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Abstract

Feebly interacting particles (FIPs) are a broad class of beyond-Standard-Model candidates for dark
matter and the origin of neutrino masses. Their defining feature is a very weak coupling to Standard
Model fields, which suppresses their production cross-sections and results in macroscopic decay
lengths, making high-luminosity beam-dump experiments at the CERN SPS a great discovery
environment. Axion-like particles (ALPs) are a minimal, model-independent subclass of FIPs
arising from the spontaneous breaking of approximate global symmetries, experimentally accessible
via an ALP — -7y signature. Both experiments studied in this thesis, SHADOWS and SHiP, target
neutral final states with displaced vertices, requiring an electromagnetic calorimeter (ECAL) that
reconstructs the energy as well as the direction of photon showers. An evaluation of the ALP decay
kinematics in the boosted regime relevant at the SPS shows that the propagated uncertainty of
the invariant mass is dominated by the angular resolution, making pointing resolution the primary
figure of merit throughout this work.

For SHADOWS, the off-axis geometry and moderate final-state energies set granularity as the key
design parameter. A channel pitch of 1cm removes any granularity-induced reconstruction bias
at small angles for showers above 2 GeV. Diphoton vertex and invariant-mass reconstruction are
demonstrated for two ALP benchmark scenarios, and the energy resolution of ~11%/+/E/GeV
meets the requirements. For the 2024 approved on-axis experiment SHiP, the harder and more
forward final states impose stricter angular resolution requirements. A longitudinal air gap is
introduced as the central design element, increasing the pointing lever arm without adding active
channels or absorber.

A prototype was built to validate the pointing concept experimentally and to provide the data
needed to tune the simulation framework. The prototype was tested at the CERN SPS at energies
from 3 to 288 GeV, establishing that the plastic scintillator strip-based concept performs calori-
metric pointing under realistic conditions. A simulation tuned to the measured detector response
reproduces all test-beam observables and is extended to a full detector module for the SHiP ECAL
optimisation.

Systematic studies of the gap depth and position with single photons identify the optimal detector
geometry and channel structure: a gap with a depth of 100cm at 3 Xy combined with an alter-
nating strip layer configuration. The conservative energy resolution estimate of 14.4%/+/E/GeV
meets the SHiP requirement. Beyond the optimal configuration, the study establishes a systematic
understanding of which design parameters control which performance observables, providing the
foundation for well-informed decisions in the subsequent design stages and for studies with more
sophisticated figures of merit.






Preface

This thesis was written independently by the author. It has not been submitted
elsewhere for examination purposes. Any publications listed below are based on
results first developed and presented in this thesis.

Parts of the work presented in this thesis are intended for publication in peer-
reviewed journals. In particular, the detector design studies, prototype test beam
results, and simulation-based optimisation of the electromagnetic calorimeter for
SHiP are being prepared for submission.

The prototype test beam campaign carried out at the CERN SPS, the tuning of
the simulation framework to the measured detector response, and the systematic
optimisation studies for the SHiP ECAL module are original contributions of the
author within the SHiP collaboration. The SHiP collaboration involves scientists
and engineers from multiple institutes across Europe and beyond. This implies
the usage of common software and infrastructure developed collectively within the
collaboration. The collection of the test beam data and the development of the
simulation tools used to analyse and interpret the results benefit from the effort of
many current and former collaboration members.

Two conference contributions based on the simulation work and ECAL design studies
presented in Chapter [5| have already been published as proceedings:

C. C. Delogu et al., “The SHADOWS calorimeter — A pointing calorime-
ter for future beam dump experiments”, Nucl. Instrum. Meth. A 1069,
169873 (2024). [1]

S. Ritter et al., “A Pointing Electromagnetic Calorimeter for FIP Ex-
periments leveraging X — vy Decays”, EPJ Web Conf. 320, 00011
(2025). 2]

The author of this thesis is the main author and speaker of the second contribution
and a co-author of the first.

In addition, the studies contributed to the following technical proposal submitted
to CERN:

SHADOWS Collaboration, “SHADOWS Technical Proposal”, CERN-
SPSC-2023-029, SPSC-P-367 (2023). [3]

The author of this thesis is author or co-author of all three publications and wrote
sections describing the SHADOWS ECAL design and simulation studies. As a result,
the descriptions in Chapter 5[ and in these publications are similar in structure and
wording.

A further contribution based on the work presented in this thesis has been accepted
for presentation at the 21st International Conference on Calorimetry in Particle
Physics (CALOR 2026) and will be published in the conference proceedings under
the title:

“Design, Simulation, and Performance of a High-Granularity Pointing
ECAL for the SHiP Experiment at CERN”

The author of this thesis is the main author and speaker of this contribution.
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Introduction 3

Introduction

The Standard Model leaves several fundamental questions unanswered. A broad
class of extensions predicts the existence of new particles with couplings far below the
weak scale. These Feebly Interacting Particles (FIPs) have small production cross-
sections, and their suppressed decay rates produce macroscopic decay lengths in the
laboratory frame. Azion-like particles (ALPs) are a minimal, model-independent
subclass, arising from the spontaneous breaking of approximate global symmetries.
This theoretical background is discussed in Chapter Beam-dump experiments
with dense targets and long decay volumes are the ideal environment to search for
such particles and are discussed in Chapter [2l At the CERN SPS, two experiments
have been proposed for this purpose. SHADOWS is a concept for an off-axis de-
tector targeting heavy-flavour production in the lateral halo [3]. SHiP is a large
on-axis experiment covering the full forward phase space [4], approved by CERN
management in 2024 [5].

Both experiments must be able to reconstruct neutral long-lived particles decaying
inside the fiducial volume. This requires an electromagnetic calorimeter (ECAL)
that measures both the energy and the direction of the incident showers to recon-
struct among others the possible ALP — ~v decay. The required detector physics is
discussed in Chapter 3] In the highly boosted regime relevant at the CERN SPS, a
derivation of decay kinematics shows that the propagated mass uncertainty is dom-
inated by the angular reconstruction rather than the energy resolution, defining a
clear optimisation path for the ECAL design.

Two experimental concepts employing pointing calorimetry based on plastic scintil-
lator strip sampling ECALs are studied in detail, with their respective geometries
and the common requirements on the ECAL discussed in Chapter 4, For SHAD-
OWS, a systematic simulation study determines the optimal channel pitch and de-
fines a design which successfully reconstructs benchmark scenarios (Chapter |5)). For
SHiP, the on-axis geometry produces higher energy, more forward final states with
stricter angular resolution requirements. A longitudinal air gap is introduced as
the central design element increasing the lever arm within the existing ECAL stack.
The SHiP baseline design is described in Chapter [6]

The central experimental part of this work is the construction and validation of a
conceptual prototype to provide experimental data as the basis for the SHiP ECAL
simulation framework. The prototype design and the test beam campaign carried
out at the CERN SPS are described in Chapter [} A scaled-down but functionally
complete prototype was built to demonstrate calorimetric pointing under realistic
conditions. The analysis of the test beam data and the shower direction reconstruc-
tion are presented in Chapter A simulation of the prototype, validated against
the test beam data, is described in Chapter [9] and then extended to a full detector
module for the optimisation of the SHiP ECAL design in Chapter[10} In this optimi-
sation, the depth and position of the longitudinal air gap, the sampling strategy, and
the associated acceptance and containment effects are studied systematically. The
result is the identification of the optimal detector geometry and channel structure
within the given boundary conditions, together with a systematic understanding of
how each design parameter controls each performance observable, providing a design
reference for the next stages of the SHiP ECAL development.



4 1 Theoretical Framework

1 Theoretical Framework

The Standard Model (SM) of particle physics is a highly successful description of
fundamental interactions based on gauge symmetries and their associated fields.
Its structure is governed by the symmetry group SU(3)c x SU(2), x U(1)y, with
particle masses generated through spontaneous electroweak symmetry breaking via
the Higgs mechanism. Despite its experimental success, the SM is regarded as an
effective theory, as it does not address several conceptual questions, including the
origin of neutrino masses and the role of global symmetries.

One class of extensions arises from the spontaneous breaking of approximate global
symmetries. Such theories generically predict the existence of light pseudo-Goldstone
bosons, whose properties are determined by the symmetry structure rather than the
details of the underlying high-energy theory. Awzion-like particles (ALPs) provide
a minimal and model-independent realisation of this framework, where the mass
and couplings are treated as free parameters of the effective theory. The descrip-
tion of SM formalisms in this chapter is based on the textbooks of Griffiths |6] and
Thomson [7]. Throughout this thesis natural units (¢ = & = 1) are used.

1.1 The Standard Model of Particle Physics

The SM of particle physics provides the foundation for our current understanding
of fundamental interactions. It describes the fundamental components of matter
and three of the four known forces within a unified gauge-theoretic framework.
Within this framework, matter is organised into three generations of quarks and
leptons, with each generation containing an up-type quark, a down-type quark, a
charged lepton, and an associated neutrino. The first generation, comprising the
up and down quarks, the electron, and the electron neutrino, is the building block
of all stable baryonic matter, while the second and third generations are heavier
copies observed in high-energy interactions. Spin-1 gauge bosons mediate the forces
between these fermions. Eight massless gluons carry the strong force, the massless
photon carries the electromagnetic force, and the massive W= and Z bosons carry
the weak force. Completing the known particle content is a single electrically neutral
scalar boson: the Higgs boson with mass my, &~ 125 GeV, responsible for electroweak
symmetry breaking and the generation of mass for the W+, Z, and the charged
fermions [8]. A visualisation of the full SM particle content is shown in Figure
From precision measurements of the anomalous magnetic moment of the electron
[10] to the discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012
[11], the SM has predicted the existence of particles and the outcomes of high-energy
collisions with unmatched accuracy. No statistically significant deviation from its
predictions has been established in any high-energy collider search to date [12], but
the SM framework continues to be constrained by high-precision measurements like
the anomalous magnetic moment of the muon |13, |14].

1.1.1 Open Questions and the Limits of the Standard Model

Despite its success, the SM is known to be fundamentally incomplete. Several physi-
cal observations are not explained by the SM, suggesting the existence of new physics
beyond its framework. These include:
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Figure 1: The particles of the Standard Model [9].

Dark Matter: Cosmological and astrophysical observations provide compelling evi-
dence for a non-baryonic form of matter accounting for approximately 27% of
the energy density of the universe. The SM contains no viable candidate for
such a particle [15].

Neutrino Masses: The minimal SM predicts neutrinos to be massless, yet the ob-
servation of neutrino oscillations establishes that they carry non-zero masses
and mixing angles, constituting the most direct laboratory evidence for physics
beyond the SM. The mechanism responsible for generating these masses re-
mains unknown [16].

Matter—Antimatter Asymmetry: The observed excess of matter over antimatter in
the universe cannot be accounted for by the CP-violating phase in the CKM
matrix alone, requiring additional sources of CP violation not present in the
SM [17].

Quantum Gravity: The SM unifies three of the four fundamental forces within a
quantum field-theoretic framework but leaves General Relativity entirely un-
accounted for.

Strong CP Problem: The QCD Lagrangian admits a CP-violating term whose co-
efficient is experimentally constrained to very small values with no SM expla-
nation for this suppression [18].

Each of these shortcomings points toward physics beyond the SM, but any such
extension must be built on the SM’s gauge structure and symmetry-breaking mech-
anism.
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1.2 The Gauge System and the SM Lagrangian

The dynamics of the Standard Model are condensed in the Lagrangian density Lgr,
which is required to be invariant under local transformations of the gauge group
Gsm = SU(3). x SU(2)p x U(1)y. The total Lagrangian is partitioned into gauge
kinetic, fermionic kinetic, scalar, and Yukawa sectors:

1 1
Loy = —~G°, G — =

) v 1 v o
o Wi W™~ By B +> pil) -+ | D HP =V (H)+ Ly,
P

4

| 1)
where G, W/, and B, are the field strength tensors of the SU(3)., SU(2), and
U(1)y gauge fields respectively, and D,, denotes the gauge-covariant derivative. The
requirement of local gauge invariance determines the form of all interaction vertices,
leaving the fermion masses and mixing angles as the only free parameters not fixed
by symmetry. This rigid structure is what makes the SM so predictive and, at the
same time, prevents it from explaining the observations of Section [I.1.1} The key
to understanding both the internal structure of the SM and its possible extensions
lies in the symmetry properties of the Lagrangian.
Each term in the Lagrangian has a direct physical interpretation. The gauge kinetic
terms encode the dynamics and self-interactions of the force carriers, fixed by the
gauge symmetry. The fermionic kinetic terms determine how matter fields interact
with gauge bosons. The Yukawa sector introduces fermion masses and flavour struc-
ture after electroweak symmetry breaking, while the scalar sector is responsible for
the non-trivial vacuum structure of the theory.

1.3 Symmetries in the Standard Model

The SM Lagrangian admits two distinct classes of symmetries. Local gauge symme-
tries are imposed as fundamental construction principles and are exact to all orders
in perturbation theory. Global symmetries, namely baryon number B and the lepton
numbers L., -, emerge at the renormalisable level without being explicitly required
and carry no fundamental protection against violation by Beyond Standard Model
(BSM) effects at high energies.

Many well-motivated extensions introduce additional global symmetries associated
with new physics at energy scales far above those explored by current collider ex-
periments. If such a symmetry is not exactl] the theory predicts the existence of
a new light, weakly coupled pseudo-scalar particle whose mass and interactions are
both suppressed by the large scale at which the new symmetry is defined.

1.3.1 Spontaneous Symmetry Breaking and Goldstone Bosons

A symmetry is spontaneously broken when the Lagrangian respects it, but is broken
in the ground state. In quantum field theory, this situation arises when the potential
energy of a field has its minimum not at zero field value but on a continuous manifold

LA symmetry is said to be exact if every term in the Lagrangian is invariant under the corre-
sponding transformation. In practice, many symmetries hold for the dominant contributions
to the dynamics but are violated by subdominant terms, such as small mass parameters or
higher-dimensional operators suppressed by a large energy scale.



of degenerate ground states. A well-known example is a complex scalar field ¢ with
a potential of the form

V(9) = —ulol* + Aol (2)

where p? > 0 and A > 0. This potential, often called the Mexican-hat potential,
has a local maximum at ¢ = 0 and a continuous circle of minima at |¢| = u/v/2).
The Lagrangian is invariant under global U(1) rotations ¢ — €*“¢, but the vacuum
must settle on a point on this circle, breaking the U(1) symmetry spontaneously.
The physical consequence of this symmetry breaking is captured by Goldstone’s the-
orem [19], which states that for every generator of a continuous global symmetry
that is spontaneously broken, a massless boson appears in the low-energy spectrum.
These massless particles are called Nambu-Goldstone bosons (NGBs), which physi-
cally correspond to excitations of the field along the circle of degenerate minima.
This mechanism is already part of the SM. The Higgs field spontaneously breaks the
electroweak symmetry at the scale v =~ 246 GeV, and the Higgs boson is the massive
radial excitation of the Higgs field around the symmetry-breaking minimum. The
two excitation modes of the Mexican-hat potential are illustrated in Figure 2] The
massive radial mode corresponds to the Higgs boson. The massless angular modes
along the circle of minima are the would-be NGBs which give the W* and Z bosons
their mass.

Nambu-
Goldstone
mode

Higgs mode

Im(p)
Re(y)

Figure 2: Visual representation of the Mexican-hat potential V(¢) = —pu?|¢|? +
A|¢|* and its degenerate ground states. The Higgs mode (radial excitation) and the
Goldstone mode (angular excitation along the circle of minima) are indicated by red
and blue arrows, respectively. Illustration taken from .

1.4 Axion-Like Particles as Pseudo-Nambu-Goldstone Bosons

The arguments of the last section lead directly to the concrete prediction that any
extension of the SM that introduces a new complex scalar field charged under a
global U(1) symmetry, with a potential that drives spontaneous symmetry breaking
at a scale f,, will generically predict a light pseudo-scalar called pseudo-Nambu-
Goldstone boson (pNGB). If the U(1) symmetry is only approximate, the would-be
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NGB acquires a mass parametrically smaller than f,, set by the scale of the explicit
breaking, while retaining couplings to SM fields suppressed by 1/f,. This light
pseudo-scalar is generally called an Azion-Like Particle (ALP).

1.4.1 The Peccei-Quinn Axion

The term axion-like refers to the historical axion proposed by Peccei and Quinn [21]
to resolve the strong CP problem. The SM permits an additional CP-violating term
in the quantum chromodynamics (QCD) Lagrangian, Lo = 0 (g%/327?%) GZVC;’“W,
whose coefficient @ is experimentally constrained to |#] < 107 [22] with no sym-
metry reason to be small. Peccei and Quinn resolved this by introducing a new
global U(1)pq symmetry, spontaneously broken at an assumed large scale f,, whose
associated pNGB (the QCD axion) dynamically relaxes 6 to zero. The axion mass
is not a free parameter but is fixed by the QCD potential:

1 12
My =~ M fn ~ 5.7 peV (O_GeV) ,

Ja fa

constraining the QCD axion to a single line in the (mq, goy) plane [23], where g, is
the axion-photon coupling constant scaling as g,, o 1/f,. An ALP is the generalisa-
tion of this construction to an arbitrary broken global symmetry with no equivalent
of the QCD potential to fix m,. The mass and couplings become independent free
parameters, opening the full two-dimensional parameter space.

(3)

1.4.2 The ALP Effective Lagrangian

At energies well below f,, the physics of the ALP is captured by an effective field
theory (EFT). The residual symmetry of the broken U(1) is a shift symmetry a —
a + const, which forbids non-derivative mass terms and restricts interactions to
derivative couplings at leading order. Including the leading interactions with SM
gauge bosons and fermions, the ALP EFT Lagrangian reads:

1 1 1 o1 .
Larp = 5(9“@ Oa — §m3a2 — qdm @ F,F* — 1 as @ Ga,Go —

O > ep Py,
fo &

@
where F,, and G}, are the electromagnetic and gluon field strength tensors, F* =
%e“”"“Fpo denotes their duals, g,y and g,y are the photon and gluon coupling con-
stants, and c,, are dimensionless fermion coupling coefficients.

Because of its clean and model-independent signature, this thesis focuses on the
decay channel a — 7, governed by the photon coupling g, .

The mass m, and the coupling g, are independent parameters which open a two-
dimensional parameter space that covers a broad landscape of BSM scenarios. Dif-
ferent ultraviolet (UV) completions that reduce to the same EFT at low energies
populate different regions of this space. Unlike the QCD axion, which predicts a
specific target, no single UV completion is theoretically preferred, motivating broad
experimental exploration across the full parameter space. The pNGB origin of the
ALP restricts its interactions to be suppressed by 1/ f, at leading order.



1.4.3 The ALP Parameter Space

The experimentally accessible ALP parameter space spans roughly m, € [1075, 10°]
GeV and g,, € [107!2,107!] GeV ™', with large regions already excluded by astro-
physical observations, laboratory searches, and collider experiments as shown in Fig-
ure [3| with Figure |4 zooming into the mass range accessible to accelerator-based ex-
periments . Stellar cooling bounds, arising from the requirement that ALP emis-
sion does not excessively accelerate energy loss in stars, constrain g,, < 1070 GeV~!
for m, < keV . At higher masses, bounds from beam-dump experiments, e*e™
colliders, and rare meson decays carve out large regions of the parameter space.
Despite these constraints, significant open windows remain in the MeV-GeV mass
range at couplings g,, ~ 107°-1073 GeV ™', which are inaccessible to both astro-
physical probes and high-energy collider experiments.

1
1075
10
1077
i
10?
10—10
107"
10—12 -
10—13
10—14
10—15
10—16

1y
10-18 £l 1l A Y Y (Y TS (s A S
10~ 10~ 10" 105 10~ 10! 10 108 10° 107 109
mq(eV)

|9a71(GeV ")

Laboratory

Figure 3: Current exclusion limits on ALPs with photon coupling in the plane of
coupling g, versus mass m,, spanning the full experimentally accessible parameter
space. Excluded regions from astrophysical observations, laboratory searches, and
collider experiments are shown as filled areas. Figure adapted from .

The open MeV-GeV window identified above is the direct experimental target of
the experiments discussed in this thesis. ALPs in this region are too weakly coupled
and long-lived for the reach of collider experiments. Probing them requires a new
approach discussed in Chapter 2| There, the ALP production mechanisms and
resulting decay kinematics at a proton beam dump are discussed. Chapter [4] then
shows how these kinematic features motivate the design of two different experimental
concepts.
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Figure 4: Zoom into the ALP parameter space in the mass range relevant for
accelerator-based experiments (note the different mass units relative to Figure |3)).
Current exclusion bounds are shown as filled coloured areas. The open window in
the MeV-GeV range at couplings g, ~ 107°-1072 GeV ! is the target region of this
thesis. Figure adapted from [24].
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2 Signal Kinematics in Beam-Dump Experiments

The last chapter developed the theoretical framework for ALPs, the primary physics
target of the pointing calorimeter designed in this thesis. However, ALPs are not
an isolated prediction but belong to the broader class of Feebly Interacting Particles
(FIPs), a general category comprising all hypothetical particles whose couplings to
SM fields are many orders of magnitude smaller than those of the known weak in-
teractions. This class includes dark photons, heavy neutral leptons, dark scalars
and ALPs [26]. Despite their different theoretical origins and quantum numbers,
all FIPs share the defining property of a very small coupling constant ¢ < 1, im-
posing a common experimental logic: suppressed production cross-sections demand
maximising the number of interactions, while the correspondingly suppressed decay
rates result in macroscopic lifetimes that allow the particles to travel macroscopic
distances before decaying.

This chapter introduces the beam-dump concept, characterises the ALP production
mechanisms and backgrounds at the SPS, and derives the kinematic signatures that
shape the experimental designs.

2.1 From the Energy Frontier to the Intensity Frontier

The LHC has produced one landmark discovery: the observation of the Higgs boson
in 2012 [11], completing the particle content of the SM and validating the Brout—
Englert—Higgs mechanism [27-29] as the correct description of electroweak symmetry
breaking. Beyond the Higgs boson, no statistically significant signal of new physics
has been established. If BSM particles exist and couple to SM fields with order-unity
strength, their masses must lie above several TeV [30].

A complementary approach is the search for BSM particles at the intensity frontier.
Particles that couple feebly to the SM, with coupling constants g < 1, are kinemat-
ically accessible at any collision energy but are produced with cross-sections o o< ¢°.
Rather than maximising collision energy, one maximises the number of interactions.
In fixed-target experiments, the relevant quantity is the number of Protons on Tar-
get (PoT) with modern facilities targeting Np,r ~ 102 [31]. So far, the intensity
frontier is utilised mainly for the search for rare or forbidden phenomena in SM
processes [32, |33] and precision measurements |13, 34].

The photon coupling g¢,,, which enters the photon interaction term in the ALP-
Lagrangian (Eq. (4)), directly governs the dominant decay mode in the photon-
portal scenarid®l In the rest frame of the ALP, this vertex gives rise to the two-
photon decay a — 7, whose partial width follows from a straightforward tree-level
calculation: . 4
ga'y My . (5)

647

The cubic dependence on m, and the quadratic dependence on g,, determine the
ALP lifetime 7 = 1/T" and, after boosting to the laboratory frame, its decay length
A = ~07 [35]. For the small couplings and moderate masses of phenomenological

Pla—7y) =

2The three terms in Eq. beyond the kinetic and mass terms define the photon, gluon, and
fermion portals, respectively. Which of these dominates is determined by the chosen UV com-
pletion.
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interest, A\ reaches macroscopic scales of tens to hundreds of metres in the laboratory
frame for GeV-scale ALPs produced at a high-energy beam.

