared to the pair production one, i.e.
Ty S tr, < Tee. Therefore, a few hard photons (with

E, Z 1GeV 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 Xj, all of
the hard photons will be absorbed in the material. In
the thin solid-material limit, where d < Xg, the hard
Bremsstrahlung photons can escape the material, but
their production rate is suppressed by d/ Xy <« 1. For ex-

ample, in phase-1 of LUXE we expect 2 3.5 photons per



incoming electron inclusively (and 2 1.7 photons with
E, > 1GeV per incoming electron), while in the thin
solid-material limit, much less photons are expected (e.g.
for d/Xo ~ 0.1 only ~ 0.06 photons with E, > 1GeV

are emitted per incoming electron).

III. NEW PHYSICS SCENARIOS

In this work, we mostly focus on new spin-0 particles,
which are found in many well motivated extensions of the
SM. We focus on two cases of a pseudo-scalar, a, which is
often denoted generically as an axion-like-particle (ALP),
and of a scalar, ¢. Light ALPs arise in variety of models
motivated by the Goldstone theorem, with their masses
protected by a shift symmetry, see [2IH25] for recent re-
views. In addition we consider a CP even, ¢, where theo-
retically, constructing a natural model of a light scalar is
rather challenging. However, two concrete proposals have
been put forward, one where the scalar mass is protected
by an approximate scale-invariance symmetry (see for in-
stance [26] and Refs. therin), and a second one where it is
protected by an approximate shift-symmetry that is bro-
ken, together with CP [27, 28], by two sequestered sectors
(inspired by the relaxion paradigm [29]). Below, we for
simplicity consider CP conserving model, described by a
single coupling, thus, we consider either ALP or scalar
models.

Our main focus in this work would be on models with
effective ALP and scalar coupling to photons,

a ~ pv ¢

F,F —
Ead) M +4A¢

= — F,, F* 4
o= WP, )
where F;w = %eWQBFO‘B. Since the ALP is a pseudo-
Goldstone mode, its mass, m,, can be much smaller than
the scale of its interaction with SM particles, i.e. Ay >
mg. The decay rate of the ALP and scalar into two
photons are given by Uy 2, = mj /(647A7) and Ty0, =
mg/(647rAi), respectively.

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

dm? ~ Ayy/(1672A3) which leads to a naturalness
bound

Auv \ 2 200 MeV
) )

Ay 2> 4 x 10° GeV
SR <TeV

me

with Ayv is the scale in which NP is required to appear
in order to cancel the quadratic divergences. Below, we
show that the LUXE-NPOD experiment is expected to
reach the sensitivity required to probe the edge of the
parameter space of natural models in its phase-1. More-
over, the same loop diagram as above induces a mixing
between the Higgs and the ¢ scalar. This mixing can
be estimated by calculating the square mixed mass term
(‘m%{d) ~ Aya/(64m3Agv), where v ~ 246 GeV is the

Higgs VEV. Thus, the H — ¢ mixing is

o (Auv )t 4 x 10° GeV
~ 1076
Ong ~ 10 (TeV) Ay : (6)

which is in an unconstrained region of Higgs portal (or
relaxion) models’ parameter space. See [I},[30] for a recent
analysis.

Alternatively, one can match the coupling Ay in
Eq. to models of Higgs-scalar mixing (or the re-
laxion [27H29]), which leads to Ay ~ 4mv/(asinfmy).
In case of inflation based relaxion models one finds
sinfpy < (mg/v)¥3 [B0], implying Ay, = 5 x
107 GeV (200 MeV /my)?/3 which is beyond the reach of
LUXE-NPOD.

We briefly explore the ALP /scalar electron coupling,
which is capture by

Leap = igacaey’e + goedee . (7)

Finally, we also consider “milli-charged” parti-
cles (mCP) [31H34], denoted here as 1, with a mass
my < me and a fractional electric charge ¢ < 1. The
effective mCP-photon interaction can be simply written
as

Ly =eqpAy. (8)

IV. NEW PHYSICS PRODUCTION

In this section with discuss the NP production mecha-
nisms. We mainly focus on processes involving ALP and
scalar, which are similar qualitatively and quantitatively,
we therefore denote them simply as X =a,¢.

