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Previous studies have shown that cascade production in the thick target of the Search for Hidden
Particles (SHiP) experiment may substantially enhance the number of light long-lived particles (LLPs)
decaying in the fiducial volume. However, cascade-produced LLPs are typically soft, so daughter-level
acceptance and reconstruction effects can strongly suppress the observable event rate. We quantify this
suppression for two representative cases: photophilic axionlike particles (ALPs) produced in electromag-
netic cascades and heavy neutral leptons (HNLs) produced in decays of secondary kaons. We combine a
semianalytic event-rate calculation with a detector-level study of ALP reconstruction in the electromagnetic
calorimeter. For the nominal SHiP detector design, cascade ALPs give at most a moderate enhancement
over primary production and only at the lightest masses; at higher masses, the cascade contribution
becomes subdominant or negligible. For HNLs from secondary kaons, the cascade contribution is already
subdominant after imposing daughter-level geometric acceptance. We also identify possible ways to
recover part of the cascade event rate, including relaxed event-selection criteria and an active decay-volume

subdetector.
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I. INTRODUCTION

Hypothetical particles with GeV-scale masses and tiny
couplings to Standard Model (SM) fields may address
several open problems in particle physics [1-7]. Despite
their small couplings, such particles can be efficiently
produced at accelerator experiments operating at much
higher energy scales [6,8—14] and can be searched for using
a wide range of techniques and signatures [15-26]. They
are often referred to as long-lived particles (LLPs).

The upcoming Search for Hidden Particles (SHiP)
experiment at Super Proton Synchrotron (SPS) [27,28],
to be built at the SPS North Area, is one of the flagships in
exploring the parameter space of GeV-mass LLPs via the
signatures of displaced decays and scatterings, for a broad
range of LLP scenarios [19,22,25]. This is achieved
through a very high intensity of the SPS proton beam
with the relatively large collision energy, together with
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excellent background suppression and close-to-optimal
detector geometry [29].

SHiP is currently in the technical design report (TDR)
phase [30], making detector-performance studies increas-
ingly important for realistic LLP signals and kinematic
regimes. Most SHiP sensitivity studies [27,31,32] assume
that LLPs are produced predominantly in the first inter-
action of the proton beam with the target. However, several
recent works [33-38] have shown that secondary inter-
actions inside the thick target can yield additional LLPs.
These cascade-produced LLPs are typically much softer
than those from primary production. It is therefore impor-
tant to assess whether their decay products remain within
the detector acceptance and can be reconstructed with
sufficient efficiency.

In this work, we study the SHiP detector response to
such low-energy cascade-induced signals. We extend
previous estimates in two steps. First, using a semianalytic
calculation, we evaluate the daughter-level geometric
acceptance, namely, the fraction of LLP decays for which
the visible decay products reach the relevant downstream
detector. Second, for the two-photon final state, we perform
a detector-level simulation and reconstruction study for
events passing this geometric requirement.

We consider two representative scenarios: axionlike
particles (ALPs) coupled to photons, which can be effi-
ciently produced in electromagnetic cascades, and heavy
neutral leptons (HNLs), which may be produced in decays
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of secondary kaons. The geometric-acceptance part of our
analysis can be generalized to other low-energy signals,
including vector particles such as dark photons or medi-
ators coupled to the L, — Ly current [36,37].

The paper is organized as follows. Section II describes
the SHiP experiment and the baseline selection criteria.
Section III reviews the main sources of cascade-produced
LLPs in the thick SHiP target. Section IV summarizes
existing estimates and their limitations for low-energy
cascade signals. Section V presents our calculation of
the LLP fluxes, geometric acceptance, and reconstruction
efficiency. Section VI contains the main results and dis-
cussion: for ALPs, we compare the semianalytic accep-
tance estimate with the detector-level reconstruction study,
quantifying the impact of the electromagnetic calorimeter
(ECAL) acceptance, clustering, and impact-parameter
requirements, and discuss possible ways to improve the
sensitivity to low-energy two-photon signals; for HNLs, we
show that the cascade contribution becomes subdominant
once daughter-level geometric acceptance is imposed. We
conclude in Sec. VIL

II. SHIP EXPERIMENT

The SHiP experiment is a proposed beam-dump facility
at the CERN SPS designed to search for feebly interacting
particles (FIPs) with macroscopic lifetimes. The experi-
ment will use a slow-extracted proton beam with momen-
tum 400 GeV and an annual intensity of about

NPoTz4X 1019, (1)

directed onto a compact high-Z target. A representation of
the experiment is shown in Fig. 1. The target serves as both
the production point for hidden-sector particles and the
primary beam dump. It has a transverse size of order
30 x 30 cm and a longitudinal depth of order 1.2-1.4 m,
corresponding to approximately 12 nuclear interaction
lengths. The baseline design uses a dense tungsten-based
core. This choice maximizes the production of heavy
mesons and photons, while suppressing pion and kaon
decays in flight, thereby reducing the neutrino and muon
backgrounds entering the detector region.

Immediately downstream of the target, the experimental
layout contains a hadronic absorber and a magnetic muon
shield. Their purpose is to absorb secondary hadrons and to

Final state particles

Decay
spectrometer

I
Decay volume and
background taggers

FIG. 1. Representation of the SHiP detector overlayed with a
two-body FIP decay.

Calorimeter

sweep away the intense flux of muons produced in the
dump before these particles can reach the hidden-sector
decay volume. This shielding system is essential for
achieving the low-background environment required for
searches for displaced visible decays.

The hidden-sector decay volume starts at z ~ 33 m and
ends at z ~ 83 m, giving a fiducial length of approximately
50 m. Its geometry is approximately that of a truncated
pyramid, aligned with the beam axis. The transverse
opening is about 1 x 3 m at the entrance and expands to
about 4 x 6 m at the downstream end. The volume is filled
with a helium balloon to minimize secondary interactions
in the material while maintaining a large geometrical
acceptance for long-lived particle decays.

A magnetic spectrometer composed of four straw-tube-
based tracking stations is located downstream of the decay
volume, after a small ~1 m gap. In the current layout, the
spectrometer system occupies approximately the region

84 <z<95 m. (2)

It consists of a large-aperture dipole magnet and four low-
mass tracking stations, arranged with tracking stations
before and after the magnetic-field region. The magnet
has an aperture of approximately 4 x 6 m and provides a
field integral of [B dl~0.6-0.8 Tm, with a peak field of
about B~0.15 T. The curvature of charged-particle tra-
jectories in the magnetic field provides the momentum
measurement, while the reconstructed tracks are used to
determine the decay vertex, the impact parameter with
respect to the production target, and the invariant mass
under the relevant particle-identification hypotheses.

A timing detector is placed immediately downstream of
the spectrometer, around z ~ 95 m. It provides precise time
information for charged tracks and helps reject accidental
combinations of particles from uncorrelated backgrounds.

The ECAL begins at z~955m and ends at
7= 97.32 m. Its transverse dimensions are approximately

AECAL ~4.32 x 6.48 m. (3)

It uses the SplitCal detector concept [39,40], which
provides electron and photon identification, measures
electromagnetic shower energies, and reconstructs shower
directionality. In combination with the spectrometer, it is
crucial for reconstructing final states containing electrons
or photons, including two-photon signatures and partially
reconstructed hidden-sector decays.

The calorimeter is composed of scintillator bars and
three high-precision layers based on scintillating fibers to
improve angular resolution. The full detector comprises 46
layers, with a 1 m longitudinal gap separating the first five
X, from the remainder of the detector, with the high-
precision layers placed after 5 (right before the gap), 7, and
11 X,. An event display is shown in Fig. 2. The center of
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FIG.2. Eventdisplay of a reconstructed 10 GeV z° — yyevent.
The magenta and white lines correspond to the reconstructed
photon directions; the pink dot on the left panel corresponds to
the reconstructed vertex.

the calorimeter is placed 96.97 m away from the tungsten
target, which is also the origin.

Finally, the hadronic calorimeter (HCAL) is located
downstream of the ECAL. In the current layout, it starts
at 7~ 97.42 m and ends at z ~ 98.42 m, and it is arranged
as a 4, iron sandwich calorimeter sampled every 51, by
scintillator layers similar to the ECAL’s [40].

The HCAL provides muon and hadron identification and
measures the energy deposited by hadronic showers,
complementing the ECAL information in the downstream
particle-identification system.

