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Long-lived axionlike particles from electromagnetic cascades
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We study axionlike particles (ALPs) in beam dump experiments, focusing on the Search for Hidden
Particles (SHiP, at CERN) experiment and the Beam Dump eXperiment (BDX, at JLab). Many existing
projections for sensitivity to ALPs in beam dump experiments have focused on production from either the
primary proton/electron beam, or—in the case of SHiP—the secondary (high-energy) photons produced
by neutral meson decays (e.g., 7° — yy). In this work, we study the subsequent production of axions from
the full electromagnetic shower in the target, finding order-of-magnitude enhancements in the visible
decay yields across a wide range of axion masses. We update SHiP’s sensitivity curve and provide new
projections for BDX. Both experiments will be able to reach currently unexplored regions of ALP

parameter space.
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I. INTRODUCTION

One of the simplest mechanisms that generate light,
feebly interacting particles involves the spontaneous break-
ing of global symmetries at a high scale. The pseudo-
Nambu-Goldstone bosons that arise are naturally light, with
their masses protected by a shift symmetry. Being deriva-
tively coupled, their interactions are suppressed by a large
decay constant ~|p,|/f,. These types of fields are often
referred to as “axionlike particles” (or ALPs), and occur
ubiquitously in many extensions of the Standard Model. In
what follows, we will use “axion” and “ALP” interchange-
ably but do not restrict ourselves to models that solve the
strong-CP problem [1-6].

Feebly interacting particles, such as ALPs, can be dis-
covered using beam-dump accelerator facilities [7-9]. The
search strategy involves a high-energy (typically electron or
proton) beam incident on a thick target. A detector is placed
sufficiently far from the target so that beam-related back-
grounds are minimized, and one searches for the scattering
or decay of ALPs, or other particles, produced in the
beam dump.
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The purpose of this paper is to incorporate often
neglected production mechanisms, in particular electro-
magnetic cascades, that enhance (see Fig. 1) the sensitivity
to visibly decaying ALPs. While these effects have
been previously considered' in the context of neutrino
experiments (also proton beam dumps) [11-13] and the
SLAC-E137 experiment [14,15], they are often neglected
in the analysis of other beam dumps. Our goal is to clarify
when and why enhancements from electromagnetic
cascades are substantial, and to quantify their impact using
two representative examples: SHiP (a proton beam dump)
and the Beam-Dump eXperiment (BDX; an electron
beam dump).

A common benchmark for comparison in the ALP
literature (see, e.g., [7]) is an ALP coupled to photons,

1 a Cq = Caee -
-L> Em%az —E%aFF— 7 (0,a)er'yse, (1)

where a is the ALP field, m, its mass, ¢, (C,,) its coupling
to photons (electrons), F the electromagnetic field strength,
and F its dual. We have included an electron coupling, ¢ .,
which is naturally generated by loops involving photons or
may appear at tree level in an ultraviolet (UV) completion.
Sometimes the coupling g,, is used in the literature;
following the conventions of, e.g., [19], this is related to
our notation via g,,,, = ¢, (a/x)f~". As is well appreciated

'Past literature often uses a one-dimensional “forward-only
approximation” that overestimates geometric acceptances [10].
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SHiP sensitivity projections, vy-only coupled ALPs
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-=--= This work (1 x 10%° POT)
10-2 4 —— This work (6 x 10%° POT)

FIG. 1. Comparison to past literature—PBC [7] (green shaded
region), ALPINIST [16] (red shaded region)—of our projections
for the sensitivity of the Search for Hidden Particles experiement
(SHiP; solid black line) to axion-photon couplings, with updated
geometry and nominal protons-on-target (POTs) [17,18]. For
reference, we also plot our sensitivity projections with a lower
POT, used before in the literature (dashed black line). We defined
Jayy = f ’lcawa/ x, and we set ¢,,, = 0. Accounting for the full
electromagnetic cascade substantially enhances the reach of SHiP
at lower couplings and lighter masses. See Fig. 10 for an
illustration of how this result depends on the energy threshold
used at SHiP.

in the literature, high-intensity beam dump experiments can
discover ALPs for masses m, <2 GeV.

The SHiP experiment is an ambitious next-generation
beam dump facility [17,18,20]. Existing studies of SHiP
[19] have found that the dominant production mechanism is
Primakoff scattering on nuclei. However, only virtual
photons from the primary proton beam, and real photons
from first-generation meson decays, have been included in
flux estimates for SHiP. As we discuss in detail below, each
of these real photons produces 10>~10° further secondary
photons, electrons, and positrons while showering in the
beam stop. Furthermore, the cascade particles produce
lower-energy, and therefore shorter-lived, ALPs, increasing
predicted yields at small masses and couplings. We find
that the inclusion of electromagnetic cascades can enhance
coupling sensitivity by more than an order of magnitude
(corresponding to ~10* in the event rate).

This enhancement is a consequence of the infrared (IR)
sensitivity of the signal event rate. At small couplings,
where the decay length is long, the detected event rate
scales as

dR, m,
Ruos [ don, oo, ©

where m,/w, accounts for the time dilation in the axion’s
decay length. The rate of axion production dR,/dw,
inherits the IR-dominated spectrum of bremsstrahlung
photons, being cut off at some w,,;, ~ m,. The event rate
in the long-lifetime limit is therefore dominated by the
lowest energy flux of axions from the beam stop; this will
be produced by the electromagnetic cascade.

The BDX at Jefferson Lab [21] is an electron beam dump
experiment that will search for the production of light dark
matter, and its elastic and inelastic scattering in a down-
stream detector, reaching the limit of the irreducible
neutrino background. This setup will also be sensitive to
a multitude of visibly decaying dark sector states. The
incident electron beam will initiate an electromagnetic
cascade in the thick target in which numerous secondary
particles can produce ALPs. To our knowledge, a com-
prehensive study of the BDX setup for axionlike particles
has not been undertaken (although see [22] for an analysis
with some of the relevant production mechanisms).

In what follows we briefly review the effective theory
of an ALP coupled to photons and electrons in Sec. IL
We define our conventions and discuss renormalization
group (RG) running below the weak scale, following [23].
In Sec. IIl we discuss the production mechanisms inside
a thick target. We summarize our numerical methods in
Sec. IV. In Sec. V we turn to the upcoming SHiP (400 GeV
proton beam dump) experiment—which produces a large
photon flux, primarily via z° production, followed by
7° — yy—and the BDX experiment at Jefferson Lab
(10.6 GeV electron beam dump). We study the extent to
which electromagnetic cascades enhance sensitivity to
long-lived ALPs. We find a substantial (orders of magni-
tude) increase in the number of axions that are produced
and decay within the experiments’ decay pipe. Finally, we
summarize our findings and conclude with an outlook
toward interesting potential future directions in Sec. VI.

II. AXION COUPLINGS AT LOW SCALES

We define two benchmark scenarios to illustrate pheno-
menology dominated by photons, and electrons, respec-
tively. We fix the photon and electron couplings at u,, =
80 GeV (just below the W-boson mass). This scale is low
enough to talk sensibly about photons without considering
yZ mixing, but high enough to ensure that realistic loop-
induced couplings to electrons and photons are generated
by RG flow. We relate the couplings at u,, to the coupling at
u, = m, using the RG flow described in [23]. Concretely,
we take:

(i) y dominated: c,,, (i,,) = 1, Cgee(tty) = 0.

(ii) e dominated: c,,,(1,,) = 0, Cuee(tty) = 1.
Although ¢, does not flow under RG, in phenomeno-
logical applications the replacement of c,,, = C,,, (1)
captures effects generated by loops of light particles (such
as the electron). The tilded coupling is defined [23] as,
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an}/(/") = Cayy + ZNcQ%Caff(iu)@(/‘ - mf) (3)
f

with f running over all fermions in the Standard Model, Q
the fermion electric charge, N, its number of colors, and m
its mass. The coupling ¢,,, naturally appears in the RG
equations.

In both benchmarks, at the scale of the axion mass both
couplings are present, i.e., ¢ .. (t,) # 0 and ¢, (u,) # 0.
This avoids pathologies where e.g., the computed axion
bremsstrahlung rate vanishes identically.