The first mechanism, which is also the main focus of
this work, is Secondary NP production. In this case, the
photons produced in the electron-beam and laser pulse
collisions (see Eq. ), are freely propagating to collide
with the nuclei, N, of the material of some sizable dump
to produce NP. In this case we focus on the Primakoff
production of X’s

y+N->N+X. (9)

The second mechanism is Primary NP production,
where the NP is directly produced at the electron-laser
interaction region via X electron coupling in Eq. @ In
analogy to Eq. , we consider the X version of the pro-
cess. In the case where X has couplings to electron only,
one gets

ey ~ey+ X, (10)

This case is studied in [35H38]. In the case where X has
couplings to photons only, one gets

ey ey +Y ey 7+ X (11)
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FIG. 2:  An illustration of the LUXE-NPOD concept and

the different search mode. Shown are schematics of the sec-
ondary (top) and primary (middle) production mechanisms
realisation in the experimental setup. The relevant back-
ground topologies are also shown (bottom). The electrons
are deflected by a magnet placed right after the interaction
chamber.

In analogy to Eq. , we can also consider the direct
production of mCP pairs

v(or v*) =t . (12)

For charged scalar pair production see [39].

While in the primary production case the new particle
mass is limited to mx < O(100) keV (for detail see the
Supplemental Material), above this mass scale the pro-
duction rate becomes negligibly small), in the secondary
production case an ALP with a mass up to O(1) GeV can
be produced in a coherent Primakoff production.

An illustration of these two possibilities is provided in
Fig. 2| in the top and middle pannels, in the context of
LUXE along with the associated background topologies,
in the bottom pannel.

In the following discussion, we focus only on a detailed
feasibility study for the secondary NP production in the
context of LUXE. The expected signal rates for the pri-
mary NP production in Egs. 7 are briefly dis-
cussed in the Supplementary Material and we leave the
detailed study for future work.

V. THE LUXE-NPOD PROPOSAL

We have arrived to the heart of this work where we pro-
pose to use the high flux of GeV photons, emitted from
LUXE’s electron-laser interaction region, to search for
feebly interacting spin-0 particles. The properties of the
photon-flux are described in detail below, but to complete

the picture of our main search mode, we discuss the ex-
perimental setup assuming 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 Lp 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 <. Therefore, an empty
volume of length Ly 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 Ly after the dump.

The expected number of X’s produced and detected
in the proposed setup shown in Fig. 2 (middle) can be
approximated as (see e.g. [40] 41]),

dN. _Lp  _Ly+Lp
NX ~ £eff/dE’Yd7EYO'X(E’Y) <6 L)D( —e VLX D> ‘/47
Y
(13)

with ox (E) is the Primakoff cross section that depends
on the square of the nuclear charge Z2, L.g is an effective
luminosity term discussed further below, F, is the incom-
ing photon energy, Lx = c¢txpx/mx is the propagation

length of the X particle, with 7x and px ~ ‘/E’Qy —m%
being its proper life-time and momentum, respectively.
ox(E,) is the Primakoff production cross section of X
(see e.g. [42],[43]), and A is the angular acceptance and
efficiency of the detector.

We estimate Nx independently by using a MAD-
GRAPH 5 v2.8.1 [44447] Monte Carlo simulation of the
process shown in Eq. @[), including an event-by-event
acceptance estimation. We use the UFO model [47] from
Ref. [48] and follow Refs. [41], [49, 50] for the form fac-
tors. The decay of X in this MADGRAPH 5 simulation is
instantaneous. Therefore, to simulate the distance which
the X travels before it decays, a random length parame-
ter is drawn from the exponential distribution defined by
the particular X propagation length as discussed above.
The decay point is obtained by displacing the X particle
from its production point by that random distance ac-
cording to the 3D direction dictated by its momentum at
the production point. The results of the approximation
in Eq. and the MADGRAPH 5 simulation are found
to be in a very good agreement.

As a benchmark, we consider a tungsten (W) dump
with Lp = 1.0m and a radius of at least ~ 10 cm. With
this choice, the effective luminosity can be written as
Leg = N.Npx ;)ﬁvvvvﬁ% [49], where py is the W density,
Ay is its mass number and X is its radiation length (all
taken from [20]). The remaining parameter is the nucleon
mass, mg = 1.66 x 1072 g (~ 930MeV). An electron
beam with a bunch population of N, = 1.5 x 107 elec-
trons is assumed with a fixed energy of E. = 16.5GeV,
and the outgoing photon spectrum from the electron-
laser interaction is denoted as dN./dE.,. These are typ-
ical Eu.XFEL operation parameters as discussed in [I1].