The entire calorimeter system provides particle identi-
fication in excess of 99% true reconstruction for electrons,
charged pions, and muons.

A. Baseline selection criteria

Let us summarize the selection criteria on the events with
decaying LLPs used in previous SHiP studies, following
Refs. [27,28].

The central signature is a displaced-decay vertex recon-
structed from the visible decay products. The baseline
requirement is at least two reconstructible visible objects
with total electric charge zero, such as yy, ete™, unT, or
other states.

Charged decay products are required to be reconstructed
in the magnetic tracking spectrometer, which provides their
momenta, the decay vertex, and the main kinematic
information for charged final states. In the reconstruction
considered here, charged tracks are required to lie within
the acceptance of all four tracking stations of the spec-
trometer. The downstream particle-identification system,
consisting primarily of the ECAL and HCAL, is then used
to assign particle hypotheses and to reconstruct neutral
electromagnetic final states such as photons. Thus, the
spectrometer alone can reconstruct charged-track kinemat-
ics under assumed mass hypotheses, but calorimetry is
needed to distinguish electrons, hadrons, and penetrating

muonlike tracks and to reconstruct final states containing
photons or neutral hadrons. This particle-identification
(PID) information, together with timing, vetoes, and
topological requirements, is important for SHiP to operate
in a nearly background-free regime. In particular, relaxing
the PID requirements, for instance, by requiring electron
decay products to be reconstructed only in the spectrometer
without an ECAL match, would weaken background
rejection. For this reason, when quantifying the geometric
component of the decay-product acceptance, we require the
visible decay products to remain within the relevant down-
stream detector acceptance: the ECAL for electromagnetic
final states and the HCAL for hadronic or penetrating
muonlike final states.

The SHiP Collaboration studies summarize baseline
selection criteria that the decay products must pass to be
considered as a reconstructed decay event:

(i) Each visible decay product must have momentum,

or energy in the case of photons,

pdaughler > 1 GGV, (4)

where for photons this condition should be under-
stood as E, > 1 GeV.

(i1)) The reconstructed tracks or directions must be
compatible with a common displaced vertex, quan-
tified by a distance of closest approach (DOCA),

DOCA < 1 cm. (5)

(ii1)) The four-momentum of the LLP candidate, recon-
structed from the decay-product kinematics, is
extrapolated back toward the target; the correspond-
ing transverse impact parameter (IP) must satisfy

IP <25m. (6)

For fully reconstructible final states made of charged
particles (all decay products are reconstructed), this
requirement can be tightened to IP < 0.1 m.

After applying these selection criteria and requiring full
event reconstruction, the search for displaced decays is
expected to be effectively background-free. For the typical
kinematics of LLPs X produced in primary, noncascade
proton beam collisions, with energies Ey = 20 GeV [41],
the criteria (4)—(6) generically lead to an O(1) event
reconstruction efficiency, assuming that the LLPs mostly
decay into charged states [31,32]. See Sec. III for the
distinction between primary and cascade production.

Performance of the SHiP detector to reconstruct the
events with decays into a pair of photons has been studied
in a recent work [40], considering photophilic ALPs
produced in primary interactions as a concrete example.
For decays into a pair of photons, an additional effective
requirement is that the two photons be separated in the
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transverse plane at the ECAL entrance |Ar | by approx-
imately one Moliere radius,

|Arl| > er32 cm. (7)

The study confirmed good reconstruction efficiency for
events satisfying the selection (4)—(7). Based on its frame-
work, we will study how the reconstruction efficiency
behaves when relaxing the energy criterion (4) and the
impact-parameter criterion (6) (imposed in a tightened form
in the detector-level study, see Sec. V D?2), which is
important for secondary LLPs produced in cascade inter-
actions (see Sec. VI C). As we will show there, relaxing the
energy threshold is useful only in combination with a
relaxed impact-parameter requirement: on its own it recov-
ers very little signal, because the soft events it admits are in
any case removed by the impact-parameter cut.

In this work, we use these cuts as an illustration of how
the event rate depends on the selection criteria used by the
collaboration (see Sec. VIA 1), while the detector-level
study below also considers modified reconstruction
requirements. In particular, we avoid using a hard cut on
the photon’s energy. Instead, the detector-level study
derives the efficiency from the simulated ECAL response,
including cluster formation and reconstruction effects at
low photon energies; the background implications of this
choice require a dedicated study. Still, as we will see in
Sec. VI, the calorimeter reconstruction efficiency typically
decreases for lower-energy final states because the relative
energy and angular resolutions worsen.

III. PARTICLES FROM LOW-ENERGY CASCADES

The thick target of beam-dump experiments like SHiP
not only absorbs the primary proton beam but also initiates
an extended hadronic and electromagnetic cascade.
Throughout this work, we distinguish between the pro-
duction of LLPs via primary and cascade particles. We call
an LLP primary if it is produced in the first proton-target
interaction or in the prompt interaction (decay or scattering)
of particles produced in that interaction. We call an LLP
cascade produced, or secondary, if the Standard Model
particle responsible for its production is itself produced
later inside the shower.

Cascade production is therefore not a single mechanism,
but a collection of physically distinct source classes. One
important class is electromagnetic cascades, composed
mainly of photons, electrons, and positrons. These particles
may produce LLPs through Primakoff scattering, photon
fusion, electron or photon bremsstrahlung, or related
electromagnetic processes. The relevant LLP examples
include photophilic ALPs, dark photons, and vector medi-
ators coupled to lepton currents [35-38]. The defining
feature of this source is that the secondary particles are
typically much softer than the prompt photons from
neutral-meson decays, while still remaining relatively

aligned with the shower direction because electromagnetic
interactions are dominated by small momentum transfers.

Another class is formed by secondary long-lived mesons,
in particular, charged and neutral kaons [34]. These
particles may decay in flight before reinteracting or being
absorbed, producing LLPs through rare or weak decays.
Examples include HNLs produced in leptonic and semi-
leptonic kaon decays [11], as well as Higgs-like scalars and
ALPs produced in rare kaon decays [12,14]. Compared to
electromagnetic shower particles, secondary kaons have
broader angular distributions, and the probability that they
decay before absorption depends strongly on their energy.
As a result, the corresponding LLP flux is typically softer
and less forward than the flux produced by prompt charm
or beauty hadrons.

A further class is provided by secondary short-lived
mesons, such as 7°, 1, and 7. These cascade mesons are
typically softer and more broadly distributed than those
produced in the primary proton-target interaction. As a
result, the LLPs originating from their decays inherit a low-
energy, large-angle kinematic profile. Such contributions
are particularly relevant for light mediators produced in
meson decays, including dark photons, generic vector
mediators, and light dark matter candidates [33,35-37].

Finally, secondary interactions may also increase the
number of heavy mesons, such as D and B mesons. In this
case, the effect is more moderate: simulations of the SHiP
target indicate an enhancement of order ~1.5-2 for heavy-
meson production [42]. Moreover, the kinematic properties of
the resulting LLPs are closer to those obtained from primary
heavy-meson production than in the electromagnetic-cascade
or secondary-kaon cases. LLP production from decays of
secondary heavy mesons is therefore important for precision
estimates of the total sensitivity, but it is not the main source of
the low-energy reconstruction effects studied in this work.

A common feature of most cascade sources relevant here
is that they can increase the number of produced LLPs
while shifting the LLP spectrum toward lower energies.
This may enhance the probability that an LLP decays inside
the fiducial volume, since the decay probability in the long-
lifetime regime scales approximately as 1/yy. At the same
time, the lower boost increases the opening angles of the
visible decay products and makes them more vulnerable to
geometric acceptance of the detector, energy threshold,
deflection of charged particles by the spectrometer mag-
netic field, and reconstruction resolution. The observable
impact of cascade production is therefore controlled by a
competition between enhanced production and decay
probability, on the one hand, and detector-level suppression
on the other; we discuss this in more detail in Sec. IV C.

IV. EXISTING STUDIES

Several recent studies have investigated the impact of
cascade production on the SHiP sensitivity to light LLPs.
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These studies differ in the source particles considered, in
the treatment of the target cascade, and in the level at which
the detector response is modeled. In this work, we focus on
two representative cases that probe the low-energy regimes
where detector-level effects are expected to be particularly
important. Photophilic ALPs produced in electromagnetic
cascades test the case where the secondary source is
relatively forward but very soft. HNLs produced in kaon
decays test the case where the secondary source is both soft
and broadly distributed. The discussion and treatment of
other cascade-induced signals, such as vector mediators
produced in electromagnetic cascades [36,37] and Higgs-
like scalars or ALPs produced in kaon decays, are con-
ceptually similar to the strategy developed below.