The relevant solutions of the RG flow are given by [23],

ayy

3C.,(Uy) a -a
Caee(ﬂL) = Caee(ﬂH) - J/Q}/]E:DH) (/"L) s (ﬂH)
0

3a(u AP
= Chee (MH) + % log <_I;> cuW (/"H) ’ (4)
4 1259

where py is the “high scale” (where initial conditions are
set) and yu; the “low scale.” In the second line, we have
expanded to O(a2,). For our numerical inputs, the RG flow
of a(u) is solved with the one-loop QED beta function,
with the relevant fermions integrated out at u = my. In
practice, as can be readily seen from Eq. (4), the end result
is not sensitive to these details since the ﬁOQED
appear at O(a?).

Next, consider the effective photon coupling ¢
approximate,

does not

ayy- We

any ~ Cayy + Caee> (5)

where we neglect the running of c,., = o0 (4,,). This
approximation is reliable for our purpose, because the
two benchmarks we consider are dominated by either
Cayy > Capp O DY e > Cypp for f # e. We have dropped
the Heaviside function ®(u —m,) since we will always
take y = m, and m, > m,. For the electron-dominated
benchmark, our analysis matches with the conventions
of [24]. For the photon-dominated benchmark, we have
solved for the RG flow of c,,,.. At a renormalization scale
of p. = m,, we find ¢4e0(pt.) = 3.6 X 107¢,,.

Before proceeding, let us comment on how small had-
ronic couplings must be for electromagnetic production
to dominate. This can be inferred from Fig. 9 of [25].
In that work, an O(1) coupling to gluons (5 c,.,GG)
was assumed. This induces a photon coupling of order

. . 2
Cayy ™~ Cagg» and hadronic production (from” n — zza) was

In [25], only hadronic production that properly implements
chiral symmetry [26] was included. Other production modes,
such as the production of axions from the primary proton beam,
were not included.

found to dominate in the first interaction length of the beam
dump by ~10°.

Any scenario that involves couplings to the electroweak
or leptonic sector will only “feed down” into quarks at one
loop, producing couplings of ¢,,, ~ (@/ 47r)2ﬂgEDcaW
agg ~ (a/ 47T)2ﬁ8ED Cayy- Since production rates scale as the
square of the coupling, this naturally provides a 1072
suppression for which electromagnetic modes easily domi-
nate over hadronic production.

Furthermore, in what follows, we find large enhance-
ments to the cascade production (ranging from factors of
10?-10° depending on the axion mass). This is not suffi-
cient to overcome hadronic production when ¢4, ~ €y
however, it can be enough for scenarios where, e.g.,
Cagg ~ 107! x Cqyy- This may occur if the ratio of electro-
magnetic and QCD anomaly coefficients of the UV model,
E/N, is larger than the typical benchmark of 8/3 ~ 2.6
[27,28], or via a modest kinetic mixing with some hidden
sector [29] among many other possible mechanisms
[30-32]. A detailed study of the interplay between the
shower-enhanced electromagnetic production versus had-
ronic production modes in specific UV completions war-
rants further study, but lies beyond the scope of this paper.

and

c

III. AXION PRODUCTION MECHANISMS

In an electron or proton beam dump, ALPs can originate
via multiple production mechanisms. As mentioned above,
depending on the UV completion under consideration, either
hadronic or electromagnetic production can dominate the
phenomenology. Since the electromagnetic cascade is our
focus, we do not discuss hadronic production modes further.

Previous projections for the SHiP experiment have
neglected electromagnetic shower-initiated production in
the target, focusing only on the first interaction length. In
recent work [10,33], two of us have developed a framework
for the systematic inclusion of shower-induced production
of light long-lived particles, implemented in the public code
PETITE. A key advantage of this approach is its computa-
tional efficiency, thanks to the extensive usage of precom-
puted VEGAS integrators. For this work, we developed
ALPETITE [34], a dedicated tool that extends the PETITE
framework to provide a comprehensive calculation of
axion flux from electromagnetic cascades. Our approach
is twofold. First, for production channels that have a direct
analog between dark photon and axion models (e.g.,
Bremsstrahlung), ALPETITE reweights the simulated dark
photon events generated by PETITE to derive the corre-
sponding axion flux. Second, for processes unique to axion
physics that lack a vector-particle equivalent (such as
Primakoff production), we implemented and integrated
dedicated Monte Carlo samplers. These samplers are not
run in isolation; instead, they take the Standard Model (SM)
particle shower information generated by PETITE as their
direct input. This hybrid strategy allows ALPETITE to
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combine the speed of reweighting with the completeness of
a full simulation, ensuring an accurate and efficient result.
We now describe the relevant electromagnetic processes
that dominate the ALP production rate in an electromag-
netic cascade.
Primakoff upscattering. Photons can scatter on nuclei to
produce ALPs of mass m, via the c,, coupling,

yZ — aZ, (6)

where Z denotes a nucleus with charge Z. Treating the
nucleus as a static charge density p(x) that sources a
Coulomb field, the differential cross section is

do  (1\? Z*d’cg,
do?  \f) 3272Q0%?

x (20%(20" —m3) — mb — 0Y)|FA(Q). (7)

where

m@%:/&mmmm (8)

and o is the energy of the incoming photon. Because the
energy transfer to the nucleus, Aw ~ q>/2M,, is negligible,
the three-momentum and four-momentum transfers are
nearly identical

Q*=-¢=q. )

Axions may also be produced via incoherent upscatter-
ing. This corresponds to inelastic final states for the nuclear
system (e.g., nucleon knockout). For consistency with the
treatment of dark vector production, we incorporate inco-
herent upscattering using a replacement rule for the form
factor,

[FA(Q))* = Gr.a(0?) + Gainai(0%)/Z, (10)

where the two contributions are given by [35]

22 2 1 2
Gz,el(Qz) = <1 —cll—anQ2> (1 + Qz/d2> ’ (11)

@221+%W—U
G2.inel(Q2) = <1 ‘T’(JQQZ) ( (1 j_ QZ/IIJ\%[>4 . (12)

The atomic parameters are given by

111 773
= ZIT and d/ = (13)
3m,

a e
2/3 ’
7*m,

while the hadronic parameters are

Ay =084 GeV and d=0405A"13 GeV. (14)

The proton’s magnetic moment is 4, = 2.79, and m,, is the
mass of the proton. It should be noted that the second
bracketed term in Eq. (12) is not squared, see Footnote 4
of [36].

In past studies of SHiP, only the coherent Primakoff
channel has been included. It is commonplace in dark
photon searches to also include the inelastic production
discussed above (see e.g., [35], or Appendix B of either
[36] or [10]). This production channel can become impor-
tant at larger axion masses and we therefore include it in our
analysis. In Appendix A, we show the (modest) gain in
downstream flux from the inelastic contribution for SHiP
with and without electromagnetic showers.

In addition to production from real photon beams, ALPs
can also be produced when an electron beam impinges on a
target via photon fusion,

e Z% aez. (15)

This process is calculated using the equivalent photon
approximation (EPA), also known as the Weizsicker-
Williams method [37,38]. In this framework, the total
cross section is obtained by convolving the on-shell
Primakoff cross-section with the equivalent photon spec-
trum, expressed as a function of the photon energy fraction
x=w/E,,

1 dN

o(eZ — eZa) —/ dxayayz_)az(er), (16)
Xmin

where E, is the incident electron energy and x;, iS an

arbitrary IR cutoff. The “doubly logarithmic” version of the

EPA flux is given by [39]

dN, a[l+(1-x)? 2
—=— 1 . 17
dx n[ X 082 (17)

min

Here, Q2. = m2x?/(1 — x) is the kinematically allowed
minimum photon virtuality, and Q2,, is a cutoff scale
related to the target’s structure. The photon flux is peaked at
low x, providing a direct mechanism for ALP production.
This channel is particularly important for fixed-target
experiments utilizing primary electron beams, e.g., BDX,
providing a direct mechanism for ALP production that
competes and—as we will see in the following—exceeds
the primary electron bremsstrahlung.