We further assume one year of data taking. This dura-
tion corresponds to 107 effective live seconds of the ex-

periment and thus, actual Ngx = 107 laser-pulse and

electron-bunch collisions (bunch-crossings, BX) in one
1

year .

For the detector, we assume a disk-like structure with a
radius of R = 1 m positioned at Ly = 2.5 m after the end
of the dump and concentric with it. We assume a min-
imal photon-energy threshold of 0.5GeV for detection
and hence, a signal event is initially identified as having
two photons in the detector surface with £, > 0.5 GeV.
Further requirements are discussed below.

The differential photon flux per initial electron,
dN.,/dE.,, includes photons from the electron-laser inter-
action, as well as secondary photons produced in the EM
shower which develops in the dump. With Lp 2 0.2m,
all of the primary photons are stopped in the dump.

The primary photon flux is determined from full
strong-field QED Monte Carlo simulation [51} 2], us-
ing probability rates derived in [53] and corresponding to
the two LUXE benchmarks (phase-0 and phase-1) which
mostly differ by the laser power (40 TW and 350 TW re-
spectively). We assume a laser pulse length of 25 (120) fs
for phase-0 (1) with a transverse spot-size of 6.5 (10) ym
respectively. These pulse configurations correspond to an
intensity parameter of £ ~ 3.2 (3.4) gpSay it better corre-
pond to phases for the two phases, respectively. The laser
intensity parameter is £ = e£/(mewr,) where £ is mag-
nitude of the laser’s electric field and wy, ~ 1.5V is the
energy of the laser photon (at 800 nm wavelength). The
sensitivity of the experiment for X searches can be maxi-
mized by optimizing the pulse length with respect to the
spot-size (within their reasonable ranges) such that the
flux of photons with E, 2 1GeV will be maximal. For
a dump at a distance of 13 m from the interaction point,
about 95% of the emitted photons will fall inside a radius
of 5cm. The photon passage through the dump material
and the evolution of the shower in it are simulated with
GEANT 4 v 10.06.p01 [54H56]. The resulting (primary
and secondary) photons spectra is shown in Fig.|3| Since
the emitted Compton photon flux was never measured at
the LUXE laser parameters, we propose to use the mea-
sured flux in order to normalize N, in-situ, i.e. taking
dN,/dE, from data.

As discussed above, a tungsten dump of Lp = 1.0m
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; (iii) real photons: mostly from EM /hadronic

1 The collision rate is mostly limited by the laser repetition rate at
about 10 Hz. LUXE is expecting to operate at 10 Hz, broken into
a collision rate of 1 Hz plus a rate of 9 Hz without laser pulses to
study the background induced by the electron beam itself in the
other parts of the experiment.

T T T T T T T T T T T
£ — phase—1: all
+ phase—1: primary
myaNe e phase—1: secondary
N
\ A — phase—0: all
R «=++ phase—0: primary
I~ RIS N e hase—0: secondar
> 1071+ L NG 3 Y
] RRINE — Bremsstrahlung
‘ - B
B
- 2
107 -
SIE
103} |
1074 1 1 1 L 1 L L 1 L L 1
1 2 3 4 5 6 7 8 9 10 11 12
E,[GeV]

FIG. 3: The emitted photon spectrum for phase-0(1) in
blue (black) compared to the perturbative Bremsstrahlung
spectrum with E. = 16.5GeV and target length of 0.01X,
in red.

interactions close to the end of the dump, or from meson
decays in the volume.

The rates of these different background components
are estimated using a detailed GEANT 4 simulation in the
same way as discussed above. While the background lev-
els for phase-0 are softer and smaller than those of phase-
1, the same levels are conservatively assumed hereafter
also for phase-0.

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 fac-
tor of 10 compared to the rate of neutrons with the same
characteristics (the neutrons are also typically harder).
These particles can be effectively bent away from the de-
tector surface by a magnetic field of B ~ 1T over an ac-
tive 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 near (mostly behind) the photon detector. Hence,
the charged particle component is not considered as back-
ground in the following discussion.

Thus, focusing on background photons and/or neu-
trons, we denote the average number of particles with
energy above 0.5GeV arriving at the detector surface
per one BX as u,(Lp). In this notation, x is a neu-
tron (z = n) or a photon (z =) and Lp is measured in
meters.

