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Abstract

This thesis focuses on calorimetry in the context of searches for rare particle interactions at the
SHiP and SND@LHC experiments at CERN.

The SHiP (Search for Hidden Particles) experiment at CERN SPS is going to be the flagship
experiment for investigating low-coupling physics in the O(10MeV) to a couple of GeV range.
Its calorimeter system will achieve very good particle identification capabilities and be able
to reconstruct the directionality of electromagnetic shower with excellent precision. This will
enable significant background reduction and the ability to reconstruct neutral final states arising
from possible new physics decays. For this, it relies on plastic scintillator bars traversed by
wavelength-shifting fibres and readout by SiPMs on the one hand and high-precision layers on
the other. The physics requirements of the calorimeter have been studied with Monte Carlo
simulations. The plastic scintillator layers’ light yield was optimised both in simulations and
laboratory studies, yielding a design for usage in the final experiment. The readout electronics
must cover a very large dynamic range, four systems were investigated with the KLauS chip
being identified as having potential for usage in the end experiment. Three test beams were lead
using a modular and custom-built prototype of the SHiP electromagnetic calorimeter system.
There, different readout electronics and detector configurations were evaluated. Preliminary
results allow to establish the robustness of the design for energy reconstruction and particle
identification. These studies are in use for the final design of the energy reconstruction and
particle identification.

The SND@LHC (Scattering Neutrino Detector at the Large Hadron Collider) is a running
experiment placed off-axis at the ATLAS interaction point at 7.2 < η < 8.6. The experiment’s
position enhances the charm parentage of final state νe and ντ from decays inside of ATLAS. A
hadronic calorimeter based on scintillator bars readout by SiPMs is used to identify muons and
measure the energy of hadronic final states from interactions in an emulsion target. The perfor-
mance of the hadronic calorimeter has been studied. Its response to hadronic showers as well
as the development and testing of tagging algorithms used for the calorimeter calibration are
presented. In addition, muon deep inelastic scattering and catastrophic muon bremsstrahlung
background studies have been performed in the emulsion detector together with the develop-
ment of electromagnetic calorimetry techniques. These evaluations are currently being used for
searches for νe in the emulsion detector at SND@LHC.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit Kalorimetrie im Rahmen der Suche nach seltenen
Teilchenwechselwirkungen in den SHiP- und SND@LHC-Experimenten am CERN.

Das geplante SHiP-Experiment (Search for Hidden Particles) am CERN-SPS soll schwach
wechselwirkende Teilchen im Energiebereich zwischen O(10) MeV) und einigen GeV nachweisen.
Das SHiP-Kalorimeter muss über eine sehr gute Teilchenidentifikation verfügen und in der
Lage sein, die Richtung elektromagnetischer Schauer mit hoher Präzision zu rekonstruieren.
Dies ermöglicht eine starke Unterdrückung von Hintergrundprozessen und die Rekonstruktion
neutraler Endzustände aus Zerfällen möglicher neuer Teilchen. Dafür werden Plastikszintil-
latorstreifen eingesetzt, die einerseits von wellenlängenverschiebenden Fasern durchzogen und
mit SiPMs ausgelesen werden und andererseits auf hochpräzise Lagen. Die physikalischen An-
forderungen an das Kalorimeter wurden mit Monte-Carlo-Simulationen untersucht. Die Lich-
tausbeute der Szintillatoren wurde sowohl in Simulationen als auch in Laborstudien optimiert.
Das daraus folgende Design ist für die Verwendung im endgültigen Experiment vorgesehen.
Für die Ausleseelektronik, die einen sehr großen dynamischen Bereich abdecken muss, wurden
vier verschiedene Systeme untersucht. Der von der Universität Heidelberg stammende ASIC
KLauS wurde dabei als geeignet für den Einsatz im endgültigen Experiment identifiziert. Drei
Teststrahlkampagnen wurden mit einem speziell entwickelten, modularen Prototypen des elek-
tromagnetischen SHiP-Kalorimeters durchgeführt. Dabei wurden verschiedene Detektorkonfig-
urationen und Datenauslesesysteme getestet. Die Ergebnisse belegen die Eignung des Designs
für die Energierekonstruktion und Teilchenidentifikation.

Das zur Zeit laufende SND@LHC-Experiment (Scattering and Neutrino Detector at the
Large Hadron Collider) befindet sich nahe des ATLAS-Wechselwirkungspunkts im Bereich
7.2 < η < 8.6 außerhalb der LHC-Strahlachse. Durch die Position des Experiments stammt
ein großer Anteil an νe- und ντ -Neutrinos aus Charmproduktion bei ATLAS. Ein hadronisches
Kalorimeter, basierend auf Szintillatorstreifen mit SiPM-Auslese, wird verwendet, um Myonen
zu identifizieren und die Energie hadronischer Endzustände zu messen. Die Leistungsfähigkeit
des hadronischen Kalorimeters wurde eingehend untersucht. Sowohl der Nachweis von hadronis-
chen Schauern als auch die Entwicklung und der Test von Softwarealgorithmen zum Tagging, das
für die Kalibrierung des Kalorimeters verwendet wird, werden vorgestellt. Zusätzlich wurden
Studien zu tief-inelastischer Myonstreuung und katastrophaler Myon-Bremsstrahlung im Emul-
sionsdetektor durchgeführt, ebenso wie zur Rekonstruktion von elektromagnetischen Schauern.
Die Ergebnisse werden derzeit zur Suche nach νe-Neutrinos im SND@LHC-Emulsionsdetektor
genutzt.
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June 5, 1953

Important decisions about the future development of particle physics must frequently be made by people who do
not necessarily have an intimate knowledge of the technical aspects of detectors. These people are, nonetheless,
interested in what a detector unit will do, how much it will cost, how long it will take to build and how long
and how well it will operate. When they attempt to learn these things, they become aware of confusion existing
in the detector business. There appears to be unresolved conflict on almost every issue that arises.

I believe that this confusion stems from a failure to distinguish between the academic and the practical.
These apparent conflicts can usually be explained only when the various aspects of the issue are resolved into
their academic and practical components. To aid in this resolution, it is possible to define in a general way
those characteristics which distinguish the one from the other.

An academic detector or detector unit almost always has the following basic characteristics: (1) It is simple.
(2) It is small. (3) It is cheap. (4) It is light. (5) It can be built very quickly. (6) It is very flexible in purpose
(“omnibus detector”). (7) Very little development is required. It will use mostly “off the shelf” components.
(8) The detector is in the study phase. It is not being built now.

On the other hand, a practical detector unit can be distinguished by the following characteristics: (1) It is
being built now. (2) It is behind schedule. (3) It is requiring an immense amount of development on apparently
trivial items. Glue, in particular, is a problem. (4) It is very expensive. (5) It takes a long time to build because
of the engineering development problems. (6) It is large. (7) It is heavy. (8) It is complicated.

The tools of the academic detector designer are a piece of paper and a pencil with an eraser. If a mistake is
made, it can always be erased and changed. If the practical detector designer errs, he wears the mistake around
his neck; it cannot be erased. Everyone can see it.

The academic detector designer is a dilettante. He has not had to assume any real responsibility in con-
nection with his projects. He is free to luxuriate in elegant ideas, the practical shortcomings of which can
be relegated to the category of “mere technical details”. The practical detector designer must live with these
same technical details. Although recalcitrant and awkward, they must be solved and cannot be put off until
tomorrow. Their solutions require manpower, time and money.