A. ALPs coupled to photons

We first consider an ALP coupled dominantly to pho-
tons, typically described by the effective interaction

L, = Z—“aFWF””. (8)

Here, a is the ALP field, g, is the ALP-photon coupling,
F,, is the electromagnetic field-strength tensor, and
Frv =1emabF s s its dual.

At proton fixed-target experiments, such ALPs may be
produced through several mechanisms. Primary production

includes rare decays of neutral mesons

r+re
P—y+y+a,  P=xn1, )
photon fusion in proton-nucleus and proton-proton inter-
actions,

v
p+p(Z)—a+p+p(2). (10)
and the Primakoff process,

y+Z—->a+Z, y+p—a+p, (11)
initiated by photons produced in the primary proton-target
collision [41,43-45]. Various electromagnetic production
mechanisms may be initiated by secondary photons,
electrons, and positrons generated inside the target.

The dominant ALP decay is a — 2y. The probabilities of
other channels, like a — y + [T/~ and a — y + hadrons,
are at the level of O(1072) [46] and are therefore neglected.

Reference [38] studied the ALP flux induced by secon-
dary photons in the electromagnetic cascade inside the
SHiP target. The electromagnetic shower was generated
using PETITE [35], a lightweight Monte Carlo tool designed
to simulate electromagnetic cascades in thick targets and to
provide fast interpolated shower fluxes for dark-sector
production. In this framework, shower particles are

generated once and then used as input for different weakly
coupled particle production channels, avoiding a full
resimulation of the cascade for every model point. The
ALP flux was obtained with ALPETITE: channels with a
dark-photon analog were obtained by reweighting the
corresponding PETITE samples, while Primakoff production
was simulated with dedicated Monte Carlo samplers using
the shower particles as input.

The resulting event rate in Ref. [38] was computed by
assigning weights for ALP production and decay inside the
fiducial volume. Additionally, as a proxy of the decay
products acceptance, the trajectory of the ALP has been
required to be within 6, < \/Sgecvol/ (2 X Zger) = 0.029 rad,
where 74, & 83 m is the distance from the target to the
beginning of the SHiP spectrometer, and Sgecvo) ® 4 X 6 m
is the transverse area of the end of the decay volume. In
addition, the energy-threshold requirement of E, >
200 MeV has been applied to each generated ALP
candidate.

The authors found that the decay event rate from
secondary photons may exceed the rate from primary
production modes by a factor of order 50 for light
ALPs, while the enhancement decreases with increasing
mass and becomes of order unity around m, ~ 1 GeV. This
study, therefore, provides a concrete example of the general
cascade mechanism discussed above, in which an enhanced
low-energy source population competes with the detector
requirements needed to observe the LLP decay.

B. HNLs

We next consider HNLs coupled to the Standard Model
through mixing with active neutrinos. In a minimal gauge-
invariant description, these mixings arise from Yukawa
interactions of the form

Ly=Y,L,HN +H.c. (12)

Here, L,,a=e, p, v are the Standard Model lepton
doublets, Y, are the Yukawa couplings, H = ic,H* is
the conjugated Higgs doublet, and N is the HNL field. At
the scales well below the electroweak transition, the HNL
phenomenology at accelerator experiments is controlled by
its mass my and by the active-sterile mixing angles
U,~Y,w/(v/2my), with v being the Higgs vacuum
expectation value [11].

At SHiP, HNLs may be produced in decays of charm and
beauty hadrons, for example,

D—?¢,+N, D—->h+7¢,+N, (13)
and similarly,
B—?¢,+N, B—h+7?¢,+N, (14)
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where h = K, x, ... denotes a hadron. For the mass range
my < mg—m, and the HNLs mixing with v, ,, kaon decays
provide an additional source,

K== £ +N. (15)

For the 7 mixing case, the corresponding production mode
is kinematically inaccessible.

The HNL decay modes relevant for displaced-decay
searches include purely leptonic channels such as

N - f;f;;vﬂ, semileptonic charged channels such as

N — z+#}, and neutral channels such as N — z°

together with the corresponding
modes [11].

Secondary kaons have been studied as a source of HNLs
at SHiP in Ref. [34]. In that work, the kaon population
inside the target was obtained using a detailed Geant4
simulation [47-49]. The authors found that roughly 0.29
(0.07) of K* (K™) per proton on target decays in flight and
may produce HNLs pointing to the SHiP decay volume,
compared to produced yields of 8.01 (3.51). The rest of the
kaons are either absorbed through scatterings or decay at
rest, producing the flux of isotropic HNLs. As the decay
volume of SHiP covers a tiny fraction of the solid angle, the
at-rest decays contribute negligibly.

The estimates of the HNL decay event rate were
organized as follows. The authors simulated the decays
of the in-flight kaons into HNLs, propagated the HNLs to
the decay volume, and then simulated their decays. The
trajectories of the two visible decay products were then
required to intersect the cross section of the end of the
decay volume as a minimal decay-product acceptance
requirement, and each of them was required to
have p > 1 GeV.

The study found that, despite the small angular accep-
tance of HNLs from secondary kaons, the large kaon flux
and the reduced HNL boost may provide an additional
contribution to the SHiP sensitivity compared with the
contribution from charm and beauty meson decays alone.

Production from decays of secondary heavy mesons
gives another contribution to the total HNL sensitivity [41].
However, as discussed above, the enhancement of heavy-
meson production in the cascade is moderate, and the
resulting LLP kinematics are much closer to the primary
production case. For this reason, the present work concen-
trates instead on lower-energy kaon sources.

Below, we consider the HNLs mixing with v, for
numeric estimates. We comment on the mixing with v,
in Sec. VL

Vg,
charge-conjugate

C. Limitations of existing estimates

The observable number of cascade-induced LLP decays
is controlled by several distinct factors. In the long-lifetime
regime, a useful schematic comparison between the pri-
mary and cascade production is

-1
Nev,sec NX,prod,sec Sgeom,dec,sec <}/X,sec>
X
~
-1
Nev. rim NX, rod,prim € eom,dec,prim <yX rim>
P prod,p: g P P
€geom,det,sec x €reco,sec (16)

egeom,det,prim €reco, prim

Here, N proq 18 the number of produced LLPs, €g¢om dec 18

the fraction of LLPs intersecting the decay volume, (yx')
accounts for the decay probability in the long-lifetime
regime, €geom der 18 the probability that the visible decay
products remain inside the relevant detector apertures, and
€reco 18 the probability that the event can be reconstructed
with the required vertexing, pointing, invariant mass, and
particle-identification performance.

Existing cascade studies have addressed the first factors
in this expression in considerable detail. In particular, they
have estimated the secondary production rates, the angular
and energy distributions of the produced LLPs, and the
enhancement of the decay probability associated with the
reduced boost. However, the last two factors, €geom et and
€recosec» Were treated with approximate prescriptions.

First, for the low-energy cascade LLPs, requiring the
parent LLP to point toward the decay volume or a down-
stream plane does not by itself guarantee geometric
detector acceptance for the decay products. The visible
decay products must themselves remain inside the relevant
detector apertures. For a two-body decay into light par-
ticles, the typical opening angle grows as the boost
decreases, with A0 ~2/yy, with yy being the LLP’s y
factor. As a result, the daughter-level acceptance can be
strongly  suppressed for cascade-produced LLPs.
Qualitatively, the requirement for the decay products to
be within the ECAL acceptance is

AO < \ AECAL

™ AzxpcaL (17)
where Azxpcar > 12 m is the distance between the
coordinate of LLP decay to the entrance of the ECAL.
For the LLPs decaying at the beginning (end) of the decay
volume, this requirement leads to the criterion yy > 25
(yx > 95), eliminating the low-energy part of the LLP flux.

Second, the reconstruction efficiency may introduce an
additional suppression. Low-energy photons suffer from
the worst reconstruction in the ECAL due to the degraded
detector relative resolution, later showers, and worse
achieved angular resolution. Low-momentum charged
particles are more strongly deflected by the spectrometer
magnet and may fail to leave enough usable tracking
information for vertex and momentum reconstruction.
This is particularly relevant for HNLs from secondary
kaons, since many visible HNL decay modes contain
charged particles. In exclusive channels such as
N — 7T, the reconstruction also requires reliable
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momentum measurement and particle identification, or at
least a controlled assignment of mass hypotheses.