2.2 The Beam Dump Concept and the CERN Beam Dump
Facility

In a beam dump, a dense target serves to maximise FIP production from the
large secondary meson flux while simultaneously absorbing hadronic shower com-
ponents that would otherwise overwhelm the downstream detectors. An extended
low-density decay volume downstream of the shielding provides the baseline over
which long-lived FIPs decay in flight. The sensitivity to a given point in the (m, g)
parameter space is determined by the signal yield

Nsignal X NPoT : Uprod(g) ' Pdecaya (6)

where oproq X ¢? is the production cross-section and Piecay 1s the probability for the
produced particle to survive the shielding and decay within the instrumented decay
volume.

The concrete realisation of this concept takes place at the CERN Super Proton
Synchrotron (SPS), which delivers a 400 GeV proton beam with an intensity of
4 x 10'3 protons per spill to the North Area experimental complex. Throughout this
thesis, beam momenta are referred to as beam energies, since all beams discussed
are highly relativistic (£ ~ p). The 400 GeV beam energy is a critical working point
since it exceeds the production thresholds for charm and beauty hadrons, and the
high beam intensity allows for the accumulation of O(10'%) to O(10*°) PoT over
several years of operation [4]. The focal point for intensity frontier hidden-sector
searches is the CERN Beam Dump Facility (BDF), set for construction in the ECN3
underground cavern [31]. Its high-density target acts simultaneously as a high-
luminosity factory for light mesons and heavy-flavour hadrons and as approximately
30m of hadron absorber and muon shielding, reducing the overwhelming forward
SM flux by several orders of magnitude before the decay volume [36].

2.3 ALP Production at Proton Beam Dumps

Throughout this work, sensitivity is assessed for the decay a — 77, which is the
dominant channel for a photon-coupled ALP and produces the cleanest experimental
signature in a calorimetric search. The observable is a pair of photons originating
from a common displaced vertex inside the fiducial volume.

When a 400 GeV proton beam strikes a dense target, an intense hadronic and electro-
magnetic cascade develops within the first interaction lengths of the material, which
is the primary factory for ALP production. Four distinct mechanisms contribute,
each scaling differently with the ALP mass and coupling, and each imprinting a
characteristic kinematic signature on the produced ALP flux. While the discussion
here is specialised on the ALP, the same four production topologies recur across all
FIP species. Only the relative importance of each channel and the relevant coupling
replacement differ [26]. If not stated otherwise, this section is based on [35] 37, |3§].
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2.3.1 Primakoff Production

The Primakoff process is the coherent conversion of a photon into an ALP in the
Coulomb field of a target nucleus: v+2 — a+Z. High-energy photons are produced
abundantly in the hadronic cascade through 7° — v+ and  — ~+ decays, providing
an intense source of primary photons throughout the target. For ALPs with domi-
nant photon coupling and m, < O(1 GeV), Primakoff production is expected to be
the dominant channel. The Primakoff cross-section scales as g2 Z*, where the Z?
scaling makes heavy target materials particularly effective. The process is strongly
forward-peaked due to the small momentum transfer to the nucleus. This character-
istic makes Primakoff production particularly relevant for long-baseline beam-dump
experiments, as a large ALP phase space can be covered with a relatively compact
detector. The Feynman diagram for Primakoff production is shown in Fig. [5]

p

V4 Pe—

Figure 5: Feynman diagram illustrating the Primakoff production of an ALP in
the Coulomb field of a nucleus. The cross-section scales as 927227 motivating the
use of heavy target materials. [35]

2.3.2 Light Meson Decays

The hadronic cascade produces a large flux of light neutral mesons, predominantly
7% and 1. For m, below the meson mass, the ALP can be emitted in radiative
decays such as 7 — va and  — ~a, or replace the diphoton final state entirely.
The branching ratios for these processes are suppressed by 927 /m?2 ... relative to
the SM decay and are therefore small, but the enormous light meson flux produced
at 10%° PoT could compensate for this suppression. At 400 GeV, light mesons are
produced with a large longitudinal boost and small transverse momentum. The
characteristic emission angle of a pion with momentum p, is
m7r

O~ (7)
and ALPs produced in their decays consequently follow a distribution that is strongly
peaked along the beam axis.

2.3.3 Heavy-Flavor Meson Decays

The SPS proton beam causes a significant production of D and B mesons through
strong interactions in the target. For m, in the range of hundreds of MeV to a few
GeV, these heavy-flavour mesons may provide the dominant production channel via
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flavour-changing processes such as B — Ka and D — 7a, as well as through direct
radiative decays [39]. The kinematic properties of this channel differ fundamentally
from those of Primakoff and light meson production. As Eq. describes, heavy
mesons are produced with significantly smaller Lorentz boosts and larger intrinsic
transverse momenta, resulting in a substantially broader angular distribution with
transverse displacements at the detector that can reach several metres.

2.3.4 Proton Bremsstrahlung

At the highest energies, ALPs can be produced directly through bremsstrahlung-like
processes in the primary proton—target interaction, analogous to ordinary photon
bremsstrahlung but with the photon replaced by an ALP via the g, coupling [40].
This channel contributes predominantly at low m, and small coupling, and produces
a forward-peaked ALP flux kinematically similar to Primakoff production. Its con-
tribution is subdominant to Primakoff production for most of the parameter space
accessible to the beam dump experiments discussed here.

2.3.5 Beam Induced Backgrounds

The same hadronic cascade that generates the signal also produces the dominant
backgrounds. Charged pions and kaons decay in flight via

ot KT — ui + 812,

resulting in an intense flux of muons and neutrinos. Because the parent mesons
carry large longitudinal momentum and modest transverse momentum, this flux is
strongly forward-peaked and concentrated within a narrow cone along the beam

axis.

2.4 Signal Kinematics

Figure [0 shows the solid-angle distributions of various FIPs produced in proton-
target collisions at the SPS, computed for a molybdenum target. The top panels
show the angular distributions, with the left panel showing FIPs from boosted pro-
duction channels and the right showing FIPs from heavy-flavour meson decays,
illustrating the qualitatively different angular distributions for the two cases. The
vertical dashed line indicates the polar angle coverage of the SHiP experiment dis-
cussed in Section 4.3
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Figure 6: Kinematics of various FIPs produced in proton-target collisions on a
molybdenum target at the SPS. Top: Angular distributions for different FIP masses,
corresponding to different dominant production channels. The vertical dashed line
represents the acceptance of the SHiP experiment discussed in section[4.3] Bottom:
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(B, D), the spectrum is shown separately for § < 0.05rad and 6 > 0.05rad, showing

the reduced hardness further from the beam axis (right). [41]
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3 Particle Interactions and Detection Principles

Charged particles and photons traversing matter lose energy through various pro-
cesses. The following sections cover the relevant interaction mechanisms, calorimetry
principles, and the instrumentation technologies used in this thesis.

3.1 Particle Interactions with Matter

The nature of a particle’s interaction with matter depends fundamentally on the
particle type. Charged particles interact primarily via ionisation of the traversed
medium, while photons undergo a distinct set of processes whose relative importance
varies strongly with energy. Both classes of interactions are central to calorimetry
and are treated in turn below. Other particles are not of interest for this thesis and
are not discussed. If not stated otherwise, this section is based on the textbooks by
Grupen [42] and Kolanoski/Wermes [43].

3.1.1 lonisation

The dominant energy-loss mechanism for charged particles traversing matter is ion-
isation of the medium. The mean energy loss per unit path length is described by
the Bethe—Bloch formula,

dE Z 1 1. 2m.c?B%*2T, )
_ — K 2__ _1 e max _ 2 _
<dx> Ve [2“ 2 =3 ®)

where K = 47N A'r’gmec2 is a proportionality constant (N4 denotes Avogadro’s num-
ber, 7. the classical electron radius, and m, the electron mass), z is the charge num-
ber of the incident particle, Z and A are the atomic number and mass number of the
absorbing material, # and v are the standard Lorentz kinematic factors, T, is the
maximum kinetic energy transferable to an atomic electron in a single collision,
is the mean excitation energy of the medium, and 6(f3) is a density-effect correction
term.

Expressed as a function of Sy = p/m, Equation (8)) is entirely invariant and ex-
hibits an absolute minimum at v = 3, followed by a very slow relativistic rise, as
illustrated in Figure [} Particles with gy 2 3 are referred to as Minimum-Ionising
Particles (MIPs). Their energy loss of approximately 1.4 MeV cm?g™! is constant
for a wide range of materials and energies, which makes MIPs a useful reference for
detector calibration.

The energy deposited by a single MIP in a finite absorber does not follow a Gaussian
distribution but rather a Landau distribution, reflecting the stochastic nature of rare
large-energy-transfer collisions.

3.1.2 Photon Interactions in Matter

Photons interact with matter through three distinct processes whose relative con-
tributions depend strongly on the photon energy and the atomic number of the
medium. These are the photoelectric effect, Compton scattering, and pair creation,
and the energy and Z domains in which each dominates are illustrated in Figure [§
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given as a function of the product of the Lorentz variables. For muon momenta in
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Photoelectric Effect. At low energies, a photon can be absorbed by an atomic
structure, ejecting a bound electron from its atomic shell. The kinetic energy of the
emitted photoelectron (p.e.) is

E. =hv—E, (9)

where hv is the photon energy and Ej is the electron binding energy. In high-Z
materials, the photoelectric effect is the dominant process at low energies and is
exploited directly in photon detectors such as Photomultiplier Tubes (PMTs) and
Silicon Photomultipliers (SiPMs).

Compton Scattering. At intermediate energies, an incoming photon scatters in-
elastically off an atomic electron, transferring part of its energy to the recoiling
Compton electron. The energy of the scattered photon is

L,
= 1
7 1+4e(1—cosb)’ (10)

where 6 is the scattering angle relative to the incident direction and & = E. /(m.c?).
The Compton scattering probability is proportional to the electron density of the
medium. Because the ratio of atomic number to mass number (Z/A) remains ap-
proximately constant (~ 0.4-0.5) across most elements, the mass attenuation co-
efficient is largely material-independent. In the intermediate energy regime, the
cross-section scales approximately as 1/E., [45].

Pair Creation and Bremsstrahlung. At high energies, electrons lose energy pri-
marily through bremsstrahlung (e* — e*+), emitting photons in the Coulomb field
of a nucleus. The mean bremsstrahlung energy loss per unit path length is given by

dE Nup /E do
—_— = E,—dE.,, 11
dx A Jy TTdE, T (11)
where A is the nuclear mass number, p the material density, and E, the initial
electron energy, which sets the upper integration bound. This loss is parameterised
through the radiation length Xy, the material-dependent characteristic scale over

which an electron loses all but a fraction 1/e & 37% of its energy via bremsstrahlung:

dF
dx

E
= —Y = E(x) = Fj €_I/XO‘ (12)
rad 0

For photons, the analogous process is pair creation (7 — eTe™), which becomes
accessible above the threshold of 2m, and ultimately dominates at high energies. It
also occurs in the Coulomb field of a nucleus, and its cross-section can be expressed
in terms of X, as

(13)
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where p is the material density, giving a mean free path for pair production of

A9, (14)

Apain = —— =
P UpairNA P 7

The probability of pair conversion after traversing one radiation length is therefore
P(y — ete™) = 1 — e ™9 x~ 54%, somewhat below the corresponding energy loss
through bremsstrahlung for electrons.

3.1.3 Hadronic Interactions

In addition to ionisation and bremsstrahlung, hadrons have access to a much wider
range of strong-force interactions, making their energy-loss behaviour considerably
more complex than that of leptons. Hadronic showers have limited direct relevance
to the calorimeter developed in this thesis and are only briefly introduced for com-
pleteness.

By analogy with the electromagnetic case, hadronic shower development is charac-
terised by a nuclear absorption length \,, defined via

A
_ —z/Xa _

N(x) NO ‘ ’ Aa NA p Uinelas 7 (15)
where Ny is the number of incident hadrons, gj,e1.s is the inelastic scattering cross-
section, and x is the distance traversed. The radiation length scales as Xy oc A/Z2,
reflecting the dependence on nuclear charge, whereas the absorption length scales
as A\, oc A3, corresponding to the geometric nuclear radius. Since A\, > X for all
materials of practical interest, considerably more absorber material is required to
contain a hadronic shower rather than an electromagnetic one of comparable energy.
This results in measurably different shower topologies for the two cases, a distinction
that can be exploited for particle identification.

3.2 Principles of Calorimetry

Calorimetry relies on the initiation of a particle shower, which consists of a stochastic
cascade of secondary particles produced through successive interactions in a dense
medium. Calorimetric measurements are inherently destructive, with aggregate ion-
isation, scintillation, or Cherenkov light produced by the resulting shower being
collected as the energy signal.

The physical development of these showers is governed by the material properties
of the absorber. An electromagnetic calorimeter (ECAL) contains showers from
electrons and photons, driven by bremsstrahlung and pair-production. The longitu-
dinal scale of this development is defined by Xj. In contrast, a hadronic calorimeter
(HCAL) must contain the broader showers initiated by hadronic interactions, gov-
erned by the nuclear absorption length (\,). Since A, is typically much larger than
Xy, HCAL systems require significantly more volume for full containment.

By sampling the shower at various depths and lateral positions, the calorimeter may
also enable pointing capabilities required for neutral decay reconstruction. This al-
lows the incident particle’s trajectory to be determined directly from the shower



20 3 Particle Interactions and Detection Principles

axis, providing information about the shower direction in searches where the inter-
action vertex is unconstrained by upstream tracking. Unless stated otherwise, the
formalisms in this section follow the textbook by Wigman [44].

3.2.1 Energy Resolution

The energy resolution of a calorimeter is traditionally its most important figure of
merit. In the general case, it is described by three terms added in quadrature:
o(E) a

b
= ®—=6dc. 16
E E/GeV E (16)

The three coefficients parameterise distinct physical contributions.

The stochastic term a/\/E/GeV originates from the Poisson statistics govern-
ing the number of independent shower particles contributing to the signal. This
term represents the dominant resolution component at intermediate energies and is
characteristically larger in sampling calorimeters due to sampling fluctuations inher-
ent in incomplete energy collection. Typical values for the coefficient a range from
2-15% for electromagnetic systems and 35-120% for hadronic systems.

The noise term b/E is dominated by electronic noise fluctuations, independent
of the incident particle energy. This component dominates the total resolution at
low energies, where the signal-to-noise ratio is minimal. Careful optimisation of the
front-end electronics and shielding is key to minimising b and extending the dynamic
range of the detector toward the low-energy threshold.

The constant term ¢ encapsulates energy-independent systematic effects, includ-
ing mechanical tolerances, electronic non-uniformities, intercalibration errors, and
fluctuations in longitudinal leakage. At high energies, this term dominates the res-
olution, and high-performance systems are typically designed to achieve ¢ < 1%.

Additionally, the measured signal must be proportional to the incident energy. In
practice, linearity can be compromised by longitudinal shower leakage, which grows
logarithmically with energy, or by electronic saturation. Calibration with test beams
of known particle species and energy is essential to characterise and correct for such
effects.

3.2.2 Electromagnetic Showers

Highly energetic electrons, positrons, and photons traversing a dense medium initiate
electromagnetic showers through the repeated alternation of bremsstrahlung and
pair creation. Showers induced by e* and ~ are similar, with the latter exhibiting
a slightly delayed development due to the photon conversion probability discussed
in section [3.1.2] These processes occur within the nuclear Coulomb field with cross-
sections scaling as o oc Z2, necessitating high-Z absorbers (e.g., lead or tungsten)
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for compact calorimeter designs. Due to the high boost of the primary particle,
secondary products are strongly collimated with emission angles 6 « m./E.

The longitudinal development of the cascade is well-approximated by the simplified
Rossi-Heitler model [46], which operates under the following assumptions:

e Each particle undergoes exactly one interaction per radiation length.

e Each interaction (bremsstrahlung or pair production) splits the parent energy
equally between two secondary particles.

e Energy loss via ionisation is neglected above the critical energy FE., and is
treated as the dominant, constant loss mechanism below FE..

Under these assumptions, the number of particles N and their average energy E at
a depth ¢ (in units of Xj) evolve as:

N(t) = 2", E(t) = o

(17)
The shower continues to grow until the average particle energy reaches the critical
energy (E(t) ~ E.), at which point the multiplication ceases. This defines the
shower maximum:

hl(Eo/Ec) EO
tmax = ; Nmax N = 1
In2 E. (18)

Consequently, the total path length of all charged particles, sy =~ (Fo/E.)Xo, and
the particle count at maximum scale linearly with the primary energy FEj.

Longitudinal Profile. The longitudinal energy distribution of an EM shower is well
described by the empirical Longo formula,

dE be
— = F
dt — °T(a)

e te™™, (19)

where t = x/ X is the shower depth measured in radiation lengths, I" is the gamma
function, and the parameters a and b depend on the primary energy FE, and the
atomic number Z of the absorber. The shower maximum occurs at

a—1 Ey {—0.5 (electrons), (20)

e ~ E. +0.5 (photons),
confirming that t,,,, scales only logarithmically with Fy through E., which is ma-
terial dependent. The parameter b ~ 0.5 for heavy absorbers with minor energy
dependence. [47] The longitudinal development of electromagnetic showers is in-
trinsically coupled to the atomic number Z of the absorber medium. As illustrated
in Figure [9] several differences emerge in the longitudinal profiles across different
materials:

e As Z increases, the shower maximum ¢,,,, shifts toward greater depths. This is
primarily a consequence of the decreasing critical energy e., which lowers the
threshold at which ionisation losses begin to dominate over bremsstrahlung
and pair production.
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e As Z increases, the shower profiles exhibit a more gradual decay beyond the
shower maximum. This slower attenuation reflects the increased contribution
of low-energy photons and the modified absorption cross-sections in high-Z

environments.
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Figure 9: Energy deposit as a function of depth, for 10 GeV electron showers devel-
oping in aluminium, iron and lead, showing approximate scaling of the longitudinal
shower profile, when expressed in units of radiation length Xj. Results of EGS4 [4§]

calculations. [44].

Figure demonstrates the characteristic evolution of electron showers across a

range of incident energies.

Figure [ shows that standard analytical parameteri-

sations are approximations which do not account for noticeable differences in the

longitudinal shower shapes between materials.
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As a practical example, in lead the 98% containment depth for 10 GeV electrons
is 18.8 X, rising to 22.2 Xy at 100 GeV. Consequently, an ECAL depth of 20 X, is
considered standard in contemporary high-energy physics. Longitudinal segmenta-
tion of the readout can substantially improve electron—hadron separation and enable
shower direction reconstruction by making the shower profile visible layer by layer.

Transverse Profile. At high energies, shower particles are initially emitted in a
narrow cone around the beam axis. However, the lateral extent of the shower is
eventually determined not by the primary high-energy interactions, but by the dis-
placement of lower-energy components. This transverse spread is driven by two
distinct physical mechanisms:

1. Multiple Coulomb Scattering: Electrons and positrons undergo successive
small-angle deflections, gradually migrating away from the shower axis. This
process is the primary driver of lateral spread during the early stages of shower
development.

2. Isotropic Secondary Processes: Beyond the shower maximum, the lat-
eral profile is dominated by photons and electrons produced in increasingly
isotropic processes, such as Compton scattering and the photoelectric effect.
Furthermore, bremsstrahlung photons emitted by electrons already travelling
at significant angles relative to the axis contribute to a further broadening of
the shower mantle.

The dominance of the latter processes is particularly pronounced in high-Z absorber
media, where the lower critical energy allows for a more prolonged multiplication
phase. The development of the lateral shower profile with increasing X, can be seen
in Figure [11]
The characteristic transverse scale used to quantify this spread is the Moliere radius,
defined as:
ES

RM — XO_, (21)
where F; =~ 21.2MeV is the scale parameter from Moliere’s multiple-scattering
theory. Approximately 90% of the shower energy is contained within a cylinder of
radius R, while 95% and 99% are contained within 2 Ry; and 3.5 Rj;, respectively.
Notably, the ratio Ry;/Xo o 1/e. o< Z increases with the atomic number. This
implies that while showers in high-Z materials are absolutely more compact due to
the shorter Xy, they appear relatively broader when measured in units of radiation
length. The concentrated shower core motivates a lateral segmentation at a scale of

Ry or finer.

3.2.3 Hadronic Showers

Hadronic showers develop through inelastic nuclear collisions, governed by the nu-
clear absorption length A\, > Xy, requiring substantially deeper calorimeters than
their electromagnetic counterparts. A key complication is the electromagnetic sub-
component of hadronic showers, which results from approximately one-third of sec-
ondary pions produced in each nuclear interaction being neutral, and their prompt
decay 7 — v feeding compact EM sub-showers within the hadronic cascade. The
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Figure 11: Longitudinal and lateral development of an electron shower (6 GeV) in

lead.

resulting fluctuation of the electromagnetic energy fraction from event to event is
the dominant source of hadronic energy resolution degradation and introduces non-
linearity in the calorimeter response. An additional fraction of the hadronic energy is
permanently lost as invisible nuclear binding energy, producing no detectable signal.
The distinct shower topologies of hadronic and electromagnetic showers, in particu-
lar the greater depth and broader lateral extent of hadronic showers, are exploited
for particle identification (PID). The difference in shapes and depth of electromag-
netic and hadronic showers can be seen in Figure (12, For lack of relevance in this
thesis, hadronic calorimetry is not further elaborated.

electromagnetic shower

100 GeV e~
40 cm

Fe

hadronic shower

100 GeV n

40 cm

A
Y

150cm

Figure 12: Simulation of showers in an iron block. The picture compares an electron
and a pion shower at the same energy, at 100 GeV. Only ionising particles are

plotted.
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3.3 Calorimeter Technologies

The transformation of an electromagnetic or hadronic shower into a measurable elec-
tronic signal and further into physically meaningful, MIP-calibrated data requires
a medium that can both induce particle multiplication and translate the resulting
energy deposition into a detectable format. While the longitudinal and transverse
profiles discussed in Section [3.2.2] are universal physical phenomena, the precision
with which they are reconstructed depends entirely on the choice of calorimeter ar-
chitecture and the underlying technology. If not stated otherwise, this section is
based on [44].

Broadly, calorimetry is divided into two structural categories based on the distribu-
tion of the absorber and the active medium:

e Homogeneous Calorimeters: Where the entire detector volume consists of
a single material that serves simultaneously as the absorber and the active
medium.

e Sampling Calorimeters: Which use alternating layers of a dense passive
absorber and a sensitive active material.

Both concepts are illustrated schematically in Figure [13] The experimental work
presented in this thesis relies on the specific subset of sampling calorimetry.

Figure 13: Schematic of a homogenous (left) and a sampling calorimeter (right)
with the active medium in blue, absorbers in grey, and areas with deposited energy
in orange.