Axion bremsstrahlung. Given a nonzero coupling to elec-
trons, ¢,,., one may also consider axion bremsstrahlung,

eZ - ae Z. (18)

This process has a matrix element structure that is similar to
dark photon, A/,, bremsstrahlung. It is instructive to study
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the ratio between the square matrix elements for the two
processes. In the static limit (i.e., the nucleus is taken as
infinitely heavy), both processes are allowed for E, > m,
where m is either the vector or axion mass. In the ultra-
relativistic limit (E, > m,), we find that

(MaP) 1 (e)? 0

== +0|= 19

M) ~2\er) T 1)
where €, = 2m,c,,./ef, and the interaction Lagrangian for
a kinetically mixed dark photon is given by

Ly = eyeA, iy, (20)

where y is the electron field.

Just like for vector bremsstrahlung [14,35], when
m, > m, there is a kinematic preference for producing
energetic, forward-peaked bosons, particularly when the
electron energy is much larger than the axion mass. The
resulting differential cross section is difficult to sample
efficiently. To address this, we use the PETITE package [10],
which employs a histogram approximation to the differ-
ential cross section, which is used for fast importance
sampling of the exact one. The approximation is provided
by the VEGAS integrator trained using the dark photon
matrix element [40]. We use PETITE to sample the V phase
space and then reweigh by the full ratio of matrix elements
squared (see Appendix B for details); this yields
Monte Carlo (MC) samples that are distributed according
to the correct ALP’s phase space.

For electron beams, bremsstrahlung and photon
fusion compete as the primary production mechanism.
Technically, the amplitudes for the two mechanisms should
be summed coherently since the initial and final states are
the same. However, as we have shown above, the two
processes have little phase space overlap: photon fusion is
enhanced at small axion energies due to the soft divergence
of EPA flux, while bremsstrahlung is peaked for high-
energy forward ALPs. Furthermore, as we will see below,
subsequent shower-induced reactions entirely dominate the
sensitivity projections. Therefore, we sum the two proc-
esses independently when computing the primary produc-
tion yields.

Resonant annihilation. Positrons produced in the electro-
magnetic shower can annihilate resonantly on atomic
electrons,

ete” = a(y). (21)

Note that we have allowed for the emission of a photon to
bring the incident electron onto the resonant peak, i.e.,
radiative return.

In PETITE, the analogous resonant annihilation process
ete” — V(y) involving a dark vector in the final state is
implemented using a framework that combines a QED

parton distribution function for initial state radiation with a
model for atomic binding effects. The treatment of atomic
binding begins with the tree-level cross section for a
positron of momentum k annihilating an electron in a
fixed atomic orbital, which is given by

o (k) =

,/a) _m / 27[32E ZEV

X (2”) (@+m,—ey—Ey)|lwa(p)*(IMy*) (22)

where |y, (p)|? is the bound-state electron wavefunction,
&4 is the binding energy, Ey is the energy of the final-state
vector, and (|[My|?) is the matrix element calculated for
free-electron states. For many-electron atoms, PETITE
approximates the total momentum distribution by modeling
itas a sum of 1s hydrogenic orbitals. This choice enables an
analytic calculation of the cross section, which is then
convolved with the leading-order e~ — e~y splitting func-
tion to account for initial state radiation. This method
provides a computationally efficient framework for MC
sampling while capturing the essential physics of resonance
broadening due to the momentum of bound atomic elec-
trons. The dark vector sample is then simply converted into
an axion by reweighing it by the free-electron amplitude for
the production of a pseudoscalar of the same mass (see
Appendix B for details).

The cross section is highly peaked near the resonant
energy

Eres = ’ (23)

and can dominate the axion flux. This means that reso-
nant annihilation typically leads to flux that is dominated
by E = E,, Depending on the mass of the axion, this
flux can have modest or very large boosts. We direct the
reader to [33,41] and references therein for a detailed
discussion of the formalism for resonant production (see
also [36,42-45]).

Comptonlike scattering. High energy photons can scatter
off atomic electrons to produce an axion and an electron in
the final state,

ye~ — ae”. (24)

When considering a free electron at rest, this process
requires a minimum axion energy,

mg

Emin =

(25)

2m,’

In pETITE, dark Compton scattering (ye~ — e~ V) is
treated analogously to the resonant annihilation channel.
The production cross section is computed by convolving
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the QED splitting function P,_,,(x) with the cross section
for resonant annihilation of the intermediate positron on a
bound atomic electron, utilizing the same atomic frame-
work as the direct annihilation channel described above
[33]. The integration over the momentum fraction, x, of the
intermediate positron averages over the narrow resonance
condition. This results in a broad energy spectrum for the
final-state vector, in contrast to the sharply peaked spec-
trum from direct eTe~ annihilation, with

2 1
3mApx'§J(a,b), (26)

o(k) = (My[?) x

where k is the momentum of the incident photon,
A=Zgyam,, f=2a/zx(log(s/m2)—1), and J(a,b) is
defined in Appendix A of [33].

The sampled dark vector events are then reweighted to
model axion production by applying the ratio of the
squared matrix elements, as described in Appendix B.
As the Compton-like channel provides a subdominant
contribution relative to resonant annihilation across the
parameter space of interest, we sum their respective yields
for brevity’s sake.

Our list of production mechanisms is not exhaustive, but
we believe that it captures all dominant production mech-
anisms over the parameter space we consider. For example,
one can check that electromagnetically mediated meson
decays such as 7° — yya or n — yya will not compete with
Primakoff production. Similarly, virtual Primakoff produc-
tion (from a nearly on-shell y* emitted by a fast proton) is
subdominant relative to on-shell Primakoff production [19]
(as we have explicitly verified).

IV. MONTE CARLO METHODS

The expected number of detectable ALP events in a
beam dump experiment depends on several sequential
processes: ALP production in the target, survival during
transport, decay within the observable decay region, geo-
metric acceptance, and energy thresholds. Conceptually, if
these processes were independent with uniform probabil-
ities, the event rate could be written as,

Nevents ~ Nprim X Pprod S Pdecay S Pgeo S PEcut’ (27)

where N i, is the number of POTS, P4 is the probability
of producing an ALP, P,y is the decay probability within
the decay pipe and/or detector volume, P, is the geo-
metric acceptance, and Pgg, represents energy threshold
requirements. However, this simplified picture breaks down
in realistic simulations where each ALP candidate has
different kinematics, production mechanisms, and accep-
tance criteria. Given the extremely small probabilities
involved and the need to account for event-by-event
variations, we instead calculate the event rate using a

weighted MC approach. The simulation begins by gen-
erating a large sample of SM showers in the target using
PETITE, initiated by the incident particle beam. From this
shower, we generate a sample of ALP candidates, applying
a series of weights corresponding to each physical process.

Production probability. This is the number of ALPs
produced per primary particle. We treat every particle in
the shower as a potential source and compute weighted
events. For each shower particle, we generate ALP candi-
dates using the appropriate differential cross sections
(see Sec. II). Each candidate i is then assigned a produc-
tion weight, Wy, €qual to the total probability of its
production,

Oy
Wprod,i X — WprimJ'? (28)
OsMm

where o, is the (total) cross section for generating an axion,
osw is the cross section of any other SM process, and Wi, ;
is the MC weight assigned to the parent/primary particle.
For the specific details on how the weight is assigned for
each of the production mechanisms described above, see
Appendix B.

Decay probability. This is the probability that an ALP
decays within the decay volume of length L, situated at a
distance d from the target. This is applied as a weight to
each candidate i,

Wdecay,i = e_d/}”(l - e_LMi>’ (29)
where 4; = (|p;]/m,)ct is the lab-frame decay length of the
candidate.

In our study, we first consider the diphoton decay
mediated by the (effective) axion-photon coupling ¢,,,,
whose partial width is given by

2 2 3
_ Capy@”my

Voo = G4 727

(30)

where ¢, is given in Eq. (5). When electron couplings are
present at tree-level, the partial width for a — ete™ can
instead dominate,

2 2 2
Cuee mema 4me

Foete- = 7 f2 1- m2 (31)
a

We define the total lifetime 7 in the particle’s rest frame as,
t=n(Tuyy + Tumere-) (32)

In the long-lived particle (LLP) limit (4; > L, d), the decay
weight simplifies t0 Wyeeay; & L/4; o 1/f2.