The purpose of the present work is to quantify the impact
of these effects for representative low-energy signals at
SHiP. We do not address an additional complication
associated with low-energy signals, namely, the possible
change in the background composition and rejection power.
We regard this as the next step in evaluating the SHiP
detector performance for cascade-induced signatures, to be
carried out once the signal is shown to survive daughter-
level acceptance and detector-level reconstruction
requirements.

V. OUR APPROACH

Our approach to calculating the event rates with the LLPs
is the following.

We use the fluxes of primary and secondary photons for
ALPs and kaons for the HNLs as input to generate the
angle-energy differential distribution of these LLPs. These
are used to conduct two different cross-validated studies.
Based on the semianalytic approach from Ref. [41], we
estimate the impact of the geometric acceptance of the
detector and the Monte Carlo truth selection criteria from
Sec. I A on the number of events. Then, in the case
of ALPs, where a more detailed investigation is needed
(see Fig. 11), we perform a detector-level simulation to
accurately calculate reconstruction efficiency, focusing on
the domain of low-energy events.

A. Fluxes of primary and secondary SM particles

1. Photons

We have generated the flux of the primary photons
originating from the decays of z°, 7 — 2y produced in the
interactions of the proton beam with the target. For this
purpose, we used calibrated Pythia8 on the data from
collisions of a 400 GeV proton beam with a thin target

10?2 }

101 -

E, [GeV]
&N, /do, dE,

10° 102 107! 1
0, [rad]

FIG. 3.

within 20% precision, see Ref. [44] for details. The primary
photons were used as an input in the ALPETITE tool from
Ref. [38] to generate the flux of secondary photons. The
public ALPETITE/PETITE setup contains the molybdenum
shower dictionaries needed for the validation run, whereas
the current SHiP documents assume a tungsten target. We
have therefore generated a dedicated tungsten PETITE dic-
tionary. This is done by reusing the existing 400 GeV
VEGAS adaptive phase-space maps and recomputing the
integrated cross sections and rejection-sampling maxima
for the tungsten material parameters. We keep photons with

(18)

following the ALPETITE benchmark setup. The normaliza-
tion of the cascade photons is fixed by the primary photon
yield,

E, > 100 MeV,

Wprim R 2 X (Nﬂo xBr(z® —2y)+ N, xBr(n > 27/)) ~ 8.8,
(19)

where N0, N, are the amounts of mother mesons per
proton on target,

N,or4.2, N, ~0.5, (20)
and a factor of 2 comes from the decay mode of these
mesons into a pair of photons.

The density plots of the angle-energy distribution of the
primary and secondary photons are shown in Fig. 3. We see
that the secondary photons are much softer on average;
namely, the energy of y’s flying in the direction of the SHiP
signal detectors (located at 6, < 0.044 rad) is (E, cusc)
1 GeV versus (Ey,prim> ~ 16.6 GeV. For the Primakoff
conversion, E, is an accurate proxy for the ALP energy,
E, ~ E, [see relation (22)], and hence this property trans-
lates to the primary and secondary ALPs.

10*

-

E, [GeV]
&N, /do, dE,

103 102 10! 1
0, [rad]

Angle-energy distribution dN,/d0,dE, for primary (left) and secondary (right) photons at SHiP, normalized per proton on

target. The SHiP target is assumed to be made of tungsten. See text for details.

056016-7



CLIMESCU, KYSELOV, and OVCHYNNIKOV

PHYS. REV. D 114, 056016 (2026)

Ey [GeV]

10

10° 102 10! 1
Oy [rad]

FIG. 4. Angle-energy distribution dNg/d6xdEy for charged
kaons K = K™ + K~ at SHiP, normalized per proton on target, as
obtained in Ref. [34] assuming a hybrid molybdenum-tungsten
SHiP target. The constantlike behavior of the energy distribution
with the polar angle 6y is caused by the extrapolation in the
domain of small 0x < 0k i, = 0.1, for which the binning of
Ref. [34] was not fine enough. Namely, dNg/dOgdEy~

0k (_dNg .
( T dEK) l0x0 - S€€ text for details.

Bk‘min

2. Kaons

For the decaying kaon flux and multiplicities, we will use
the results of Ref. [34]. The authors prepared the flux of
charged kaons assuming the molybdenum-tungsten target.
The flux may be somewhat smaller for the current SHiP
target design, which is made solely of tungsten.
Nevertheless, this is enough for obtaining qualitative
conclusions about the contribution of the cascade HNLs,
as we will show in Figs. 7 and 11.

The primary kaons have a small probability of decaying
before absorption compared to the secondary ones (due to
the high energies of the primaries). For this reason, we
effectively treat all the kaons decaying in flight (and hence
HNLs from them) as cascade particles.

The angle-energy distribution of all the kaons decaying
in flight is shown in Fig. 4. Compared to the photons, the
kaons are much more isotropic and softer. This is caused by
a strong kaon-energy dependence of the decay probability.
Therefore, most of the HNLs would be produced close to
isotropically.

B. Generating the LLP flux

Having the events with the primary and secondary
photons, as well as kaons, we tabulate them and use them
as an input to the SensCalc tool [41].1 SensCalc 1S based on a
semianalytic method to compute the number of events with
different LLPs at various experiments, taking into account
the geometry of the decay volume, detector, and the

! Available on Zenodo [50] and GitHub [51].

selection criteria of the decay events based on the
Monte-Carlo-truth-level cuts.
The differential rate of the produced ALPs is

d]\]a’pmd22 1 dNy % dO'yz_z,aZ ZdO'},p_;ap ‘ (21)
d0,dE,dq> " 0,4,d0,dE," | dg dq

Here, the quantity o, ., denotes the effective photon
absorption cross section in the material, and ¢> =
—(pa — p,)2 is the momentum transfer to the scattering
target. Finally, the two terms in brackets of Eq. (21)
describe coherent scattering on the nucleus and incoherent
scattering on the individual protons. For the differential
Primakoff cross sections, we use the expressions of
Ref. [44], including the atomic screening factor for the
nuclear target.

The distribution above must be connected to the ALP
polar angle 6, and energy E, distributions. The previous
implementation in SensCale (Ref. [41]) used the collinear
approximation E, ~ E,,0, = 0,. It is a reliable description
for photons with energy E, > m, but may break down for
the soft cascade photons. This motivated an alternative
strategy to obtain the ALP distribution: mapping the
variables event by event for scattering processes on a
target T = Z, p of mass my.

Namely, for the given q*>, we determine the ALP
energy is

7
E,=E, oy (22)
In practice, the second term may often be neglected even
for the light ALPs. The ALP angle y; with respect to the
incoming photon direction is given by

2E,E, — mj — ¢
2E, E2—m?

cos(yr) = , (23)

with |cos(yy7)| < 1. The azimuthal angle ¢ around the
photon direction is taken to be uniformly distributed in
[0, 27). Therefore, if the incoming photon has polar angle
6, with respect to the beam axis, the ALP polar angle is

cos @, = cos B, cosyy +sinf, sinypcosp.  (24)

Using this transformation, the weighted distribution in
(6,.E,.q*) from Eq. (21) is converted into the final
double-differential ALP distribution,

dNa,prod _

40 dE :Na,prodxfa(gaan)v (25)

where N, proq 18 the total number of produced ALPs, and
fa(0,, E,) is the ALP angle-energy distribution normalized
to unity.
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Overall production probability (per proton on target) of HNLs mixing with v, (left) and photophilic ALPs (right). For the

ALPs, we have considered the secondary photons with energies E, > 100 MeV. For the cascade HNLs, the shape of the mass
dependence of the production probability is mainly caused by the mass dependence of the branching ratio of the process K — N + e
(chirality suppression at small my < my), while for the ALPs it is driven by the steep rise of the photon flux toward lower E, (see
Fig. 3) and approximate energy correspondence E, ~ E, in the Primakoff process [Eq. (22)].

For the HNLs, we straightforwardly simulate their
production in kaon decays via the processes
K — N +1,, where a corresponds to the mixing angle
U, [11].

To demonstrate the potential importance of the cascade
production, we show the integrated yields of the ALPs and
HNLS per proton on target in Fig. 5. It is clearly seen that,
before the geometric acceptance and event reconstruction
are taken into account, the secondary production channels
may dominate the flux of LLPs X with mass my <1 GeV.
In particular, recalling the discussion in Sec. IV C, even if
geometric acceptance of the decay volume somehow
suppresses the event rate with cascade particles (as may
be the case for the HNLs from kaons, recall Fig. 4), this is
partially compensated by the 1/yy scaling of the decay
probability.