Following a GEANT 4 run with 10'° primary photons
(equivalent to ~ 2 bunch crossings) which are distributed
according to the photon spectrum of LUXE’s phase-1
(see Fig. [3)), we find that the number of such neutrons
per BX is 1, (1.0m) = 10 £ 2.3, where the error is sta-
tistical only. In the same run, we also find zero photons



and thus, we can only infer from it that p,(1.0) < 1.
A statistically precise estimation of 11,(1.0m) is rather
challenging computationally, 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 p(1.0m) in
the following two independent analyses that yield consis-
tent results. Both approaches are based on the fact that
we model the amount of particles that exit the dump as a
function of its length, by fitting the results from repeated
simulation runs for different Lp values below its nominal
value to allow for adequate background photon statis-
tics. For Lp < 1m, both i, (Lp) (and pn(Lp)) becomes
larger such that our statistical error becomes sufficiently
small and we can confidently fit the model’s parameters.
In our first analysis we simply model the exiting pho-
ton flux as an exponentially falling distribution of Lp,
while in the second we assume that the photon to neu-
tron number ratio is constant with L. We discuss below
in more detail the second approach. However, both ap-
proaches yield a consistent result as expected, since both
background sources are dominated by the hadronic ac-
tivity close to the end of the dump, with photons mostly
originating from meson decay near the dump-edge. This
correlation between the photons and neutrons production
in the dump as well as the assumption that the ratio is
approximately constant are briefly demonstrated in the
Supplemental Material.

In the second approach, the extrapolation to the nom-
inal case of Lp = 1.0m is done by fitting the ratio
Ry/n = py(Lp)/pn(Lp) vs Lp < 1.0m to a zeroth or-
der polynomial and multiplying the result by the num-
ber of neutrons per BX obtained for the nominal case
of Lp = 1.0m, ie. py(1.0m) =~ p,(1.0m) x R/, .
The result of the fit for five such runs starting from
Lp = 0.30m and going up to Lp = 0.50m in steps of
0.05m is R/, = 0.0013 £ 0.0002. The reduced x? of the
fit is 1.88. The data and fit can be seen in the Supple-
mental Material. The extrapolated number of photons
per BX for the nominal case of Lp = 1.0m is therefore
t~(1.0m) = 0.013+0.004. In the following discussion we
will omit the dump length notation, while still assuming
Lp =1.0m, ie. py = p,(1.0m) and p,, = p,,(1.0m)

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:

e the probability to find two real photons is Py, =
P(ty,2), where P is a Poisson probability,

e the probability to find two fake photons from
neutrons is  Ponsay = Yop _g Ppn,kn) X
B(2,kn, fnsy) = fio e tninovu? /2, where B is
a binomial probability, k, is the number of neu-
trons and fy,—~ is the probability to misidentify a
neutron as a photon with £, > 0.5GeV, and

e the probability to find one real photon and
one fake photon from a neutron is P,yy—2y =
Plpy, 1) x Zz:1 Plpin, kn) X Bl kn, fnsy) =
(Hw(f“”) (fn%yeiunf"_wﬂn)-

For the values of u, and pu, obtained above, the re-
sulting probabilities are P, ~ 8.3 X 1077, Pyyyoy =
50]‘,2LHW<3_1OJC7HW and Ppiyoy = 0.12’%]“”%76_10]0’”‘%”7 re-
spectively. The “fake rate”, f,—,,, depends strongly on
the specific detector technology choice which has to be
made such that f,_,, is small enough. The dump itself
can be further optimized to maximize the effective lumi-
nosity and the signal production rate, while minimizing
the hadronic interaction length, using a combination of
materials, and an improved dump and detector geometry.

Besides minimizing f,_,,, the number of two-photon
background 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 f,_,,, the projected per-
formance of these requirements depends strongly on the
detector technology. The rejection power of the full selec-
tion criteria per BX is hereafter denoted as Rge. For sim-
plicity, we assume that Rge is similar between the differ-
ent background components. The number of background
two-photon events in one year (with Ngx = 107) is esti-
mated to be Ny, = Npx P, Rsel, where b = 2, 2n — 2y
and n+~ — 2 for the three background components re-
spectively. The numerical estimates for these three chan-
nels are therefore:

Ny, = 8.3 x 10% Ryl (14)
Napyay 2 5.0 x 10° f2_, e 0= Ry, (15)
Nopgryosay & 1.3 x 100 f, e 10— Ry . (16)