Geometric acceptance. This is the probability that the
ALP’s decay products intersect the detector. For the sake of
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simplicity, we consider only the ALP’s trajectory. The geo-
metry is characterized by the length of the decay volume, L,
its distance from the target, d, and the crosssectional area of
the detector A. Due to relativistic kinematics, the ALP flux
is typically collimated in the forward direction. Let 8; be the
angle with respect to the beam direction at which the ith

axion is produced. Let 0,.. & v/A/(2L + 2d) be the angular
acceptance of the detector. In our MC, the geometric weight
is given by a binary filter applied to each candidate i,

ei < Hacc ’

1
w, i = 33
geo. { 0 otherwise. (33)

A more sophisticated treatment of the geometric acceptance
of the decay products can be performed (see Appendix B of
[33] for a detailed analysis of SHiP’s geometric efficiency).
However, this was shown to be relevant for low-energy
downstream fluxes, which—in our region of interest—are
mostly reduced by the energy acceptance threshold des-
cribed below.

Energy acceptance. A decay is only considered a signal
event if it can be successfully reconstructed. In practice, the
experimental requirement is a minimum visible electro-
magnetic energy (e.g., from decay photons and electron-
positron pairs) in the detector; we implement this as a cut
on the parent ALP energy E.,. This acceptance criterion is
applied as a step-function weight,

Ei > Ecut

1
cuti — s 34
Wecut, {0 otherwise (34)

where E; is the energy of the ALP candidate. Following the
discussion in [33,46], we set E ., = 200 MeV for SHiP
(lower than the nominal 1 GeV). For BDX, we set E,,, =
300 MeV in agreement with the observation made in [47].
We illustrate the effect of different energy cuts on the
sensitivity curves in Appendix C.

In conclusion, the total number of events per POT is the
sum of the final weights over all generated candidates,

N eve

nts
N_. = E (Wprod,i X Wdecay,i X Wgeo,i X WEcut,i)' (35)
prim i

We note that in the LLP limit, Wgeey o 1/f%. Since
Wprod & 1/ £2, the total event rate in the LLP limit scales
aS Neyents & 1/f*. Therefore, in the LLP limit the shape of
the axion energy distribution can be rescaled by a factor f*
to make it coupling independent. In contrast, when the
decay length is comparable to experimental length scales,

the event weights become exponentially sensitive to f
[cf. Eq. (29)].

V. EXPERIMENTAL PROJECTIONS

In what follows, we focus on two representative experi-
ments, SHiP and BDX, though our methodology applies
broadly to other beam dump experiments. We have
developed the publicly available code ALPETITE [34], which
converts electromagnetic cascades and dark vector fluxes
from PETITE simulations into ALP event predictions for
arbitrary beam dump configurations. The modular design
allows users to easily modify experimental parameters
(geometry, POT, acceptance thresholds) and theoretical
inputs (couplings, masses) without the need of regenerating
Monte Carlo samples.

The SHiP experiment [17,18] will use a 400 GeV proton
beam incident on a molybdenum target with the goal of
collecting 6 x 10?° POT. An axion is detectable if it decays
visibly in some region of space after the beam dump.
The version of the experiment that was approved in March
2024 is more compact than the original design. For
long-lived particle signals considered here, the relevant
detector subsystem is the hidden sector decay spectrometer.
The new decay pipe starts at d = 33.5 m from the target
and is L =50 m long, followed by a charged particle
tracker, timing detector, and electromagnetic and hadronic
calorimeters. The tracker has an aperture of 4 m x 6 m,
which determines the angular acceptance of potential
decays. Following [16], we simulated the N, primary
on-shell photons arising from z°, 5, 5’ diphoton decays
by using Pythia 8.2 [48] with the SoftQCD:all flag and
a pomeron flux parametrization SigmaDiffractive:
PomFlux (5), for N, = 10° pp collisions at a center-of-
mass energy of 27.4 GeV. We randomly selected a sub-
sample of the above list with energy above a certain
threshold and assigned an initial MC weight to each
primary photon equal to

Worim = N, (E, > 50 MeV)/N, x (1 —e™') x~5.34, (36)

where we added the exponential factor as a conservative
choice to consider only the y flux coming from the first
interaction length. The weight approximately matches the
number of expected photons per POT (~5) for SHiP in [49],
Table I. For transparency, we show in Appendix E (Fig. 14)
the energy and transverse-momentum spectra of the
sampled primary-photon list used to seed the SHiP cascade,
together with a diagnostic comparison to the full parent
photon population. Finally, we generated SM showers for
the primary photons using PETITE and produced axion
samples of various masses, assigning MC weights as
described in Sec. IV.

Based on the current proposal [21], the BDX experiment
at Jefferson Lab will use a 10.6 GeV continuous-wave
electron beam incident on the Hall-A aluminum beam
dump with 10?? electrons on target (EOTs). The detector
will be housed in a new underground facility located
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Parameter SHiP BDX

Beam 400 GeV protons 10.6 GeV electrons
Target Molybdenum Aluminum
Integrated Exposure (particles-on-target) 6 x 10° POT 1 x 10*> EOT
Distance to decay d 33.5 m 20 m

Decay pipe/fiducial volume L 50 m 2.95 m
Transverse acceptance area A 4mx6m 0.50 m x 0.55 m
Energy acceptance threshold Ecyut 200 MeV 300 MeV

FIG. 2. Benchmark experimental parameters used in our SHiP and BDX projections. For BDX there is no decay pipe; detectable

decays must occur within the calorimeter fiducial volume.

d~20 m downstream of the dump, behind ~6 m of
shielding. Its active volume will be a plastic-scintillator
electromagnetic calorimeter, with fiducial dimensions
~50 cm x 55 cm x 295 cm, corresponding to a frontal
acceptance area of about ~0.275 m”. Unlike SHiP, BDX
will have no decay pipe, so detectable ALP decays must
occur within the detector’s fiducial volume. Consequently,
we use OBD0X = \/A/2d ~0.013. The benchmark experi-
mental parameters used in our projections are summarized
in Fig. 2.

A. Downstream fluxes

We begin our study with an analysis of the predicted
ALP coupling-independent event rates in the LLP limit for
the two experimental setups described above.

As an illustration, in Figs. 3 and 4 we present the
individual contributions from each process described in
Sec. Il for m, = 100 MeV ALP in the y-dominated
benchmark (SHiP) and the e-dominated benchmark
(BDX). The spectra are histograms of the expected event
rate as a function of energy. The quantity on the y axis,
“Axions x f*/ POT,” is the weighted event rate per POT for
each energy bin, with the coupling dependence factored
out. This is constructed by summing the total weights of all
MC candidates that fall within that energy bin and setting
1/f = 1, such that the event rate depends only on the ALP
mass and experimental setup.

Examining the plots, several salient features emerge.
First, Primakoff production dominates over electron brems-
strahlung across most of the parameter space in both
the electron- and photon-dominated benchmarks. In the
electron-dominated scenario, this occurs because the
RG-induced photon coupling, Eq. (5), is of comparable
size with respect to the electron one. For m, = 100 MeV,
the peak Primakoff flux arising from the electromagnetic
shower exceeds the primary-beam peak by O(10%);
consequently, we expect at least a factor of 3 improve-
ment in sensitivity to 1/f from this contribution alone in
the LLP limit. Notably, even in the electron-dominated
case, electron bremsstrahlung remains subdominant to
Primakoff production once m, = 100 MeV. Resonant
annihilation of positrons on atomic electrons yields com-
petitive ALP fluxes at lower masses, with a spectrum

10 Axion Event Rate for m, = 100 MeV, y-dominated couplings

SHiP v beam on Mo - SHiP Geometry
1 [ Annihilation + Compton [ Primakoff, Shower
107" 4 ] Bremsstrahlung, Shower [ Primakoff, Primary
¢> 10-3 4
(5]
o
= 107° A
2
10—7 4
= ™
—
X 1079 4
o)
=}
S
1% 10—11
<
10—13 4
1071 . s
107! 100 10! 102
Energy F [GeV]
FIG. 3. Event rate of axions per POTs, weighted by f*, for an