C. Semianalytic event-rate calculation

Once the cascade ALP and HNL fluxes are tabulated, we
compute the event rate with their decays using SensCalc.
Namely, for an LLP X with mass my and coupling to SM
particles gy, the number of decay events is [41]

Nev(mX’ gX) = NX,pr0d<mX’ gX)

A (O,
X / dOxdExdzyfx(0x, Ex) w
dP eca
X %edec (eXa EX» ZX)' (26)
ix

Here, Ny proq 18 the total number of produced LLPs. Oy, Ex,
zy are the polar angle, energy, and the longitudinal
coordinate of the decaying X with respect to the target.
fx(0x, Ex) is the angle-energy distribution of the produced
LLPs, normalized to unity. A¢(fy, zx) is the fraction of the
azimuthal angle covered by the decay volume. dP e/ dzx
is the differential decay probability of the LLP,

exp |-——%—— }
deecay _ P [ ctxy/ry—1cos(0)

dzx cty\/7% — 1cos(y)

with 7y (my, gx) being the X’s lifetime. Finally, €4 is the
decay acceptance—the fraction of the events with a
decaying LLP, where at least two decay products are
within the geometric acceptance of the detector and also
satisfy other cuts, such as energy, pr, and transverse spatial
separation.

Let us discuss the calculation of €4, in more detail. It is
obtained for each point (6y, Ex, zyx, {¢)x}) by simulating
decays of X into all allowed final states,

(27)

€dec(9Xa EX’ ZX)

(f)
= Z Z edec(ex’ EX’ 5'¢ ¢X.i) % BI'(X N f)
I #xie{ox} N(/)

(28)

Here, {¢x} denotes the set of random N, azimuthal angles
for which the decay point ry(6y, zx, ¢x) is inside the decay

volume. The individual acceptance 6((12(9)(, Ex.zx. ¢x;) is

obtained by simulating a large number of decays of X (1000
by default) and may take a value

0 S 6((1? (QXaEX7 ZX7¢X,i) < 1.

¢ (29)
Finally, f is the concrete final state, with Br(X — f) the
corresponding branching ratio.

The trajectories of decay products are assumed to be
unperturbed by medium interaction throughout the propa-
gation, except for deflection caused by the spectrometer’s
magnetic field, which is implemented by a kick obtained
through the Lorentz force at the end of the magnetized
region.

056016-9



CLIMESCU, KYSELOV, and OVCHYNNIKOV

PHYS. REV. D 114, 056016 (2026)

TABLE L.

Event selections used in the semianalytic estimate by Eq. (26) (for the detector-level simulation, see Sec. V D instead). The

LLP is always required to decay inside the SHiP fiducial decay volume; the three cases differ by the requirements imposed on its visible

decay products.

Selection Decay-volume requirement Daughter-level requirement Meaning for a — yy

€dec =1 The LLP decay vertex lies No requirement is imposed on the All LLP decays inside the fiducial
inside the SHiP fiducial decay products. volume are counted, independent
decay volume. of the photon energies, directions,

or separation.

Geom only The LLP decay vertex lies At least two visible decay products Both photons are required to lie within
inside the SHiP fiducial must reach the downstream detector the aperture of the end of the ECAL.
decay volume. aperture.

Baseline The LLP decay vertex lies The baseline SHiP selection is Requirements on the photon energies

inside the SHiP fiducial

decay volume. Egs. (4)—(7).

imposed at MC-truth level,

and their transverse separation at
the ECAL.

Additionally, the approach of Eq. (26) may accommo-
date the reconstruction efficiency map €..(0x, Ex, 2x),
which is obtained by fitting the realistic detector response
simulations, similar to how this is done in EvtGen [52].

For the calculation of the production and decay rates of
HNLs and ALPs, we follow Refs. [8,11,41].

Within its purpose, the semianalytic approach is very
accurate and has been tested against various methods,
including the ALPINIST framework for ALPs [45] and the
full SHiP simulation framework for dark photons and
HNLs (see details in Ref. [41]).

We consider three types of decay event selection €4, as
summarized in Table 1.

D. Detector-level study

In this subsection, we focus on the ALP case. To study
the impact of detector-level effects on signal reconstruction,
we export the tabulated ALP angle-energy distribution and
production probabilities to EventCale-SHiP.” This tool samples
the full decay-event kinematics of LLPs decaying inside the
SHiP decay volume. Its inputs consist of the tabulated
angle-energy distribution of the produced LLPs, together
with the model-dependent decay information: the LLP
lifetime as a function of mass and coupling, the decay
branching ratios, and, for three-body decays, the squared
matrix elements governing the decay-product distributions
in the LLP rest frame.

Using tabulated LLP production distributions is useful
because it separates the production calculation from the
decay and detector-simulation steps. In this way, one does
not need to implement every production channel directly
inside the event generator. This is especially important for
cascade-induced signals, where the production calculation
may involve dedicated shower simulations, material-de-
pendent cross sections, and model-specific reweighting

%Available on GitHub [53].

procedures. The tabulated interface, therefore, keeps the
event-generation code modular and easier to maintain.

Predictions of EVENTCALC agree with SensCalc at the level
of 5%, both in terms of the integrated quantities and the
differential event distributions. However, given the sophis-
ticated method of calculating the ALP flux, we additionally
tested it against ALPETITE, namely, comparing the output of
EVENTCALC with Fig. 3 of Ref. [38], finding an excellent
agreement (see the Appendix).

The output—the information about the decay vertex
coordinates, kinematics, and types of the decay products—
may be passed to a detector simulation. Our focus here is on
the ECAL performance, and below, we describe in detail
the stand-alone Geant4 simulation to study it.

1. Geant4 simulation framework

The tabulated EventCalc-SHiP data are propagated into a
custom simulation faithfully representing the SHiP ECAL
and HCAL (although only the former is used in this work).

The detector geometry is described using GeoModel [54]
and passed onto Geant4, which then handles propagation of
particles in matter using the FTFP_BERT physics list. The
raw Geant4 hits are digitized to most closely mimic detector
response, converting energy deposition into parametrized
photon distributions accounting for scintillation light,
photon trapping, photon escape, and photodetection by
the silicon photomultipliers. The obtained signals are then
converted into Analog to Digital Converter counts, assum-
ing usage of the Kanile fiir Ladungsauslese von Silicon-
photomultiplier ASIC as a front end based on previous
experience operating prototypes of the detector [40,55].

The digitized detector response is then converted into
reconstructed hits, clustered, and the information is used
to reconstruct the event using an early version of the
calorimeter reconstruction procedures, which will be doc-
umented in a future publication. Two clusters are expected
per event when two photons are within detector acceptance.
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2. Event vertex and invariant-mass reconstruction

The cluster energy is computed and calibrated in units of
minimum-ionizing-particle depositions using a muon par-
ticle gun sample as a reference. The spatial distribution of
hits in each cluster is then analyzed using a principal
component analysis (PCA) [56]. The shower direction is
estimated from the eigenvector of the hit-position covari-
ance matrix corresponding to the largest eigenvalue. The
cluster directions and positions are then used to compute a
point of closest approach vertex. The energies and direc-
tions are also used to compute the two-photon invariant
mass,

m2, = 2EoE, (1 = cos Oypen). (30)

with 0, the opening angle between the two clusters with
energies E, E;. The photon cluster information is also used
to derive an impact parameter of the vertex to the target,
which may be used to reject background. Said background
is nonetheless expected to be negligible and primarily
emerging from deep-inelastic-scattering processes within
the decay vessel walls. As a result, events are deemed to
pass signal-level cuts with three levels of selection being
defined:

(i) The weak selection requires two reconstructed
clusters found by the detector. This selection does
not assume any vertex reconstruction. It effectively
corresponds to the pure geometric requirement for
the two photons to be within the ECAL and be
separated enough to form nonoverlapping electro-
magnetic showers.