3.3.1 Homogeneous Calorimeters

In a homogeneous calorimeter, the entire shower develops within a single active
medium, eliminating sampling fluctuations and providing the best achievable elec-
tromagnetic energy resolution. Common implementations use inorganic scintillating
crystals, which achieve stochastic terms of a &~ 2-5% with constant terms below 1%.
Their principal limitations are cost, restricted segmentation flexibility, and radiation
hardness requirements at high luminosities. Homogeneous calorimeters are not the
technology of choice for the detector developed in this thesis and are introduced
here for completeness only.
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3.3.2 Sampling Calorimeters

In a sampling calorimeter, dense passive absorber layers are interleaved with thinner
active readout layers. The absorber initiates and contains the shower while the active
medium provides the detectable signal. Only the fraction of the shower energy
deposited in the active layers contributes to the signal. This sampling fraction,

- AE‘active

fs B AE’total ,

(22)
is typically of the order of a few per cent. The incomplete energy collection gives
rise to sampling fluctuations, as the number of charged shower particles crossing an
active layer fluctuates from event to event, contributing to the stochastic term of

the energy resolution as

o(E) 1

7 x I
samp

Thinner absorber layers and larger sampling fractions improve the stochastic term
at the cost of increased detector depth.
Compared to homogeneous designs, sampling calorimeters achieve worse intrinsic
energy resolution but offer substantially reduced cost. A visualisation of two different
sampling fractions is shown in Figure[14], which illustrates the effect of the sampling
fraction on energy measurement and longitudinal shower position reconstruction.

(23)

« 20 X0 > « 20 X0 "

Figure 14: Schematic of calorimeters with two different sampling fractions, with
active medium in blue, absorbers in grey, and areas with deposited energy in orange.
The black measuring points indicate the increased information available in the setup
with a higher sampling fraction (right).

3.3.3 Particle ldentification from Combined Detector Response

The combined response of different detector subsystems provides sufficient discrimi-
nating power for particle identification in most experimental contexts. Each particle
species produces a characteristic pattern of activity across the tracking, calorimeter,
and muon systems, and identification is possible by matching an observed pattern
against these signatures.

Electrons are identified by a charged track in the tracking system associated with
a compact, high-energy deposit in the electromagnetic calorimeter. The ratio of
calorimeter energy to track momentum, FE/p & 1, is a strong discriminant against
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charged hadrons, which typically deposit only a small fraction of their energy in
the ECAL and produce a hadronic shower further downstream. Photons produce
an electromagnetic shower with no associated charged track. The absence of a
track upstream of the ECAL cluster is therefore the primary photon identification
criterion. Neutral hadrons similarly produce no track but deposit their energy in
the hadronic calorimeter rather than the ECAL, providing separation from photons.
Charged hadrons leave a track and a hadronic shower, with little or no signal in
the ECAL. Muons are identified by a track that traverses the full detector with
only MIP-like energy deposition in both calorimeters and a matching signal in the
downstream muon system. The combination of several independent observables
suppresses misidentification to a level sufficient for most analyses.

tracking electrom. hadron muon
detector calorimeter calorimeter chambers
photon
—_
electron !é
muon - —
> ~3 o~
pion, proton - o _‘4%@
kaon N -
0
neutron, KL J E g
inside 2= outside

Figure 15: Schematic illustration of particle identification in a detector at a high
energy accelerator. [43].

3.4 Instrumentation Technologies

The detector developed in this thesis employs a three-stage readout chain of plas-
tic scintillator strip, wavelength-shifting (WLS) fibre, and Silicon Photomultiplier
(SiPM) and is illustrated in Figure The WLS fibre is the key element for signal
uniformity: it collects scintillation photons along the full strip length and re-emits
them at a wavelength for which the fibre attenuation length far exceeds the strip
length. Each component is described below.

3.4.1 Plastic Scintillators

Plastic scintillators are organic scintillators based on aromatic polymer matrices,
typically polyvinyltoluene (PVT) or polystyrene (PS), doped with one or more fluo-
rescent wavelength-shifting agents. An ionising particle traversing the base material
excites molecular states, and the subsequent de-excitation produces fluorescence
photons on timescales of O(ns). The base polymer is opaque to its own emission
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Figure 16: Conceptual sketch of a readout chain of plastic scintillator, wavelength-
shifting fibre and photosensors. [43]

wavelength, so a primary fluor is added whose absorption spectrum overlaps with
the base emission and which re-emits at a longer wavelength with high quantum
efficiency. A secondary fluor may further shift the emission to better match the
spectral sensitivity of the photosensor. A schematic illustration of the Stokes shift
between absorption and emission spectra of the scintillator is shown in Figure [17]}
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Figure 17: Absorption and emission spectrum of scintillators (schematic). [43]

The requirement for a large Stokes shift between absorption and emission peaks
is essential to minimise self-absorption and achieve attenuation lengths of O(m)
in the bulk material. The light yield L., defined through (N,) = L, x E, is an
important figure of merit and is tunable by adjusting the dopant concentrations.
Plastic scintillators combine good performance, low cost, and geometrical flexibility
(available as bars, plates, tiles or fibres), making them a widely used active medium
in large-scale sampling calorimeters. Their principal limitation is radiation hardness,
as light yield degrades measurably above absorbed doses of O(kGy).

3.4.2 Silicon Photomultipliers

SiPMs, also referred to as multi-pizel photon counters (MPPCs), are the standard
photosensors for plastic scintillator-based calorimeters in modern experiments. A
SiPM consists of a matrix of avalanche photodiode (APD) cells operated in Geiger
mode, each comprising a single-photon avalanche diode (SPAD) and a quenching
resistor Ry, as shown in Figure [I§

Typical SiPMs contain pixel counts from hundreds to thousands, with individual

pixel spacings of 15-75 um and total active areas of 1 to a few mm?.
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Figure 18: Schematic of the array structure of a SiPM and the electric circuit
representation. [49]

When a photon creates an electron-hole pair in a pixel, the Geiger avalanche is
triggered, producing a charge pulse Qpix = Cpix AV, where Ci, ~ 100 {F is the pixel
capacitance and AV = Vi;.s — VBr is the overvoltage, typically 2-5V with Vggr ~
50 V. Each fired pixel produces a charge of approximately 100 fC, corresponding to
one p.e. The intrinsic gain of O(10°) renders the signal directly processable without
external amplification. The current is quenched by the voltage drop across Ry,
which reduces the bias below Vgr and allows the pixel to recharge with a dead time
T = Rpix Cpix ~ 0(50 HS).

The total SiPM signal is the sum over all fired pixels. The photon detection efficiency
(PDE) governs the probability that an incident photon produces a count,

PDE =@ x fa x Pg, (24)

where () is the quantum efficiency of the silicon, f, is the geometrical fill factor (frac-
tion of sensitive area), and Pg is the probability of triggering a Geiger avalanche.
Typical PDE values reach up to about 50% at the optimal wavelength. The dy-
namic range is set by the total pixel count: at high photon fluxes, multiple photons
may strike the same pixel within its dead time, causing saturation and a non-linear
response. The discrete, well-separated peaks in the single-photon spectrum (Fig-
ure demonstrate the single-photon resolution of a SiPM.

The principal noise contributions are dark counts, thermally induced spontaneous
avalanches occurring independently of incident light, cross-talk, in which photons
generated during one avalanche trigger a neighbouring pixel, and afterpulses, arising
from carriers trapped during an avalanche and released with a delay of O(100ns).
All three contributions scale with overvoltage and, in the case of dark counts, with
temperature. SiPMs operate at low reverse-bias voltages and are insensitive to
magnetic fields, and are available in compact form factors compatible with surface-
mount assembly, making them well suited for the high-channel-count, fine-grained
readout required in a pointing calorimeter.

3.4.3 Wavelength-Shifting Fibres

WLS fibres collect scintillation photons from the scintillator and transport them to
the photosensor. A WLS fiber consists of a polymer core doped with a wavelength-
shifting agent, surrounded by one or more cladding layers of lower refractive index,
as shown in Figure 20l Typical WLS fiber diameters range from 0.5 to 2 mm.
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Figure 19: Single photon spectrum of a SiPM showcasing the resolution of indi-
vidual p.e. peaks. [50]

A photon entering the fiber is absorbed by the dopant and re-emitted isotropically
at a longer wavelength. Photons emitted within the acceptance cone defined by the
critical angle for total internal reflection,

. Nclad
0. = arcsin ——, (25)

ncore

are trapped and guided to the fibre end. The fraction of re-emitted photons trapped
in this way is the trapping efficiency,

1 Nela
ftrap:§ <1_ ld) y (26)

ncore

which is typically only a few per cent for single-clad fibres. Multi-cladding (adding a
second outer layer with a yet lower refractive index) increases the effective acceptance
cone and improves fiap. The wavelength shift suppresses self-absorption within the
fibre, extending the effective attenuation length to several metres.

3.4.4 Double Sided Readout

In double-sided readout configurations, SiPMs are coupled to both ends of the WLS
fiber. This suppresses the residual position dependence of the signal, as the signal
falloff towards one end is partially compensated by the larger signal at the other. The
time difference of arrival between the two SiPM signals provides a rough longitudinal
coordinate along the strip direction, otherwise inaccessible from the strip geometry
alone. Requiring a coincident signal in both SiPMs at one scintillator strip also
suppresses dark-count noise, improving the single-channel signal-to-noise ratio.



31

~ totalinternal
reflection

i\
/. / A\
/I A\
Kolanoski, Wermes 2018 —— corefibre
\\— cladding 1
cladding 2

Figure 20: Illustration of the captured light fraction for a typical fibre with two
cladding layers. [43]
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4 Experimental Options at the CERN SPS

The production mechanisms described in Section give the possible FIP flux a
distinct kinematic signature, characterised by the decay length A\ and the trans-
verse displacement r at the detector plane. At a given production and decay cross
section, these two observables directly shape the concrete experimental setups: the
decay length determines the required shielding and fiducial baseline, while the trans-
verse displacement defines the detector placement and acceptance. The following
subsections develop these kinematic quantities and show how they motivate the two
experimental concepts of SHADOWS and SHiP. This section is based on the SHAD-
OWS Technical Proposal and EOI [3, 51] as well as several SHiP publications [4,
306, 52, [53].

4.1 Signal Acceptance and Detector Geometry

The number of signal events within the acceptance of a beam dump experiment
depends on the signal kinematics discussed in Section [2.3)and a small set of geometric
parameters: the longitudinal distance from the target to the start of the decay
volume Ly, the fiducial length Ly — L; from L; to the end of the fiducial volume
Lo, and the detector acceptance eqo; derived from the transverse detector cross-
section and the transverse displacement of the detector centre from the beam axis.
In this discussion, the whole decay volume is considered to be the fiducial volume.
The production channel determines the angular and momentum distributions of the
FIP flux, which directly impacts which decay products fall within the geometric
acceptance of a given detector layout.

In the long-lifetime regime A > Lo, the geometric acceptance can be described as

(L2 _ Ll)eff

ecy 27
Lo—1L, (27)

€geom == EFIP X
where eprp is the fraction of produced FIPs pointing towards the detector cross-
section, (Ly — L1)°% is the effective traversed length (see Figure , and €gec 1s the
probability that all required decay products reach the detector acceptance. The
daughter particle acceptance €4o. introduces a non-trivial dependence on FIP mass
and boost. If the opening angle of the decay products becomes comparable to the
angular size of the detector as seen from the decay point, 4., decreases, effectively
limiting the useful fiducial length for heavy or slowly moving FIPs (see also [41]).
The signal yield is then given by the product of the angular distributions, the geo-
metric acceptance and the probability of FIPs decaying within the fiducial volume

Leff Leff
Piecay = €Xp (— ; > — exp (— /\2 > , (28)

where LT and LST are the projected longitudinal positions of the entry and exit
points of the fiducial volume, and A is the mean decay length of the hypothetical
FIP.
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Figure 21: Illustration of the different contributions to the geometric acceptance
of beam dump experiments. The FIPs produced in the target have to point to the
detector (red dashed arrow). The fraction of such events is given by epp. The
effective length inside the decay volume passed by decaying FIPs (dashed blue line)
may differ significantly from the nominal decay volume length Lggq. The decay
products of FIPs (green arrows) also have to be in the detector acceptance (€gec).
Figure adapted from [41].

4.2 SHADOWS: The Off-Axis Concept

SHADOWS (Search for Hidden And Dark Objects with the SPS) was a fixed-target
experiment proposed for installation at the CERN North Area ECN3 experimental
complex. It targets FIPs in the MeV-to-GeV mass range, with particular sensitiv-
ity to higher mass (1-5 GeV) candidates produced in the decays of charmed and
beauty hadrons. SHADOWS was proposed to operate in parallel with the HIKE
experiment [54], which was intended to occupy the on-axis position downstream
of the target and focus on kaon physics. The two experiments were designed to
exploit the same beam operation from complementary geometric positions: HIKE
would capture the strongly forward-peaked flux on-axis, while SHADOWS would
intercept the heavy-flavour halo that spreads laterally at large angles. A floorplan
view of the SHADOWS layout in Fig. shows the off-axis placement and the se-
quential arrangement of detector subsystems, which will be discussed in more detail
in Section The dimensions of SHADOWS are constrained to a 2.5 x 2.5m?
cross-section and about 20m in length space by availability.

Off-Axis Kinematic Motivation The defining experimental choice of SHADOWS
is the off-axis placement of the decay volume about 10 m downstream of the target
and displaced laterally by approximately 3 m from the beam axis. The length of the
fiducial volume is 19 m, extending to about 30m from the target. Displacing the
detector off-axis has a negative effect on the signal yield, which decreases with the
displacement for all FIP models [41]. The off-axis configuration has essentially no
sensitivity to FIPs produced via proton bremsstrahlung or Primakoff production.
The sensitivity to heavy-meson production is partially preserved, as can be seen in
Figure 23| showing the illumination from 7" u~ pairs of heavy neutral lepton (HNL)
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Figure 22: Visualisation of the SHADOWS detector system at its off-axis position
next to the beam line. HIKE would occupy the on-axis further down the beamline
to the left. The beam comes from the right. Figure adapted from

decays at the first SHADOWS tracking layer.
In exchange, the steep transverse fall-off of the beam-induced background fluxes
provides a large geometric suppression factor before any active rejection is applied.
Active downstream veto and sweeping systems are therefore much less critical in
SHADOWS compared to an on-axis position.
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Figure 23: Illumination at the first SHADOWS tracking layer (=~ 50 m from the
dump) of the 7"~ pair from the decay of a HNL of mass 1.5 GeV from charm (left)
and from beauty (right) hadron decays. [51]

4.3 SHiP: The On-Axis Experiment

SHiP (Search for Hidden Particles) is a fixed-target beam-dump experiment ap-
proved by the CERN management in March 2024, together with a BDF . The
experiment is designed to perform an extensive, largely background-free search for
FIPs with masses in the MeV-to-GeV range, targeting the broadest possible set of
hidden-sector candidates accessible at a proton beam dump. Compared to SHAD-
OWS, SHiP focuses on a wider mass range and different production channels, specif-
ically towards smaller masses. This also motivates the extent of the fiducial volume,
which is 50 m long and extends to an aperture of 4 X 6 m at its end about 90 m from
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the target. SHiP is foreseen to begin data taking in 2032, targeting an integrated
exposure of 4 x 10' PoT per year and 6 x 10?° PoT over fifteen years of operation.

On-Axis Geometry and Decay Volume Length For an on-axis detector, eppp
scales with the solid angle of the detector, while the dependence of the signal yield
on L is small (reducing L; from 38 m to 8 m increases the yield by less than a factor
of two for most FIP models). The dependence on the fiducial length is non-trivial.
A longer decay volume increases the decay probability but reduces the effective
solid angle of the detector, which suppresses €4e. for heavy FIPs. The acceptance
reaches a maximum near Ly — Ly =~ 50m for a 6 X 4 m detector aperture, directly
motivating the SHiP decay volume length. For on-axis configurations, geometry
optimisation is therefore driven by background suppression and cost rather than by
signal acceptance. This is discussed in more detail in [41].

Beam and Target Setup SHiP will use the 400 GeV primary proton beam of the
CERN SPS delivered to the BDF at up to 4 x 10*® protons per spill with a 1.2s spill
duration at nominal intensity. The production target is a composite structure of a
molybdenum alloy and tungsten, maximising radiation hardness, charm and beauty
production. A Magnetised Hadron Absorber follows immediately downstream, serv-
ing simultaneously as the final hadron absorber and as the first stage of the muon
shield sequence, providing an initial magnetic sweeping field to the emerging muon
flux.

The Muon Shield and the SND As discussed above, the same interactions that
generate a possible signal also produce an overwhelming secondary flux of approxi-
mately 2 x 10'° muons and neutrinos per spill. The active muon shield is specifically
designed to reduce the muon flux hitting the detectors by six orders of magnitude,
using a sequence of alternate-polarity electromagnets to sweep muons of both charge
signs laterally out of the detector acceptance. The SHiP Scattering and Neutrino
Detector (SND), placed immediately behind the shield, exploits the intense neutrino
flux for a dedicated programme of neutrino cross-section measurements.

A rendering of the full BDF and SHiP setup is shown in Fig. 24l The individual
components are discussed in the next section.

4.4 Beam-Dump Experiment Blueprint

The descriptions of SHADOWS and SHiP reveal two very different experiments in
placement and scale. SHADOWS is a comparably compact, off-axis detector relying
on geometric displacement to suppress its dominant backgrounds. SHiP is a dedi-
cated on-axis facility with a 50 m decay volume and an active muon shield. Yet the
functional problem both experiments must solve is identical: suppress beam-induced
backgrounds to below one event over the full physics run while maintaining accep-
tance for a long-lived neutral particle that decays into photons or charged tracks
inside a fiducial volume downstream of the target. Every beam-dump experiment
of this type must incorporate the same chain of functional elements, each motivated
by a specific background class or signal-reconstruction requirement identified in the
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Figure 24: Visualisation of the SHiP detector system at its on-axis position in the
ECN3 cavern.

preceding chapters. The following subsections trace this common architecture sub-
system by subsystem, identifying in each case the physical driver and showing how
the two experiments arrive at different solutions.

Muon Sweeping System After the passive absorber, a large flux of high-energy
muons remains, which must be reduced as much as possible before reaching the
fiducial decay volume. A large-aperture magnetic field deflects positive and neg-
ative muons in opposite transverse directions, clearing the geometric aperture of
the downstream instrumentation. The required integrated bending power is set by
the maximal muon momentum to be swept and by the transverse size of the decay
volume. The total volume of active iron scales with the ambient muon flux, which
differs by many orders of magnitude between the on-axis and off-axis configurations.
In SHADOWS, three stages of passive Magnetised Iron Blocks (MIB) are placed
off-axis immediately upstream of the decay vessel perform this function. Multiple
stages push both charge populations further off-axis until neither falls within the
aperture of the decay vessel, achieving a reduction of almost two orders of magnitude
in the muon background rate at the first tracking station. Figure [25|shows the effect
of the MIBs on the muon flux.

With approximately 2 x 10'° muons per spill exiting the target complex on-axis,
SHiP faces a much more substantial muon flux, which must be suppressed by six
orders of magnitude before reaching the decay volume. The active muon shield
deployed is a highly optimised, more than 20m long, series of electromagnets of
varying strength and polarity designed to deviate muons of a wide range of energies
and direction. There are designs for a normal and a superconducting version. The
result is a low-background central region flanked by two prominent lateral muon
flames, as illustrated in Figure These flares are also the reason for the unregular
2:3 aperture aspect ratio of the SHiP experimentﬂ.

3The muon flares are diverted sideways for radiation protection reasons, resulting in the unintu-
itive upright detector positioning.
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Figure 25: Simulated muon flux distribution at the first tracking station (red rect-
angle) of the SHADOWS detector system with (right) and without muon sweeping
by the MIBs (left) viewed from downstream of the detector.
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Figure 26: Muon flux distribution after the SHiP active muon shield. (a) Muon
flux map at the beginning of the SHiP decay vessel (rate per 5 x 5cm? area). [55].
(b) Expected prompt dose (dominated by muons) along an older design of the SHiP
experiment (top view) for illustrative purposes. ||

Fiducial Decay Volume The decay volume is an enclosed region providing the
fiducial volume over which long-lived particles can decay in flight. Its length Lo — L4
is chosen to maximise the integral of Eq. over the target coupling and mass
range of interest, typically resulting in baselines of order tens of metres. The precise
reconstruction of the decay vertex position within this volume is central to the
pointing-based background suppression strategy.

To suppress neutrino-induced backgrounds, which scale with the material density
traversed, the volume must be evacuated or filled with a medium of very low interac-
tion probability. Both SHADOWS and SHiP originally planned a vacuum vessel for
this purpose, but both designs converged on a helium fill as the preferred solution,
since helium at atmospheric pressure reduces the secondary interaction cross-section
relative to air by more than an order of magnitude while eliminating the structural
demands of a large vacuum vessel, and therefore reducing secondary interactions
from the vessel walls.

SHADOWS realises this as a modular rectangular vessel with a constant inner aper-
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ture of 2.5 x 2.5m? and a longitudinal extent of approximately 19 m.

SHiP employs a decay volume shaped as a pyramidal frustum with a longitudinal
extent of 50 m and transverse dimensions growing from 1.0 x 2.7 m? at the upstream
face to 4 x 6m? at the downstream face.

Veto Detectors Any charged particle entering the fiducial decay volume from
outside, whether a residual muon that survives the sweeping system or a secondary
particle produced in upstream material, must be tagged and the corresponding event
rejected. A single missed muon may produce a reconstructed track pair that mim-
ics a two-body feebly-interacting particle decay. The veto system completes the
hermetic boundary of the fiducial region.

In SHADOWS, the front face and lateral walls of the decay vessel facing the beamline
are instrumented to tag residual charged particles. SHiP similarly employs a two-
component system of the Upstream Background Tagger based on plastic scintillators
and the Surrounding Background Tagger enclosing the whole decay volume with
liquid scintillator cells to detect secondaries from muon and neutrino interactions
on the helium fill.

Spectrometer Tracker and Dipole Magnet For final states involving charged
particles, a downstream magnetic spectrometer reconstructs individual track mo-
menta and charge signs. In the beam-dump context, the spectrometer additionally
provides a displaced-vertex constraint, rejecting tracks that do not converge to a
common upstream point within the fiducial volume. Both SHADOWS and SHiP
realise this function with a straw drift-tube tracker paired with a normal-conducting
and a superconducting dipole magnet, respectively. Only the transverse apertures
and bending strengths differ substantially, given the respective decay volume ge-
ometries and expected particle momenta.

Timing Detector In both experimental setups, high-precision timing detectors
are placed between the tracker and the calorimeter section, which associate recon-
structed calorimeter clusters and tracker hits with a common time stamp. This
coincidence suppresses combinatorial backgrounds from uncorrelated particles from
the same beam spill, which are otherwise kinematically indistinguishable from gen-
uine two-body decays. Time resolutions have to be in the range 100-300 ps, set by
the requirement that the two signal photons originate from the same decay vertex.

Calorimetry and Particle Identification The two experiments arrive at different
calorimeter architectures driven by their respective background environments. SHiP
faces a substantially higher flux of residual hadrons and muons, which poses a signif-
icant challenge for the PID. This is accounted for by a full HCAL behind the ECAL.
SHADOWS benefits from the geometric suppression of the forward hadron flux so
that an ECAL is sufficient for the experimental program, with residual hadronic
contamination addressed by a muon identification system.