Unfortunately for those who must make far reaching decisions without the benefit of an intimate knowledge
of detector technology and unfortunately for the interested public, it is much easier to get the academic side of an
issue than the practical side. For a large part those involved with the academic detectors have more inclination
and time to present their ideas in reports and orally to those who will listen. Since they are innocently unaware
of the real but hidden difficulties of their plans, They speak with great facility and confidence. Those involved
with practical detectors, humbled by their experiences, speak less and worry more.

Yet it is incumbent on those in high places to make wise decisions, and it is reasonable and important that
the public be correctly informed. It is consequently incumbent on all of us to state the facts as forth rightly
as possible. Although it is probably impossible to have detector ideas labelled as “practical” or “academic” by
the authors, it is worth while for both the authors and the audience to bear in mind this distinction and to be
guided thereby.

Yours faithfully,
Adapted from H. G. Rickover, Naval Reactors Branch Division of Reactor Development U. S. Atomic Energy

Commission
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Introduction

“Nature is wont to hide herself”- Heraclitus
In Summer 2023 during a conference held at a resort town somewhere in Eastern Europe, an eager physics

PhD student asked a seasoned theoretical physicist whether there was any indication, beyond that it was
massive, did not interact much with known physics and tended to be concentrated within halos and clusters
universe-wide, as to what Dark Matter was. His answer was curt but short “No”.

This episode can be seen as a good representation of the state of modern particle physics: What is understood
can be verified to very high levels of precision, sometimes up to the 10−8 level and beyond [1, 2]. The fundamental
theory, known as the Standard Model of Particle Physics (SM) describing this understanding was completed in
2012 with the discovery of a scalar particle displaying properties compatible with those of the so-called Higgs
Boson [3, 4], predicted nearly 50 years prior [5–7] and last missing piece of the theory’s proverbial jigsaw puzzle
[8, 9]. On the other hand, no explanation can be verified as having any veracity for describing any phenomenon
not described by the SM, particularly in the area of neutrino masses [10, 11], dark matter or matter-antimatter
asymmetry [11]. As such, the Higgs detection can be seen as yielding more questions than answers, and while
impressive, could be described as being evolutionary rather than revolutionary: The last decades have seen
particles be discovered using machines of larger size and ever powerful than their predecessors as particles
left to discover would get increasingly heavier and/or with more subtle signatures. The W and Z boson were
discovered at the UA1 and UA2 experiments thanks to the Super Proton Synchrotron (SPS) accelerator [12], the
top quark was observed at DØ and CDF utilising the Tevatron Accelerator facility [13, 14] and more recently
the Higgs Boson was seen at LHC [3, 4]. It now appears that the Higgs discovery was the last of a series. Despite
a remarkable increase in searching power enabled by the LHC [15, 16], which is expected to rise even further
in the future [17], and a variety of complementary studies both direct [18–20] or indirect [1, 21, 22] studies, no
sign of new physics has been found despite abundant evidence of its existence. While these searches have so
far yielded no observed signal that would definitively suggest discovery of new physics, it is now quite apparent
that the current searches require an expansion in both scope and depth. For this purpose, new experiments
need to be designed [23] which themselves have imperative needs of new detector technologies [24]. Existing
physics facilities are thus used to their maximum potential to extract as much physics data as possible from
their operation [25, 26].

This work sets itself coherently within these goals and describes the development of a novel detector aimed
at innovative searches for new physics: the SplitCal as well as the development of calorimetry in searches for
collider neutrinos.

First a summary description of the theoretical framework of particle physics, the Standard Model will be
given for context, then a presentation of the Search for Hidden Particles and the Scattering Neutrino Detector
at LHC experiments will be provided, with their underlying principles and motivation. A presentation and
the SplitCal follows with the development of the detector itself, its components, its electronics being exposed
followed by a presentation of test beam results. This work ends with a presentation of calorimetry techniques
developed for collider neutrino searches and a general conclusion.
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Chapter 1

Modern particle physics and the Standard
Model

The description of the Universe’s behaviour at a quantum level has been achieved by a theory called the Standard
Model (SM). It is the state-of-art theory for describing matter and interaction at the most fundamental level to
the best of our understanding. The SM was completed in the 1970’s and proven experimentally in the 1990’s,
mainly at the Large Electron-Positron Collider (LEP) at CERN [27] through four experiments (ALEPH [28],
DELPHI [29], OPAL [30] and L3 [31]) and at the Tevatron at Fermilab through two experiments (DØ [32] and
CDF [33]). It provides an explanation of the basic laws of Nature through very elegant symmetry principles.
These symmetries at the core of the SM will be summarised, as it is today entirely discovered in its most
minimal incarnation. An overview of physics done with neutrinos as it relates to this work will follow. The self-
consistency of the SM does not prevent it from having limitations which will be explained with an exploration
of means to overcome these limitations closing this chapter. Einstein’s notation will used to contract equations
and fundamental constants (c and ~ notably) are taken as equal to 1. The formalism is mainly adopted from
[34] and [35].

1.1 Introduction to the Standard Model

1.1.1 Fermions
The SM describes elementary matter, as excitations of fermion fields with intrinsic angular momentum (spin)
1
2 . They propagate through free space according to Dirac’s equation:(

iγµ∂µ −m
)
ψ = 0, (1.1)

with m the fermion’s mass, γµ the gamma matrices and ψ the Dirac spinor, the solutions to the equation.
Said spinors manifest under four forms, two of which have positive helicity (the projection of spin on momentum),
two of which have negative helicity, two of which have “positive energy”, two of which have “negative energy”.
For this last distinction, it is useful to note that the negative energy solutions are interpreted as antiparticles
(negative excitations, application of a destruction operator onto the field), whereas positive energy solutions
are viewed as particles (positive excitations, application of a creation operator onto the field). The particles
helicity eigenstates h manifest as:

h ≡ Ŝ · p̂
|p̂|

taking eigenstates h = ±1

2
(1.2)

with Ŝ the spin and p̂ the momentum. More explicitly, helicity spinors are identified by:
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u↑ =
√
E +m


1

seiφ
p

E+m
p

E+mse
iφ

 u↓ =
√
E +m


−s
eiφ
p

E+ms

− p
E+me

iφ

 (1.3)

v↑ =
√
E +m


p

E+ms
p

E+me
iφ

−s
eiφ

 v↓ =
√
E +m


p

E+m
p

E+mse
iφ

1

seiφ

 (1.4)

with φ the azimuthal angle, E the (anti-)particle’s energy and s its spin, normalised to twice the energy.
Helicity however, being relative to a particles momentum, is a bad quantum number for massive particles as it
is not Lorentz invariant: it is possible to find a frame of reference where the particle momentum is facing the
opposite direction, flipping helicity. Chirality is the Lorentz invariant quantum number and is defined through
whether a particle transforms into a right or left handed (RH and LH respectively) representation of the Poincaré
group by defining γ5 ≡ iγ0γ1γ2γ3. The γ5 operator notably has the following properties:

(γ5)2 = 1 (1.5)
γ5† = γ5 (1.6)

γ5γµ = −γµγ5. (1.7)

The eigenstates of Equations 1.3 and 1.4 are also eigenstates of γ5 where the eigenvalue sign follows the
spin’s. The right-handed spinor can be written as:

u↑(p, θ, φ) =
√
E +m


1

seiθ

κ

κseiθ

 with κ =
p

E +m
. (1.8)

This gives rise to a decomposition into right- and left-handed chiral components:

uR = PRu↑ =
1

2
(1 + κ)

√
E +m


1

seiφ

1

seiφ

 and uL = PLu↑ =
1

2
(1− κ)

√
E +m


1

seiφ

−1

−seiφ

 (1.9)

As such, the right-handed helicity spinor, Lorentz variant, can be expressed in terms of its chiral components:

u↑(p, θ, φ) =
1

2
(1 + κ)

√
E +m


1

seiθ

1

seiθ

+
1

2
(1− κ)

√
E +m


1

seiθ

−1

−seiθ

 (1.10)

where uR and uL are chiral eigenstates. In the limit where κ→ 1, helicity eigenstates and chiral eigenstates
are identical. Although, unlike helicity, chirality does not have a simple instinctive interpretation, it is the
invariant quantum number present in the Standard Model.