(i) The medium selection extends the weak selection by
requiring the reconstructed vertex to lie inside a
reduced fiducial decay volume. The reduced volume
is obtained by shrinking the nominal decay volume
by lo vertex resolution in each coordinate. As an
example, if the vertex resolution for a given ALP
scenario is oy = 6,y =5 cm and 6., =5 min g,
the fiducial volume will be defined as the decay
volume’s pyramidal frustum extending from the
0.9 x 2.9 m? plane centered around 0 in z ~33 m
to 39x59m? in z~83m from z~38 to
z~78 m. No distance of closest approach cut
was implemented as it was found to have little
impact after the vertex selection.

(iii) A tight selection, which further expands on the
medium one, requires, in addition, that the recon-
structed impact parameter to the target be smaller
than 1 m to account for the relatively lower reso-
lution in electromagnetic shower vertexing. This
selection is only expected to be necessary in the real
experiment if the background is found to be sig-
nificant and is thus deemed very conservative.

The impact-parameter threshold of the tight selection is

more stringent than the baseline criterion (6), IP < 2.5 m,

used in the semianalytic study of Sec. V C. We adopt the
tighter value throughout the detector-level analysis as a
conservative choice, so that the impact-parameter penalties
reported in Sec. VIC should be understood as upper
estimates.

VI. RESULTS AND DISCUSSION

A. Diagnostic effects of low-energy cascade kinematics

Cascade production may strongly increase the number of
produced LLPs, but the resulting LLPs are typically much
softer than those from primary production. This has two
immediate consequences for displaced-decay searches.
First, the visible decay products have larger opening angles,
which may prevent them from simultaneously entering the
downstream detector acceptance. Second, their lower
energies make the reconstruction of individual objects
and vertices more challenging. In this subsection, we
isolate these effects before combining them into the total
event yield.

1. Semianalytic estimates

We start with the semianalytic analysis by Eq. (26) and
apply it to the €4, = 1, Geom only, and baseline selections
on decay products summarized in Table 1.

To demonstrate the effects of adding the selection
criteria, we consider the differential distribution of the
decay events in the ALP energy E,, which is obtained by
integrating Eq. (26) in all quantities but E,. We consider the
primary and secondary ALPs for two reference masses,
m, = 100 and m, =500 MeV. We also consider the
lifetime c7, =300 m, such that we are in the regime
where the differential decay probability in Eq. (26) scales

as dPgecay/dz = 1/(ct,\/y5 — 1c0s(6,)), and the differ-
ential number of events has a simple scaling with the ALP
coupling, dN,.,/dE, x gt. We focus on large lifetimes
because the contribution of the cascade particles is most
significant in this area of the parameter space: the small-
lifetime regime prefers high-energy particles, which are
naturally more populated by the primary production
mechanisms.

The comparison is shown in Fig. 6. After including the
detector geometric acceptance, the distributions show a
significant suppression of the event rate in the low-energy
ALP tail. This is the effect of the minimal opening angle
between the decay products, which prevents both photons
from simultaneously flying to the detector even if the
mother ALP points to it, as discussed in Sec. IV C. The
effect is much more prominent for cascade events, as they
primarily populate this region of the ALP kinematics.

Adding the energy cut drops the entire energy range
E, <2 GeV and somewhat suppresses the event fraction
for the range 2 < E, < 10 GeV because there is a non-
negligible fraction of events where one of the photons is
below the energy threshold.
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FIG. 6. The distribution of the ALP decay events in the ALP
energy. Top: m, = 100 MeV; bottom: m, = 500 MeV. The ALP
coupling g, is fixed in a way such that c¢r, = 300 m. The blue
lines show the contribution from the primary ALP fluxes,
including the Primakoff process, photon fusion, and decays of
7°, 1 mesons, whereas the red lines show the contribution from
the cascade ALP flux originating from the Primakoff process. For
each color, pale, dashed, and dark stylings show, correspond-
ingly, the number of events calculated assuming “eg.. = 1,”
“Geom only,” and “baseline” selection criteria summarized in
Table 1.

The same daughter-level acceptance effect appears for
HNLs produced in decays of secondary kaons. In this case,
the relevant comparison is between primary HNLs, pro-
duced mostly by decays of D mesons, and secondary HNLs
from kaon decays. For illustration, Fig. 7 shows the
differential event rate for HNLs mixing with v, and having
mass my = 300 MeV.

Compared to the ALP case, the suppression of cascade
HNLs is even stronger. Secondary kaons have a broad
angular distribution, and the HNLs produced in their
decays inherit this feature. Therefore, even before consid-
ering a dedicated detector-level reconstruction, the purely
geometric requirement on the visible decay products
already removes a large fraction of the cascade
contribution.

For the mixing with v,, all the conclusions qualitatively
hold, except for slightly better geometric acceptance.
Indeed, decays of charged-current HNL mixing with v,

my = 0.3 GeV, U?> =35x107°

6
10°F €dec = 1
------ Geom only
104+ —— Baseline

dNevents/dEn [GeV™!]
5
(=)

En [GeV]

FIG. 7. The distribution of the HNL decay events in the HNL
energy for my = 300 MeV, assuming the mixing with electron
neutrinos, for the lifetime czy &~ 2.3 x 107 m. The meaning of the
curves is the same as in Fig. 6, modulo the different sources of
primary and cascade HNLs, as specified in the text.

contain u instead of e, meaning that the decay products
have less momentum in the rest frame and hence less
angular spread.

2. Detector-level reconstruction

Let us now turn to the detector-level reconstruction of the
ALP signal. A representative working point, m, = 1 GeV
and cr, = | m, is shown in Fig. § to illustrate the absolute
scale of the vertex, invariant-mass, and impact-parameter
resolutions. Here, however, the main question is compar-
ative: whether the detector reconstructs the soft cascade
population as efficiently as the harder primary one.

This comparison is summarized in Fig. 9, which shows
the cascade-to-primary ratios of the reconstructed resolu-
tions across the (m,, ct,,) plane. Because cascade ALPs are
systematically softer than primary ones, their decay pho-
tons are lower in energy and wider in opening angle at fixed
mass. This is the single kinematic characteristic behind the
behavior of all panels.

For the transverse vertex coordinates, the cascade res-
olution is poorer across essentially the whole plane: softer
photons give broader, lower-amplitude showers, whose
PCA directions are noisier. As a result, the o(x) and
o(y) ratios sit slightly above unity. The longitudinal
resolution is instead governed by the diphoton opening
angle through the point-of-the-closest-approach vertex,
which is the worst-constrained direction for a two-photon
system. The ratio here reflects the competition between the
larger cascade opening angle, which improves the con-
ditioning of the z vertex, and the noisier per-cluster
directions, and therefore stays closer to unity. Both primary
and cascade resolutions degrade toward low ALP masses,
where the minimum opening angle A#,;, ~2m,/E, col-
lapses, and the photon pair becomes collinear. However, the
degradation sets in earlier for the cascade population, which
is why the lightest rows of Fig. 9 depart most strongly from
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FIG. 8. Vertex, invariant-mass, and impact-parameter resolutions for a 1 GeV, cz, = 1 m ALP. The efficiencies after fiducial-volume

selection cuts are also provided for successive selections: decays occurring in the decay volume, and both photons in acceptance are
taken at the truth level. Events with two reconstructed clusters, events with a vertex in fiducial acceptance, and events with an impact
parameter below 1 m are taken at the reconstruction level. Each selection includes the previous conditions.
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FIG. 9. Ratios of the resolution in various reconstructed quantities between the events with cascade and primary ALPs, for different
masses m, on the y axis and ¢z, on the x axis. From left to right, the panels show the invariant mass m,, and the x, y, z coordinates of the
ALP decay vertex. The m, = 50 MeV, ¢z, = 1 m sample was interpolated between its same-mass neighbors.

unity. The dependence on cz, is the imprint of the
surviving-energy spectrum: short lifetimes admit only
the high-boost tail that reaches z = 33 m, whose collimated
photons inflate o,, while longer lifetimes admit a softer,
wider-angle sample.

B. Event-rate impact in the nominal SHiP setup

We now combine the acceptance and reconstruction
effects discussed above and evaluate the cascade contribu-
tion in the nominal SHiP setup as described in Sec. II.

For ALPs, the detector-level cutflow is shown in Fig. 10.
It follows the event sample from the decay-in-volume stage

to the final reconstructed selection and, therefore, shows
where the initial advantage of cascade production is lost
throughout the reconstruction.

The efficiency comparison of Fig. 10 shows a clear
cutflow pattern. At the decay-in-volume stage, the reduced
cascade boost raises the in-volume decay probability
through the 1/yy scaling of Eq. (27). Given this and also
the discussion around Fig. 5, the cascade-to-primary ratio is
largest toward large lifetimes and low masses. This advan-
tage is then removed, step by step, by the requirements that
make the event reconstructible.