Common to both experiments is the requirement that the ECAL, in addition to
energy measurement and F/p-based particle identification, must reconstruct the
directions of individual photon showers to enable invariant mass reconstruction of
neutral final states such as a — 7. The momentum vectors of all reconstructed
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signal particles have to extrapolate back to a common vertex inside the fiducial
volumes. The following section discusses the specific requirements for the ECAL to
be able to reconstruct ALP— ~+ decays, which is a key driver for the design of the
calorimeter system in both experiments.

4.5 Calorimetry for Beam Dump Experiments
4.5.1 Diphoton Opening Angle

The two photons produced in a — vy are emitted back-to-back in the ALP rest
frame. In the laboratory frame, the opening angle between them is

2my,
Q'y'y% E ) (29)

valid in the highly boosted limit E, > m,. This angle decreases with increasing
boost and sets the angular resolution required to resolve the two photons as separate
showers. In SHiP and SHADOWS, the distance between the end of the decay volume
and the front face of the ECAL is about 10 m, which sets the minimum distance
for a valid decay vertex. Everything discussed regarding the reconstruction of an
a — 7y decay naturally also holds for any other X — ~v decay.

For an ALP with m, = 0.5GeV and E, = 50GeV, the opening angle is 0., ~
20mrad, corresponding to a transverse separation of approximately 20cm at the
calorimeter front face, while at higher energies or lower masses, this separation
decreases rapidly. For E, = 50GeV, a m, = 0.1 GeV ALP produces 0., ~ 4 mrad
and a transverse separation of only 4 cm.

Photon shower separation is crucial for kinematic reconstruction. Two electromag-
netic showers can only be resolved as distinct objects if their transverse separation
in the calorimeter exceeds the intrinsic lateral shower size. Taking two Moliere radii
in lead (2RYP ~ 3.2cm) as a conservative resolution threshold, and a lever arm of
diever = 10m between the end of the decay vessel and the ECAL front face, the
minimum reconstructable opening angle is

0~ 2REP _3.2cm
i dlever B 10m

= 3.2mrad. (30)

Inverting Eq. , this defines a minimum reconstructable mass at a given forward

boost E,: .
. B
min ~ min a . 31

i i B (31)
For a representative forward boost of E, = 70GeV, this gives m™® ~ 0.11 GeV,
confirming that the two-photon final state can be reconstructed down to 100 MeV for
boost values typical for production mechanisms at the energy scale of the SPYY This
calculation assumes the ALP decay to happen right at the end of the decay volume,
not considering the possibility of the ALP decaying earlier, leveraging the longer
lever arm as illustrated in Figure For all masses and boosts of phenomenological
interest, the two showers can be resolved without issue.

4The 7° mass is ~ 135 MeV making it possible to reconstruct 7° — v+ decays, possibly providing
a valuable calibration method.
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Beam ALP Decay vertex Separation - ALP Decay vertex Separation

Decay volume Lever arm SST Timing ECAL Decay volume Lever arm SST Timing ECAL
Detector Detector

Figure 27: Effect of decay vertex position on the transverse separation of the two-
photon showers at the ECAL face for X — 77 decays. A particle decaying late
in the decay volume (left) leaves only a short baseline between the decay vertex
and the calorimeter face, reducing the transverse separation. A particle decaying
early (right) benefits from the full length of the decay volume as a lever arm, max-
imising the separation. Representations are not to scale. Figure taken from

In [57], a dedicated EventCalc simulation of Primakoff-produced ALPs in the
SHiP geometry confirms that the majority of signal events sit well above the con-
servative 2 Ry, threshold across the accessible parameter space. Figure [28] shows
the photon separation at the ECAL front face for representative mass and lifetime
combinations. The same conclusion holds for SHADOWS, where the lower boosts of
heavier ALPs further increase the opening angle and therefore the photon separation
at the calorimeter face.

4.5.2 Dominance of Angular Uncertainty

The ALP mass is reconstructed from the two-photon system via the relation
2 _
m2 =2E; E; (1 —cosb,,), (32)

where Ey, E, are the photon energies and 6, is the opening angle between them,
measured in the laboratory frame. In the highly boosted limit 6,, < 1, using
1 — cosf ~ 16, this reduces to

Mg = \/ El E2 Qw, (33)

so that the reconstructed mass depends on three independently measured quantities:
E,, F,, and 6,,. Propagating the measurement uncertainties in quadrature gives

oma\ L (om " L (om)" (00)] (34)
m, ) 4\ E 4\ E, 0, )
The angular uncertainty oy is related to the single-photon angular resolution oy

by 0y, & V20p, assuming independent shower reconstruction. Substituting the
boosted-limit expression Eq. for the denominator yields

g, V20 _ Faoy
O+ 2ma/Ea V2 m,

(35)
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Figure 28: Distance between the two photons from ALP — ~v decays at the
SHiP ECAL front face, for representative mass and lifetime combinations generated
via Primakoff production in the SHiP geometry. The yellow vertical line marks the
conservative two-Moliere-radii separation limit of Eq. . In all cases, the majority
of signal events are well separated, confirming that photon-pair reconstruction is
feasible across the accessible ALP parameter space. ||

This shows that the relative angular contribution to the mass resolution scales as
E,/mg, which grows rapidly with boost. The energy terms in Eq. (34) are bound

by the sampling resolution og/E ~ O(10-15%/+/E/GeV). The angular term,
therefore, dominates whenever

Ea0'9 10’E

a0 5 208 36
\/§ma>>2E7 (36)
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which is satisfied for all ALP masses and boost values within the highly boosted
regime at the SPS.

This conclusion is confirmed numerically by a systematic model-independent re-
construction study covering 14 280 combinations of particle mass, boost, angular
resolution, and energy resolution discussed in [57]. As illustrated in Figure , de-
grading the angular resolution by a factor of ten while keeping the energy resolution
fixed smears the reconstructed mass peak into the background, making it insepa-
rable, whereas doubling the energy resolution at fixed angular resolution leaves the
peak essentially unchanged.

The mass resolution of the full system is consequently dominated by how well the
calorimeter can reconstruct the direction of each photon shower. This makes point-
ing resolution the primary design requirement for the SHiP and SHADOWS ECAL:s.
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Figure 29: Reconstructed invariant mass for X — v decays with mx = 800 MeV
and B = 20GeV forward boost under three detector configurations with differ-
ent energy and angular resolutions. The red and black vertical lines mark the 7°
and 7 background masses, respectively. Decreasing the energy resolution (a)—(b)
broadens the peak only modestly, while degrading angular resolution by a factor of
ten (a)—(c) smears it into the background. [57]
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4.5.3 Pointing Reconstruction and Calorimeter Segmentation

Resolving the directionality of individual showers requires both longitudinal and lat-
eral segmentation of the calorimeter. By measuring the transverse shower barycentre
T across at least two longitudinal layers at depths z; and z,, the incident angle 6 is
determined as: _ _

Ty — 1
tanf =

po— (37)
The precision of this estimator is fundamentally limited by the transverse segmen-
tation of each layer. As established in the discussion of the transverse profile (Sec-
tion , the transversal resolution must be on the scale of the Moliere radius or
finer to accurately sample the shower core and suppress fluctuations in the shower
tail.

Furthermore, sufficient longitudinal sampling is required to capture the develop-
ment of both low-energy showers, which peak early, and high-energy showers, which
penetrate deeper into the detector.

The angular precision of the estimator of Equation follows directly from prop-
agating its uncertainties. For two layers each with barycentre resolution o,, the
pointing resolution oy for small polar angles € is given by:

V20,
Az’

op R Az = 29 — 21. (38)
The single-layer barycentre resolution o, is limited by the resolution of individual
channels p/+/12, set by the channel width p. The longitudinal lever arm Az is the
other factor to decrease oy in direct proportion with a larger physical separation
between the first and last sampling layer.

4.5.4 The Design Challenge

The calculation and examples in section [4.5.2] establish that pointing resolution is
the dominant contribution to the ALP mass resolution in the highly boosted regime.
The pointing resolution of a longitudinally segmented calorimeter is governed by the
transverse channel pitch and the longitudinal layer separation Az. A finer channel
pitch increases the channel count and the associated readout cost linearly with the
number of channels, while a larger Az decreases the geometrical acceptance of the
ECAL.

The energy resolution must remain within og/E ~ 10-15%/+/FE/GeV across the
signal energy range, but it does not need to be minimised beyond this threshold. At
low energies, a high sampling fraction is advantageous to keep stochastic fluctuations
small, while at high energies, a lower sampling fraction is acceptable and necessary
to achieve sufficient longitudinal containment within the available depth without
high cost.

The design of the calorimeter, therefore, reduces to finding a working point in the
space of channel pitch, longitudinal spacing and sampling fraction that optimises
the pointing resolution within given geometrical and financial boundary conditions
while keeping the energy resolution within the acceptable band across the signal
spectrum.
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5 Studies towards the SHADOWS Electromagnetic
Calorimeter

In this chapter, a systematic simulation study was carried out to identify the optimal
calorimeter design for the SHADOWS ECAL. The resulting baseline design and its
expected performance in terms of energy resolution, angular resolution, and invariant
mass reconstruction are presented and evaluated against two benchmark ALP signal
scenarios. The studies described in this chapter were conducted by the author as
part of the preparation of the SHADOWS Technical Proposal [3]. Parts of this
work have been published in [1], [2], and [3]. As the corresponding sections of the
proposal were also written by the author, the descriptions in this chapter and in the
proposal are similar in structure and wording. Figures reproduced or adapted from
those publications are indicated by the respective citation in the caption.

5.1 Boundary Conditions and Performance Requirements

In the scope of SHADOWS, a sampling calorimeter energy resolution of op/FE ~ 10—
15%/+/E/GeV is sufficient for particle identification purposes. As established in
Section [£.5.2] the invariant mass resolution of a strongly boosted diphoton decay
is dominated by the angular uncertainty on the reconstructed photon directions.
Consequently, the pointing resolution is the primary figure of merit, and all design
choices described in this chapter are evaluated against this criterion.

Before the optimisation studies, a set of baseline assumptions is established to con-
strain the design space. The active area of the ECAL is, as the rest of the experiment,
constrained to 2.5 x 2.5m? by the general space availability in the ECN3 hall. The
total absorber depth is chosen to be 20 X(f| and longitudinally segmented into 40
sampling layers of about 0.5 X, each. Each layer consists of 9mm iron absorber
plates (R,, ~ 1.7cm [8]) interleaved with 1cm plastic scintillator layers, starting
with an absorber layer. This sampling ensures the required energy resolution as
well as constant performance throughout the ECAL for late showering photons.
The active layers are based on plastic scintillator read out by SiPMs, a technol-
ogy choice motivated by its proven performance, cost-effectiveness, and operational
simplicity.

5.2 Reference Design: Tile Calorimeter

The natural starting point for a high-granularity sampling calorimeter with pointing
capability is the SiPM-on-tile design, following the original approach of the CALICE
AHCAL [63]. In such a design, square scintillator tiles are read out by an individual
SiPM each, providing full three-dimensional position information. A picture showing
the concept can be found in Figure [30}

SElectromagnetic calorimeters in high-energy physics experiments are typically designed with
absorber depths around 20 — 30 X [59-62]. Increasing the depth with identical sampling
directly improves the energy resolution by reducing longitudinal shower leakage. At 20 Xj,
shower containment is sufficient to achieve the target energy resolution for the photon energies
relevant to SHADOWS.
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Figure 30: Picture of the SiPM-on-tile concept showing individual 3 x 3 cm? square
scintillator tiles of the CALICE AHCAL read out by a single SiPM each.

The CMS high-granularity endcap based on the same technology employs tiles be-
tween 2 x 2cm? and 6 x 6 cm? depending on radial position [65]. This design achieves
excellent spatial resolution and timing performance, but has not previously been
evaluated against the specific requirement of shower direction reconstruction in an
environment with a displaced vertex.

5.3 Optimisation Studies

Starting from the tile-based reference design, a systematic simulation study was
performed to determine the optimal channel granularity and to evaluate whether a
strip-based geometry can achieve comparable pointing performance at a drastically
reduced channel count. The two key figures of merit are the angular residual as
a function of energy and incident angle, and the total number of readout channels
required to instrument the full 2.5 x 2.5m? active area.

5.3.1 Simulation Setup

The detector performance was evaluated using data generated by a GEANT4-based
simulation developed for the CALICE AHCAL . To enable efficient explo-
ration of the design space, the simulation is set up such that the absorber and scin-
tillator volumes are implemented as continuous volumes in GEANT4, with detector
segmentation being applied virtually during reconstruction by assigning energy de-
posits to channels according to their true spatial coordinates. This approach allows
a single simulated dataset to be analysed under multiple segmentation geometries
without repeating the full simulation, making systematic granularity scans compu-
tationally less demanding. This method captures only the shower-shape limitations
of each geometry and does not account for detector effects such as SiPM saturation,
or signal attenuation within the scintillator. The ECAL is represented in GEANT4
with alternating layers of 9mm iron absorber, 10 mm scintillator (PS), 0.8 mm PCB
(FR-4 fiberglass), and a 2mm air gap. The conversion of deposited energy to p.e.
is consistent with experimental results obtained by the CALICE collaboration .
Poisson statistics are applied to the estimated number of photoelectrons with no
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further digitisation implemented. A rendering of the simulated ECAL geometry can
be found in Figure

250 cm

‘m’(

Ocm

Figure 31: Render of the SHADOWS ECAL baseline design simulation showing
the outer dimensions and the longitudinal and lateral layer segmentation.

Clustering. The initial clustering of the showers is performed on a segmentation of
the active layers into square channels with the side length equivalent to the channel
pitch intended to study. The shower reconstruction is implemented by Antoine
Laudrain and proceeds in three stages [3]:

1. 2D Clustering: Within each layer, adjacent cells are grouped into planar

clusters around seed cells that exceed a seed energy threshold. Cells above a
lower secondary threshold adjacent to the growing cluster are iteratively added.
The cluster is considered complete when no further cells above the secondary
threshold remain adjacent. This procedure is executed independently for each
seed cell in each layer.

. 3D Clustering: Planar clusters from consecutive layers are combined into 3D

shower objects. The algorithm starts from the middle layer of the ECAL and
identifies unprocessed planar clusters. For each such cluster, adjacent planar
clusters in the neighbouring layers are located using position and distance
criteria. If compatible adjacent clusters are found, they are merged into a new
3D cluster. The process continues iteratively until all planar clusters have
been assigned.
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3. Directional Fit: The direction of each 3D cluster is determined by computing

the energy-weighted barycentre of each planar cluster and performing a linear
fit.

In the case of strip-based geometries, only the coordinate along the strip orientation
is used for the fit. This method is chosen for its computational efficiency. In the
background, spatial information is available in each dimension for each layer, but
depending on the chosen layout, only a fraction of this information is used for the
direction reconstruction. This allows for fast evaluation of the pointing performance
across a wide range of design parameters.

5.3.2 Granularity Optimisation

Systematic granularity scans are performed using electrons rather than photons.
Electrons shower reliably in the first active layer, removing the stochastic variation
of the photon conversion and thereby isolating the effect of channel granularity on
the pointing and energy resolution. Since the absorber stack is uniform throughout
the full depth and both transverse directions are sampled with equal density in every
layer, a shower is measured with the same sampling regardless of where it starts.
Consequently, the pointing performance for photons is expected to be identical to
that of electrons at the same energy and incident angle, provided the shower is
fully contained. The only mechanism by which photon showers can underperform
electrons is longitudinal leakage at the rear of the calorimeter, which depends on
energy and the depth at which the photon converts, but is not a function of the
lateral granularity and cannot be mitigated by a change in detector design within
the given boundary conditions. As the geometry is symmetric in x and y, angle
scans are performed only in the = direction.

Tile sizes between 0.5 x 0.5 cm? and 5 x 5 cm? were tested across a range of energies
and incident angles. At low incident angles and particle energies, a characteristic
failure mode was identified. If the granularity is too coarse, the shower deposits
energy in only a single column of tiles along its trajectory, providing no transverse
lever arm from which the incident angle can be extracted. The reconstruction treats
such showers as perfectly orthogonal to the detector layers regardless of their true
direction, producing large systematic residuals in the angle reconstruction. This
effect is illustrated schematically in Figure

A benchmark energy of 2 GeV is chosen for this study, as it is the lowest energy still
providing sufficient shower penetration to enable meaningful directional reconstruc-
tion given the sampling fraction. In Figure [33] it becomes visible that this failure
mode becomes negligible at a granularity of 1 cm. Below this threshold, further re-
ducing the tile size yields no measurable improvement in pointing resolution, as the
limitation shifts from geometry to intrinsic shower fluctuations. A tile size of 1 cm?
is therefore identified as the optimal granularity. This readout pitch simultaneously
satisfies the requirement to resolve two-photon showers at the calorimeter front face
(see Section [4.5.1)).

As discussed in Section the granularity requirements for shower direction
reconstruction are directly linked to the Moliere radius of the absorber material. The
conclusions from this optimisation study are therefore applicable to any sampling
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absorber scintillator shower
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Figure 32: Visualisation of the effect the detector segmentation has on the di-
rectional reconstruction of showers at low energies and angles. The yellow crosses
indicate the reconstructed hit positions showing the reconstruction bias at coarser
segmentation. [1-3]

calorimeter design which uses an absorber material with a similar Moliere radius,
such as lead (R, ~ 1.6cm [§]).
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Figure 33: Angular residual for a 2 GeV electron shower directional reconstruction
at different angles and tile dimensions. [1-3]

5.3.3 Channel Count Optimisation

A tile calorimeter with 1cm? tiles across the full 2.5 x 2.5 m? active area and 40
layers results in

250 cm
lcem

2
Nchannels, tile — ( > x40 = 2.5 x 106 (39)



49

readout channels, placing the design well outside the available instrumentation bud-
get. To preserve the 1cm spatial resolution while dramatically reducing channel
count, an alternative concept with 1 cm wide scintillator strips oriented alternately
in the x and y directions in successive layers was studied, reducing the total channel
count by two orders of magnitude to:

250 strips

Nchannels, strip — ( layer

x 40 layers) x 2 = 20,000 channels. (40)

By introducing the strip geometry, the spatial sampling in each transverse direction
is reduced to every second layer. Studies showed that this only marginally affects the
pointing reconstruction of high-energy showers, which develop over many layers, but
introduces a performance degradation for low-energy showers penetrating only a few
layers. Configurations combining tile layers with strip layers were also evaluated,
but the additional cost and mechanical complexity of a hybrid design were found
to be unjustified given the small performance gain, and a full-strip geometry was
adopted as the baseline.

5.4 Baseline Design

For the proposal, the baseline ECAL design is a 20 X, sampling calorimeter with
an active area of 2.5 x 2.5 m?, consisting of 40 identical sampling layers. Each layer
comprises a 9mm iron absorber plate followed by an active layer of 1 x 1 x 250 cm?
plastic scintillator strips, with strips in adjacent layers oriented alternately in the x
and y directions. The first active layer is in x orientation.

5.5 Performance

The energy and angular resolution of the baseline design were evaluated using the
described simulation framework. To account for the change from tiles to strips,
the MIP conversion factor was adjusted to 50 p.e./MIP, summed over both SiPMs
based on experimental results with similar strips. In Figure [34] the measurement of
the energy resolution over the relevant energy range for SHADOWS signal decays
and at angles of 0 and 30° can be found, yielding og/E ~ 11%/+/FE/GeV for any
angle, satisfying the design target of 10-15%/+/E/GeV. The noise term ranges from
8-14%/+/E/GeV, increasing with the incident angle, consistent with the reduced
sampling fraction experienced by a shower traversing the layers at an angle.

The angular resolution is also characterised as a function of both energy and incident
angle, with the pointing residual defined as the difference between the reconstructed
and true electron direction. The results for both the x and y directions can be found

in Figure [35]

5.6 Benchmark Scenarios

To evaluate the physics performance of the baseline ECAL design, two signal scenar-
ios for the a — vy decay were investigated in the scope of the proposal by Torben
Ferber. These represent distinct kinematic regimes for ALPs:

Scenario A (Low Mass): m, = 0.35GeV and ¢7 = 0.5m.
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Energy resolution vs. energy
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Figure 34: Energy resolution of the SHADOWS ECAL baseline design for energies
between 2 and 20 GeV at incident angles between 0° and 30°. [1-3]
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Figure 35: Angular resolution of the SHADOWS ECAL baseline design for energies
between 2 and 20 GeV at incident angles between 0° and 30°. In the x direction on
the left (a) and the y direction on the right (b). [1H3]

Scenario B (High Mass): m, = 2.0GeV and ¢ = 0.85m.

For each scenario, 10* events were generated using the ALPINIST software [69).
The generation was constrained such that the decay vertex is located within the
fiducial decay volume, and both photons are required to have a minimum energy
of £, > 1GeV and fall within the ECAL acceptance. A full set of plots for each
benchmark scenario is provided in Appendix [A.3]

5.6.1 Invariant Mass Resolution

The resulting invariant mass resolutions for both scenarios are presented in Fig-
ure [36| The resolution for the m, = 2.0 GeV case shows higher precision compared
to the lighter candidate. This improvement is driven by the higher secondary pho-
ton energies, which result in superior angular reconstruction, and the larger opening
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angles associated with higher masses, which reduce the relative error in the trian-
gulation of the decay vertex.
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Figure 36: Invariant mass resolution of the SHADOWS ECAL baseline design for
the two benchmark scenarios. The left panel corresponds to Scenario A, and the
right panel corresponds to Scenario B. [3]

5.6.2 Vertex Reconstruction and Background Rejection

The vertex resolution for the benchmark scenarios is shown in Figure [37, While not
strictly required for the reconstruction of the event kinematics, the localisation of
the decay vertex is a powerful tool for background suppression. Precise vertexing
allows for the spatial vetoing of events originating from interactions in the detector
material or beam-induced neutral backgrounds.
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Figure 37: Vertex resolution of the SHADOWS ECAL baseline design for the two
benchmark scenarios. The left panel corresponds to Scenario A, and the right panel
corresponds to Scenario B. [3]
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5.7 Conclusion

The simulation study presented in this chapter demonstrates that a longitudinally
segmented sampling calorimeter based on 1 x 1cm? plastic scintillator strips, ar-
ranged in a 20 X, iron—scintillator stack with 40 layers, achieves the energy and
angular resolution required for the reconstruction of a — vy decays in the SHAD-
OWS environment. The baseline design yields an energy resolution of op/E ~
11%/+/E/GeV and sufficient angular resolution to reconstruct the invariant mass
of both low- and high-mass ALP benchmark scenarios with adequate precision. The
vertex resolution can further provide a handle for suppressing backgrounds.
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6 The SHiP ECAL Design

The physics requirements for the SHiP ECAL are similar to those established for the
SHADOWS ECAL in Section 5.1} the calorimeter must measure final state energies
and reconstruct the directions of electromagnetic showers with sufficient precision to
resolve X — 7 decays and reconstruct the invariant mass. The pointing resolution
remains the primary design driver, and the same 20 X total absorber depth with 40
0.5 Xy sampling layers is used. However, the boundary conditions imposed by the
SHiP experimental geometry are substantially different from the off-axis SHADOWS
case and lead to several key differences in the detector concept.

6.1 Boundary Conditions and Design Drivers

Through its on-axis position and the 50 m long decay volume, the SHiP ECAL design
is dominated by the following three factors:

1. Large aperture: The transverse area cleared by the muon shield combined
with the long fiducial decay volume results in a required spectrometer aperture
of 4 x 6m?.