ALP with mass m, = 100 MeV and photon-dominated cou-
plings. The setup simulates SHiP photons emerging from meson
decays impinging on a molybdenum target, with the correspond-
ing SHiP experimental geometry. The flux is calculated for ALPs
directed toward the detector. The individual production channels
are: Primakoff conversion from shower photons (green); brems-
strahlung from shower electrons and positrons (orange); e™e™
annihilation and Compton-like scattering of shower et (blue);
Primakoff conversion from the primary photon beam from neutral
meson decays (red).

peaked near E,, ~m2/(2m,). There are two production
mechanisms in an electron beam dump experiment (e.g.,
BDX) from the primary e~ beam: bremsstrahlung, medi-
ated by the axion-electron coupling (c,..), and photon
fusion, mediated by the (effective) axion-photon coupling
(Cayy)- The dominance of one process over the other is
model dependent. The ratio of their raw integrated fluxes,
@, without experimental cuts, is well approximated by the
following expression, which we have confirmed via MC
simulation,

D, fusion ¢ m> m2
=R~ S a—Slog™! (=5 ). (37)
q)brem Caee 2me zme
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Axion Event Rate for m, = 100 MeV, e-dominated couplings

T
1 10.6 GeV e~ beam on Al - BDX geometry
107" 5 [ Annihilation + Compton [ Bremsstrahlung, Primary
[ Bremsstrahlung, Shower ] EPA Primakoff, Primary
— 1072 4+ =1 Primakoff, Shower —
=
3 10
& 103 4
& 4
o 10 = L
a T
~ .
< 107° 4
S
X '_r
® 1076
=
E I
o] _
< 1077 — = l_l l-IJ_l
. .—'IFII nl
1077

101 10° 10!
Energy E [GeV]

FIG. 4. Event rate of axions produced per EOTs, weighted
by f4 for an ALP with mass m, = 100 MeV and electron-
dominated couplings. The setup simulates a 10.6 GeV electron
beam on an aluminum target, with a geometry representative of
the BDX experiment. The flux is restricted to ALPs with
trajectories pointing toward the forward detector. The contribu-
tions from different production mechanisms are shown sepa-
rately: Primakoff conversion from shower photons (green);
bremsstrahlung from shower electrons and positron (orange);
e"e” annihilation and Compton-like scattering from shower
particles (blue); bremsstrahlung (red) and photon fusion (purple)
from the primary electron beam.

For instance, in a scenario with equal couplings
(Cace = Cayy» €.8., the e-dominated scenario of Sec. II),
photon fusion surpasses bremsstrahlung to become the
leading primary process for axion masses m, > 20 MeV.

SHiP LLP Event Rates Comparison: Shower vs Primary

—®— c-dominated - Primary

~®— y-dominated - Primary
10" A =X - c-dominated - Shower

—% - y-dominated - Shower

Axions x f* / POT [GeV!]

10712 .
1072 107! 10°

m, [GeV]

FIG. 5.

In Fig. 5, we show the integrated ALP event rate in the
LLP limit for both primary and shower-only particles, at
several ALP masses. As in the histograms above, the yield
is weighted by the decay probability, the detector energy
threshold, and the angular acceptance. We render the result
coupling independent by factoring out the decay constant f
and normalizing to the particles on target. A flux enhance-
ment of O(10*) corresponds to an O(10) gain in sensitivity
at small coupling. For both experiments and both bench-
marks, the flux gain is pronounced—especially at lower
masses, where the broader phase space enables substan-
tially more ALP production.

For SHiP, electromagnetic cascades enhance the flux by
up to O(10°) in the photon-dominated scenario and up to
O(10*) in the electron-dominated scenario at the lowest
simulated mass (3 MeV). A comparably large enhance-
ment also appears at higher masses (30 MeV) in the
electron-dominated benchmark, primarily due to resonant
annihilation.

For BDX, the flux enhancement is at least O(10%) across
all masses for both e-dominated and y-dominated cou-
plings, with the same resonant feature at m, = 30 MeV in
the electron-dominated case.

B. Sensitivity projections

In Figs. 6 and 7, we show how the inclusion of
electromagnetic (EM) showers impacts the projected sen-
sitivity of the experiments, accounting for a substantial
increase in sensitivity in both electron-dominated and
photon-dominated benchmarks. The showers effectively
multiply the number of secondary particles (photons,
electrons, and positrons) within the target, opening up or
enhancing various ALP production channels. We estimate

BDX LLP Event Rates Comparison: Shower vs Primary

—@— c-dominated - Primary

~®— y-dominated - Primary
10" A =X - c-dominated - Shower

=~ ~-dominated - Shower

102

10°

1072 4

104

10-6
044

x
1010 /

10712 : - :
102 107! 10°

Axions x f* / POT [GeV]

Comparison between the primary-only and the shower-induced coupling-independent weighted event rates in the LLP limit for

different axion masses for SHiP (left) and BDX (right). As above, the axion count has been weighted by decay (in the LLP limit),
geometry, and energy acceptance. In both panels, as the mass is increased, the ability of softer shower particles to produce axions is
diminished, and production rates from the showers becomes smaller (in the case of SHiP) than the primary-only estimates for masses

greater than 1 GeV.
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SHiP sensitivity projection: e-dominated couplings
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SHiP sensitivity projection: y-dominated couplings
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FIG. 6. Projected sensitivity for five signal events for the SHiP experiment for the electron-dominated (left) and photon-dominated
(right) ALP coupling scenarios, assuming an integrated 6 x 10?° POT and an energy acceptance threshold E,, = 200 MeV. The green
shaded region shows the sensitivity for ALPs generated by primary photons arising from neutral meson decays. The solid lines show the
individual contributions from shower-induced processes: Primakoff (orange), bremsstrahlung (blue), and resonant annihilation/
Compton scattering (purple). The total sensitivity, combining primary and shower contributions, is shown by the dashed black line, with
the gray shaded area indicating the full parameter space covered. For the photon-dominated case, we do not show the bremsstrahlung,
and resonant annihilation/Compton scattering lines since they are subdominant with respect to all the other processes.

BDX sensitivity projection, e-dominated couplings
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BDX sensitivity projection, y-dominated couplings
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FIG. 7. Projected sensitivity for five signal events for the BDX experiment for the electron-dominated (left) and photon-dominated
(right) ALP coupling scenarios, assuming an integrated 10> EOT and an energy acceptance threshold E_, = 300 MeV. The green
shaded region represents the contribution from ALPs generated by the initial electron beam, and it is obtained by summing the
contributions from the bremsstrahlung (dotted green line) and the EPA y-fusion process (dot-dashed green line). The solid lines show the
contributions from the subsequent electromagnetic shower: Primakoff (orange), bremsstrahlung (blue), and annihilation/Compton
(purple). The total sensitivity is shown by the dashed black line, which encompasses the gray shaded region. For the photon-dominated
scenario, we do not show the bremsstrahlung, and resonant annihilation/Compton scattering lines since they are subdominant with
respect to the Primakoff channel.
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the sensitivity of each experiment using Eq. (35), and
drawing Ngyens = 5 contours. The dependence on the
assumed signal yield threshold (5, 10, and 100 events) is
shown in Appendix D. In ALPETITE, the function compu-
te_and_save_sensitivities can very easily compute sensi-
tivity curves for any number of events desired and/or
particles-on-target.

Many searches for beyond the standard model physics at
SHiP are anticipated to be nearly background-free [17]. The
search for long-lived ALPs originating from the electro-
magnetic cascade is expected to share this characteristic.
Indeed, preliminary analyses show no significant accumu-
lation of background events at low track momenta [50].
Nevertheless, the precise background rate remains subject
to final determination.

A core design principle of BDX is the achievement of a
nearly background-free environment. This is accomplished
mainly by placing the detector far downstream of the
dump, behind significant earth shielding, to suppress beam-
related backgrounds. Consequently, searches for light dark
matter are projected to be exceptionally clean. Extensive
Monte Carlo studies have validated this approach, demon-
strating that beam-related backgrounds and cosmogenic
rays are reduced to negligible levels by the shielding and
active veto systems, respectively [21]. While these simu-
lations are robust, the final background budget is subject to
verification, and initial in situ measurements from the
BDX-MINI prototype have confirmed the effectiveness
of the background mitigation strategies [51].