The two-photon acceptance is the dominant suppressor.
The wider opening angle of soft cascade decays makes it far
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FIG. 10. Observed ratios of the number of events between cascade and primary ALPs, for different ALP masses m,, on the y axis and
lifetimes ¢z, on the x axis, as obtained in the detector-level simulation. From left to right, the panels show the ratio of the number of
events for ALPs decaying inside the decay volume; where both photons from the ALP decay are within the ECAL acceptance; where
they form two separate clusters; where additionally the ALP decay vertex lies within the fiducial volume; and with the additional
requirement on the transverse impact parameter, I[P < 1 m. The first two panels correspond to the MC-truth results, whereas the rest are
obtained using the detector simulation of the signal reconstruction. The m, = 50 MeV, ¢z, = 1 m sample was interpolated between its
same-mass neighbors instead of using the simulation data, due to an artifact in the latter.

less likely that both photons reach the Agcap face. The two-
cluster requirement removes a further low-mass fraction
where the surviving pairs’ increased collinearity degrades
the clustering efficiency. Finally, the vertex and impact-
parameter selections add an additional reconstruction-level
suppression. The suppression coming from the impact-
parameter cut is again stronger for cascade events than for
primary events (we comment on this in Sec. VIC).

Let us now compare the integrated event rates from
primary and cascade production. We use the simplified
semianalytic analysis for both ALPs and HNLs and the full
detector-level simulation for ALPs. The quantity shown in
Fig. 11 is

(31)

as a function of the LLP mass, in the regime where the
decay length is large compared to the SHiP detector scale.

Let us start with the ALP result in the left panel of
Fig. 11. The ¢4, = 1 line shows a huge domination of
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FIG. 11.

cascade events over the primary ones. However, already
requiring both photons to be within the acceptance of the
ECAL, shown by the Geom only curve, suppresses the
secondary yield by the relative factor of ~4 compared to
the €4, = 1 line. Finally, assuming the baseline selection
criteria, the ratio (31) decreases further, especially in the
domain of light ALPs with m, < 200 MeV. Overall, for a
50-MeV ALP, the ratio decreases from ~70 to ~3 when
going from €4, = 1 to baseline.

On top of this, in the same panel, we show the results of
the detector-level analysis. Given that it uses EVENTCALC
for the signal generation, and EVENTCALC agrees well with
SensCale, the comparison between the ratios shows how
realistic detector-level reconstruction differs from simple
Monte Carlo truth cuts. The detector-level ratio sits close to
the baseline curve, and its dependence on the ALP mass
follows a similar trend except for the domain
m, < 100 MeV. There, the hard cut on the photon energy
imposed in the semianalytic calculation causes the plateau-
like behavior of the cascade-to-primary ratio, whereas the
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The ratio of the number of events with LLPs produced from cascade sources versus those having primary origin. Left:

photophilic ALPs, for ALP lifetimes such that ¢z, (y,) 2 100 m. The continuous curves are obtained by the semianalytic approach with
Eq. (26), and the meaning of the legends is the same as in Fig. 6. The points come from the detector-level simulation described in
Secs. V D and VI A 2. Right: HNLs mixing with electron neutrinos. The meaning of the curves is the same, modulo the different sources
of primary and cascade HNLs, as specified in the text. The nonmonotonic behavior of the HNL ratio is caused by opening up various
HNL decay modes at my =~ m,, such as N — 7% and N — 7 + e.
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detector simulation shows a monotonic (yet slow) growth.
This indicates that the semianalytic baseline selection
captures the dominant suppression of the cascade ALP
contribution, at least for the ratio of primary-to-cascade
events.

The HNL result is shown in the right panel of Fig. 11.
The comparison shows that, already after including the
purely geometric part of the decay-product acceptance, the
number of events from cascade HNLs becomes subdomi-
nant to the primary source. Moreover, the kaon flux used
here was obtained for the hybrid molybdenum-tungsten
target, which has a larger kaon interaction length and hence
gives more chances for the kaons to decay in flight. If
switching to the actual tungsten-only target, the flux of
decaying kaons would become even more isotropic, sup-
pressing the geometric acceptance for the HNLs and their
decay products even further.

Given this, we do not perform a dedicated study of the
reconstruction performance of low-energy HNL decay
products. As discussed above, an additional complexity
is that most of the visible HNL decay modes contain
charged particles, and low-momentum species may be
deflected out of the detector coverage by the spectrometer
magnetic field. There is also the decay mode N — 7%,
where the detectable final state is a two-photon system.
However, since the cascade contribution is already sub-
dominant after imposing geometric acceptance, we leave a
detector-level study of such channels for future work.

C. Sensitivity to the event-selection criteria

Let us now comment on the two selection requirements
that most directly affect the detector-level cascade ALP
yield: the threshold on the energy of the individual
decay photons, Eq. (4), and the impact-parameter require-
ment, Eq. (6).

We begin with the energy threshold. Figure 12 quantifies
the ECAL response to a threshold E},“i“ applied to the truth-
level energy of the softer of the two decay photons; since
Eq. (4) constrains each photon separately, an event survives
the criterion if and only if its softer photon clears the
threshold. Both panels are conditioned on the two photons
being within the ECAL acceptance, so that the geometric
suppression—quantified in the cutflow of Fig. 8 and, in
cascade-to-primary ratio, in the second panel of Fig. 10—is
removed. The left panel shows the conditional recon-
struction efficiency, evaluated on the subsample passing
the threshold: for the two-cluster requirement it is flat
at ~0.78 (primary) and ~0.93 (cascade) below ~1 GeV,
and decreases above it for both origins. The decrease
reflects the fact that, at this low mass, raising the threshold
selects progressively more boosted decays, whose photons
are increasingly collimated and degrade clustering effi-
ciency. The right panel shows the same numerator nor-
malized to the full in-acceptance sample and, therefore,
gives the fraction of the signal retained by a cut at a
given energy.
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FIG. 12. Reconstruction performance for 100 000 @ — yy decays as a function of a threshold E;‘““ imposed on the truth-level energy of
the softer of the two decay photons, for the benchmark m, = 100 MeV, ¢z, =1 m, a low mass where cascade enhancement is
significant. The mass is the same as in Fig. 13, which shows several lifetimes at this mass including ¢z, = 1 m, so that the two figures
can be read together. Both panels are restricted to decays for which both photons lie within the ECAL acceptance, so that the geometric
acceptance—whose impact is shown separately in Figs. 8 and 10—is removed and only the detector-level response is displayed. Left:
conditional reconstruction efficiency; at each EI" the numerator is the number of in-acceptance events above the threshold that are
successfully reconstructed under the stated conditions (two reconstructed clusters, with or without the additional impact-parameter
requirement), and the denominator is the number of in-acceptance events above the same threshold, so that the denominator moves with
said threshold. Right: cumulative surviving fraction, i.e., the same numerator normalized to the fixed denominator of all in-acceptance
events; here “cumulative” refers to the fraction of the signal surviving a cut at E'y“i“, so this panel measures directly how much signal is

discarded by the nominal criterion (4).
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Comparing the low-threshold plateau of the right panel
with its value at 1 GeV gives the signal recoverable by
relaxing Eq. (4). At the two-cluster stage, the primary
sample falls from ~0.78 to ~0.66 at 1 GeV, so the nominal
threshold removes =~0.12 of the in-acceptance signal:
~15% of the low-threshold plateau or, equivalently, a
~18% increase on the signal retained at 1 GeV if the
criterion were fully relaxed. For cascade ALPs, the corre-
sponding drop is from ~0.93 to ~0.64, i.e., ~0.29, which is
~31% of the plateau or a gain of ~45% on the retained
signal. Relaxing the threshold therefore recovers propor-
tionally more cascade signal, as expected from their softer
spectrum. Once the impact-parameter requirement is added,
however, both curves are essentially flat across 1 GeV, so
that lowering the threshold recovers almost nothing: the
soft events admitted by a relaxed Eq. (4) are events that the
impact-parameter requirement rejects in any case. The
decrease of these curves at higher thresholds instead
reflects the loss of genuinely reconstructible high-energy
events and is not relevant to relaxing the criterion. Relaxing
the energy threshold is therefore useful only in combination
with a relaxed impact-parameter requirement, which we
return to below.