2. Higher particle energies: The on-axis position results in high boosts, pro-
ducing final states with energies extending up to several hundred GeV and
accordingly small opening angles.

3. Higher muon and hadron flux: The on-axis position exposes the SHiP
ECAL to a significantly higher muon and hadron flux.

The size of the ECAL motivates the choice of lead as absorber material, as it is,
despite the higher density, significantly lighter per X, than iron. This weight man-
agement is necessary due to the small footprint of the ECAL, which is close to the
structural limits of the ECN3 hall in terms of area load. Secondly, the 4 x 6m?
face needs to be subdivided into segments, which reduces the per-channel event
rate, reconstruction ambiguities (see Figure , and makes the construction and
installation at all feasible.

6.1.1 Longitudinal Gap

As discussed in Section [4.5.3] the pointing resolution improves with the longitudinal
lever arm between the shower start and the downstream active layers. Introducing
an air gap within the calorimeter stack increases this lever arm without adding
absorber material or active channels.

The on-axis position of SHiP and the high boosts environment result in photon
incident angles that can be very small. At these angles, the transverse shower axis
shift between successive layers becomes comparable to or smaller than the strip pitch,
making the channel granularity alone insufficient to reliably reconstruct the shower
direction. An increased lever arm is therefore essential to resolve small incident
angles, independently of any further reduction in strip pitch.

Unlike SHADOWS, where the available cross-section in the ECN3 hall constrains
the active area to 2.5 x 2.5m? (see Section , the on-axis SHiP geometry imposes
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Figure 38: Reconstruction ambiguities of the SHiP ECAL baseline design. The red
crosses represent real hits, while the blue circles indicate reconstructed ambiguities

introduced by the strip architecture. The segmentation into six independent modules
helps to reduce these ambiguities.

no equivalent hard constraint on the transverse detector size. The gap is placed af-
ter the first 6 Xo, where photon conversion efficiency before the gap exceeds 99 %
The 14 Xy downstream then sample the shower at increased distance from its start,
directly enhancing the angular resolution for all showers traversing the gap, as il-
lustrated in Figure 39 The effect of the gap on the angular resolution and detector
acceptance is studied in detail in Chapter
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Figure 39: Ilustration of the longitudinal gap in the SHiP ECAL, showing the
increased lever arm for improved angular resolution.

6.1.2 Strip Width and Channel Count

A 4x6m? ECAL cannot be built as a monolithic detector. At strip lengths of 4—6m,
the attenuation of WLS fibers becomes significant, reducing the signal uniformity

6The systematic optimisation study in Chapter will show that this initial gap placement is not
optimal. Even though photon conversion efficiency is lower at smaller depths, an earlier gap
placement yields better overall performance.
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across the detector. Additionally, the resulting mechanical structure is impractical
to handle and install, motivating a segmentation into smaller modules. A module
size of 2 x 2m? is a good compromise between the need to limit the strip length
and the desire to minimise the number of segments and associated dead space in
between. Considering this module size, instrumenting all 40 layers with 1 cm strips
would require

Nechannels, 1em = 216 X 2 x 6 x 40 ~ 100,000 (41)

readout channels, where the factor of two accounts for double-sided readout. This
channel count exceeds the forseen instrumentation budget. To reduce the number of
channels while maintaining the required performance, layers with wider scintillator
strips are introduced between the 1 cm strip layers. The wider strips do not have to
provide independent pointing information, but must allow separation of overlapping
showers and correct assignment of energy deposits, especially for particle identifi-
cation and shower pairs with small opening angles. At 6 cm width, the strips are
approximately 4 Moliere radii, providing sufficient granularity to resolve individual
showers and localise energy deposits [57]. Going forward, the 1cm strips will be
referred to as thin strips and the 6 cm strips as wide strips.

The ASICs considered for the SHiP ECAL have 36 channels |70} [71], which leads to
a 2.16 x 2.16 m? module active area using the 6 cm strip pitch. Considering a design,
with alternating 1cm and 6 cm strip layers, requires

Nchannels, mixed — (36 + 216) X 2xX6x20~ 60,000 (42)

readout channels, reducing the channel count by 40 %. The alternating pattern of
thin and wide strip layers ensures that every shower is sampled consistently. The
reduction in sampling frequency from the thin strip layers is compensated for by the
improved pointing resolution introduced by the gap, resulting in an overall improved
performance. This will be discussed in detail in Chapter [10]

6.2 Baseline Design

The SHiP ECAL baseline design is a 20 X, lead-scintillator sampling calorimeter
consisting of 40 0.5 X, sampling layers. Each layer comprises a 3mm lead ab-
sorber plate followed by a 1cm thick active scintillator layer. To measure shower
directions in both transverse coordinates, adjacent layers alternate between z- and
y-orientation. As discussed above, the layer structure follows an alternating pattern
of thin and wide strip pairs as shown in Figure [40] A longitudinal air gap of 50 cm
is introduced after the first 6 Xj.

The calorimeter face is divided into six independent segments with dimensions of
2.16 x 2.16 m?, bringing the full ECAL aperture up to 4.32 x 6.48 m?. Dead areas
between the segments, which will accommodate readout electronics and mechanics
in the final design, are indicated here but not accounted for. Their effect on the
physics performance and acceptance is under study, but is outside the scope of this
thesis. A to-scale rendering of the SHiP ECAL geometry is shown in Figure [41]
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Figure 40: Render of the SHiP baseline layer structure showing the alternating
pattern of thin strips in green with blue SiPMs and the wide strips in light brown
with larger brown SiPMs. The lead absorber plates are shown in grey, with mechan-

ical supports indicated in light grey and yellow.
110cm 432cm
— < P
Figure 41: To scale 3D-model of the SHiP ECAL baseline design, indicating the
segmentation and the gaps between the modules.

648 cm




57

7 Conceptual Prototype Testing at Test Beams

Following the approval of SHiP by CERN management, the pointing capabilities
of the strip-based design require experimental validation. A conceptual prototype
was therefore built and tested in a dedicated test beam (TB) campaign. The tested
prototype represents a scaled-down but functionally complete implementation of the
proposed SHiP ECAL design.

The CERN SPS TB [72] provides an ideal environment for studying the pointing
performance of the ECAL and the particle identification capabilities of the whole
calorimeter system, offering high-energy electron, muon, and hadron beams from 3
up to 288 GeV. Before the SPS TB, technical validation of the prototype’s function-
ality was performed at lower energies at the DESY TB facility [73] and the CERN
Proton Synchrotron (PS) TB [74].

This campaign provides the first experimental demonstration of calorimetric point-
ing in a scintillator strip-based sampling calorimeter under realistic SPS beam con-
ditions and provides essential data for the simulation and optimisation of the SHiP
ECAL.

7.1 The Electromagnetic Calorimeter Prototype

The ECAL prototype is constructed from alternating absorber and scintillator layers.
The baseline design specifies 40 layers of 0.5 X each. In a balanced configuration of
thin and wide strips, this corresponds to 10 layers of each type per orientation. The
prototype closely mirrors the instrumentation of the SHiP ECAL baseline design
in one orientation, with 9 thin strip layers and 8 wide strip layers placed between
absorbers with a total depth of approximately 20 X,. The absorbers are 4 mm iron
plates, chosen for availability and structural simplicity.

7.1.1 Thin Strip Layers

Each thin strip layer consists of 20 scintillator strips with dimensions of 1x 1x20 cm?.
The strips are manufactured from coextruded polystyrene (PS) at Fermilab and are
coated with titanium dioxide (TiOy) for light containment [75]. A central hole
houses a 1.2mm diameter Kuraray YS-2 WLS fiber [76]. The coextruded strips are
chosen for their cost-effectiveness and ease of handling. The WLS fibers are placed
inside the center hole without glue or additional optical coupling, minimising the
complexity of the assembly and allowing for easy replacement if necessary.

Readout is performed on one side using Hamamatsu S13360-1325PE SiPMs (1.3 x
1.3mm? active area) [77]. Due to space constraints, the readout alternates between
the two sides of adjacent strips. The opposite fiber ends are left open, so that half of
the captured light is lost. This is a deliberate choice: in the final detector, double-
sided readout will recover this light, and capping the open ends would artificially
inflate the measured light yield (LY) on the readout side, biasing the characterisation
of the achievable LY. This would bias the evaluation of the achievable LY with this
combination of scintillator, WLS and SiPM and reduce the dynamic range of the
SiPM in terms of MIP signals. The opposite polished fiber ends are glued into a
3D-printed mask and mounted to the SiPM PCB as a modular unit. The signals
are routed from the SiPMs to SMA connectors on shielded PCBs, with ground
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Figure 42: Picture of the 1 x 1 x 20cm?® coextruded scintillators from Fermilab
under UV light with the TiO, coating on the outside and the fiber channel in the
center.

provided via separate SMAs. Since the prototype strips are considerably shorter
than those foreseen in the final detector, their open ends would introduce light loss
not present in a full-length strip. To mitigate this, all strip ends are painted with
TiOy varnish, which acts as a diffuse reflector and reduces the light loss at the
boundaries, reproducing the performance of a longer strip more closely. The layout
of such a layer is visualised in Figure

Figure 43: CAD visualisation of a thin strip layer dimensions and readout. The
3D printed mask holding the WLS and coupling them to the SiPMs is depicted in
transparent grey.

WLS to SiPM coupling A small air gap is maintained between the polished fiber
end and the SiPM to maximise the illuminated area on the sensor. While round
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fibers on square SiPMs leave unused corners, these corners contain pixels that in-
crease the dynamic range of the SiPM if illuminated. Some light is lost in this
setup, but this is considered a favourable compromise as long as the signal of one
MIP remains sufficiently large. The coupling between WLS and SiPMs is covered
in depth in the author’s Master’s thesis and in [57].

active

SiPM

\ area / 2
y4 / Y]

Figure 44: Schematic of the illumination of the square sensitive area of a SiPM by
a round light cone from a WLS fiber. [78]

7.1.2 Wide Strip Layers

Each of the eight wide strip layers consists of 6 scintillator strips made of Eljen
EJ200 . This polyvinyltoluene (PVT) based scintillator offers higher light yield
than PS, but comes with a higher price tag and requires more careful handling.
Each 6 x 36 x 1 cm? strip features two WLS fibers glued into parallel milled grooves,
which are merged at both ends and coupled to 6 x 6 mm? Hamamatsu S14160-6050HS
SiPMs using optical grease. The strips are wrapped in aluminised Mylar and
mounted on 56 x 46 cm? iron absorber plates. A more in depth characterization and
optimisation of these strips can be found in [57].

The wide strip layers are adapted from an earlier prototype version with a 36 x 36 cm?
active area. Only the four central channels are read out, reducing the effective active
area to 36 x 24 cm?, as the outer strips would extend beyond the active area of the
thin strip layers. The layer orientation alternates between x and y. All 64 channels
are read out by a single frontend module to accommodate the specific electronics
configuration required by the larger SiPMs. Pictures of both a thin strip layer and
a wide strip layer are shown in Figure |45]

7.1.3 The Prototype Assembly

The assembly is installed in a custom dark box designed for maximum flexibility.
Internal slots with an 8 mm pitch (4.5 mm gaps and 3.5 mm spacers) ensure flexible
and reproducible layer positioning. The box is mounted on a rotatable stage to be
able to vary the beam incidence angles, and a lifting stage for vertical scans and
adaptability to various beam heights. 3m SMA cables are routed through feed-
throughs to the electronics below, allowing the electronics to remain outside the
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(a) Thin strip layer. (b) Wide strip layer.

Figure 45: Pictures of thin and wide strip scintillators mounted on their respective
absorber plates.

dark box. The full setup is shown in Figure 46, while Figure [47a] shows a close-up
of the ECAL prototype layer stack.

To have equally spaced layers over the full 20 Xy, the number of absorber layers
varies by one between the thin and wide strip layers. The sampling fraction between
each layer type stays constant. A schematic overview of the layer ordering in the
prototype is shown in Figure and Table

During angular scans, the whole ECAL is rotated to change the beam incidence
angle. To keep the shower center within the active area, the layers are shifted
horizontally in increments of the strip granularity. This ensures that the alignment
between layers is maintained and that the shower is fully contained within the active
area for accurate reconstruction. A visualisation of the layer shifting can be seen in

Figure

7.2 The Hadronic Calorimeter Prototype

A HCAL prototype was planned and built for the SPS TB to validate the PID
performance of the full ECAL+HCAL setup. It consists of five layers, each made of
a 16 cm iron absorber, totalling 5 A\. Combined with the 20 Xq ECAL, this provides
the full depth of the SHiP calorimeter system proposed in . The active elements
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Figure 46: Picture of the open ECAL prototype box in lowered position at the
SPS TB. In this picture, the beam would come from the right, and the HCAL is
positioned to the left. The trigger scintillator (blue box) is positioned right of the
ECAL centered on the beam.

are identical to the 6 cm wide ECAL strips, all oriented horizontally. The HCAL
is positioned 119 cm behind the ECAL in a separate dark box on a lifting table
for vertical muon beam calibration scans. The HCAL has no rotation or layer
displacement capabilities. A picture of the assembled HCAL is shown in Figure [49]
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& x A ; (’v" \_ W ' Y| | | S
(a) Picture of the open ECAL layer stack at the SPS TB showing the slot structure and
layer ordering.

(b) Schematic layer ordering in the ECAL prototype. Blue layers are thin strip layers,
green layers are wide strip layers, and grey blocks are absorber material.

Figure 47: (a) Picture of the open ECAL layer stack at the SPS TB. (b) Schematic
overview of the layer ordering in the prototype. In both figures, the beam enters
from the right.
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Table 1: Layer positions in the ECAL prototype. The slot index refers to the
8 mm-pitch slot number in the dark box. The position is the physical distance from
the first scintillator layer. The number of absorbers in front counts all 4 mm iron
absorber plates upstream of the layer.

Layer Slot Position (mm) Absorbers in front Depth (X))

1 1 0 1 0.23
2 9 64 7 1.59
3 16 120 12 2.73
4 24 184 18 4.10
5 31 240 23 5.23
6 39 304 29 6.60
7 46 360 34 7.74
8 54 424 40 9.10
17 em longitudinal gap
9 80 632 45 10.24
10 88 696 51 11.60
11 95 752 56 12.74
12 103 816 62 14.11
13 110 872 67 15.25
14 118 936 73 16.61
15 125 992 78 17.75
16 133 1056 84 19.11
17 140 1112 89 20.25

beam axis

(a) (b)

Figure 48: Layer shifting in the ECAL prototype during angular scans. (a) When
the ECAL is rotated to change the beam incidence angle, the layers are shifted
horizontally to keep the shower center within the active area. (b) The shift in each
layer is done in increments of the strip width to maintain the alignment between
layers. Both figures are top views.
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Figure 49: Picture of the HCAL prototype at the SPS TB. The ECAL and beam
pipe are in the top right direction.

7.3 Readout

The data acquisition (DAQ) utilises the CAEN FERS system [82], comprising four
DT5202 frontend modules for the ECAL (three for the thin-strip layers and one
for the wide-strip layers) and one for the HCAL. A DT5215 concentrator is used
to aggregate the data from the frontend modules and maintain the synchronisation
between all frontend modules. Each module uses the CitiroclA chip (2 chips
per module, 64 channels total) and allows parallel readoutﬂ Features per channel
include adjustable bias voltage, separate high/low gain paths, and channel masking.
Most relevant for the readout and digitisation of the given detector system is the
trigger and peak sensing logic. Upon trigger arrival, the peak sensing is started in
all 64 channels, which records the maximum integrated signal occurring during the
time of the hold delay. The integration time can be set between 12.5 and 87.5ns
according to individual resolution and dynamic range requirements. During the hold
phase, each channel is read out on both high and low gain paths. A chronogram
of this logic is shown in Figure [50. The length of this cycle defines the system
dead time of about 1 us and is dominated by the hold time required to read out all
channels. The most important operating settings are summarised in Table

Each frontend module is mounted on a custom-designed adaptor board connect-
ing the 64 pairs of anode and cathode pins on the front end module to one SMA
plug each. Each frontend module is powered individually and is connected to a
DT5215 concentrator board via an optical link, which facilitates the data transfer,
timing synchronisation and command infrastructure. From the concentrator, a sin-
gle Ethernet cable is linked to a computer running the CAEN Janus Software [87] to

“In parallel readout, all channels are sampled simultaneously upon a common external trigger
and held during readout, rendering the entire detector blind for the duration of the readout
cycle and resulting in high data throughput. In streaming readout, each channel independently
sends data whenever its signal exceeds a programmable threshold. Only the hit channel and
potentially its neighbours are temporarily blind, while the rest of the detector remains active,
and the overall data rate is significantly lower. The final SHiP ECAL foresees streaming readout.
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Figure 50: Peak detector chronogram of the CitiroclA. [86]

Table 2: Key operating parameters of the DAQ system used during the SPS TB.
The wide strips are read out with the minimal gain to account for their high light
yield. The gain for the thin strips is optimised for dynamic range and resolution for
MIP signals.

Parameter Thin-strip layers Wide-strip layers
HG preamplifier gain 55 1

LG preamplifier gain 45 1

Hold delay 150 ns 150 ns

LG integration time  50ns 50 ns

HG integration time  50ns 501ns

control the system setup and data taking. A schematic of the DAQ setup is shown
in Figure [51}

7.4 Trigger

The DAQ system features various self-triggering modes, which can be set to trigger
on different majority levels or basic logic combinations of the channels. These modes
were tested during the initial commissioning phase, but proved to be unreliable at
high rates, leading to desynchronisation between frontend modules and data loss.
Therefore, these modes were discarded, and a dedicated external trigger system was
developed instead to ensure consistent and reliable readout across the entire detec-
tor. The DAQ architecture requires the trigger signal to arrive several nanoseconds
before the analog detector signal to initiate the peak-sensing in time. The global
trigger must be distributed through all modules to ensure all modules are read out
simultaneously. The FERS modules accept NIM and LVTTL standards for this
purpose.

The trigger detector consists of a 6 x 6 x 1 cm? scintillator tile coupled to a Hama-
matsu S14160-6050HS SiPM [80]. A custom comparator circuit converts the analog
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Figure 51: Schematic of the DAQ setup used during the SPS TB, showing the full
readout chain from SiPMs to the DAQ computer.

SiPM signal into an LVTTL-compliant square pulse with a propagation delay of
approximately 20ns. The circuit is compact and can be mounted directly adjacent
to the trigger tile, minimising cable-induced signal delay. Together with the 3m
cables connecting the detector SiPM boards to the frontend modules and delaying
the analog detector signals accordingly, this ensures the trigger arrives sufficiently
early to initiate the peak-sensing logic. Pictures of the trigger scintillator and the
comparator PCB can be seen in Figure

(a) Picture of the 6x 6 x 1 cm? trigger scintillator. (b) Picture of the comparator PCB.

Figure 52: Hardware components of the fast trigger setup.

A setup where the signal is distributed via fanout through multiple comparator
channels was tested, but only slight differences between the analog settings of the
comparator circuits led to desynchronized data taking between the modules at high
rates and was therefore discarded. To ensure identical trigger conditions and syn-



67

chronous signal processing across the system, a daisy chain approach is chosen, which
distributes the exact same signal through all frontend modules. This is supported
by the DT5202 modules by providing a bridged in/out connector, reducing delays to
a minimum (see Appendix for details). The delay introduced by the daisy chain
is consequently dominated by the cable length between modules. The proximity of
the modules is only constrained by the adaptor boards, requiring the usage of 5 ns
cables between modules, resulting in a total delay of the trigger between the first
ECAL and HCAL module of 20 ns. Given the timely arrival of the trigger signal
and the long hold delay, this delay does not affect the sensing of the full detector
signal in the modules later in the chain.

This fast-timing architecture enables a serial trigger distribution which ensures that
every module receives an identical trigger pulse, while allowing for the signal to be
monitored via an oscilloscope after it has traversed the entire chain to verify syn-
chronisation. This integrated trigger logic is essential for the high-rate environment
of the SPS beam. A schematic of the most complete setup, including ECAL, HCAL
and trigger, is shown in Figure [53|

ECAL HCAL

beam I

trigger

Figure 53: Sketch of setup at the SPS TB. The beam comes from the left and first
hits the ECAL, followed by the HCAL. The trigger scintillator is positioned left of
the ECAL centered on the beam.

7.5 Test Beams

Before the final two-week TB at the SPS, the prototype was tested at energies up to
6 GeV in three TBs at DESY and the PS. These TBs were crucial for validating the
functionality of the prototype for the SPS TB. An overview of the three TB facilities
used in this campaign and their relevant beam parameters is given in Table [3]
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Table 3: Overview of the TB facilities used in this campaign. The energy ranges
given reflect the facility capabilities. [72-74]

Facility Beam line Particle types Energy range

DESY DESY TB et 1-6GeV
CERN PS  T10 e, ut 1-6GeV
CERN SPS HS et, 7t = 10-400 GeV

First DESY TB: The first TB at DESY served as the first test of the active
prototype components and their integration in a high-rate environment. Extensive
tests have been performed with cosmics in the lab before, but the TB provided the
first opportunity to test the DAQ at kHz rates. The main focus was on validating
the functionality of the readout system, the trigger logic and the data acquisition
software. Several issues with the commercial DAQ were identified during this TB
and resolved in cooperation with the manufacturer afterwards.

PS TB: The PS TB was used to test the updated electronics firmware and take
data with pions, muons and positrons to do the first PID studies with the ECAL.
The mechanical setup was upgraded for this TB to allow rotation of the prototype
for angular scans. During this TB synchronisation issues in the DAQ system were
identified, which were resolved by introducing the external trigger.

Second DESY TB: The second TB at DESY was used to test the external trigger
system and do a full test of the prototype functionality before the SPS TB. The
trigger system was tested at high rates up to about 5kHz and proved to be reliable
and efficient. This TB provided the final validation of the prototype for the SPS
campaign.

SPS TB: For the final SPS TB, the ECAL prototype was reworked to be able to
accommodate the full 20 X,. For the tests at DESY and the PS, a maximum depth
of 15 X was sufficient. Additionally, an HCAL prototype was added to validate the
PID performance of the full calorimeter system. The setup described above is the
final configuration for the SPS TB. The SPS TB was performed at the H8 beam
line [72].

7.6 Physics Program at the SPS Test Beam

The H8 beam line at the CERN SPS North Area [72] delivers secondary and tertiary
beams produced by 400 GeV primary protons impinging on a beryllium target. The
beams can be tuned to get electrons, muons or hadrons at energies between 10 and
400 GeV. The beam is delivered in 4.8 s spills every 16.8 s, with typical particle rates
of 10%-10° per spill depending on energy and collimator settings. For energies up to
140 GeV a tertiary beam was used. For the measurements at 240 and 288 GeV, a
secondary beam was used. Because of rate acceptance limitations experienced with
the DAQ system, the beam was collimated to reduce the rate to a maximum of
5kHz during spills.
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The SPS TB was structured around the experimental demonstration of direction
reconstruction in the ECAL prototype and the validation of the PID performance
using the combined ECAL+HCAL system.

Pointing Studies. A central objective of the campaign was to characterise the
angular resolution of the ECAL prototype as a function of beam energy and incident
angle. Angular scans were performed at incidence angles between 0° and 7.5°, the
latter being the practical limit imposed by the prototype dimensions. Measurements
were taken at energies from 3 GeV to 288 GeV.