We see that with R < 1072 and f,,— < 1073, or with
any asymmetric combination that leads to a similar re-
jection, we can achieve < 1 background events. Hence,
in the reminder of the discussion, our projections for the
sensitivity assume a background-free experiment. Con-
sequently, the 95% CL region corresponds to Nx = 3.
The requirements on Rg, can be translated to a gen-
eral requirement for the detector performance. For Rge
the main properties that can be used to discriminate
between signal and background are the azimuthal an-
gles of the two photons, the decay vertex two photons,
the transverse momentum of the diphoton system and
the invariant mass. For neutron rejection in addition
the calorimeter shower properties and the time of ar-
rival can be explored. It can be shown that the re-
quired background reduction is achievable with existing
detector (calorimeter) technologies: time resolution? of

2 The ultimate time resolution of the EM calorimeter will also
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FIG. 4: The projected reach of LUXE-NPOD phase-0 (1) in
a solid blue (black) compare to the currently existing bounds
(gray regions) on X = a, ¢-photon couplings from LEP [62}-
64], PRIMEX [43], Belle-II [65], NA64 [66), [67] and beam-
dumps [68H70]. The dark blue dot-dashed is the projection
from on-tape PRIMEX dataset [43]. The dotted lines are
future projections of NA62, Belle-II, FASER, PrRIMEX and
GLUEX [40, 43] [7ITH74]. The natural region for the scalar
model is below the brown dashed-dotted line.

~ O(10 — 100) ps [57H59], energy resolution of a few
percent and finally, position and angular resolutions of
~ O(100) pm and ~ O(100) mrad respectively [57], H9-
61]. To conclude this discussion, we note that even a
subset of these specifications is sufficient to meet our min-
imal requirements for the search.

The projections for the sensitivity of LUXE-NPOD
are shown in Fig. [4] for the axion or scalar mass versus
the effective coupling as defined in Eq. . We com-
pare the result to the current bounds from LEP [62-
64], PRIMEX [43] [75], NA64 [60, ©67], Belle-II [65], and
beam-dumps experiments [68,[69]. In addition, the future
projections of NA62 (in dump-mode), Belle-II, FASER,
PrRIMEX and GLUEX [43] [TIH74] are presented. We
see that already in phase-0 LUXE can probe an unex-
plored parameter space in the mass range of 50 MeV <
mx < 250MeV and 1/Ax > 4 x 1076 GeV~l. More-
over, we see that LUXE phase-1 is expected to probe
40MeV < mx <350MeV and 1/Ax > 2x 1076 GeV ™.
The region of natural parameter space for scalar is be-
low the brown dashed-dotted line of Fig. {4l see Eq. ,
which will be probed in phase-1. The projections from

determine the required cosmic muons veto strength and hence
the required arrangement of muon chambers.

the FASER2 (planned for a HL-LHC future run [76]) 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.

An interesting comparison of the LUXE-NPOD pro-
posal presented here is with the case of electron beam-
dump. In this setup the electron beam is directly col-
lided with the (same) dump. For electron beam with
E. =16.5GeV the number of photons with £, > 1GeV
is ~ 7 per initial electron. Thus, naively, one can expect
that the X yield will be a factor of ~ 2 larger than in
the LUXE setup used as NPOD. However, based on our
GEANT 4 simulation, the number of two-photon back-
ground events at the detector is expected to be much
higher. Particularly, we have estimated ., and p,, to be
~ 20 and ~ 4 and times larger than the respective values
for the LUXE-NPOD setup. Hence, these estimations
make the X search much more challenging in terms of
the requirements on the detector (f,—, and Rge). The
respective values of R/, f1,(1.0 m) and (1.0 m) for
this setup are quoted in the Supplemental Material and
the derivation of the probabilities is identical to the one
of LUXE-NPOD given above.

VI. OUTLOOK

In this work we propose a novel way to search for
feebly interacting massive particles, exploiting striking
properties of systems involving collision of high-energy
electrons with intense laser pulses. The laser medium
acts effectively as a thick-material for electrons, which
emit a large flux of hard collinear photons. The same
laser medium acts effectively as a thin-material for these
photons, which are free-streaming inside it. The electron-
laser collision is thus an apparatus, which efficiently con-
vert UV electrons to a large flux of hard photons.