Because the cascade spectrum is much softer ((E, cusc)~
1 GeV versus (E, yim) ~ 16.6 GeV, recall Sec. VA), cas-
cade events populate the low-threshold part of these curves,
whereas primary events sit close to the plateau. This
spectral effect is not, however, the whole story: at fixed
softer-photon energy, the primary and cascade samples are
not equivalent, and the comparison changes sign between
the two selection stages. At the two-cluster level, the
cascade curve lies above the primary one, by ~0.15 in
absolute efficiency at low threshold, the two converging as
the threshold increases: at a given softer-photon energy, the
cascade sample carries lower total ALP energy, so the
decay opening angle is wider and the two showers are
more readily resolved into separate clusters provided that
both reach the calorimeter acceptance. Adding the require-
ment [P < 1000 mm reverses the ordering below ~6 GeV
and reduces the cascade efficiency to roughly half the
primary one, since the decay direction is reconstructed from
the cluster positions and degrades both with softer photons
and with the shorter lever arm available for less boosted
decays (recall Sec. IV C). The suppression of the cascade
contribution after the full selection is therefore not of purely
spectral origin: a residual detector-level penalty survives at
fixed photon energy, and it enters through the directionality
requirement rather than through cluster reconstruction. The
nonmonotonic shape of the impact-parameter curves,
which peak near 5-7 GeV, follows from two competing
trends visible in the same panel: the fraction of recon-
structed events passing the IP requirement grows with
photon energy as the directional resolution improves, while
the two-cluster efficiency itself falls above ~1 GeV, as
described above, because the increasingly collimated
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FIG. 13. Relative signal efficiency as a function of the impact-

parameter cut for the current reconstruction for several 100 MeV
ALP samples. The signal efficiency is observed to fall faster for
cascade ALPs compared to primary ones in the larger-cz, cases,
where the cascade enhancement is most significant.

decays lead to degraded clustering efficiency. The peak
marks the point at which the second effect overtakes
the first.

Figure 13 shows the integrated counterpart of this effect,
now as a function of the impact-parameter cut itself and for
the same benchmark mass m, = 100 MeV, so that the two
figures can be read together. The requirement is especially
detrimental to cascade events: because cascade ALPs are
softer and their reconstructed directions are less precise,
this cut removes relatively more cascade events than
primary events.

If the impact-parameter cut can be softened, or removed
altogether for sufficiently clean two-photon final states, the
cascade enhancement may become significantly larger. For
example, for 100 MeV ALPs with ¢z, > 30 m, a simple
two-cluster requirement may lead to an enhancement of up
to a factor of ~8. Whether this requirement can, in practice,
be softened depends on the background composition and
rejection power and, therefore, requires a dedicated back-
ground study.

To highlight the importance of the reconstruction of the
low-energy events, we show in Fig. 14 the sensitivity of
SHiP to ALPs as obtained using the semianalytic approach,
under the requirements on decay products from Table I. The
difference between the €4, = | and baseline lines at the
lower bound of the sensitivity may reach a factor ~4. Since
the number of events scales as N, (g,) « g%, this would
translate to a huge factor of <200 enhancement in the
event rates.

VII. CONCLUSIONS

Cascade interactions inside the thick target of the SHiP
experiment may produce long-lived particles, whose
decays can dominate the event rate inside the hidden-sector
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FIG. 14. Sensitivity of the SHiP experiment to the ALPs
obtained using the semianalytic approach via Eq. (26), as
Ng, > 2.3, in the plane ALP mass m,-ALP coupling g,. The
meaning of the lines is provided in Table I. The darker-gray and
lighter-gray domains are constraints from laboratory searches and
astrophysical observations, taken from Ref. [25]. In the low-mass
region, SHiP as a laboratory probe would cover the range of
couplings complementarily to the astrophysical bounds.

decay volume before detector-level requirements are
imposed. In this paper, we have quantified the contribution
of these cascade-induced signal sources relative to primary
production mechanisms, focusing on the regime in which
the produced LLPs are relatively soft, with typical ener-
gies Ej p < few GeV.

We considered two representative case studies: photo-
philic ALPs, discussed in Sec. IV A, and HNLs, discussed
in Sec. [V B. These particles can be produced from cascade
photons and secondary kaons, respectively, as described in
Sec. V A. Extending previous studies, we evaluated how the
event rate is affected by two detector-level effects: first,
the geometric acceptance of the detector, which requires the
LLP decay products to remain within the SHiP detector
system; and second, the reconstruction efficiency for low-
energy decay products.

For the nominal SHiP setup, our main results are
summarized in Figs. 10 and 11. For light LLPs, cascade
production can significantly exceed the primary yield
before imposing requirements on the decay products.
However, the geometric acceptance of the detector already
substantially suppresses this cascade-driven enhancement.
For photophilic ALPs, the inclusion of realistic event
reconstruction further reduces the effect, leaving only a
moderate enhancement for the lightest masses. For HNLs
from secondary kaons, the cascade contribution becomes
subdominant already after imposing the geometric accep-
tance of the visible decay products.

At the same time, our results indicate that the SHiP
search program could benefit from improving the detect-
ability of such low-energy signals. One possibility is to
enlarge the effective angular coverage of the electromag-
netic calorimeter and to improve the background-rejection
strategy, which may allow the transverse impact-parameter

requirement to be relaxed. As shown in Fig. 13, this
requirement removes cascade ALP events more efficiently
than primary ones, especially in the long-lifetime region
where the cascade enhancement is most relevant.

Another possibility is to consider more usage of active
decay-volume subdetectors, where the decay products
could be reconstructed closer to the LLP decay vertex.
A straightforward option such as the scattering detector at
SHiP does not appear well suited for this purpose, given its
small size and the intense muon background. An existing
option would be the use of the SHiP surrounding back-
ground tagger [57] to attempt reconstruction of LLPs
reaching the decay vessel but whose final states fail to
(all) reach the downstream detectors. This would imply
leveraging the detector’s full coverage of the decay vessel
and O(cm) position resolution to reconstruct otherwise
incomplete or fully missing events. The detector has poor
efficiency for photon reconstruction but may allow one to
recover part of the cascade enhancement in the lower-mass
region. A different possibility is an LAr-based setup placed
at the end of the SHiP detector, as discussed in Ref. [58]. A
robust assessment of such an option would require a
dedicated study of signal reconstruction and backgrounds,
which we leave for future work.

This makes the present study particularly timely. By
quantifying the event-rate suppression induced by realistic
detector acceptance and reconstruction, we show that
reliable sensitivity estimates for cascade-induced LLP
signals require detector effects to be included up to the
reconstruction level. At the same time, since SHiP is still in
the TDR phase, there remains a concrete opportunity to
optimize the setup and recover part of the cascade-induced
event rate.
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APPENDIX: COMPARISON WITH REF. [38]

To cross-check our calculation of the ALP flux, we have
compared our results to Fig. 3 of Ref. [38]. For these
purposes, within EVENTCALC, we have obtained the ALP
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The energy distribution of the number of events with ALPs having mass m, = 100 MeV and lifetime cz, = 300 m,

assuming no cuts on decay products but requiring the ALP trajectory to satisfy 8, < 0.029 rad, as obtained by EVENTCALC (solid) and

ALPETITE (dashed), for the primary and secondary event sources.

events energy distribution dN./dE, for mass m, =
100 MeV and cz, = 300 m, assuming no cuts on decay
products, but imposing the cut 6, < 0.029 rad on the
decaying ALP (this is the simplified analog of the
decay-product acceptance used in Ref. [38]); the impact
of this cut is quite low, because the ALPs are strongly
collimated. Next, we have rescaled Fig. 3 of Ref. [38] by
Npor X for Z300 m ® 3.6 X 10° GeV™*, where f;! 30 .~
1.6 x 107* GeV~!. Finally, we have rescaled it by the
factor (1 —exp(—1))~! to account for a conservative
assumption that only the first proton interaction length is

included within the target when obtaining the primary
photon flux.

The resulting comparison is shown in Fig. 15. The results
are in excellent agreement except for the domain
E, <1 GeV. The small discrepancy there is likely due
to a combination of a slightly different primary photon flux
used in the calculations and also different target materials
assumed in the calculation (molybdenum versus tungsten).
The agreement confirms the mutual agreement in calculat-
ing the ALP number of events—from computing the
photon flux to accounting for decay-volume geometry
when sampling ALP decay events.
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