The SPS electron beams have between 6 and 55 % contamination with muons and
pions [88]89]. Based on the available information on beam composition, data-taking
runs were planned to accumulate 100 000 or more effective electron events for each
configuration.

Particle Identification Studies. In the second week of the TB, the HCAL proto-
type was added to the experimental setup downstream of the ECAL. Dedicated runs
were taken with the pion, muon and electron beams at multiple energies to study
the PID performance of the combined system. An overview of the run configurations
for both physics programs is given in Table [4]

Table 4: Run configurations at the SPS TB. Pointing runs were taken at the listed
combinations of beam energy and incidence angle. PID runs were taken at normal
incidence with the combined ECAL+HCAL system.

Pointing Runs PID Runs
(electrons) (electrons, pions, muons)
Energy [GeV]| Angle [°] Energy [GeV]
3 0 15
5 1 20
10 2 30
20 3 20
50 4 100
100 ) 140
140 7.5 180
240 240
288

Muon Calibration. Dedicated muon beam runs were performed for calibration
purposes. A full scan of both the ECAL and the HCAL was conducted with the
muon beam to equalise the channel-by-channel response. The minimum-ionising
signature of muons provides a well-defined reference signal in each scintillator layer
and is used to derive inter-channel calibration constants, correcting, among others,
for variations in SiPM gain and fiber coupling efficiency.
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8 Analysis of Test Beam Data

This chapter discusses the analysis flow from raw detector data to the direction
reconstruction of showers. The PID studies with the HCAL are not part of this

thesis.

8.1 Data Preparation

The raw output of the DAQ is processed through event building, pedestal correction,
intercalibration, and MIP calibration to convert hit-wise analog-to-digital converter
(ADC) values into MIP units. A limited PID based on the ECAL data alone is then
applied to select a pure electron sample for the pointing analysis.

8.1.1 Event Building

The DAQ outputs a binary file which contains batches of 64 entries, each containing
the data of all channels in one frontend module. Within these bunches, the times-
tamp for all entries is identical. Even though the detector is set up to read out
each board once a trigger arrives, there are incomplete events and individual data
sets from which valid events have to be extracted. To do this, all data is sorted by
timestamp and is then iterated through with a moving window, which is 4 (5 for
the HCAL runs) module entries long (4 x 64 events). A set of entries is considered
to be an event if the timestamps of all entries are within 10ns and there is one set
of entries from each of the modules in the setup. A schematic of the event building

process is shown in Figure [54]
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Figure 54: Schematic representation of the event building process.

8.1.2 Pedestal Correction

Each channel has a constant electronic pedestal offset, determined individually for
both the HG and LG branches from dedicated pedestal runs or from the baseline
noise in physics data. A Gaussian is fitted to the ADC distribution, with the peak
position giving the pedestal value and the width serving as a measure of the elec-
tronic noise. Example fits for both branches are shown in Figure 55 The DAQ
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is configured to centre the pedestal at 50 ADC counts to ensure the pedestal dis-
tribution is fully captured. The LG pedestal is naturally narrower than the HG
pedestal due to the lower amplification factor. The extracted pedestal mean is then
subtracted channel-wise from the raw ADC values.

Pedestal HG - Layer 1, Channel 15 Pedestal LG - Layer 1, Channel 15
14000 1 Data 600001 Data
— Fit: p=65.32%0.20, 0=28.25+0.20 — Fit: u=62.65%0.18, 0=6.65+0.18

12000 A 50000 A

10000 A 40000 1
- -t
S 80001 S

3 3 30000
© 6000 ©

20000

4000 1
2000+ 10000 A
0 - - - - 0 : : - :
0 100 200 300 400 500 0 100 200 300 400 500
ADC ADC
(a) HG branch. (b) LG branch.

Figure 55: Example pedestal fits for the HG and LG branches. Due to the lower
amplification factor, the pedestal distribution of the LG branch is narrower than in
the HG branch.

For some of the thin strip channels, the pedestal shows a double-peak structure. In
these cases, the pedestal is determined by fitting a double Gaussian and using the
amplitude-weighted mean of the two peaks as the pedestal value. The origin of the
double peak structure is unknown, but the half-width of the double peak structure
is about 75 ADC counts in the worst cases, which is small compared to the MIP
signal in the thin strips (3150 MIPs on average) and therefore not considered to be
an issue. An example fit for a channel with a double peak pedestal is shown in
Figure 56|

8.1.3 Intercalibration

The Citiroc 1A ASIC reads out each channel simultaneously on two amplification
branches with individually settable gains. Since the two branches are scaled differ-
ently, a per-channel intercalibration is needed to convert LG signals to HG units.
Both branches have an ADC range of 0 to 8000. Figure |57 shows the correlation
between the HG and LG ADC values for all wide strip channels, showing the clear
linear dependence in the relevant range.

For each channel, the ratios between the HG and LG branches are plotted and
fitted with a Gaussian. The range for the determination of the intercalibration
factor is 7000 - 7900 HG ADC and LG ADC > 100. In this range, the LG is above
the pedestal, while the HG is not yet saturated. Example plots for a thin-strip and
a wide-strip channel are shown in Figure The large difference in intercalibration
factors between thin and wide strips results from the different gain settings for the
two strip types.

The HG value is used up to 7500 ADC, above which the converted LG value is
used. The resulting spectrum of a single channel can show a small artefact at the
intercalibration point, where the LG branch takes over, as can be seen in Figure |59,
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Figure 56: Double peak pedestal fit. The weighted mean of the two peaks is used
as the pedestal value.
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Figure 57: Heatmap showing the HG vs LG ADCs for all wide strip channels.

8.1.4 MIP Calibration

To convert the corrected ADC signals into physically meaningful units, a MIP cal-
ibration is performed for each channel individually using dedicated 160 GeV muon
beam runs. At this energy, muons are MIPs throughout the full detector depth and
deposit a well-defined signal in each scintillator layer. To cover the full active area,
the beam spot was widened to a sigma of approximately 4cm and 25 runs were
taken in a 5 x 5 grid over the ECAL. For the HCAL, six runs were taken with the
beam centred on each horizontal strip in turn. To select a pure muon sample, events
are filtered to be track-like with the same criteria as discussed in the upcoming PID
section (Section [8.1.6)).

The resulting channel-wise ADC spectrum is fitted with a Landau—-Gauss convolu-
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Figure 58: Example intercalibration plots for thin and wide strip channels.
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Figure 59: Intercalibrated channel spectrum. At the intercalibration point at
7500 HG ADC, an artefact can be observed. This plot shows a channel with a strong
artefact for illustrative purposes.

tion to extract the most-probable value (MPV), which defines the MIP calibration
constant. Fitted example spectra for a thin-strip and a wide-strip channel are shown
in Figure [60] The different MIP levels are a result of the different strip types, light
yields, SiPMs and gain settings. Figure [61{shows the resulting MIP calibration con-
stants for all channels. The alternating pattern of slightly higher and lower MIP
constants in some thin strip layers is due to the alternating readout of the channels
with two different SiPM boards. Some channels show a particularly high or low
MIP constant, which affects the dynamic range of the individual channels. There
are four dead channels, which are not recoverable, one of which is in the thin strips
relevant for this analysis.

The distribution of calibration constants showing the normal distribution for both
types of strips is shown in Figure [62]
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Figure 60: Example MIP calibration plots for thin and wide strip channels. The
slight bump in the wide strip spectrum at exactly twice the MIP value originates
from events in which two muons traverse the same wide strip simultaneously. Be-
cause the wide strips extend laterally beyond the active area of the thin strip layers,
a second muon can pass through the outer region of a wide strip without producing
a hit in the thin strips, and is therefore not rejected by the hit multiplicity cuts
applied during muon selection.
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Figure 61: MIP calibration overview showing the most probable values (MPVs)
for all channels.
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Figure 62: MIP calibration of thin (a) and wide strips (b) showing the distribution
of the MPVs for both strip types.

8.1.5 SiPM Saturation Compensation

To compensate for SiPM saturation effects, the ADC signals need to be converted
into p.e. At the very low end of the spectrum, the discrete nature of the p.e. signal
can be observed. The gain of the SiPM is determined from the spacing between the
individual peaks. In this analysis, the dark counts of the SiPMs are used, providing
up to four, just well enough separated p.e. peaks to be fitted. This is only possible
for a subset of channels which have the cleanest signals. For the remaining channels,
the mean conversion factor is used. An example fit of such a spectrum can be seen
in Figure . For the thin strips, the mean conversion factor is about 35 p.e./MIP.
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Figure 63: Example SiPM calibration with the multi-Gaussian fit of the ADC
spectrum (a) and the linear fit of the peak positions (b).

As discussed in Section [3.4.2, a SiPM consists of N, discrete microcells. When the
number of incident photons gets closer to Ny, multiple photons can hit the same
microcell within a single integration window and the measured number of fired
pixels Nfreq underestimates the true number of photons N,. Assuming a Poisson
distribution of photons over the microcells, the expected number of fired pixels is
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Nﬁred = Ntot (1 - 67Nv/Nt0t> ) (43>

which can be inverted to recover the true photon count:

Nire
N, = — Nyt ln(l 0 d) . (44)

tot

The correction factor cgy = N,/Nprea > 1 grows with occupancy and diverges as
Nireq nears Niy. The SiPMs used for the readout of the thin strips have about
2400 pixels, which is equivalent to about 70 MIPs. However, nonlinearities already
become relevant at much lower signals and must be compensated for [90].

8.1.6 Particle ldentification

All SPS electron beams contain electrons, muons, and a hadron mixture dominated
by pions. Depending on the beam energy setting, the electron purity varies between
roughly 10 % and 90 % [91], making PID an essential preprocessing step prior to any
physics analysis. The pointing studies have only the ECAL information available,
which makes pion rejection the most challenging.

Each event is classified as electron, muon, or pion based on a set of criteria derived
from the hit multiplicity per layer, the lateral shower spread, and the total deposited
energy. If a classification cannot be made with high confidence, the event is marked
as unclassified. The classification criteria are as follows:

Muons are identified by a track-like hit pattern: at least seven layers must be
hit, with at least six of those containing exactly one hit each, and the hits must be
confined to a single column of strips.

Electrons are identified by an early shower start: increased hit multiplicities and
elevated energy deposits must be present already in the second and third thin strip
layers. In addition, the total deposited energy enters the classification as a soft
criterion, with increasing deviation from the beam-energy expectation penalising
the electron hypothesis.

Pions are identified by a track-like front followed by a shower-like rear, with the
lateral shower spread providing additional discrimination. However, hadrons that
shower early can mimic the electron signature, and hadrons that traverse the full
detector without showering can mimic muons. These two edge cases are the primary
sources of contamination in the electron and muon samples, respectively.

In Figure representative event displays for each particle type illustrate the char-
acteristic differences in hit patterns in the ECAL.

The goal of this classification is to select a high-purity electron sample for the point-
ing analysis. Since no truth particle labels are available for the SPS data, the
ECAL-only PID is validated against the combined ECAL+HCAL classification [88],
which constitutes the most accurate available estimate, and the H8 beam composi-
tion provided by beam physicist Maarten Van Dijk [89]. The results are shown in
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Figure 64: PID display for a sample of events showcasing the clear differences in
the hit patterns for electrons, muons, and pions.
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Figure 65 Each data point for the ECAL-only classification represents the mean
over multiple runs taken at different incidence angles at the same beam energy, and
the error bars reflect the spread across these runs. For the other two data sets only
one point is available. The small error bars for the electron fraction confirm that
the classification performance is stable across angles, while the muon fraction shows
considerably larger spread. The conservative confidence threshold applied in the
ECAL-only classification leads to a systematic underestimation of the electron frac-
tion relative to the combined reference, while the difficulty of pion—muon separation
with the ECAL alone accounts for the discrepancy in the muon fraction between
the two calorimeter-based methods. The pronounced deviation of the H8 reference
from both calorimeter-based results is attributed to the beam instrumentation and
is understood [89]. There is a change from tertiary to secondary beam between 140
and 240 GeV to get higher energy beams. Overall, the good agreement between
the ECAL-only and ECAL+HCAL results, which are considered the most accurate,
validates the ECAL-only electron sample for the subsequent pointing analysis.
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Figure 65: Comparison of particle identification results obtained from the ECAL-
only classification, the combined ECAL+HCAL analysis [88], and the H8 reference
provided by the H8 beam physicist Maarten Van Dijk [89]. The error bars on the
ECAL-only points reflect the spread across runs taken at different incidence angles
at the same beam energy. The systematic underestimation of the electron frac-
tion in the ECAL-only result reflects the conservative confidence threshold applied
for electron classification. The discrepancy in the muon fraction between the two
calorimeter-based methods arises from the intrinsic difficulty of pion—muon separa-
tion with the ECAL alone. The pronounced deviation of the H8 reference from both
calorimeter-based results is attributed to the beam instrumentation used for that
measurement and is understood [89]. The combined ECAL+HCAL classification is
considered the most accurate.

8.2 Shower Direction Reconstruction

As discussed in Chapter [7] the thin strip layers provide spatial granularity only in
the horizontal dimension. The shower direction reconstruction is therefore restricted
to the horizontal plane.
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8.2.1 ADC Saturation

During the SPS TB, the signal integration window in the DAQ was accidentally set
to 50ns rather than the optimised 25ns determined in the preparatory TBs. The
longer integration window increases the collected charge per MIP, which causes the
ADC to saturate at lower deposited energies per strip. The effective dynamic range
is limited to approximately 60 MIPs per channel for thin-strip layers and 30 MIPs
per channel for wide-strip layers. The central strips of an electromagnetic shower are
therefore saturated at high beam energies. A channel is flagged as saturated when
the LG ADC value exceeds 7990. The low saturation threshold in the wide strips
makes them unusable for the analysis, which is therefore based exclusively on the
thin strip layers. Figure 66| shows the layerwise event data for an example 288 GeV
electron shower with saturation in the shower core. The pointing reconstruction
method described in the following is designed to compensate for the missing core
information by leveraging the shower tail hits and the longitudinal profile parametri-
sation.
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Figure 66: Layerwise event data of the thin strip layers with saturated shower
centers.

The general reconstruction strategy follows a global fit approach where a simulta-
neous fit to the longitudinal and transverse shower profiles across all active layers is
performed, from which the shower axis slope # and intercept xy are extracted. The
longitudinal profile is described by the Longo—Sestili parametrisation (Eq. while
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the transverse profile is described by a two-component parametrisation.

8.2.2 Transverse Profile Model

The transverse shower profile is parametrised by a two-component function combin-
ing a Gaussian core with a Lorentzian tail that shares a common width parameter:

2 2
(x — x.) ) L F R |
2 R? (x — z.)%? + R?
(45)
where z. is the shower centre, R is the common width parameter, and Fj is the
per-layer Lorentzian tail fraction. The normalisation constant is

f(z; z., R, Fy) = m [(1 — F) exp(—

N(R,F)=(1—F)V2r R+ FrR. (46)

The Gaussian component describes the compact core, while the Lorentzian term
captures the shower tails. This parametrisation is motivated by the shared width
parameter of the core and tail components, which allows for an extrapolation of the
shower core shape from the tail hits. Additional anchoring is provided by a per-layer
energy sum constraint, which compares the predicted total energy deposit in each
layer to the measured layer sum with a one-sided treatment for layers containing
saturated channels.

8.2.3 Cost Function

The cost function extends the standard y? sum with additional terms that handle
saturated channels and stabilise the fit:

Emeas,i - LK red,: ?
C= Z ( o, = ) + Csat + C1lanyer + Crega (47)

i€unsaturated

with the per-hit uncertainty

0; = \/1 + Sz (1 + (Csat,i - 1) esat) MIP. (48)

The constant term of 1 MIP represents the statistical floor, while the stochastic
term scales with the signal size S; and is further inflated by the saturation correction
factor ¢, > 1, which increases the uncertainty for high-signal hits where saturation
compensation becomes a significant factor. The parameter eg,; = 10 % controls the
strength of this inflation and is equivalent to a 10 % systematic uncertainty on the
saturation correction.

For saturated hits, the measured ADC value is a lower bound on the true energy.
Saturated channels are excluded from the standard y? sum and are instead handled
exclusively by Cs,t, which introduces a one-sided penalty that is only applied when
the model prediction falls below the saturated measurement. This allows the fit
to predict more energy than recorded for saturated strips without penalty. The
per-layer energy term Claye, compares the predicted total energy deposit in each
layer to the measured layer sum. For layers containing saturated channels, the same
one-sided treatment as for Cg, is applied, so the fit is not penalised for predicting
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more energy than the saturated layer total. The regularisation term C\, includes
a quadratic penalty for unphysical longitudinal shape parameters o and g and a
Laplacian smoothness penalty on adjacent-layer radii R, to suppress unphysical
jumps between layers.

The minimiser uses MINUIT via iminuit |92]. The free parameters of the fit are the
five global parameters and two per-layer parameters:

e [ the total shower energy, which sets the overall normalisation of the lon-
gitudinal profile;

e «, 3: the shape parameters of the longitudinal profile;

e 1o the transverse intercept of the shower axis at the front face of the detector;
e 0: the slope of the shower axis (the reconstructed pointing angle);

e Ry: the per-layer common width parameter of the transverse profile;

e [ the per-layer Lorentzian tail fraction.

8.2.4 Minimisation

The minimisation proceeds in two phases to manage the high-dimensional parameter
space (5 + 2N, free parameters):

Preprocessing. Layers behind layer 4 with a total energy deposit below 5 MIPs are
removed from the fit data, as they contain the diffuse longitudinal tail of the shower.
The requirement that this is only done at later layers is to avoid the removal of
relevant data from the shower start or short, low-energy showers. The initial shower
axis (zg,0) is seeded from a linear fit to the per-layer energy-weighted centroids.

Phase 1: All per-layer Fy, and R, are temporarily fixed at their initial values and
only the five global parameters (FEi, «, 3, 2o, 0) are optimised. This provides a well-
converged starting point for the axis parameters before the full high-dimensional
space is opened.

Phase 2: The full parameter space is explored, with F, and R, free to vary. The
Phase-1 result is used as the starting point for the global parameters.

Figure 68| shows the layerwise profile fit for a saturated example 140 GeV electron
shower alongside a 10 GeV unsaturated shower for comparison. Starting from layer
three, the ADC saturation is clipping the shower cores of the saturated event. With
the information from the tail hits and the longitudinal profile anchoring, illustrated
by the side-by-side comparison in Figure [67], the fit can compensate for the missing
core information and reconstruct a physically reasonable shower profile.
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Figure 67: Event display comparison of the global shower fit for a 10 GeV unsatu-
rated electron shower (right) and a 140 GeV saturated electron shower (left).

8.3 Discussion of Results

A primary goal of the test beam campaign was to experimentally demonstrate that
the scintillator strip geometry of the SHiP ECAL could reconstruct the direction
of electromagnetic showers. The key observables extracted from the global shower
fit are the shower axis slope 6 and the transverse intercept xo at the detector front
face.

An energy resolution measurement is not a primary objective of this analysis. The
combination of ADC saturation and the coarse transverse sampling fraction of
the prototype renders any extracted energy resolution unrepresentative of the true
calorimeter performance and is therefore not reported here.

8.3.1 Intercept Reconstruction

Throughout this and the following chapter, the 0° data sets at 3 GeV, 20 GeV,
100 GeV, and 240 GeV are used as representative examples. Figure shows the
distribution of the reconstructed intercept xo for these four energies. The intercept
distributions show a characteristic quantisation pattern visible as discrete preferred
values of xy. This arises from the discrete strip structure where the fit tends to place
the shower axis near a strip centre or strip edge. The current level of optimisation of
the fit does not suppress this discretisation artefact. The widths of the distributions
reflect the beam profile at the SPS, which was asked to be set up to maximise the
parallness of the beam rather than to provide a narrow spot. The truth information
about neither beam divergence nor beam spot size is available. The profiles for the
angled data look similar.

Two further features are visible in the distributions. First, a constant offset of the
distribution centre relative to zero is present across all energies, indicating a small
misalignment of the detector with respect to the beam axis. Second, the apparent
beam width decreases with increasing energy. Both effects cannot be disentangled
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Figure 68:
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Comparison of layerwise profile fits for a 10 GeV unsaturated electron

shower (top) and a 140 GeV saturated electron shower (bottom). The layers tinted
blue are before the shower maximum, the yellow ones after.
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Figure 69: Reconstructed intercept xy of 0° SPS TB data at 3GeV, 20 GeV,
100 GeV, and 240 GeV. The grid lines indicate the strip edges.

from the true beam properties without knowledge of the beam divergence and spot
size, so no quantitative conclusions can be made.

Also notable is the switch in the quantisation of the distribution from the edge
between two strips (grid lines) at 3 GeV to the center of the strip at the higher
energies. The quantisation is generally caused by the fit struggling to properly
handle the shower start, where the shower is significantly narrower than the strip
pitch and only one or two strips have non-zero signals, causing minimisation artefacts
which differ between fully developed showers and short and slim low energy showers.

8.3.2 Angular Resolution

Figure shows the distribution of the reconstructed shower axis slope 6 for the
example data sets. The distributions have a Gaussian core, but especially at lower
energies, there are non-Gaussian tails which are not well captured by a Gaussian fit.
To account for this, both the Gaussian sigma and the statistical standard deviation
are extracted from each distribution and discussed in the following.

Figure [71] summarises the angular resolution as a function of beam energy for all
data sets taken during the SPS TB. Both the fitted and statistical resolutions are
shown. It can be seen that the resolution continuously improves with higher energies
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Figure 70: Reconstructed shower axis slope 6 of 0° SPS TB data at 3 GeV, 20 GeV,
100 GeV, and 240 GeV.
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and has a minor dependence on the incident angle, as already indicated by the
SHADOWS simulation discussed in Section[5.5] The statistical sigma is consistently
larger, caused by non-Gaussian tails and outliers in the angle distributions (see
Figure , which are likely caused by beam divergence and the presence of non-
electron contamination in the sample that the fit can not handle properly.

Slope in X for showers

Data:
i =1.90
3] o=28.75
10 n = 9967
Fit:
— u=1.65%*0.03
v o =3.64 +0.03
c 1024
3
@)
101_
100

-100 -75 -50 -25 0 25 50 75 100

angle [mrad]
Figure 72: Reconstructed shower axis slope 6 in log-scale with non-Gaussian tails
for the 100 GeV data set. The legend shows the divergence between the fitted
Gaussian sigma and the statistical standard deviation caused by the non-Gaussian
tails.
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9 Simulation of Test Beam Setup

The TB results presented in the last chapter establish the pointing performance
of the prototype under realistic conditions. A validated simulation is required to
extrapolate from the prototype measurements to the full detector geometry and to
serve as the basis for the design optimisation in Chapter {10l The detector simulation
is built on top of GEANT4 , which handles all physics processes. Geometry
and material definitions are managed through the DD4HEP framework . The
general simulation framework for the SHiP calorimeters was implemented by Matei
Climescu . The simulations discussed in the following sections are derived from
this framework and have been adapted to reproduce the exact prototype geometry
of the SPS TB described in Chapter [7] As in the SPS TB, the HCAL is simulated,
but not discussed in the scope of this thesis. A render of the full simulated setup is
shown in Figure

L L

Figure 73: Visualisation of the simulated setup with ECAL and HCAL recreated
as close as possible to the actual TB setup. In the front (left) there is a 1mm
aluminum plate representing the dark box cover.