We then propose to direct this unique large and hard
flux of photon onto a physical dump to allow the pro-
duction of feebly interacting massive particles in a region
of parameters never been probed before. We denote this
apparatus as optical dump or NPOD (new physics search
with optical dump).

This may seem like a pretty unique set of specifica-
tions to follow. However, it happens to be that the pro-
posed LUXE experiment at the Eu. XFEL fulfils all the
basic requirements of the above experimental concept.
LUXE is a part of a broader worldwide program aim-
ing to probe non-perturbative aspects of QED and field
theories in general. It is quite remarkable that even in
its phase-0 and definitely in its phase-1, LUXE will be
able to probe uncharted territory of spin-0 feebly coupled
particles. This can be done in a nearly “parasitic-mode”
of operation, where the only requirement is an additional
detector system as proposed in this work, with no modi-
fication otherwise to the experimental design. Moreover,
we show that with a reasonable choice of detector tech-
nology, this search can be regarded as background-free.



There are several future directions that would be also
interesting to consider as followups to this project. The
first is to investigate spin-0 particles that couple to glu-
ons [43] and types of non-linear photon dynamics [77H&T].
Furthermore there are several experiments that aim to
probe strong field QED. It would be interesting if these
would also consider adopting the NPOD concept to probe
other part of the parameter space of our theories. In
that context, investigating other types of interactions or
maybe even changing the flavor of the incoming particles
would be also be extremely interesting. Finally, 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 [82], FCC-ee [83],
CEPC [84] and CLIC [85].
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I. SECONDARY NEW PHYSICS PRODUCTION OF SPIN-0 PARTICLES

Contours of the expected number of spin-0 signal events in secondary production are showed in Fig. The signal
estimation is described in the main text by using Eq. and was verified by a MADGRAPH 5 simulation.

II. PRIMARY NEW PHYSICS PRODUCTION

In this section we calculate new physics primary production of the processes in Egs. 7, namely
ey vey+X, ey eyt ey X4y, vylory) oyt . (S1)

The Feynman diagrams of the above processes are plotted in Fig. The ratio between the above production rates
and the QED-only Compton scattering for £ = 3.4 and x = 0.65 are plotted in Fig. where we set g, = 1078,
A, = TeV and ¢ = 5 x 107°. Our calculation below are based on Ref. [5].
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FIG. S3: The new physics primary production rates of processes in Egs. 7 for £ = 3.4 and x = 0.65 normalized to the
photon production rate, 7, = 1/Ty ~ 12fs.

A. Non perturbative X production in a circularly polarised laser

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

A, =ay,cos(k - x) + agysin(k - ), (S2)

where £, is the laser four vector, x,, is the spatial coordinate, A% =a? = a3 and k-a; 2 = 0. The solution of the Dirac
equation for electron with momentum p,, (p*> = m?) in the above laser background is given by the Volkov state [15]

kx 2
A A
) = (14 52 ) ) e [—ipx i [Case (2oL (59)
[ ;é¢i1 sm(ka:) %’Zi? Cos(km)] ~(p) exp {—iqx —ie (C;l; sin(kx) + % cos(kx))} ) (S4)
where u,.(p) is the Dirac spinor in free space. For convenience, we define the followings
e2a? ea kq kp k- pq Me
= ——k = =—f{=— = m=—, S5
. pu+2(kp),“ ¢ m X mgﬁ mgf’ =g o (S5)
such that m? = ¢% = m2(1 + £2).
The ey, (p) —ey(®)a (pa) amplitude can be written as
45 . 43
Mysen = 20 s sin(ka) + o5 cos(ka)
- / \/2 Paotodl [ a®”"t ea?”"?
X Uy (p)e—i(alsinkat—ozgcoskm)—&-i(q—q’—p,,,)z , (86)
where
aro-p e2a? 1 1 u&?
= —e— = —_—— = - S7
M2y i <k-q k-dq 8Xe (57)
The exponent can be expanded into a Bessel functions as
(1, cos ¢, sin g)e~**(@=90) — N " (By, By, Bg)e 7. (S8)

with

B = Js(z)efisqbo , By = [Js_l(z)efmo + Js+1ei¢o] ets®o , B3=— [Js_l(z)e*“‘"’ _ Js+1ei¢o}eis¢o ) (89)

1
2



and z = \/a? + a3 and tangg = —aj/az. The ALP emission rate is evaluated by squaring the amplitude and
evaluating the phase space integration, which is straightforward in the center of mass system. The resulting rate is