1.1.2 Quantum Electrodynamics

1.1.2.1 The foundations of Quantum Electrodynamics

Quantum Electrodynamics (QED) is the Quantum Field Theory (QFT) describing the behaviour of electro-
magnetism at quantum level. It is articulated around a Lagrangian defined as:
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L = −ψ

(
γµ

∂

∂xµ
+m

)
ψ − 1

4
FµνF

µν − ieψγµAµψ (1.11)

with Fµν Faraday’s electromagnetic field strength tensor containing the electric and magnetic field compo-
nents [36] whereas Aµ is the photon field defined as:

Aµ =
1√
V

∑
kα

√
1

2ω
ε(λµ)

(
ak,α(t)e

ik·x + a†k,α(t)e
−ik·x

)
, (1.12)

with ε(λµ) denoting the polarisation, k the momentum and a and a† the creation and destruction operators
respectively.

The −ieψγµAµψ term of Equation 1.11 implies that while photons can be created or annihilated one at the
time, e− however may only be created in conjunction with a e+. Gauge symmetries are rather trivial in QED,
the general gauge transformation

ψ → eiλ(x)ψ, Aµ → Aµ − 1

e

∂λ(x)

∂xµ
. (1.13)

It affects the Lagrangian as follows:

L → L− iψγµ
∂λ

∂xµ
ψ − ieψγµ

1

e

∂λ

∂xµ
ψ = L, (1.14)

leaving it invariant. If a mass term −m2AµA
µ were to be added, the Lagrangian would no longer be

invariant. Thus, quite elegantly, gauge invariance implies a massless vector (spin ∼ 1) mediator (the photon γ)
in QED and the L is invariant, symmetrical, under a U(1), namely ψ → eiλ(x)ψ.

1.1.2.2 Scattering processes

The experimental observation of physical phenomena requires prediction of observables. Fermi’s Golden Rule
defines the transition rate from an initial state |i〉 to a final state |f〉:

Γfi = 2π|Tfi|2ρ(Ei) (1.15)

where Tfi is the transition matrix element determined by the Hamiltonian and ρ(Ei) the density of states.
This is quantised to

Γfi =
(2π)4

2Ea

∫
|Mfi|2δ(Ea − E1 − E2)δ

3(pa − p1 − p2)
d3p1

(2π)32E1

d3p2

(2π)32E2
, (1.16)

for transitions from energy states Ea to E1 and E2. This becomes for a two body decay

Γfi =
p∗

32π2ma

∫
|Mfi|2dΩ. (1.17)

The total cross section σ ≡ N
φ , with N the number of interactions per unit time and φ the incident particle

flux, of a scattering process is related to Γfi by σ =
Γfi

va+vb
with va and vb the velocities of the incoming particles

and can thus generally be described as such:

σ =
1

64π2s

p∗f
p∗i

∫
|Mfi|2dΩ∗. (1.18)

Here, s is the so-called Mandelstam variable corresponding to the centre of mass of the process, p∗f and
p∗i are the final and initial momentum of the system and most interestingly, Mfi is the S-matrix element
corresponding to the transition from the initial to the final state.

The differential cross section is defined by:

dσ
dΩ∗

=
1

64π2s

p∗f
p∗i

|Mfi|2. (1.19)
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While all other elements are a matter for the experiment to determine (which is its own challenge!), the
determination of Mfi requires input from phenomenology derived, for instance, from QED. Thus, making use of
elements from Sections 1.1.1 and 1.1.2, it is possible to write, for a scattering process involving one fermion and
its antifermion (for instance e− and e+) in the initial state, another (possibly different!) fermion-antifermion
pair in the final state (for instance, a heavier cousin of the electron, the muon µ−, µ+) and a photon propagating
through space time being created at the annihilation of the first pair, and being annihilated at the creation of
the second, the following matrix element at the lowest order:

M = −e
2

q2
gµν

(
v(p2)γ

µu(p1)
) (
u(p3)γ

µv(p4)
)
. (1.20)

This equation, while long, can be instinctively be re-written as a so-called Feynman diagram which allows
to visualise the different components as shown in Figure 1.1.

γ

e−(p1)

e+(p2) µ−(p3)

µ+(p4)

Figure 1.1: Fermion-fermion scattering Feynman diagram in QED.

Naturally, this transition must account for all possible initial and final states to be transposable to any
experiment, thus, summing over chirality states:

〈
|Mfi|

〉
=

1

4

(
|MRR|2 + |MRL|2 + |MLR|2 + |MLL|2

)
=

1

4

∑
spin

|M|2. (1.21)

These different initial and final states can be evaluated in different ways, they all lead however to the
differential cross section:

dσ

dΩ
=
α2

4s
(1 + cos2 θ) (1.22)

with α the fine structure constant and θ the angle of the outgoing particle 3 with respect to the incoming
particle 1, which matches experimental observations as shown in Figure 1.2.

The calculation can be done in a pertubative regime as higher order contributions such as particle loops
are taken into account:

Mfi =
∑
i,j

αiMi,j (1.23)

with i the order of perturbation theory whose contributions are taken into account and j the contribution
in question. While these contribution may diverge, they are expected to be renormalisable via the use of
corrections [38].

1.1.3 Electroweak unification

1.1.3.1 Weak theory

While QED governs a vast majority of known phenomena, at least at a macroscopic level, there is a particular va-
riety of phenomenon which finds no explanation in electromagnetic theory, namely radioactivity. β-radioactivity
in particular, although involving charged fermions which can otherwise be well-described by the gauge invariant
LQED. The issue of 4-momentum conservation implies the existence of another, neutral particle, which would
therefore not be described by QED [39]. This thus requires an extension of QED to explain such phenomena
as well. Similarly to how QED derives from a U(1) symmetry, a new interaction, the weak interaction derives
from a SU(2) symmetry, a non-abelian Lie algebra [40] [41]. The underlying gauge theory, which describes
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Figure 1.2: e−e+ → µ−µ+ differential cross section as observed by the JADE experiment [37]. The dots
correspond to experimental observations while the full lines are fits allowing for an asymmetry, the dashed lines
are symmetric fits.

particle interactions through compact Lie groups is dubbed a Yang-Mills Theory [42] and can be made to apply
to other interactions as well although it must be renormalisable. The implied neutrino was discovered in 1953

in the landmark Cowan-Reines experiment [43] [44] and allows for the information of the corresponding charged
fermion, described by the flavour quantum number to be conserved. This gives rise to the following effective
interaction:

Mfi = GFgµν

(
ψ3γ

µψ1

)(
ψ4γ

νψ2

)
, (1.24)

known as the Fermi 4-point interaction shown in Figure 1.3a. GF being the Fermi constant measurable
experimentally [45] [11]. It is notable as it lacks a propagator altogether.

n e−

ν p

(a) Fermi 4-point interaction for
a β

− decay.