With the simulation, it is possible to recreate every configuration the physical proto-
type was tested with. Since the simulation for high electron energies results in long
runtimes and large data output, the number of events per run is limited to 10000
events for each angle, energy and particle combination tested.

9.1 Particle Gun

The particle gun is placed 10 m in front of the detector. The x-position and emission
direction of the particles are adapted according to the desired incident angle, with
the scintillating layers being shifted in the same way as in the real setup. Figure [74]
shows the simulated ECAL setup from the top, where the two layer types are shifted
into position on the angled beam. The vertex of the particles has a Gaussian spread
of ¢ = 5mm applied in three dimensions to avoid edge effects. No smearing is
applied to the particle direction and energy.

9.2 Digitisation

No real digitisation has been added at the level of the simulation. The raw output
is the true energy deposited in each scintillator strip, which is converted to the
MIP scale using a simulation-internal MIP calibration performed with muons. A
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9 Simulation of Test Beam Setup

Figure 74: Visualisation of the simulated ECAL setup from the top. The relative
shifts between the layers to reproduce the angled beam configurations are clearly
visible. In the front (left) there is a 1 mm aluminum plate representing the dark box

cover.

mock digitisation is performed based on the experimental results from the physical
prototype, covering the following effects:

Noise: The pedestal information from the physical prototype is used to add
corresponding noise to the simulation.

SiPM Saturation As described in Section|8.1.5] SiPM pixel saturation affects
the physical prototype and is corrected for using Eq. f4l This procedure is
reverse-engineered in the simulation, where the MIP signal S is first converted
to the number of fired pixels using

Nﬁred = Ntot (1 - e_S.VPE/NtOt> ) (49)

where ypg = 35p.e./MIP is the experimentally determined p.e. yield for
thin strips and Ny is the total number of SiPM pixels. To account for the
uncertainty of the compensation, a symmetric Gaussian smearing

Ocomp = Esat (Csat - 1) Sa €sat = 017 (50)

is added to the signal, where cgt = N, /Ngrea > 1 is the correction factor. This
term is zero for unsaturated channels and grows with increasing occupancy,
reflecting the larger uncertainty of the compensation at high signal levels.

ADC Saturation: The ADC saturation is the most dominant effect in the
TB data and is also recreated in the simulation. The experimental values
from Section of 3150 ADC/MIP (thin strips) and 2710 ADC/MIP (wide
strips) were used to introduce the ADC overflow. Applying the intercalibration
factors, this leads to a saturation level of 51 MIPs in the thin strips and 29 MIPs
in the wide strips. However, in the analysis of the actual TB data, it became
visible that only the center channels of the thin strips in the front layers
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are actually saturating at high energies. Between those channels, a common
saturation level of 6042 MIPs was observed, which is why 60 MIPs was chosen
to represent the actual thin strip behaviour better than the statistical average
over the whole detector. For the wide strips, the ADC saturation is a much
more common phenomenon across all channels, which is why the statistical
average of 29 MIPs was considered a reliable estimate and was applied directly.
The wide strips are fully modelled and read out in the simulation, but as in
the TB data, they are not used for shower reconstruction and only enter the
PID.

This simplified architecture provides a flexible and transparent environment for
studying the prototype ECAL, focusing on geometry and physics effects without
simulating the full readout chain. Before running the shower fit on the simulated
data, the same PID is performed as in the TB data to remove electrons which would
not be identified as such in the TB. Due to the strict requirements of the PID, this
removes a fraction of up to 10% at low energies.

9.3 Simulation Validation

To validate the simulation, several shower observables are compared between the
simulated events and the TB data. For the comparison, the same runs are used
as in the last chapter (0°, 3GeV, 20 GeV, 100 GeV, 240 GeV). The comparisons
include the per-layer energy deposits in the first (layer 1), middle (layer 9), and last
(layer 17) thin strip layers, the reconstructed shower maximum from the Longo—
Sestili fit, and the total energy sum of the thin strip layers. All distributions are
normalised.

9.3.1 Per-Layer Energy Deposits

Figures [75] [76] and [77] show the energy deposit distributions in layers 1, 9, and 17
respectively, for all four beam energies. The simulation reproduces the measured
distributions well across the full range of deposited energies. The agreement in the
first layer reflects a correct modelling of the shower start, while the agreement in
the middle and last layer validates the longitudinal shower development as well as
the correct modelling of the digitisation.

In the first layer, the only notable difference between simulation and data is a small
tail towards higher deposited energies in the TB data, which is likely caused by
pre-showering in the material upstream of the detectorff, which is not modelled in
the simulation.

In layer 9, there are two effects visible. The simulation slightly underrepresents the
deposited energy at higher energies, which is likely due to a small mismatch of the
saturation effects in the digitisation, caused by the usage of a common saturation
level for all channels. The second effect is a population of low-energy deposits in
the TB data, which is not present in the simulation. This is caused by imperfect
PID in the TB, which allows for a small contamination of hadrons and muons in the
electron sample.

8In the TB there are beam interactions with the upstream beam pipe, beam line instrumentation
and other material, which are not accounted for in the simulation.
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Figure 75: Normalised energy deposit distributions in layer 1 for simulation and
TB data at 0° incident angle for the sample energies. The TB data show a small
tail towards higher deposited energies, not present in the simulation.

In the last layer, the agreement is very good across all energies, confirming that
the shower tail and leakage are correctly modelled. A small residual tail of higher

energy deposits similar to the first layer remains.
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Figure 76: Normalised energy deposit distributions in layer 9 for simulation and TB
data at 0° incident angle for the sample energies. At high energies, the simulation
slightly underestimates the deposited energy. The TB data show an additional
population of low-energy deposits not present in the simulation.
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Figure 77: Normalised energy deposit distributions in layer 17 for simulation and
TB data at 0° incident angle for the sample energies. The agreement between
simulation and data is good across all energies. A small tail towards higher deposited
energies, similar to the one in layer 1, remains in the TB data.
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9.3.2 Shower Maximum

Figure shows the distribution of the reconstructed shower maximum t,,,, from
the Longo—Sestili fit. The simulation reproduces the measured shower maximum
distributions well at all four energies, confirming that the longitudinal shower devel-
opment is correctly modelled. The expected shift of the shower maximum to larger
depths with increasing energy follows the scaling ¢,,., o In F and is reproduced by

the simulation.
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Figure 78: Normalised distributions of the reconstructed shower maximum t,,,, for
simulation and TB data at 0° incident angle for the sample energies.
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9.3.3 Total Shower Energy

Figure [79| shows the total energy sum of the thin strip layers for electrons, showing
that the simulation yields a systematically higher energy sum than the TB data. As
all other observables are in good agreement, this is attributed to residual differences
in the saturation implementation. The discrepancy is therefore considered a scaling
effect that does not point towards any fundamental mismatch between simulation
and data.
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Figure 79: Normalised total corrected energy sum distributions for simulation and
TB data at 0° incident angle for the sample energies. The simulation yields a
systematically higher energy sum than the TB data, which is attributed to residual
differences in the implementation of the saturation.

9.3.4 Comparison of Intercept and Angle Reconstruction

Figure shows the reconstructed intercept distributions for the simulation and
TB data. Notably, the width of the simulation data is consistent, supporting the
argument that the variation in the TB data is caused by the beam profile. The
simulation shows the same quantisation effects as the TB data, symmetrically around
the detector center. The same shift in quantisation from the strip edges to the strip
centers can be observed between the 3 and 20 GeV data as in the TB data.

The angle reconstruction distributions in Figure [81|show a good agreement between
simulation and TB data across all energies. The simulation data is perfectly cen-
tered around the true beam angle of 0°, while the TB data shows a small bias,
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Figure 80: Normalised intercept reconstruction distributions for simulation and
TB data at 0° incident angle for the sample energies.

indicating a rotational misalignment of the detector in the TB setup. The obser-
vation that the bias is especially pronounced at 240 GeV is part of a larger picture
shown in Figure A pattern becomes visible in the TB data, which is only in
part reproduced by the simulation, pointing towards a more complex interplay of
beam profile and detector alignment. As already visible in Figure 81} the bias only
becomes significant in relation to the resolution at the highest energies in the TB
data.

Figure 83| shows the full comparison of the angular reconstruction between TB and
the simulation. The simulation follows the TB data nicely with increasing accuracy
at higher energies. It can be seen that, also for the simulation, the statistical sigma
is consistently larger than the fitted sigma. At larger energies, they converge, which
indicates that the outliers in the TB data are not caused by badly reconstructed
showers but real stray particles not present in the simulation. Overall, the simulation
provides an accurate description of the TB data across all energies, angles and
observables relevant for the pointing resolution analysis. The close agreement also
implies that the ECAL-based PID is sufficiently effective.
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Figure 81: Normalised angle reconstruction distributions for simulation and TB
data at 0° incident angle for the sample energies.
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Figure 82: Angular residuals as a function of angle and beam energy. The error
bars show the sigma of the reconstructed angle distribution. Both the Gaussian
fit width (filled markers) and the statistical standard deviation (open markers) are
shown.
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Both the Gaussian fit width (filled markers) and the statistical standard deviation
(open markers) are shown.
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10 Optimisation of the SHiP ECAL

The agreement between the TB results and the simulation established in Chapter
demonstrates that the simulation framework reproduces the pointing performance
of the physical prototype at the level required for design decisions. This agreement
provides the basis for extending the simulation beyond the prototype geometry to
study the full-scale SHiP ECAL. The goal of this chapter is to determine the optimal
detector configuration within the boundary condition set in Chapter @ (20 Xy, 40
0.5 Xy sampling layers of 3mm lead and 10 mm plastic scintillator strips, 1:1 ratio
of thin to wide strips) using the established simulation framework. The position
and depth of the air gap, as well as the thin strip layer sampling strategy, are
systematically studied with respect to detector performance. The chapter closes
with a discussion of external factors possibly influencing final design choices and
paths of further improvements.

10.1 From Prototype to Full Detector Section

The conceptual prototype described in Chapter 7| was designed to validate the point-
ing principle and provide the measurements necessary to tune the Monte Carlo sim-
ulation. Translating the validated concept into a full detector section requires some
adaptations.

All prototype pointing studies were performed with electrons for their availability
at TBs. However, the signal of interest for the ECAL pointing performance are
photons. In contrast to the SHADOWS prototype simulation, the SHiP ECAL has
a non-uniform sampling of the shower with thin and wide strips and an air gap in
between. In this design, the shower start behaviour of photons has a direct impact
on the pointing performance and therefore needs to be included in the simulation.
The geometry of the full detector section follows the SHiP ECAL baseline design
described in Section [6] with 40 sampling layers made of 3mm lead, alternating
thin and wide scintillator strip layers and a 50 cm airgap after 6 Xy. To study the
performance, the simulation of one 2.16 x 2.16 m? segment of the ECAL is sufficient
and reduces computational cost.

10.2 Simulation

The simulation is extended directly from the validated TB setup described in Chap-
ter[9 In this simulation setup, all layers are implemented with thin strip segmenta-
tion and exclusively vertical strip orientation. This way, a single simulated dataset
can be analysed with different thin-layer sampling configurations without repeating
the full simulation, similarly to the approach used in Chapter [5. The distance be-
tween layers is set to 0.5 cm as a placeholder, knowing that this is subject to change
in the final design depending on engineering decisions.

Single photons are generated at incident angles between 0° and 15° and at energies
from 2 to 200 GeV, covering the full kinematic range of interest for SHiP. The
processing chain for the obtained events is described in the following.
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10.2.1 Particle Generation

Following the prototype simulation configuration, the particle gun vertex is placed
10 m upstream of the front face of the module, with a Gaussian position smearing
of o = 5 mm applied in all three dimensions to account for the strip granularity
and suppress edge effects. No angular or energy smearing is applied. The incident
angle is varied in the x—z plane perpendicular to the strip orientation, exploiting
the independence of the angular reconstruction in the two transverse directions. For
each energy—angle configuration, 10000 events are simulated.

The mock digitisation pipeline developed and validated in Chapter [J] is applied,
removing the ADC saturation and implementing a SiPM with 14400 pixels based
on the Hamamatsu S13360-3025PE model to reduce SiPM saturation effects.
This SiPM model is chosen for its high pixel count, which can handle the high energy
deposits, and its suitability for the expected operating conditions.

10.2.2 Reconstruction

Each digitised event is reconstructed by a global shower fit that simultaneously ex-
tracts the longitudinal energy profile, the transverse shower shape in each layer, and
the incident particle angle and impact position. Two sampling configurations corre-
sponding to the alternating x- and y-measuring planes are tested, each sampling the
shower at an effective longitudinal spacing of 2 X but offset by one layer from each
other. A schematic illustration of the baseline configuration is shown in Figure [84f

e x-fit: Layers {1,5,9,13,17,21,25,29,33,37}
e y-fit: Layers {2,6, 10,14, 18,22, 26, 30, 34, 38}

x-thin
y - thin
x - wide
y-wide

layer index

Figure 84: Schematic illustration of the layer order in the SHiP ECAL baseline
design. The layers are arranged in an alternating pattern of thin and wide strip
layers and x and y measuring layers.

For each sampling set, the reconstruction is run independently. The global shower
fit proceeds in four steps, which are described in the following. The change in
the fit procedure is required due to the different shower start behaviour of pho-
tons compared to electrons. The first three steps are designed to provide a robust
initialisation and data reduction for the subsequent global minimisation:
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Pre-fit shower start detection. A one-dimensional Longo—Sestili longitudinal pro-
file (see Section with a floating shower-start depth ¢, is first fitted to the raw
layer-wise energy sums. This threshold-free fit provides a robust shower start and
shape, which is then held fixed throughout the subsequent global minimisation.
Based on this fit the longitudinal leakage is compensated, and the total shower
energy is determined.

Strip window selection. A straight-line pre-fit to all hits above 0.1 MIP is used
to estimate the shower axis position xy and angle 6. For each layer, only the £40
strips centred around the linear fit are used for the subsequent global fit. This
window spans more than twenty Moliere radii, providing ample space for lateral
shower containment while substantially reducing the number of hits entering the
global minimisation.

Data trimming. Layers at depths t < t; are removed from the front. Layers in
which the total energy falls below 5 MIP are removed from the back (identical to the
TB reconstruction). For reference: a 2GeV electromagnetic shower deposits about
250 MIPs in the ECAL.

Global minimization. The core of the reconstruction is a simultaneous fit of the
longitudinal and transverse shower profiles to the per-strip signals of all sampled
layers. The fit minimises the following x? function:

(S - Epred i LZ Etot - Eﬁ)

X2 = Z i o2 wEZ ) (51)

i K3

where S; is the measured strip signal and o; is the per-hit uncertainty from Sec-
tion |8.2.3] The second term anchors the total energy to the layerwise energy sums,
where Ly = (dE/dt)|s,/ Etot is the normalised longitudinal shape at layer ¢, Ey is the
total measured energy summed over all strips in that layer before any strip-window
selection, 0, = max(y/Ey, 1 MIPs), and wg is a weight that keeps Ei,, anchored to
the energy sum while leaving the lateral shape parameters free. Figure |85 shows an
example event display for a 200 GeV photon at 0° with the pre-fit and strip window
selection applied.

The predicted signal Epeq; in strip ¢ of layer £ is the product of the longitudinal
energy density and the fraction of the transverse shower profile that falls within the
geometric extent of the strip:

dE
Erei:_
pred? gt |,

. [(1 — F(trel)) I(xi; oe(t re1)) + F(t rel)I(xi; Ut(trel))}a (52)

where t,q = ty —tg is the shower-relative depth. The transverse shape is modelled as
a two-component Gaussian mixture with a compact core of width o, and a broader
halo of width o, mixed with the depth-dependent fraction F. This parametrisation
is well established in the literature |44} 95] and due to the absence of ADC saturation,
it is not necessary to infer core information from the tails. Both widths and the tail
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Figure 85: Example overview event display for a 200 GeV photon at 0°. At the top,
the longitudinal fit of the shower profile is shown, indicating the true energy deposit
before and after data trimming as well as the integral of the layerwise profile fit.
The bottom shows the hits above a 0.05 MIPs threshold after the data trimming.
The red line indicates the projected shower axis. The panel on the right shows the
fit results of the Longo—Sestili profile and the derived total energy and longitudinal
leakage, as well as the fit results of the layerwise profile fits.

fraction evolve linearly with ¢,

Uc(trd) = Rm,() + Rm,slope . trela
Ut(trel) = Rm,t,O + Rm,t,slope : treb
F(twe) = Fo + Fuope - trel, F €0.01,0.99].

The strip integral Z(z;; o) gives the fraction of a Gaussian of width o, centred on

the projected shower axis p(z;) = g + 6 z¢, that falls within the physical extent of

strip 4 with edges 77

T(2s:0) = % {erf(%w) - erf<xi_\}—2’“‘f”)1 | (53)

An example layerwise event display for a 200 GeV photon at 0° can be seen in
Figure The free parameters of the fit are:

e 1o the transverse intercept of the shower axis at the front face of the detector;
e 0: the slope of the shower axis (the reconstructed pointing angle);
® 12,0, R gsiope: the intercept and depth-slope of the core width o;

® [y 10, Romtsiope: the intercept and depth-slope of the halo width oy;
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o [, Fyope: the intercept and depth-slope of the tail fraction F'.

With the longitudinal shape parameters FEi, to, «, and § fixed from the pre-fit.
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Figure 86: Example event display of the layerwise profile fits for a 200 GeV photon
at 0°.

Retry logic. If the initial minimization yields x*/dof > 5, the fit is retried with
alternative seed values for zg, 6, and R,,o. The result with the lowest x?/dof is
retained.

10.3 Air Gap Optimisation

The effective pointing resolution for photons for the SHiP baseline design depends
on two key parameters. The first is the position of the air gap, which determines the
fraction of showers which traverse the gap. The second is the depth of the air gap,
which sets the lever arm and therefore directly impacts the pointing resolution of the
photons which deposit energy in both sections. Similar to the TB results, the purely
statistical and fitted sigma are evaluated and differ depending on the extent of non-
Gaussian tails. For all configurations, the respective plots of the statistical data for
the pointing resolution are shown in the Appendix [A.4.2] If not stated otherwise,
they show the same tendency as the fitted values discussed here. The reconstructed
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angle and intercept distribution show the same structures and behaviour as in the
TB results (see Sections |8.3| and [9.3.4)) and are not discussed again for this setup.

10.3.1 Gap Depth Optimisation

The physical length of the air gap determines the lever arm for any shower traversing
the gap. A larger gap improves the pointing resolution, but is practically limited
by two factors. The first is the acceptance of the detector, which is reduced with
a larger gap because the back part effectively covers a smaller solid angle. The
second is that a larger gap increases the transverse spread of the shower inside
the gap, which can lead to shower overlap and lateral leakage, complicating shower
separation and reducing the energy resolution.

Starting from the 50 cm air gap proposed in the SHiP baseline design, the gap depth
is increased to 100, 150, 300 and 500 cm and the pointing performance is compared.
The different designs tested are defined by the gap position P in radiation lengths
before the gap and the gap depth D in cm. In the following, the notation P — D
is used to refer to a specific design, e.g. 6-50 for the SHiP baseline design which
has 6 X, before the gap and a gap depth of 50 cm. The results of this comparison
are shown in Figure In the top plot, it can be seen that there is a systematic
bias in the reconstructed angle at larger angles, especially for small energies, which
is consistent for all setups and caused by the angled sampling of the shower (see
Figure . The bottom plot shows the consistent improvement of the pointing
resolution with the gap depth. The largest improvement is observed when increasing
the gap depth from 50 cm to 100 cm, while the improvement with larger gaps is
steady but less pronounced. There is also a dependence of the pointing resolution
on the incident angle. This is a result of the lower effective sampling fraction the
shower experiences passing the absorbers at larger angles, which consequently affects
lower energies more strongly.

Figure [89|shows the dependence of the energy resolution on the gap depth. Starting
at 300 cm gap, the resolution visibly deteriorates as a consequence of lateral leakage.
Generally, the energy resolutions presented are a conservative estimate, as they are
determined using only thin strip layers. The contribution of the wide strips, which
are known from TB data to have a better energy resolution, in the final detector is
therefore expected to improve it.

Figures and show the shower profile for 200 GeV photons in the last layer
before the air gap and the first layer after the air gap for a 100 cm and a 500 cm gap
depth, respectively. In both cases, the shower is expanding laterally, with the core
width being largely unaffected by the gap depth, resulting in the improvement of the
pointing resolution. The shower halo, however, is significantly more spread out for
the 500 cm gap, extending beyond the 2 m aperture of the ECAL, which leads to the
loss of energy and consequently energy resolution. In both cases, the shower profile
regains its normal shape after the particles in the blown-up tail are fully absorbed.
The shower profiles for all layers of these events are shown in the Appendix

The pointing and energy performance figures presented above are evaluated exclu-
sively on showers with the core within the geometric acceptance of the ECAL, which
shrinks considerably as the gap depth increases. Figure 92| shows the acceptance of
the ECAL as a function of the gap depth defined as the solid angle covered by the
last active layer of the ECAL seen from the center point at the end of the decay
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Figure 87: Pointing results as a function of energy for different air gap depths at
a fixed gap position of 6 Xy. The top panel shows the reconstructed angle bias, and
the bottom panel shows the angular resolution gy. For the 500 cm gap, the 15° data
is excluded due to lateral leakage.

volume. Table [5| provides a detailed overview of the geometric acceptance and half-
opening angles for the different air gap depths. This acceptance measure is heavily
simplified but gives a good feeling for the acceptance loss with increasing gap depth.
In reality, the acceptance is dependent on the kinematics of the secondary particles
and their final states.
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Figure 88: Schematic of the bias introduced by sampling the shower at an angle.
The yellow line marks the true shower axis, while the blue marks show the shower
center reconstruction in each layer (black lines), visualising the bias to smaller re-
constructed angles. The shower (red) is idealised for illustrational purposes.
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Figure 89: Energy resolution as a function of energy for different air gap depths at
fixed gap position of 6 Xy. The resolution is largely independent of the gap depth
up to 150 cm. At 300 cm and above, a visible deterioration is observed.
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Figure 90: Lateral shower profile before and after a 100 cm air gap for a 200 GeV
shower showing the widening of the shower. The shower tails are extending several
tens of centimetres but are still well contained within the 2 m aperture of the ECAL.
The shower profiles for all layers of this event are shown in the Appendix
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Figure 91: Lateral shower profile before and after a 500 cm air gap for a 200 GeV
shower showing the widening of the shower. The shower core is significantly widened,
with the tails extending beyond the 2m aperture of the ECAL, leading to lat-
eral leakage. The shower profiles for all layers of this event are shown in the Ap-

pendix [A.4.1]
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Figure 92: Geometric acceptance of the SHiP ECAL as a function of air gap depth,
defined as the solid angle covered by the last active layer of the ECAL seen from
the center point at the end of the decay volume.