Feoea == g§;q0 Z/ T o {@*52(1;(51:;;2) ~ E 1)} as

$>80
2
54 1}: [J21(2) + T2 (2)] } (S10)
where
’ 5;\/(2? b )Ju- e i, (s11)

s r;"g( +2/1+€) (512)

. sX 7’7271, sY r2, 2 2
2Tl 21+ \/(5(1 =y R TH +§2)> “Tre (S13)

The production rate of scalar with electron coupling is gg4epee via the process of ey, — ey, + ¢ is calculated similary
to the case of ALP. The rate is given by

g¢€ r2, 1+ (1+u?) sX
Peves = g0 Z/ T+ a7 {{2252< e )] e
52

+ 2 [T (2) + T3 (2)] } ; (S14)

41—|-

B. Off-shell ALP production in a circularly polarised laser

The amplitude for the process ey (p) = ey (p') + (k') + a(pa) or ey (p) = ey (') +v(k') + ¢(pg), can be written as

Meﬁemw):;;uw(p’){{GﬁLmk'G)q Co+€[¢1%$ MH Ci+e [%%(/? (gk%] }ur(p% (815)

2(k-p)(k-p) 2k-p' 2k-p 2k 2k - p

MK es (K )erPe Lk e (k') —l-€e (k' )k!
! o o
where | = k' + p,, G, = — (GV: it X, v

interaction and

) parametrises the ALP-photon (scalar-photon)

Co(saras) =Js(2)e™"*% (516)

Ci(saqag) = EJS(Z) cos p + iJ.(2) sin gp] e e (S17)

Ca(saran) = [EJS(Z) sin ¢ — iJ.(2) cos 4,0} e e (S18)
z

with ¢ is the azimuthal angle of the outgoing electron,

ai:@(%'p i ) =4\/ad+ad = \/ (I+u) (A2 — A cosgo:% J;(z):dﬁiz) (S19)

k-p k-p

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

&K d? 2
zv:r Z / 3 p G Eq) Gy Mesenaol @080k +a—d ~1). (S20)
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We integrate over the ALP and photon phase space and express the outgoing electron phase space integration d2¢’ in
terms of new variables u = k- [/k - ¢" and X\ = [2/m?. Therefore, we get that the ALP off-shell production rate per
initial electron per unit volume is.

2ram? d3 27r am Az

Fese a(¢) = — / / d\w , (821)
i 9047 (4) ;0 G wh? Z: A

where

4(s2J2 + 22T2) XM (u? + 2u+2) — 422 J2X (A — \y)3

S22
A282(u +1)22 30727402’ (522)
X =N (u+1) — 852 + A (3 (v + 2u+2) + 26 (u + 1) — 4dsuxe) , (S23)
(ma + mZ)Q - mZQ Tmé
50 e - (rm+2vT+€) (S24)
where the Bessel functions argument is z, B2 = (q + sk)? = m2(&3 + £ + 2sx.) /€ and
E?2 —m?2 —m:? £ /(B2 —m2 —mz2)2 — 4m2m?2
U2,1 =
' 2m:?
256 — 1 & E Vi€ + 4582 — 42 E(E+ € + sxe) (525)
26(1+¢?) ’
E2u
=r2 =—— — (1+&)u. 2
)\1 Tm s /\2 mg(l—i—u) ( +£ )U (S 6)

C. Millicharged particle production in a circularly polarized laser

Equation describes 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. 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 £ and wavevector &, is given by:

I dT (e,
1—‘mCP = F/O F:ﬁ:(sne7€7Q7Tm) ’YEZZ 5) dSa (827)
Y

where Ty (1y,&,q, ) is the rate at which a photon with energy parameter 7, = x - k/m? (momentum k) creates
a pair of particles with charge and mass ratio ¢ and 7, = my/me, I'y(ne,€) is the rate at which an electron with
energy parameter 7, = £ -p/m? (momentum p) emits photons, and s = 7, /7. (The quantum parameter is recovered
as Xe = &1e-)

We use the rates as calculated in the locally monochromatic approximation [52] [53], which assumes the background
EM field is a plane wave. For the photon emission rate, we have

am2 e 2
Tl - s {200+ 5 |14 350 | 2 - a6 - 2] | (529)

n=1

where the bounds on s, for each n, are 0 < s < s,,/(1 + s5,), and the auxiliary variables are