W−

n

p

νe

e−

(b) Propagator-mediated β
− de-

cay.

Figure 1.3

While this contact interaction works extremely well at lower energies [11] and despite the fact that such-
Effective Field Theories (EFT) approaches, formalising dimensional analysis and Taylor expansions to describe
the effective behaviour of a fundamental theory operating below the energy scale of certain of its constituants,
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have been in wide and continued use in all fields of theoretical and experimental physics [46–52], it does not scale
at higher energies as GF having dimensions of E−2 implies a scaling of the interaction with E2GF. The weak
interaction is indeed weak at low energies but increases quadratically. This however cannot continue infinitely
and necessitates the introduction of a propagator, analogous to the photon of QED as shown in Figure 1.3b
which leads to:

Mfi = −
(
gW√
2
ψ3

1

2
γµ(1− γ5)ψ1

)
·

(
gµν − qµqν/m

2
W

q2 −m2
W

)
·
(
gW√
2
ψ4

1

2
γν(1− γ5)ψ2

)
, (1.25)

with gW the weak coupling constant relative to the interaction and q the momentum transfer. The termmW
should be noted, it is the mass of the propagator which may not be massless (and could explain the weakness of
the weak interaction at low energies and would serve as cutoff scale for the EFT) and which must be electrically
charged (in both positively and negatively charged variants) to preserve charge conservation. In the limit where
q2 � m2

W, Fermi’s 4-point interaction reemerges with GF√
2
=

g2W
8m2

W
. The range of the weak interaction should be

very small [53] [54], of the order of rW = ~
mW

∼ 2.5 am, corresponding to a mW ∼ 80GeV: This is radically
different from QED’s massless and infinite range photon.

Another property of the weak interaction was noted: it appears that only left-handed fermions couple to
the W mediator. Additionally, the e−e+ → W+W− interaction sees its cross section diverging at high energy,
leading to the introduction of another heavy photon-like weak-interacting mediator (shown in Figure 1.4) [55],
the Z0 boson whose existence was put forward by Gargamelle’s bubble chamber [56] and subsequently discovered
at the CERN SPS [57–59].

γ,Z0

e−

e+ W+

W−

(a)

γ,Z0

e− W−

W+e+

(b)

Figure 1.4: Feynman diagrams for e−e+ → W+W−

.

1.1.3.2 Unification

Looking at gauge invariance in SU(2) ϕ(x) → ϕ(x)′ = eigWα(x)·Tϕ(x), where T are the three generators of the
SU(2) group with Ti =

1
2σi, with σi being the Pauli spin matrices, and α(x) are the three functions specifying

local phase at each point of space-time. This implies that the local gauge invariance may only be satisfied with
the introduction of three distinct gauge fields W k

µ, with k = 1, 2, 3. The 2× 2 nature of the Pauli spin matrices
implies that ϕ(x) requires a minimum of two components and is thus dubbed a doublet in terms of weak isospin
IW, the new quantum number pertaining to SU(2).

ϕ(x) =

[
νe(x)

e−(x)

]
, (1.26)

with I3W(νe) =
1
2 and I3W(e−) = − 1

2 . In order for weak charged propagators to only couple to LH particles and
RH antiparticles, they are given a singlet state with IW = 0. Thus emerges SU(2)L which, for electron particles
is: [

νe
e−

]
L

, (1.27)
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defining doublets, RH particles are alone in a singlet, for instance e−R. The weak isospin singlets are not
affected by the SU(2)L local gauge transformation relative to the weak interaction, which permits an absence
of RH couplings of particles to charged propagators to be achieved. This means the interaction term becomes:

igWTkγ
µW k

µϕL, (1.28)

with ϕL the LH weak isospin doublet. This yields three weak currents of W k, k = 1, 2, 3 , corresponding
to the actual particle exchange and defined in terms of the T generators as:

jµk = gWϕLγ
µTiϕL. (1.29)

The couplings to the W± fields are defined as

jµ · Wµ = jµ1W
(1)
µ + jµ2W

(2)
µ + jµ3W

(3)
µ = jµ+W

+
µ + jµ−W

−
µ + jµ3W

(3)
µ . (1.30)

The positive current jµ+ couples exclusively to right-handed antiparticles through σ+ = 1
2 (σ1 + iσ2) and jµ−

analogously couples only to left-handed particles.
This however, implies the existence of a further neutral W (3) which has a current jµ3 = gWϕLγ

µ 1
2σ3ϕL and

would only couple to particles with IW = ± 1
2 , which RH particles or LH antiparticles do not, in contradiction

with the neutral current described in Section 1.1.3.1. Considering the commonalities between the observed
neutral current and QED’s γ, Glashow, Salam and Weinberg replaced U(1) by U(1)Y [60–62] around hypercharge
Y = 2

(
Q− I

(3)
W

)
analagous to Equation 1.13:

ψ(x) → ψ′(x) = eig
′ Y
2 ζ(x)ψ(x). (1.31)

This thus involves a new field Bµ which couples to Y with g′ Y2 γ
µBµψ and is entirely equivalent to that of

QED: QeγµAµψ → Y g
′

2 γµAµψ. In this unified theory, boson fields and their respective currents can be written
as linear combinations:

Aµ = Bµ cos θW +W (3)
µ sin θW,

Zµ = −Bµ sin θW +W (3)
µ cos θW,

jµem = jµY cos θW + jµ3 sin θW,

jµZ = −jµY sin θW + jµZ cos θW,

(1.32)

θW is the electroweak mixing angle or Weinberg angle which describes the ratio of weak to electromagnetic
coupling constants α

αW
= e

2

g
2
W

= sin θW ' 0.23 [63–65].
While electroweak theory is now seemingly complete, a Yang-Mills theory yielding two charged vector bosons

and two neutral ones, three significant problems persist: the mixing of U(1)Y and SU(2)L is not particularly
instinctive and may seem contrived, there remains no explanation for the masses of W and Z0 (nor that of any
fermion for that matter) nor any mechanism to introduce it without breaking gauge invariance and perhaps
more problematic yet: W+ + W− → W+ + W− scattering is entirely divergent at higher energies which is
non-physical. Two solutions seem to exist for this last issue: either vector bosons also appear in another Yang-
Mills theory (for instance SU(3) described in Section 1.1.4 [66]) or there exists another field with different
(non-Yang-Mills) couplings whose interference would bring the interaction cross section to converge.

1.1.3.3 Spontaneous symmetry breaking

Confronted with the lack of evidence for extra Yang-Mills couplings in W bosons [11, 67–69], the hypothesis of
scalar i.e.spinless fields is attractive, with a potential for a real field φ:

V (φ) =
1

2
µ2φ2 +

1

4
λφ4. (1.33)

The derived Lagrangian is therefore:

L =
1

2

(
∂µφ

)
(∂µφ)− 1

2
µ2φ2 − 1

4
λφ4. (1.34)
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The
(
∂µφ

)
(∂µφ) term is the dynamics term, 1

2µ
2φ2 is the rest mass of the particle whereas the λφ4 is the

self interaction term of the field, specifically in this case, the 4-point interacting term corresponding to the
Feynman diagram shown in Figure 1.5.