For the SHiP experiment (Fig. 6), which uses a proton
beam, the primary source of high-energy SM particles
capable of producing ALPs are the neutral mesons
(7%, 7, 1') that decay into photons. In the photon-dominated
scenario (right panel), the sensitivity is driven by the
Primakoff process. As already pointed out in previous
studies [16,19], the primary photons from meson decays
provide a strong baseline sensitivity (green region). How-
ever, as these photons initiate EM showers, they generate a
much larger flux of lower-energy secondary photons,
which in turn produce ALPs. This shower contribution
(orange line) substantially improves the sensitivity, par-
ticularly for lower ALP masses (m, < 100 MeV), where
the phase space for production by lower-energy photons is
larger.

The effect is even more dramatic in the electron-
dominated scenario (left panel). Here, electron-coupling-
dependent channels—Ilike bremsstrahlung or resonant
annihilation—are not available to primary photons. The
sensitivity from primary photons alone (green region)
cannot take advantage of the very efficient resonant
annihilation channel (electron bremsstrahlung also plays
an important role at lower masses). Once showers are
included, the primary photons generate a cascade of
secondary electrons and positrons. These secondaries then

become a powerful source of ALPs via bremsstrahlung
(blue line) and resonant annihilation/Compton (purple
line). These shower-induced channels completely dominate
the sensitivity for m, < 100 MeV, extending the reach in
1/f by more than an order of magnitude.

Because the shower particles have smaller energies, the
resulting axion event yields are more sensitive to energy
cuts compared to those coming from the highest energy
primary particles. Nevertheless, in Appendix C we find that
significant enhancements in sensitivity are obtained even
when one requires E ., ~ GeV.

For BDX (Fig. 7), the primary particles are electrons. In
the electron-dominated scenario (left panel), the primary
electrons can already produce ALPs via either bremsstrah-
lung or photon fusion [cf. Eq. (37) for an estimate of the
relative importance of the two processes]. The shower
simulation enhances this by tracking the multiplication
of electrons and positrons as they traverse the dump.
Consequently, the shower-induced bremsstrahlung (blue
line) and annihilation/Compton (purple line) contributions
provide the dominant sensitivity for lighter masses.
Notably, the Primakoff contribution from on-shell photons
dominates for m, > 100 MeV, and already overcomes the
(shower) bremsstrahlung contribution for m, > 20 MeV,
in analogy to the primary case [cf. Eq. (37) and discus-
sion below].

In the photon-dominated scenario for BDX (right panel
of Fig. 7), the primary sensitivity curve is essentially
dominated by the photon fusion process, across all the
masses. Nevertheless, the electromagnetic cascade from the
primary electrons generates a large number of photons,
enhancing the ALP yield from the Primakoff process
(orange line). As a result, the total sensitivity is increased
by the shower-induced contribution, improving the reach
across the entire mass range and at high masses.

In Fig. 8 we compare our projected sensitivities to other
constraints in the literature. To ease comparison, we choose
the photophilic scenario in which ¢, = 0 and one con-
siders only tree-level production involving the ¢, vertex.
As we saw above, this scenario is essentially equivalent to
the y-dominated one in Sec. II; it naturally arises when the
ALPs are coupled only to photons in the UV (e.g., at the
weak scale) and the induced electron coupling at lower
scales is so small that it can be neglected. For consis-
tency with the results quoted in the literature, we recast
all the bounds in terms of the dimensionful coupling
Gayy = 7 (cqyya/m), where we use the on-shell coupling
a! = 137.036, and take c,,, = 1 in converting between f
and g,,, (other choices of c,, are obtained by trivial
rescalings).

As emphasized in Fig. 1, the sensitivity derived herein
for SHiP is stronger, and therefore covers more parameter
space than past literature [7,16]. The sensitivity curve
for BDX derived here is, to the best of our knowledge,
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Bounds and Projections for - only coupled ALPs
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FIG. 8. Comparison between our sensitivity projections for SHiP (black solid line) and BDX (black dashed line) with other relevant
bounds (colored shaded regions) and projections (colored dotted lines) in the literature. We use g,,, = f -1 Cayy@/ 7, and we set ¢, = 0
(the same conventions as Fig. 1). Starred bounds were computed without taking into account any enhancement from secondary
production. Sources: PrimEx (projection only, current bound not shown) [52], BABAR [53], NA64 [54], FASER (57.7 tb~!) [55], EIC
Prompt (10 fb~! line) and EIC Displaced (S, = 100, [10, 100] cm line) [56], Belle II [57], NuCal [16,58,59], DarkQuest (10'® POT)
[25], MiniBooNE Beam Dump [13,60], E137 [53], DUNE (GAr, 1 yr line) [11], SNe Cooling and CCSNe (1B line) [61], BBN + N
[62], GW170817 fireball bound [63]. LUXE-NPOD Phase-I [64] projection curve is not shown since it is very close to DarkQuest.

new. We find that the BDX collaboration will be able to  however, the quoted limit ends at a low enough mass such
probe currently untouched parameter space, reaching up  that coherent production dominates over incoherent pro-
to m, 2 1 GeV. duction and we expect their constraint to be reliable.’

At lower masses (below roughly m, <200 MeV) the Reanalyses of CHARM [16,65] and NuCal [16,58] have
regime in which we have derived enhanced sensitivity is  not included showers in the modeling of axion production
largely covered by astrophysical constraints (in particular  in the target, and so we expect those experiments to have
those stemming from supernovae). Nevertheless, the pro-  somewhat stronger reach than that shown in Fig. 8. The
jections derived herein are complementary, and perhaps  effects of the electromagnetic cascade are less dramatic
most importantly, can be obtained in a laboratory setting. ~ when recasting old analyses due to their higher energy
Moreover, for m, 2z 70 MeV all of SHiP, BDX, and  cuts. For example, at E137 the observed signal in the
DUNE [11] are capable of probing axion-photon couplings  downstream detector was required to have energy greater

Gayy S 2 % 1077 GeV~! corresponding to axion decay con- than 1 GeV [15]. This effectively truncates the shower

stants above the weak scale f ~ 10 TeV. despite a growing photon multiplicity at lower energies (see
Among the existing limits in the literature, some have  Fig. 14 of [15]).

incorporated electromagnetic cascades and others have In summary, we expect modest improvements to the

not. For example, the E137 collaboration performed a  sensitivity derived from old experimental data through the
Monte Carlo simulation of the electromagnetic shower in  inclusion of electromagnetic showers, but the gains are
their aluminum and steel target station [15]. To the best of

our understanding, their simulation did not include the 3Only the long-lived limit was analyzed in [15], whereas the
incoherent Primakoft-like production discussed above; effect of attenuation due to decays was added later in [53].
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somewhat limited by the typically large energy cuts applied
in these old analyses. This lesson is important for upcoming
experiments. As discussed in [33], the SHiP experiment
may be able to substantially extend its sensitivity by
lowering its analysis thresholds. If BDX can achieve
sub-300 MeV thresholds, this would also benefit their
search for axionlike particles.

VI. CONCLUSIONS

Axionlike particles are a well-motivated lamppost for
new physics at very high scales. Being pseudo-Nambu-
Goldstone bosons, they are naturally expected to be light,
and when their decay constant is set by the high scale of
new physics, they are further expected to be weakly
coupled. When ALPs couple to hadrons (as is necessary
for solutions of the strong-CP problem), they are efficiently
searched for using direct production from meson decays or
hadronic collisions. If, however, ALPs couple predomi-
nantly to leptons and/or electroweak gauge bosons in the
ultraviolet, then leptonic and electromagnetic probes are
best suited for their discovery.

In this work, we have investigated both proton and
electron beam dump experiments in detail. We find that the
electromagnetic cascade will essentially always dominate
the production of “hadrophobic” ALPs. Furthermore,
enhancements relative to naive estimates based on the first
radiation length are so large that, in fact, electromagnetic
cascades can compete with hadronic production even if
gluon couplings are only somewhat smaller than photonic
couplings (say by a factor of five). Such a hierarchy can
easily arise from a modest number of color-neutral fer-
mions in the ultraviolet carrying electroweak quantum
numbers.