4n2¢? S s 2nmn
2 — 1 — = ¢ . 2
1+8&2s,(1—9) [ Sn(]_—s):| » S 1+ &2 (529)
For the mCP pair creation rate, we have
dFj: n ?gaqarm am2 - 62 1
Telbebitn) _ ez O8 S {26 - |5y 1] 2RO - 20 - Za@] ). 50

N="N,



where n, = [2r2 (1+¢*¢%/r2)/ny], 3 [1— (1 — 4/5,)"/?] < s < 3 [1 = (1 —4/s,)"/?], and the auxiliary variables are

) A€ )12, 1 . 1 . 20, /12, . ($31)
1+ q282/r2, sps(l —s) sns(l—9) "1+ q282)r2,
Equations and are obtained from the electron-positron pair creation rates by making the following transfor-

mations: o — ¢?a, Me — TMe, € — q€/Tm, 1 — 1/r2,. The result of the calculation is I'ycp as a function of ¢ and
7e, for given charge and mass fraction ¢ and 7,,.

IIT. BACKGROUND ESTIMATION

The background estimation discussed in section [V] relies on the 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 bunch crossing,
Ry/m = Ay(Lp)/M(Lp), is approximately constant for different Lp values.

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 £ > 0.5 GeV at Lp = 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 constant R/, assumption as discussed below.

This assumption is in turn based on the observed correlation between the production of photons to that of neutrons,
as can be seen in Fig. The data shown in the figure is taken from a full GEANT 4 v 10.06.p01 [54H56] simulation
(using the QGSP_BERT physics list) of two bunch crossings for the nominal LUXE-NPOD setup discussed in Sec-
tion Altogether there are 10'° primary photons distributed in energy as in Fig. [3| (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 £ > 0.5 GeV requirement leaves zero photons and only a handful of neutrons for
Lp =1 m, this requirement is relaxed in order to plot the distributions seen in Fig. It can be seen (left 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. While
the correlation between the trends of the two productions cannot be trivially explained within the scope of this work,
it is clearly evident in the figure. It can be expected that the correlation 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).

L L L L L I B L L L L L L L BN =
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FIG. S4: The energy (left) and the production vertex z-coordinate (right) 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 data in the two distributions correspond to two fully
simulated bunch crossings.

We exploit this observed correlation by studying the ratio of the two production rates for different dump lengths.
Particularly, we replicate the simulation of the same LUXE-NPOD setup with the same statistics as discussed above
for five dump lengths from 30 c¢cm to 50 cm in steps of 5 cm, where in all cases the distance between the rear of the
dump and the face of the detector is kept fixed at 2.5 m. The statistics for dump lengths greater than 50 cm are too



low and hence these points are not simulated. For each point, the ratio of the number of photons to neutrons per
bunch crossing is calculated for £, ,, > 0.5 GeV. The points are shown in Fig. [S5|together with a fit to a zeroth order
polynomial from which we determine R, /,, for further analysis as discussed in section [V} This figure also includes the
respective case of the “electrons on dump” hypothetical setup for the same dump lengths and otherwise the same
conditions as discussed above. In these cases, the only difference is that instead of simulating 10'° primary photons
distributed in energy as in Fig. [3| we simulate 3 x 10 monochromatic (E, = 16.5 GeV) primary electrons.

It can be seen that the ratio R, ,, can indeed be described as flat vs Lp, which indeed allows the extrapolation to
Lp =1 m as discussed in section [V] Furthermore, the resulting values for the two setups are significantly different
with the “electrons on dump” result being much larger than the LUXE-NPOD one (0.0062+0.0002 vs 0.0013+0.0002
respectively). This difference implies that while the two-photon background induced by real photos or neutrons faking
photons will be manageable for the LUXE-NPOD setup, it will be non-manageable for the hypothetical “electrons
on dump” setup.

For completeness, we also quote the values of i, and j, resulting from a simulation of two BXs, similarly to what
is done for the LUXE-NPOD setup. These are found to be p,,(1.0) = 42.6 £4.6 and p,(1.0) = 0 for the “electrons on
dump” case. The derivation of the different background components is identical to the one given for the LUXE-NPOD
setup.
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FIG. S5: 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 a hypothetical “electrons on dump” setup in
grey. Each data point corresponds to a full simulation of two bunch crossings 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, R, ., is used to derive the probabilities to
find two photons (real or fake) as discussed in the main text.
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