φ φ

φ φ

Figure 1.5: Scalar field 4-point coupling.

The lowest energy state of φ, called the vacuum state is the minimum of V (φ) from Equation 1.33, finiteness
requires that λ be positive. If µ2 is positive as well, the absolute minimum is found at φ = 0, the mass of the
particle is µ and the vertex from Figure 1.5 is proportional to φ4. However, if µ2 is negative, µ cannot be the
mass of the associated particle as squared masses cannot be negative. The potential minima are occuring for
non-zero φ:

φ = ±v = ±

∣∣∣∣∣
√

−µ2

λ

∣∣∣∣∣. (1.35)

The vacuum expectation value (vev), v the value at which φ = 0 is therefore non-zero, which for a symmetric
potential such as V (φ), two distinct minima emerge, φ = ±v. Since these lowest-energy states are distinct from
the vacuum expectation value, this gives rise to a symmetry which cannot remain whole as it will break under
any quantum fluctuation, and is thus spontaneously broken [70–72].

In an analagous manner, this can be applied to a complex field with V (φ) = µ2(φ∗φ) + λ(φ∗φ)2 and
L = (∂µφ)(∂

µφ)− V (φ). It can be noted that gauge invariance implies that L is invariant under φ→ φ′ = eiαφ

and thus is symmetric under global U(1). If µ2 < 0, an infinite amount of minimas is generated visualised in
Figure 1.6:

Re(φ)2 + Im(φ)2 =
−µ2

λ
= v2. (1.36)

Figure 1.6: Visualisation of spontaneous symmetry breaking in a complex scalar field [34]. The dashed circle
represents the minima.

Identically to the real scalar field case, the U(1) symmetry is spontaneously broken. The field can be
rewritten as φ = 1√

2
(η + v + ξ) with Re(φ) = η(x) + v and Im(φ) = ξ(x). This gives rise to the Lagrangian:

L =
1

2
(∂µη)(∂

µη)− 1

2
m2
ηη

2 +
1

2
(∂µξ)(∂

µξ)− λvη3 +
1

4
λη4 +

1

4
λξ4 + λvηξ2 +

1

2
λη2ξ2, (1.37)
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where mη =
√
2λv2. L yields a massive scalar field η and a massless field ξ. Excitations of ξ do not affect

the potential and the massless boson emerging from it is called a Nambu-Goldstone boson (NGB) [73–75].
The SM’s complex field V (φ) is present within the local U(1)Y ×SU(2)L, not the global U(1) with φSM as:

φSM =

(
φ+

φ0

)
=

1√
2

(
φ1 + iφ2
φ3 + iφ4

)
, (1.38)

with the two components of the doublet differing by one unit of charge. The potential and Lagrangian of
the SM scalar boson are defined:

L =
(
∂µφ

)†
(∂µφ)− V (φ),

V (φ) = µ2φ†φ+ λ
(
φ†φ

)
.

(1.39)

Spontaneous symmetry breaking yields a circle of minima analogous to those of Figure 1.6 with φ†φ = −µ
2

2λ

corresponding to one massive self-coupling scalar particle as well as three NGBs. These NGBs acquire mass
by dynamically coupling to the aforementionned scalar field, using the covariant derivative ∂µ → Dµ = ∂µ +

igWT ·Wµ + ig′ Y
2Bµ, with Bµ the massless gauge field corresponding to Y

1

2

(
∂µh

)
(∂µh) + (v + h)

2

[
1

8
v2g2W

(
W (1)

µ W (1)µ +W (2)
µ W (2)µ

)
+

1

8
v2
(
gWW (3)

µ − g′Bµ

)(
gWW (3)µ − g′Bµ

)]
− V (φ).

(1.40)

The mass terms for W (1) and W (2) appear in 1
2m

2
WW (1,2)

µ W (1,2)µ relating the W± mass to the vacuum
expectation value:

mW =
1

2
gWv. (1.41)

TheW (3) terms of Equation 1.40 can be rewritten as as function of the mass matrixM: v
2

8

(
W (3)

µ Bµ

)
M

(
W (3)µ

Bµ

)
.

In order to allow for mixing with QED’s photon,

M = 1
2

(
Aµ Zµ

)m2
A 0

0 M2

Z
0

(Aµ
Zµ

)
is non-diagonal, which in combination with Equation 1.40 yields the γ

and Z0 masses:

mA = 0 and m
Z
0 =

1

2

√
g2W + g′2. (1.42)

Fermion masses, if they were introduced through a Dirac −m
(
ψRψL + ψLψR

)
term would not be gauge

invariant. Fortunately, the SM scalar field produces them through Yukawa couplings [76] [77], for instance for
the SU(2) electron doublet as:

Le = −ge

(νe e
)
L

(
φ+

φ0

)
eR + eR

(
φ+∗ φ0∗

)(ν
e

)
L

 . (1.43)

which allows the introduction of gauge-invariant mass terms via the couplings to the scalar field, for instance
in the unitary gauge:

Le = −
ge√
2
v
[
eLeR + eReL

]
−
ge√
2
h
[
eLeR + eReL

]
. (1.44)

The mass of the underlying fermion (here an electron) is then defined as:

m` =
vge√
2

(1.45)
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Figure 1.7: Representation of Eighfold path SU(3) algebra applied to quarks [34].

The scalar field is called the Higgs field and its excitation is interpreted as the so-called Higgs boson [5–7].
Significantly, it can be observed from the Lagrangian 1.44 that both fermion chiralities are involved in the

Higgs fermion mass acquisition mechanism.

1.1.4 Quantum Chromodynamics and deep-inelastic-scattering
The unified electroweak force covers a majority of easily-accessible objects but provides no explanation to the
existence of nuclei and much less a description of their interaction with other nuclei.

The strong interaction is the final force covered by the Standard Model. This theory was born from the
experimental observation of a great variety of strong-interacting particles, giving rise to a particle zoo [78] [11].
The great variety of particles and the study of their properties (particularly mass, spin and strangeness [79] [80])
led to the organisation of strong interacting particles into a special unitary group known as the eightfold way [81].
This solution was however incapable of describing quite all observed particles. Thus Quantum ChromoDynamics
(QCD) was introduced.

QCD can be defined as a limited range QED-like theory with 8 self-interacting messenger particles based
around a complex SU(3) Yang-Mills local gauge symmetry instead of U(1). This implies that the gauge
invariance ψ(x) → ψ′(x) = eigSα(x)·Tψ(x) has eight generators with Ta = 1

2λ
a with λa the eight Gell-Mann

matrices [81]. The three new degrees of freedom are provided by adding colour, a new quantum number which
allows the content of strongly interacting particles, the quarks, not to violate the Pauli exclusion principle.
Colours (unrelated to optical colours beyond basic properties) are present for three values and three “antivalues”:
red rT =

[
1 0 0

]
, green gT =

[
0 1 0

]
and blue bT =

[
0 0 1

]
, anti-red (also known as cyan), anti-blue (also

known as yellow) and anti-green (also known as magenta). These colours operate through a quantum number
formally called colour isospin ICk and colour hypercharge YC analogous to IW, albeit with 3 components and
anticomponents, as can be visualised in Figure 1.7.