Our main conclusions are as follows: when electron
couplings are absent at tree level, all electromagnetic
phenomenology is dominated by the photon coupling.
This statement holds essentially independently of the axion
mass. By way of contrast, when electron couplings
are present at tree level they induce photon couplings,
which are capable of competing with electron-initiated
processes. This crossover occurs around m, ~ 100 MeV
with Primakoff production dominating above this mass and
resonant annihilation dominating below it.

In summary, our results demonstrate that electromag-
netic cascades are not merely a correction, but an essential
component for accurately estimating the sensitivity of beam
dump experiments to ALPs, in both electron- and photon-
dominated scenarios. This was well understood by the
E137 collaboration [15], but it is often missing from
sensitivity projections for upcoming experiments. This
mirrors similar conclusions in the context of dark photon
searches where resonant annihilation and the electromag-
netic cascade more generally can dramatically enhance
sensitivity at the weakest couplings accessible to the
experiments [10,33,36,42,42-44].

Methodologically, our simulation framework goes beyond
the simple one-dimensional approximation to shower devel-
opment often used in the literature. By tracking the full
electromagnetic cascade through PETITE—including trans-
verse dynamics, multiple scattering, and realistic secondary
production—we accurately predict angular distributions and
thereby determine detector angular acceptances in realistic
geometries.

While we have focused on SHiP and BDX, this lesson
also applies to recasts of old experiments. For example, the
sensitivity of NuCal [58] and CHARM [65] has likely been
underestimated in the literature [16,53,66]. It would there-
fore be interesting to revisit the limits from these past
experiments, including the missing production mechanisms
discussed above.
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APPENDIX A: INELASTIC PRIMAKOFF-LIKE
SCATTERING

In this appendix, we assess the impact of including
inelastic Primakoff-like scattering—encoded by the inelas-
tic nuclear form factor G,;, from Eq. (12)—on the
predicted ALP flux at SHiP. This production channel is
often neglected in the literature but can provide a non-
negligible contribution to the total rate. Figure 9 quantifies
this effect by showing the ratio of the projected ALP flux
calculated with the full form factor to that calculated with
the coherent term alone (G jpe) = 0).

For both primary photons from meson decays and
secondary photons from electromagnetic cascades, the in-
elastic channel provides an O(1) enhancement. This effect
is most pronounced at higher ALP masses, as the larger
momentum transfer required for production preferentially
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Full vs Elastic Primakoff LLP Flux Ratio
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FIG. 9. Ratio of the projected downstream ALP flux (in the
LLP limit) at SHiP calculated with and without the inelastic
Primakoff form factor (G, ), for y-dominated couplings. The
enhancement is shown separately for ALPs produced by primary
photons from neutral meson decays (blue) and secondary photons
from electromagnetic showers (orange). The inclusion of inelastic
scattering provides an O(1) enhancement to the flux, which
becomes increasingly significant at higher ALP masses.

probes the inelastic regime where the nucleus breaks up.
Because this enhancement depends fundamentally on the
effective  ALP-photon coupling, a comparable gain is
expected in the e-dominated scenario. While a factor-of-
a-few increase in flux leads to only a modest shift in the
final sensitivity contours, it is a crucial correction for
accurately predicting event rates, particularly for heavier
ALPs and for experiments using lighter target nuclei.

APPENDIX B: MONTE CARLO PRODUCTION
WEIGHTS

In the following, we describe how we computed the
production weights w4 for each process described in
Sec. III. For initial particles with primary weights wy;p,
(e.g., SHiP primary photons), the production weight is
simply multiplied by the value of the primary weight given.

Primakoff. Primakoff production is controlled by
nuclear and atomic (squared) form factors G, (Q?),
Gainet(0?) < 1, defined above in Egs. (11) and (12). It
is therefore convenient to compute the relevant cross
section where the sum of these two factors is set to unity
and subsequently apply a “screening weight” i.e.,

GZ.inel ( Qz)

e GG

op
Wprodi = — G2,el(Q2) +
OsM

where op is computed for an infinitely heavy, pointlike, and
unscreened nucleus of charge Z. We will refer to this as the

“Born-Primakoff cross-section,” in formulas

S 2220‘3|5aw|2/QidQ2
F f 3R2ra?  Jpo

x (0 +20%(m = 20°) + m3)/ Q"

= agggzZ [(1 + ) log <ﬂ> - Zﬂ] . (B2

1-p

where g, = at,,/nf, p=p,|/o=+/1-mi/w* and
the kinematic boundaries are 02 = (@ =+ |p,|). The Q? of
the axion is sampled according the Born-Primakoff differ-
ential cross section [given in Eq. (7)]. This ensures that the
expected value for wy,q corresponds to the full screened
cross section. In formulas,

2 do 2 .
2fdQ d—QI;F(Q ) _ G%reened . (8Y)

Osm fszgiQ’; Osm

<Wprod.i> =

where F(Q?) = Gp0(0%) + Gpjna(Q°)/Z.

For an incident electron beam, the photon fusion process
e"Z — e Za is simulated using the equivalent photon
approximation (EPA). From each primary electron of
energy E,, a fixed number of g, virtual photons are
drawn to represent the EPA flux. The energy fraction of
each photon, x = w/E,, is sampled from the probability
distribution proportional to the EPA spectrum, dN,/dx,
defined in Eq. (17). This sampled photon is then fed to the
Primakoff production pipeline described above. The pri-
mary weight assigned to each photon is the total integrated
photon flux per electron, divided by the number of samples,

1 X 0.42

" dx(dN, /dx) & ,

Ngamples

WEPA = (B4)

nsamples Xmin

where we used E, = 10.6 GeV, x,;, = 50 MeV/E,, and
Xmax = 0.99 for BDX simulation. In addition, the virtuality
of the photon, Q?, is sampled log uniformly between its
kinematic limits, Q2. = m2x?/(1 — x) and Q2,, = x*E2.
While the on-shell approximation is used for the Primakoff
cross-section calculation, the sampled virtuality is kine-
matically relevant as it dictates the scattering angle of the
equivalent photon and is crucial for applying angular
acceptance criteria. The final MC weight for the axion
produced by photon fusion is the product of the two,
WEPA X Wprod, i

Dark bremsstrahlung. The kinematics of axion produc-
tion by bremsstrahlung is identical to dark vector produc-
tion; moreover, the squared matrix elements are similar [cf.,
Eq. (19)]. This means that we can simply rescale the weight
wy of dark vectors sampled by PETITE by the ratio of
differential cross sections,
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3
do, %a
3 V-
d GV

(BS)

Wprod,i =

The differential cross section used in PETITE is given by
Eq. (10) in [67] (which makes use of results from [68,69]),

Fo_ _SOKBGHO (1 [y, I
drdcos@dr  plk—p| 2 \2z)y “Pism?)

(B6)

and it is derived by the following interaction Lagrangian

Ly = eyeA,pyty. (B7)

In more detail, 5- [2* dg,|Ay|* is given by
AY 4y Ay + Wll/zA(V‘1> + W§/2A<V‘2>, (BS)
where the different contributions are defined in

Egs. (15)-(18) of [67] and the equations above. The
differential cross section for the axion is given by making

the substitution Ag) — Ag,i) in the ¢, integral, as follows

4M?
Ay - Ay ==,

. (B9)

_4aMm

==
+ 2E0t(m§ —x(m? + ﬁ))
+ M(m2t + 2i?)],

AP - 4D [—4E2Mm?(x — 1)

(B10)

_4M

o
— 2Eqt(m2(x = 2) + iix)
+ M(2m3t + %)),

AGY S Al [E2(8Mm2(x — 1) — 4M1:2)

(B11)

AVY = ATY = 4M[m2(—4E3M + 2Eot + M1)], (B12)
where the effective interaction Lagrangian we are using is

[’u = eaeal/_/ySI//v (B13)
with €, =2m,cu./ef, Caee/f being the coupling in
Eq. (1). Recall that the derivative [Eq. (1)] and the
pseudoscalar [Eq. (B13)] interactions are equivalent at
leading order in a/f [70].