Table 5: Geometric acceptance and half-opening angles for different air gap depths.
Onorizontar aNd Oyerricar are the horizontal and vertical half-opening angles. The ac-
ceptance ratio is the ratio of the acceptance for a given gap depth to the acceptance
for no gap.

gap (Cm) aJCCeptance ratio ehorizontal (o) evertical (o)

20 0.917 10.12 14.99
100 0.844 9.70 14.38
150 0.779 9.31 13.82
300 0.623 8.31 12.35
500 0.478 7.26 10.82

Taking into account the effects of the gap depth on the pointing resolution, energy
resolution and acceptance, a gap depth of 100 cm is considered to be the best choice
for the SHiP ECAL. The 100 cm gap shows a significant improvement in pointing
resolution compared to the 50 cm gap and the energy resolution is not yet affected
by lateral leakage. The loss in acceptance mainly affects photons with angles larger
than 10 or 15°, depending on the direction, which are kinematically suppressed in the
SHiP signal and therefore not expected to have a significant impact on the overall
physics performance of the ECAL. This measure also assumes a decay of the FIP
at the very end of the detector, where the acceptance is influenced the most by the
air gap. For earlier decays, the relative acceptance loss is smaller.

10.3.2 Gap Position Optimisation

Equation (14 gives approximately 99% photon conversion after 6 Xy, which moti-
vates the gap position in the baseline design, but Figure 03] shows that the pointing
resolution only benefits from showers that traverse the gap. At the same time, the
front part of the calorimeter can not be too deep, as this would prevent early show-
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ering of low-energy photons from depositing energy in the back section, reducing the
pointing resolution in this regime significantly. The optimal gap position is therefore
a trade-off between the photon conversion probability and the shower penetration
at different energies.
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Figure 93: Schematic illustration of the three shower categories relative to the
air gap. Showers converting before the gap and depositing energy in both sections
(centre) benefit from the full lever arm. Showers converting after the gap (right)
or not reaching the back section (left) do not benefit from the improved pointing
resolution.

Figure shows the pointing resolution for gap positions between 2 and 6 Xy. A
consistent asymmetry between the z- and y-directions is visible across all config-
urations. This asymmetry is a direct consequence of the one-layer offset between
the two sampling sets. A photon shower starting just after an z-measuring layer
will be sampled before the gap in y but not in z, effectively reducing the lever arm
for the z-fit in those events. At later gap positions, the asymmetry between z and
y reduces, as the higher photon conversion probability ensures that more showers
deposit energy before the gap for both strip orientations. Figure [95|illustrates this
effect by showing the reconstructed angle distributions separately for showers that
traverse the gap and those that do not, for 30 GeV photons at 0° in the 3-100 setup.
At 30 GeV, showers that do not traverse the gap have typically converted late and
deposit energy exclusively in the back section and produce a significantly wider dis-
tribution, contributing mainly to the non-Gaussian tails, and the ratio between the
two distributions confirms that the y-direction benefits from the one-layer offset,
with a larger fraction sampled before the gap. Figure shows that the energy
resolution is independent of the gap positions. A plot of the linearity of the energy
response for the 3-100 setup can be found in Appendix [A.4.4]

Moving the gap earlier than 3 X degrades the low-energy resolution because a larger
fraction of low-energy photons convert after the gap and never deposit energy in the
front section. Moving the gap later improves the conversion probability before the
gap, but causes showers that start early to not reach the back section, equally
degrading the low-energy resolution. At high energies, both effects are less pro-
nounced, and later gap positions yield a marginal improvement because the higher
photon conversion probability ensures more showers traverse the gap. Balancing
these competing effects, the best overall pointing performance across the full energy
range is achieved at a gap position of 3 Xj.
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Figure 94: Pointing resolution as a function of energy for gap positions between
2 and 6 Xy with a fixed gap depth of 100cm. The difference between the z- and
y-directions visible in all data sets reflects the offset by 0.5 X, between the two
sampling sets.
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Figure 95: Reconstructed angle distributions for showers that traverse the gap vs.
showers that don’t traverse the gap for 30 GeV showers at 0° in the 3-100 setup.
On the left (a), the x-direction is shown; on the right (b), the y-direction is shown.
At 30 GeV, showers that do not traverse the gap have typically converted late and
deposit energy exclusively in the back section.
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Figure 96: Energy resolution as a function of energy for gap positions between 2
and 6 X, at a fixed gap depth of 100cm. The energy resolution is independent of
the gap position across the full energy range.

10.4 Sampling Optimisation

Considering the difference in pointing resolution between the x and y directions,
which is caused by just one layer difference in the sampling, the sampling of the
shower could have a significant impact on the pointing performance. For the 3-100
setup, various alternatives to the alternating thin and wide strip layer configuration
are tested.

The first set of tests is based on the idea of keeping the back of the ECAL in an
alternating configuration, starting with a thin strip layer. The front section is then
modified to have different sampling configurations, which can be seen in figure [97al
All configurations are compared to the baseline configuration R, which is the baseline
sampling in the x-direction. It needs to be noted that these configurations generally
increase the number of thin layers in the ECAL by 2 or 4 layers, which would drive
the cost.

Figure 07h] shows the pointing resolution for these alternative sampling configura-
tions. At all energies, there are only minor differences within the errors, with no
significant systematic improvement over the reference configuration R for any of the
tested layouts, not justifying the increased complexity and cost which would be in-
troduced by the alternative configurations. At high energies, however, a significant
dependence of the pointing resolution on the incident angle can be observed with 0°
incidence, yielding a noticeably worse resolution than at larger angles. This is the
opposite of the low-energy behaviour discussed in Section [10.3.1], where the reduced
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effective sampling fraction at larger angles dominates. At high energies, shower
statistics are large, and the stochastic term is small, so the resolution is instead lim-
ited by the geometric information available to the fit. At small angles, the shower
axis is nearly collinear with the absorber stack and the angular information is carried
only by transverse shower fluctuations and strip granularity. At larger angles, the
shower centroid shifts between successive layers, providing a direct geometric signal
that suppresses the relative contribution of granularity and shower fluctuations and
improves the pointing resolution. The energy resolution is also independent of the
sampling configuration.

The second approach is to concentrate the thin strip layers around the air gap.
Figure shows the different configurations tested, and Figure shows the
pointing resolution for these configurations. It can be observed that halving the
number of thin strip layers to five decreases the pointing resolution at all energies.
Between the other configurations, no significant systematic improvement can be
observed with respect to the reference either. Not justifying any change in the
sampling configuration.

A third study removed thin strip layers in the back of the ECAL to evaluate potential
cost savings. As expected, the pointing resolution deteriorates with the number of
layers removed, affecting high energies more strongly. The respective plots to this
study can be found in the Appendix[A.4.3] This observation supports the conclusion
that the pointing resolution is dominated by the air gap position and depth.

10.5 Proposed Setup

The optimisation is performed within the boundary conditions established in Chap-
ter [6] namely 20 X, total depth, 40 sampling layers, and a 1:1 ratio of thin to wide
strip layers. Within these constraints, the study identifies the ideal detector geom-
etry and channel structure: a 100 cm longitudinal air gap placed at 3 X, combined
with the baseline alternating thin and wide strip layer configuration in both the
front and back sections. This 3-100 geometry achieves the best pointing resolution
across a flat angular and energy distribution, and the sampling studies confirm that
no alternative thin-layer distribution offers a significant improvement. The conser-
vative energy resolution estimate of 14.4%/+/E/GeV meets the 10-15%/+/E/GeV
design target established in Section

Beyond the identification of the optimal configuration, the study establishes a full
understanding of the interplay between the design parameters and their impact on
detector performance. These results provide a quantitative basis for the subsequent
design stages. Proposed future studies are discussed in the next section.

10.6 Future Studies and Potential Improvements

The results presented in this chapter represent a lower bound on the achievable
performance for the given configuration. Several concrete improvements remain to
be explored.

Cost and Complexity Considerations. Beyond pointing and energy performance,
the practical viability of a design depends critically on its manufacturing complexity.
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(a) Schematic illustration of the alternative front-section sampling configurations tested.
The back section remains in an alternating layout starting with a thin strip layer, while
the front section is modified to explore different sampling sequences. Configuration R is
the reference.
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(b) Pointing resolution as a function of energy for the alternative front-section sampling
configurations shown in (a), evaluated at a gap position of 3 X and a gap depth of 100 cm.
No significant change with respect to the reference configuration R is observed for any of
the tested layouts.

Figure 97: Alternative front-section sampling configurations and their pointing
resolution.
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(a) Schematic illustration of the sampling configurations that concentrate thin strip layers

in the vicinity of the air gap. The configurations differ in the number of thin layers placed

immediately before and after the gap, with wide strip layers filling the remaining depth.
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(b) Pointing resolution as a function of energy for the gap-concentrated sampling con-
figurations shown in (a), evaluated at a gap position of 3 Xy and a gap depth of 100 cm.
Halving the number of thin strip layers to five visibly reduces the pointing resolution across
all energies, while the remaining configurations show no systematic improvement over the
reference.

Figure 98: Gap-concentrated thin strip layer sampling configurations and their
pointing resolution.
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The SHiP ECAL requires a segmentation of the active area into six modules and
a further segmentation of the back section into at least two stations, as shown in

Figure [99]

Figure 99: To scale 3D-model of the optimised SHiP ECAL design, indicating the
necessary segmentation.

The most favourable scenario for production is one in which the full ECAL can be
assembled from identical repeating modules. This requires a uniform pattern in the
layer structure and a module thickness which matches the front section, and can be
stacked up to match the required thickness for the back section, too. For the target
depth of 20 X, a module of 3 X thickness would require the depth to be adjusted
to 18 Xy or 21 Xy. A module thickness of 4 Xy or 5 Xy divides 20 X, exactly and
is directly compatible with the baseline depth. With a single module type, tooling,
assembly jigs, and quality control procedures need to be designed and validated
only once, simplifying production. Every extra module type adds to the cost and
complexity, with a fully customised layer stack being the most complicated scenario.

Addition of High Precision Layers. The addition of two or three high-precision
layers with a channel pitch at the millimetre scale or below could further boost the
pointing resolution. Several detector technologies have been considered over time,
including Micromegas, Resistive Plate Chambers, and scintillating fibre trackers.
The benefit of such layers depends critically on their longitudinal placement, and
a dedicated study of their optimal number and positioning would be needed. The
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addition of such layers would also add to the cost and complexity of the detector.

Multiple air gaps. The current design uses a single air gap to provide one lever
arm between the front and back sections. A second air gap placed deeper in the ab-
sorber stack would introduce a second lever arm, potentially improving the pointing
resolution for showers that start late and are not well-sampled before the first gap.
A double gap setup would need to undergo a similar evaluation as presented in this
thesis.

Wider strips in the back section. As discussed in Section [10.3.1] the electromag-
netic shower halos broaden substantially while traversing the air gap. The back
section of the calorimeter, samples a considerably wider transverse profile than the
front, and the pointing resolution in this regime is presumably dominated by the
lever arm rather than the strip granularity. This suggests that the fine 1cm seg-
mentation of the thin strips may be unnecessary in the rear section, and that wider
strips could be substituted with little impact on performance. Such a replacement
would directly reduce the channel count and associated readout cost, and motivate a
dedicated quantitative study weighing the performance trade-off against cost savings
and complexity considerations.

Module boundaries, mechanical support, alignment, and upstream material.
The results presented here assume a uniform, uninterrupted active volume through-
out the whole detector with no material between the decay vertex and the first
detector layer. In practice, the 4 x 6m? ECAL face needs to be segmented into
six modules with dead regions at the module boundaries and mechanical support
structures and is placed behind other instrumentation upstream. The impact of
dead regions and additional material on angular resolution, acceptance, and recon-
struction efficiency has not been studied here and represents an important next step
towards a realistic performance estimate of the final detector. Furthermore, the
pointing reconstruction relies on the precise knowledge of the relative layer posi-
tions. The sensitivity of the angular resolution to realistic inter-layer misalignment
has not been evaluated.

Reconstruction algorithm. The global shower fit described in Section is
a shower physics motivated implementation which has not been optimised to its
full potential, and a dedicated optimisation of the fit could yield measurable im-
provements. The systematic bias in the reconstructed angle at large incident angles,
visible in Figure [87] is only one indicator for potential improvements in the recon-
struction, and a more detailed study of the fit performance and failure modes could
identify further areas for improvement.

Realistic signal kinematics and multi-photon final states. All simulations in this
chapter use flat distributions in energy (2-200 GeV) and angle (0°-15°) for isolated
photons. The physics goal, however, is the reconstruction of a — v decays or final
states with higher multiplicity, which requires the simultaneous reconstruction of two
photons or more and the determination of a decay vertex from their trajectories.
Folding in realistic kinematic distributions from different BSM models would provide
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a more sophisticated figure of merit for the pointing performance. The performance
under these conditions, including vertex reconstruction quality and invariant mass
resolution, has not yet been assessed and is the most important missing piece for a
realistic physics performance estimate.
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Conclusion

The Standard Model leaves several fundamental questions unanswered, including
the origin of dark matter and the mechanism behind neutrino masses. Feebly Inter-
acting Particles (FIPs) are a broad class of well-motivated beyond-Standard-Model
candidates that address several of these shortcomings. Their defining feature is a
very weak coupling to Standard Model particles, which suppresses their production
cross-section and results in macroscopic decay lengths, making them experimentally
accessible only at high-luminosity beam-dump experiments. Azion-like particles
(ALPs) are a minimal, model-independent subclass of FIPs which have a clean
experimental signature: ALP — ~7. Reconstructing a displaced neutral decay ver-
tex inside the fiducial volume is the common experimental challenge for all such
searches. The electromagnetic calorimeter (ECAL) must therefore measure the en-
ergy and the direction of the incident electromagnetic showers. Both experiments
studied here use a plastic scintillator strip sampling calorimeter. A derivation of
the ALP decay kinematics in the boosted regime relevant at the SPS shows that
the propagated invariant-mass uncertainty is dominated by the angular resolution.
Pointing resolution is therefore the primary figure of merit for all studies performed.
This thesis studied the ECAL design for two experiments at the SPS that differ
substantially in geometry and boundary conditions: SHADOWS, a proposed off-
axis detector, and SHiP, the approved on-axis experiment. For SHADOWS, the
simulation study showed that the relevant limitation of the ECAL is set by shower-
direction reconstruction at low energies and low angles, limited by the channel-pitch.
For a 20 X, iron-scintillator sampling calorimeter with 0.5 X, layers and a lower
energy bound of 2GeV, a channel pitch of 1cm is sufficient to lift this granularity
limitation. The resulting energy resolution of about 11%/+/E/GeV is within the
requirements, and the reconstructed vertex and invariant-mass performance for the
two ALP benchmark scenarios confirms sufficient pointing resolution for an X — vy
search in the SHADOWS environment.

For SHiP, the same reconstruction task is constrained by substantially different
boundary conditions. The on-axis position of SHiP produces final states with higher
energies and correspondingly smaller opening angles than the off-axis SHADOWS
case, placing significantly stricter requirements on the angular resolution. At these
energies and angles, the centroid displacement between successive layers is small
and strip granularity alone is insufficient to resolve it. A longitudinal air gap is
therefore introduced as the central design element, increasing the lever arm and
consequently the pointing resolution without changing the total absorber depth, the
number of active layers, or the strip segmentation. The larger dimensions require
alternating 1 cm (thin) and 6 cm (wide) scintillator strip layers, reducing the channel
count while preserving the pointing performance. The design challenge becomes a
trade-off between the lever arm, shower containment, geometric acceptance, and
implementation complexity.

A conceptual prototype was built to experimentally validate the pointing capability
and to provide the data needed to tune and validate the simulation framework used
for the detector optimisation. The scaled-down but functionally complete prototype
was progressively commissioned at DESY and the CERN PS before the final test
beam at the CERN SPS with electron beams from 3 to 288 GeV experimentally
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established that the plastic scintillator strip-based concept can perform pointing
reconstruction under realistic SPS conditions.

A GEANT4-based simulation of the prototype was developed and tuned to the mea-
sured detector response using a mock digitisation that considers noise, SiPM sat-
uration, and ADC overflow. The simulation reproduces the test-beam observables
closely, establishing that the underlying physics and detector model are correct at
the level required for design decisions. This validated simulation can be scaled to full
detector modules or the complete SHiP ECAL geometry to be used for performance
and optimisation studies.

Within this framework, the SHiP ECAL geometry is optimised starting from the
baseline design, with the air gap depth and position varied systematically to achieve
the best pointing resolution over the full angular and energy range of interest. The
study shows that increasing the gap depth gives a clear gain in pointing resolution,
which is limited at the upper end by the widening of the shower halo in the gap and
the acceptance loss from the reduced solid angle coverage. Shifting the gap position
has a more complex effect on the pointing resolution at different energies and angles,
where generally an earlier position improves the low-energy performance and a later
position improves the high-energy performance, limited on both ends by the fraction
of showers traversing the gap and benefiting from the lever arm.

Within the boundary conditions of 20 X, total depth, 40 sampling layers, and a
1:1 ratio of thin to wide strip layers, the study identifies the optimal detector ge-
ometry and channel structure: a 100cm gap at 3 Xy combined with the baseline
alternating thin and wide strip layer configuration. The conservative estimate for
the energy resolution of 14.4%/+/E/GeV meets the 10-15%/+/E/GeV design tar-
get established in Section and the pointing resolution is significantly improved
over the baseline design. Alongside the identification of the optimal configuration,
the study establishes a systematic understanding of how each design parameter
influences each performance observable. These results are direct input for future
optimisation with theory-motivated kinematic spectra or under modified boundary
conditions and design decisions.

The natural next step is to move from the flat single-photon performance metric to
theory-motivated final state kinematics, and to evaluate vertex and invariant-mass
reconstruction starting from the optimised design presented here. With an integra-
tion of the ECAL into the full experimental simulation of the SHiP experiment, the
impact of module boundaries and dead space on acceptance and shower fitting must
be quantified, as these are now among the leading detector-specific uncertainties.
On the hardware side, a technological prototype of a 2 x 2m? module with dedicated
electronics and readout is the next step towards the final detector.
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A Appendix

A.1 Comparator schematic

The trigger detector used in the beam test setup is based on a 6 x 6 x 1 cm? scintillator
tile read out by a Hamamatsu SiPM. To convert the analog SiPM signal into a
digital LVTTL-compliant square signal required by the FERS frontend modules,
a custom fast comparator circuit was designed by Antonin Zeman. The circuit
introduces a propagation delay of approximately 20 ns and is compact enough to be
mounted directly adjacent to the trigger tile, minimising cable-induced delays. The
full schematic of the comparator board is shown in Figure [L0(
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Figure 100: Schematic of the fast comparator circuit designed by Antonin Zeman.
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A.2 FERS Daisy Chain

To ensure synchronous data acquisition across all ECAL and HCAL frontend mod-
ules, a daisy chain trigger distribution scheme is used. Figure shows a schematic
of this trigger distribution chain taken from the DT5202 manual [86].

A5202 #1

External Trigger

FPGA

A5202 #2

FPGA

A5202 #N

FPGA

50 Ohm

Figure 101: Schematic diagram of a daisy-chained trigger distribution with multiple
DT5202. [86]
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A.3 SHADOWS ALP Benchmark Scenarios

The performance of the SHADOWS ECAL baseline design is evaluated on two ALP
benchmark scenarios with representative kinematic properties provided by Torben
Ferber [96]. The full overview plots for both scenarios are shown in Figures m
and including the decay vertex distributions, ECAL impact points, photon
energy spectra, and opening angle distributions.
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Figure 102: Overview over ALP benchmark scenario with m, = 0.35GeV and
cr = 0.5m. In the top row, the decay vertex distribution is shown in all three
dimensions; in the bottom left, the impact points of the two gammas on the ECAL,
as well as the energy distributions of the gammas and the opening angles. This
figure is high resolution and can be zoomed into in the digital version.
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ALP kinematics: m=2 GeV, c7=0.85m
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Figure 103: Overview over ALP benchmark scenario with m, = 2.0GeV and
cr = 0.85m. In the top row, the decay vertex distribution is shown in all three
dimensions; in the bottom left, the impact points of the two gammas on the ECAL,
as well as the energy distributions of the gammas and the opening angles. This
figure is high resolution and can be zoomed into in the digital version.

A.4 Additional Plots for Chapter [10]
A.4.1 Shower Profiles

The lateral shower profiles for all detector layers are shown here for two representa-
tive single-photon events at 300 GeV, one for a 500 cm air gap configuration and one
for a 100 cm gap. These profiles complement the single-layer comparisons shown in
the main text (Figures and . For the 500 cm gap, the shower halo expands
significantly beyond the 2m aperture of the ECAL after the gap, leading to lateral
leakage and a degradation of energy resolution. For the 100cm gap, the shower
remains well contained throughout all layers. The layer-by-layer profiles illustrate
the qualitative difference in shower containment between the two configurations.
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Figure 104: Lateral shower profiles for a 300 GeV photon shower in a detector con-
figuration with a 500 cm air gap. The profiles are shown for each layer, illustrating
the lateral spread of the shower as it progresses through the detector.
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Figure 105: Lateral shower profiles for a 300 GeV photon shower in a detector con-
figuration with a 100 cm air gap. The profiles are shown for each layer, illustrating
the lateral spread of the shower as it progresses through the detector.
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A.4.2 Optimisation plots with statistical sigma

This section collects additional plots related to the optimisation studies of the SHiP
ECAL design in Chapter [I0} Figures and show the pointing resolution
(statistical sigma) as a function of energy for different gap positions and depths,
complementing the fitted pointing resolution plots in the main text. Figures [108
and show the pointing resolution for alternative sampling configurations.
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Figure 106: Pointing resolution (statistical sigma) as a function of energy for gap
positions between 2 and 6 X at a fixed gap depth of 100 cm. The difference between

the z- and y-directions visible at all positions reflects the offset by 0.5 Xy between
the two sampling sets.
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Statistical o(angle)
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Figure 107: Pointing resolution (statistical sigma) as a function of energy for gap
depths between 50 and 500 cm at a fixed gap position of 6 Xj.
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Figure 108: Pointing resolution (statistical sigma) as a function of energy for the
alternative front-section sampling configurations shown in Figure [97a] evaluated at
a gap position of 3 Xy and a gap depth of 100 cm. No improvement with respect to
the reference configuration R is observed for any of the tested layouts.
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Figure 109: Pointing resolution (statistical sigma) as a function of energy for the
gap-concentrated sampling configurations shown in Figure evaluated at a gap
position of 3 X and a gap depth of 100 cm. No configuration shows any systematic
improvement over the reference.
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Angular Resolution
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Figure 110: Pointing resolution as a function of energy for the gap-concentrated
sampling configurations shown in Figure evaluated at a gap position of 3 X and
a gap depth of 100 cm. Halving the number of thin strip layers to five visibly reduces
the pointing resolution across all energies, while the remaining configurations show
no systematic improvement over the reference.
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Figure 111: Pointing resolution (statistical sigma) as a function of energy for the
configuration with layers removed in the back, evaluated at a gap position of 3 X
and a gap depth of 100 cm.
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A.4.3 Sampling with layers removed in the back

Figures [112], [T13] and [T11] show the sampling configuration with thin strip layers
removed in the back and its performance.
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Figure 112: Schematic illustration of the sampling configurations remove thin strip
layers in the back. The configurations differ in the number of thin layers, with wide
strip layers filling the remaining depth.
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Figure 113: Pointing resolution as a function of energy for the configuration with
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A.4.4 Energy reconstruction linearity

Mean [MIP]

Figure 114: Linearity in energy reconstruction for setup 6-100.
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