Massive nuclear elementary matter is present through fermions called quarks which, analogous to electroweak
fermions, display distinct flavours such as upness, downness or the aforementioned strangeness which allows
them to participate in electroweak interactions such as the β decay described in Section 1.1.3.1. Each of these
flavour eigenstates displays different masses which are not aligned with their mass eigenstates and related to one
another through the Cabbibbo Kobayashi Maskawa (CKM) matrix [11, 82, 83]. The eight generators of SU(3)
imply the presence of eight mediator gluon particles, analogous to the photon of QED which couple to quarks
through −igS

1
2λ

aγµGaµψ. They are distinct from QED through their coupling constant gS(µ
2) which weakens

for higher energy scales µ2 and the use of colour interactions through λa. The gluon-quark vertex emerges as
− 1

2 igSλ
a
jiγ

µ and the gluon propagator is associated with −i gµν

q
2 δab. The high value of the coupling constant gS

[84] compared to electroweak ones [85] might suggest that quarks and gluons should be dominant all over the
universe, leaving little space for other interactions.

This is limited by a few mechanisms: First, quarks are unable to exit a composite object in a process
known as colour confinement, gluons, carrying colour charge, self interact [86], as such creating an attractive
force which increases pseudo-linearly with distance [87], thus energy put into the separation of quarks will only
create new bound quarks in a process known as asymptotic freedom [88] [89]. Such strongly interacting objects
are named hadrons are composed of valence quarks which must sum up to a colourless object, gluons which
maintain the object, and sea-quarks created and annihilated constantly within the object by gluons. If an object
has 2 valance quarks, it is called a meson, if it has 3 it is called a baryon.
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qγ

e−
e−

p

Figure 1.8: DIS of an electron on a proton.

Among mesons, an interesting case is that of the π, as the chiral SU(3)L × SU(3)R symmetry of QCD is
broken by the quarks not being massless, a NGB-like scalar emerges analogous to that of Section 1.1.3.3, instead
of it being massless however, it has a small mass which tends to 0 as the symmetry gets more exact. The π is
thus created, much lighter than its other hadron cousins. The pion is here a Pseudo-Nambu-Goldstone-Boson
(PNGB). A more in depth description of the chiral symmetry breaking and the eight PNGB that emerge from
it may be found in [90].

The fraction of momentum carried by each of these partons is determined by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [91] [92], has been verified experimentally and give rise to parton distribution
functions (PDF) which indicate the distribution of momentum fraction within the strongly interacting object
[93–95]. Said momentum fraction is denoted as the Bjørken x:

x ≡ Q2

2p2q
(1.46)

where q is the momentum of the virtual photon in a deep inelastic scattering (DIS) process for instance for
instance shown in Figure 1.8, Q2 = −q2 and p2 is the momentum of the incoming hadron.

1.1.4.1 The Standard Model

The Minimal Standard Model is the full theory combining the minimal electroweak and QCD descriptions into
a single U(1)× SU(2)L × SU(3) symmetry. The full Standard Model Lagrangian is as follows:
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Fermions Bosons
up quark u charm quark c top quark t gluon g

m = 2.16+0.49
−0.26 MeV m = 1.27± 0.02GeV m = 172.69± 0.30GeV m = 0 eV

qEM =2/3 qEM =2/3 qEM =2/3 qEM =0
down quark d strange quark s bottom quark b photon γ

m = 4.67+0.48
−0.17 MeV m = 93.4+8.6

−3.4 MeV m = 4.18+0.03
−0.02GeV m = 0 eV

qEM =-1/3 qEM =-1/3 qEM =-1/3 qEM =0
electron e− muon µ− tau τ− W bosons W±

m = 511 keV m = 105.658MeV m = 1776.86± 0.12MeV m = 80.369± 0.013GeV

qEM =-1 qEM =-1 qEM =-1 qEM = ±1
electron neutrino νe muon neutrino νµ tau neutrino ντ Z boson Z0

m = 0 eV m = 0 eV m = 0 eV m = 91.1876± 0.0021GeV

qEM =0 qEM =0 qEM =0 qEM =0
Higgs boson H

m = 125.25± 0.17GeV

qEM =0

Table 1.1: SM particles, their masses and their electric charge, values taken from [11]. Neutrino masses are
observed to be non-zero which is contrary to the SM prediction.

L = −1

4
BµνB

µν − 1

8
Tr(WµνW

µν)− 1

2
Tr(GµνG

µν)

U(1), SU(2) and SU(3) gauge terms. B, W and G are the associated vector potentials.

+ (νL, eL)σ̃
µiDµ

(
νL
eL

)
+ eRσ

µiDµeR + νRσ
µiDµνR + (h.c.)

lepton dynamics term. (h.c.) is the hermitian conjugate of the previous expression

−
√
2

v

[
eLφM

eeR + eRM
e
φ eL

]
charged leptons mass term

+ (uL, dL)σ̃
µiDµ

(
uL
dL

)
+ uRσ

µiDµuR + dRσ
µiDµdR + (h.c.)

quark dynamics term.

−
√
2

v

[
(uL, dL)φM

ddR + dRM
d
φ

(
uL
dL

)]
down-type quarks mass term

−
√
2

v

[
(−dL, uL)φ∗MuuR + uRM

u
φ
T

(
−dL
uL

)]
up-type quarks mass term

+ (Dµφ)D
µφ−

m2
h

[
φφ− v

2

2

]2
2v2

.

Higgs dynamics and mass term

(1.47)

which gives rise to the particles and interactions seen in Table 1.1 and Figure 1.9.
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Figure 1.9: Visualisation of particles and their interactions in the SM [96]. The dark ellipses represent particles,
the blue lines indicate which particles they interact with.

1.1.5 Standard Model studies using neutrinos
Neutrinos are a particularly studied particle in modern particle physics [11, 97–99]. Of particular interest to
this work are neutrinos from particle colliders (see Section 2.2.1) which are discussed below. High intensity
neutrino fluxes from beam dump experiments are also covered (see Section 2.3.2).

1.1.5.1 Physics using collider neutrino

Neutrinos may be used in DIS experiments [100, 101] which allows the effective constraint of PDFs, particularly
in the strange quark sector [102]. Neutrinos have the peculiarity that they may only interact weakly which
implies that on-shell s-channel interactions have a final state invariant mass equal to the mass of the W or the
Z0 which facilitate reconstruction.

Interaction can occur with electrons and hadrons in charged and neutral current (CC, NC) interactions.
Nuclear interactions of neutrinos come in two variants: quasi-elastic, where momenta change but free particle
counts do not, and deep inelastic (DIS), where the neutrino interacts with a parton with a large energy-
momentum transfer causing the hadron to break up inelastically. The tree level diagrams for these different
scattering processes are shown in Figure 1.10.

The total cross sections of electron neutrino scattering on electrons are given in Table 1.2.

Process Cross section

νe + e− → νe + e− σtot =
G

2
Fs
4π

[
(2 sin2 (θW − 1)2 + 4

3
sin4 (θW)

]
νe + e− → νe + e− σtot =

G
2
Fs
4π

[
1
3
(2 sin2 (θW + 1)2 + 4 sin4 (θW)

]
Table 1.2: Cross section of (anti-)neutrino elastic interactions with electrons.
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ν` `

νee−

(a) CC interaction
of an (anti)neutrino and
an electron.

Z0

ν ν

e−e−

(b) NC interaction of an
(anti)neutrino
and an electron.

W

ν` `

pn

(c) CC quasi-elastic
interaction of a neutrino
and a neutron.

W

ν` `

np

(d) CC quasi-elastic
interaction of an antineutrino
and a proton.