Annihilation and Compton. In these cases, since both
processes have cross sections proportional to the spin-
averaged square amplitude (|My|?), the Monte Carlo
weights of the dark vectors wy are just rescaled by the
axion cross sections (|M,|?), in formulas

(M%) & m
Mal /e T
Ve 2(m? +2m?)

(IMy?)

where m = my = m,, and we used the same interaction
Lagrangians in Egs. (B7) and (B13).

Worod.i = Wy, (B14)

APPENDIX C: ENERGY THRESHOLDS AT SHIP

In Figs. 10 and 11, we analyze the impact of changing
the energy threshold acceptance at SHiP as well as the
effect of the geometric acceptance on the observed flux. As
discussed in [33], the SHiP collaboration can optimize
sensitivity to cascade produced long-lived particles by
modifying their analysis strategy. In particular lower-
energy thresholds are important to profit from the resonant
annihilation of high energy positrons with atomic electrons.

In Fig. 10, we show different sensitivity curves at SHiP
for different energy cuts, in the electron-dominated sce-
nario (left panel) and photon-dominated one (right panel).
In the electron-dominated benchmark, the main effect is to
impact the resonant annihilation sensitivity, which is one of
the dominant active channels at lower masses. Indeed, the
peak of the resonant flux lies at

m2 m 2
E ~—2~100 MeV 4 )
g ¢ <10 MeV>

For energy cuts E <300 MeV, the sensitivity lower
bounds for m, > 30 MeV are not affected, and for lower
masses, the shower gain at small couplings is still of O(10),
even for thresholds as large as E,; ~ 1 GeV. In the photon-
dominated scenario, Primakoff is the leading production
channel. The effect of the different energy cuts is to
suppress the flux (and therefore the gain in sensitivity)
for smaller masses.

Figure 11 illustrates the progressive application of
experimental selections to the ALPs flux in the LLP limit
produced via Primakoff conversion for both primary
photons and electromagnetic showers. The first panel
shows the raw production spectrum (rescaled by f?) for
various ALP masses m, =3-1000 MeV, exhibiting
a pronounced enhancement at low masses due to the
abundance of soft photons in the shower spectrum that
efficiently convert when m, < E,. The second panel
includes the decay probability weight in the LLP limit
Waecay ® L/A; < 1/ f*, which suppresses the high-energy
tail where boosted ALPs escape the fiducial volume before
decaying. The third panel incorporates the geometric
acceptance weight Wee,n, introducing a sharp low-energy
cutoff at E, ~m, /0.« where 0., is the angular accep-
tance of the decay volume. As the ALPs’ three-momentum
goes to zero, they become increasingly transverse and
fail the angular selection. The resulting peaked distribu-
tion represents the kinematically accessible phase space
bounded by geometric acceptance at low energies and

(C1)
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SHiP E.y dependence: e-dominated couplings SHiP FE., dependence: y-dominated couplings
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FIG. 10. Sensitivity curves of SHiP for five signal event in the electron-dominated (left panel) and photon-dominated (right panel)
benchmarks with different energy cuts applied. The green shaded region shows the sensitivity for ALPs generated by primary photons
arising from neutral meson decays. The solid, dashed, and dotted black line are indicating the full parameter space covered including the

shower contributions for E., = 100, 300, 1000 MeV, respectively. We observe (almost) no dependence on the energy cut for the
primary reach.

o Axion Flux Comparison, -dominated couplings 10t Axion Flux Comparison, "(-domina‘ted couplings Axion Flux Comparison, y-dominated couplings
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FIG. 11. Evolution of the ALP flux through successive application of weights for m, = {3, 10, 30, 100, 300, 1000} MeV; note that we
work in the LLP limit, and scale out 1/f* such that weights can be greater than unity. Left panel: Raw production flux, i.e., with Wprod
only, from Primakoff conversion (from both primaries photons arising from neutral meson decay and secondary photons arising from
electromagnetic showers) showing enhanced production for lighter ALPs due to the abundance of soft photons in the showers. Middle
panel: Decay-weighted flux in the LLP limit (Wyroq X Wgecay)> With high-energy suppression from ALPs escaping the decay pipe; note
that wgeeay is greater than unity because 1/f has been factored out. Right panel: Downstream predicted flux including the angular
acceptance of the detector (Wprog X Weecay X Weeom)> With no energy cut applied. The interplay between geometric acceptance and decay
kinematics creates a characteristic double-cutoff structure that shifts to higher energies for heavier ALPs. All fluxes are normalized per
POT and made coupling independent by rescaling by the appropriate powers of f.

decay length considerations at high energies, with the APPENDIX D: Ny;, DEPENDENCE
peak position shifting to higher energies for heavier
ALPs as expected. For SHiP geometry, 0,,,x ~ 0.1 which
implies that E., ~ 10m,. Therefore, in order to fully

Throughout the main text we present baseline projec-
tions assuming background-free operation and a discovery
threshold of Ny, =5 signal events. Since this choice is
profit from the shower enhancement for a fixed axion  somewhat conventional, in this appendix we show how
mass m,, the optimal cut for maintaining the signal is  the projected reach changes as the required signal yield
E.y < 10m,. A detailed study of signal vs background is  is varied. Figures 12 and 13 display the projected sensiti-
required to understand the optimal cuts for a full exper-  vity contours for Ng, =5, 10, and 100 events for SHiP

imental analysis. and BDX, respectively, for both ALP coupling scenarios
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SHiP N, dependence: e-dominated couplings
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FIG.12. Ny,

ALP coupling scenarios. We show contours corresponding to N.

SHiP N, dependence: y-dominated couplings
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dependence of the projected SHiP sensitivity for the electron-dominated (left panel) and photon-dominated (right panel)
=5 (solid), N, = 10 (dashed), and N, = 100 (dotted) signal

sig —

events, assuming an integrated 6 x 10%° POT and an energy acceptance threshold E,, = 200 MeV.

BDX N dependence: e-dominated couplings
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FIG. 13.

ALP coupling scenarios. We show contours corresponding to N.

BDX Ny dependence: y-dominated couplings
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Ny, dependence of the projected BDX sensitivity for the electron-dominated (left panel) and photon-dominated (right panel)
=5 (solid), N4, = 10 (dashed), and N, = 100 (dotted) signal

events, assuming an integrated 10> EOT and an energy acceptance threshold E, = 300 MeV.

considered. As expected, the large-coupling boundary is only
weakly affected by the choice of N, since it is primarily set
by the requirement that the ALP survive to the detector
(lifetime/geometry), while the small-coupling region is rate
limited and shifts more noticeably as N, is varied.

APPENDIX E: PRIMARY PHOTON SPECTRA
USED TO SEED THE SHIP CASCADE

In the SHiP projection, the electromagnetic cascade is
seeded by primary on-shell photons produced predominantly

in neutral-meson decays (e.g., 7° — yy) in the target. To
generate the cascade efficiently, we draw a random sub-
sample of size Ngy, from the full generated photon
population of size Ny and assign them Monte Carlo
weights [cfr. Eq. (36) and related discussion] such that the
subsample is a statistically representative proxy for the
primary distribution.

Figure 14 shows the resulting photon energy and trans-
verse-momentum spectra for a sampled list used to seed
one of the cascade simulations, together with a diagnostic
comparison to the parent population. The histograms show
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Sample (N=5000) vs Parent Population (N=_844184)
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FIG. 14. Primary-photon spectra used to seed the SHiP cascade simulation. The photon list shown is a random subsample of
Ngamp = 5 X 10° photons drawn from a parent population of size Nparent» Which constitute all the photons obtained from the 10°pp
Pythia’s collision simulations. Left panel: photon energy spectrum. Right panel: photon transverse-momentum spectrum. Histograms
show the observed subsample counts, while the curves show the expected counts obtained by scaling the parent-population distributions
to the subsample size, Ngump/ N parent- Both panels use logarithmic binning on the horizontal axis. Photons with £ < 50 MeV have been

removed from the sampled list.

the observed subsample counts, while the curves show the expected counts obtained by scaling the parent distributions by
Namp/ Nparent- The good agreement verifies that the sampled photon list used as the cascade input reproduces the parent

distributions.
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