Z0

ν` ν`

pp

(e) NC quasi-elastic
interaction of an
(anti)neutrino and
a proton.
A similar interaction may
take place with a neutron.

W

ν` `

du

(f) CC DIS
interaction of an
antineutrino and
an up quark.
An analogue interaction
may take place with
the associated antiparticles.

W

ν` `

ud

(g) CC DIS
interaction of a
neutrino and
an up quark.
An analogue interaction
may take place with
the associated antiparticles.

Z0

ν` `

uu

(h) NC DIS
interaction of a
neutrino and
an up quark. An analogue interac-
tion may take place with antineutrinos
and/or down type quarks.

Figure 1.10
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A useful number here is σ(νee−) =
G

2

Fs

π [( 12 + sin2 θW)2 + 1
3 sin

4 θW] ∼ 0.09( E
10MeV )ab. For neutrino DIS

however, the cross section depends on difficult-to-model parton behaviour which is often regrouped under so
called structure functions [103]:

dσν,ν ,DIS

dxdy
=
G2

FME

π

[
(1− y)F

νN

2 + y2xF
νN

1 ∓
(
y − y2

2
F
νN

3

)]
, (1.48)

F1 = d(x) + u (x), (1.49)
F2 = 2x

[
d(x) + u (x)

]
, (1.50)

F3 = 2x
[
d(x)− u (x)

]
(1.51)

where F1, F2, F3 are dimensionless structure functions of the Bjørken x of Section 1.1.4 and the associated
relative presence of quarks in the composite object. d(x) and u (x) are the quark distribution functions. Two
more structure functions F4 and F5 emerge from more general parametrisations, they are however not measurable
with good precision at the current generation of colliders as they are proportional to m2

` which renders them
measurable only when a large ντ flux is achieved [104]. The determination of these structure functions is of
high value in describing composite particle behaviour, for instance in hadron collisions (Section 2.1.1) where
the final state is dependent on the cross section of the parton-parton initial state which itself is dependent on
the parton flavour and energy. This can be done through the observation of the cross section as a function of

y =

(
1−

E
µ

E
ν

)
.

1.1.5.2 Physics using high intensity neutrino fluxes

Large neutrinos fluxes may be used to perform ντ phenomenology and allow the determination of the F4 and F5

structure functions [105]. In addition neutrino-induced charm production in the detector could be observed in
such conditions due to statistics with adequate tracking detector. This would allow for high granularity neutrino-
induced calorimetric observation of the charm quark with final states other than µ−µ+ [106]. Furthermore, the
precise measurement of quark sea strange flavour content could be achieved leveraging the large Vcs CKM matrix
element [11] (see Section 2.2.2).

A large amount of ντ would further permits measurements of the ντ magnetic moment using neutrino-electron
scattering processes where the scattered neutrino remains unobserved [107].

1.2 Limits of the Standard Model
The SM is in very good agreement with experimental observations. It however displays some issues with its
underlying theory, furthermore, while the SM has seldom been proved wrong in any of its predictions, a variety
of phenomena are observed in nature albeit unexplained by the SM. This suggests the existence of Beyond the
Standard Model (BSM) Physics to extend or replace the SM in order for these issues to be resolved.

1.2.1 Universe expansion acceleration
Astronomical observations display an accelerated expansion of the Universe [108–110]. There exists no process
in the SM for such an acceleration in a Universe dominated by gravity which is a supposedly purely attractive
force. Consequently there is a need for some form of new repulsive process which would adequately act at larger
energy scales. This is referred under the umbrella term of Dark Energy, as its behaviour is so far unexplained
[111].

1.2.2 Gravity anomalies
While performing astronomical observations, misbehaviours in gravity which are incompatible with observed
matter and/or the current understanding of gravity, general relativity, are observed. In particular, spiral galaxies
seem to maintain their rotation speeds even at high radii [112–114], significant gravitational lensing anomalies

23



are observed [115–117] where massive objects appear to be present in area of the cosmos which are observed to
otherwise be empty. The preferred explanation for those anomalies would be the existence of a form of massive
matter which interacts weakly or even not at all with SM objects. Constraints on so-called Dark Matter (DM)
are generally loose [11] or model-dependent [118]. It generally can be said that (some) DM would have to be
heavier than ∼ 10−22 eV in order for their wavelength to fit inside of galaxies [119, 120] and be lighter than
O(1070 eV) ∼ 104 M� (solar masses) [121–124] because of tidal stability of structures immersed within DM
halos (such as dwarf galaxies or galaxy disks) [125].

Alternative explanations to gravity anomalies exist as well [126–128] but are not seen to be as well supported
by theory and experiment [129–132].

1.2.3 Baryonic asymmetry
Observations of the ratio of matter to antimatter in the universe suggest that very little antimatter exists com-
pared to matter [133]. While production in equal amounts of both could be expected as a result of symmetry,
the breaking of these and the experimental absence of any clear delimitation of particle and antiparticle regions
within the galaxy indicate that there is a sizeable amount of CP violation, i.e. that the some imaginary com-
ponents are present in SM mixing matrices such as the CKM matrix. While CP violation is present in the SM
and has been found as mentioned in Section 1.1.3.1, it is not sufficiently significant to account for the observed
matter/antimatter asymmetry [134]. Sources of extra CP violation are therefore a significant point for BSM
Physics.

1.2.4 Description of neutrinos
Neutrinos, being capable of oscillations [135, 136], need to be massive [137] and, analogous to quarks, do not
have their mass eigenstates aligned with their flavour eigenstates. Since they only interact through the weak
interaction of Section 1.1.3.1 and have only been observed to couple to the W and Z0 bosons, the only observed
neutrinos have been left-handed neutrinos (and right-handed antineutrinos). The mechanism through which
neutrinos acquire mass is, however, entirely unknown. It could be the Higgs mechanism from Section 1.1.3.3
implying LD = −mD(νRνL + νLνR), but this would give rise to opposite-chirality neutrinos that would not
interact and are not present within the SM. Any additional field terms in the SM Lagrangian wouldn’t break
gauge invariance as νR and νL transform as singlets. Thus, through a CP operation ψc = ĈP̂ψ = iγ2γ0ψ∗

which yields νcR when applied to νR, producing the left-handed antineutrino without adding any new particles.
The antineutrino becomes the right-handed neutrino which implies an extra Majorana mass term M:

LM = −1

2
M
(
νcRνR + νRν

c
R

)
(1.52)

Searches for signs of this Majorana nature of neutrinos are particularly acute in neutrinoless double β decay
[138–141]. Searches for the neutrinos’ absolute mass are active through experimental means [142, 143], as well as
cosmological constraints [144]. Preliminary results from neutrino oscillation experiments suggest that leptonic
CP violation could be transferred to the baryon section and thus explain the mystery of Section 1.2.3.

A significant experimental gap of neutrino physics relates to their cross section, indeed, while observations
have been made at energies lower than 500GeV and over 10TeV, there is an absence of neutrino cross section
measurements in the O(TeV) range as displayed in Figure 1.11.

1.2.5 Strong CP Problem
A curiosity arises when computing the neutron’s electrical dipole moment (eDM): indeed, using the classical for-
mula, a naive computation of eDM would yield d =

∑
qr; |dn | = 10−13√1− cos θ e cm with θ the CP-violating

phase which leads to an expectation of eDM being ∼ 10−13e cm. Experimental checks, using measurements of
Larmor precession find a very different upper bound of ∼ 10−28e cm [146, 147] which implies a physical CP
violating angle θ < 10−10 [148]. In a simplified case, a Yang-Mills theory Lagrangian for a single massive quark
would be:

L = −1

4
FµνF

µν + θ
g2

32π2Fµν F̃
µν + ψ

(
iγµDµ −meiθ

′
γ
5
)
ψ. (1.53)
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Figure 1.11: Reported neutrino cross sections from experimental data [145].

The θ and mass terms being CP violating, any chiral transformation with angle α leads to θ′ → θ′ −α and
θ → θ + α. The so-called Strong CP problem arises from the existence of these two CP-violating terms and
the impossibility to eliminate them as there would have to be θ = −θ′ which would cause the full CP violation
θ + θ′ to remain invariant under any chiral transformation and CP is observed to be conserved by the strong
interaction in the SM. The simplest solution to the Strong CP problem, namely setting one quark to be massless
(allowing the redefinition of fields in a CP conserving fashion) [149] is ruled out [11]. Leaving the SM with an
unexplainably unbroken SU(3) symmetry.

1.2.6 Gravity
Gravity has yet to be described satisfactorily quantum mechanically. While the existence of a gauge symmetry
mediated by a graviton g [150, 151] could be expected, this mediator has yet to be described satisfactorily
theoretically [152, 153] as the Yang-Mills theory is found to be non-renormalisable [154]. While alternative
approaches exist [155–162] , none satisfy renormalisability, gauge invariance, phenomenological description and
experimental consistency, even as an EFT, giving rise to the so-called Swampland [163] of QFTs that aren’t
consistent with quantum gravity. This on its own implies that the SM is not a Theory of everything.

1.2.7 Hierarchy
In the SM, the Higgs mass term is µH†H, set as a free parameter and invariant under gauge or global sym-
metry. This implies that the term is susceptible to radiative corrections which may thus modify it propor-
tionally at every scale where the Higgs field interacts through particle loops. These corrections take the form
Λ

2

16π
2

(
6λ+ 9

4g
2
2 +

3
4gY

12
− 6y2t + ...

)
where Λ is crucially the UV cutoff scale used to regularize the integral and

representing the scale above which the theory is no longer thought to be valid (for example, classical physics is
effective above a certain infrared cutoff). The SM is renormalisable and as such in principle scales until a higher
energy, be it the Grand Unification Scale [164, 165] where all three forces undergo unification analogous to what
is observed in the electroweak case ΛGUT ∼ 1016 GeV or the Plank Scale, where the energy level yielded by
dimensional analysis of fundamental constant combinations where gravitational effects are no longer negligible,
for instance a photon with Eγ ∼ EPlanck has λγ < Rγ,Schwarzschild, ΛPlanck ∼ 1019 GeV which is then the UV-
cutoff. This issue is circumvented for fermions as they are subject to chiral symmetry while gauge bosons are
subject to gauge symmetry, protecting their mass.

The Higgs boson mass however enjoys no such mechanism in the SM and would have to be comparable
to the Planck/GUT energy scale which is in sharp contrast with its modest observed mass. This issue can be
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solved by heavily fine-tuning the Higgs mass [166], reducing it through extensive use of loops, for instance, for
the top quark δm2

H|top ∼ 3GF
2
√
2π

2m
2
tΛ

2 ∼ −(0.2Λ)2. A similar exercise can be done with scalar bosons which
may substantially enter these corrections. If this fine-tuning is motivated by the existence of new physics, the
correction should not exceed the observed Higgs mass, therefore Λ ∼ O(TeV), effectively reducing the cutoff
scale and a sign that there may be new physics as close as the TeV scale, in reach of the LHC.

The Hierarchy problem is therefore an issue of naturalness [167]: It seems unnatural that such large
amounts of unmotivated fine-tuning be needed to provide the Higgs with its observed mass, reasons for the
non-proportionality of the Higgs mass to the cutoff scale are therefore the core of the SM Hierarchy problem.

1.2.8 Model generalness
The central role played by the S-matrix in QFT invites the question of the symmetry generators which commute
with it, bringing single particle states to single particle states and bringing multi-particle states to a sum of
single particle states. Poincaré group generators Pµ (for translations) and Mµν (for Lorentz transformations)
have been proven to be the only generators, along with internal symmetry group generators commuting with one
another [168]. This however, is only the case based on some assumptions such as locality, causality, positivity
of energy and finiteness of particles count. If those assumptions were to be weakened, another group would
become the most general symmetry group of the S-matrix [169], giving rise to a more general model. S-matrix
space-time degrees of freedom and internal symmetry degrees of freedom being factorisable, any type of new
physics, which are required to explain aforementioned phenomena, may only emerge from new symmetries, not
from any external new degrees of freedom.

1.3 Possible approaches for Beyond the Standard Model physics
The limitations displayed by the SM imply the existence of new physics, which may require a complete rework
of the SM. For instance by inducing a composite Higgs in so-called technicolour models [170], therefore induc-
ing elementary masses dynamically, solving the Higgs Hierarchy problem and creating new alleyways for DM
and constraining neutrino mass acquisition mechanisms. Another solution would be the introduction of extra
dimensions [171] which would imply the propagation of forces in more dimensions, explaining their different
relative strengths. There is generally a great variety in the field of non-SM physics [172–174] and constraints
on said models [11, 175, 176].

Overall the SM remains a highly effective description, its limitations may be overcome with extensions,
some of which will be described here. In particular, two approaches can be used when describing BSM physics:
the introduction of new symmetries analogous to the QFTs of the SM, often yielding a vast array of new physics
and predictions or more minimal extensions, often focusing on solving a specific set of SM issues. Both alleyways
have in common the introduction of new sets of particles and will be explored here. The key issue is the coupling
and the mass of new physics, as they were not yet observed, the new particles must either be heavy enough not
to have been produced (the focus of high-energy searches) or feebly interacting enough not to have been seen
yet (the focus of high-intensity searches), this can be seen in Figure 1.12.

For experimental searches however, sensitivity channels are the most important output of a given theory
and the ones which are particularly of interest in this thesis here are neutral decays such as γγ final states. As
such, a particular focus in extracting the γγ decays of BSM candidates at energies up to ∼ 28GeV will shape
the coming section.

1.3.1 Supersymmetric expansions
Symmetric extensions of Yang-Mills theories have displayed incredible success in the SM, therefore further
success may be expected by the use of further symmetric expansions. The how a popular such extra symme-
try, Supersymmetry can yield neutral final states in the region of interest will be explored. Complements to
Supersymmetry can be found in [177].

Any supersymmetry (SUSY) would have to be spontaneously broken as particle masses would otherwise be
preserved, which does not match experimental observations [178, 179]. No sign of SUSY, minimal or otherwise
has been observed however, not even at higher energy [179] which suggests a rethink of the way SUSY is viewed
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Figure 1.12: New physics must be either too heavy to have been produced or too weakly interacting to have
been observed [104].

[104] as chiral and vector superfields may indeed be numerous and NGBs may emerge from symmetries being
broken, analogous to the situation described in Section 1.1.3.3 and particularly in relation to the gravitino g̃,
the superpartner to the graviton which would mediate gravity [150, 180]. Indeed the massless gravitino g̃ may
acquires mass through the superhiggs mechanism [181] when SUSY is a local symmetry:

g̃µ → g̃µ +
i

mg̃
µ

√
2

3
∂µψ, mg̃ =

√
8π

3

F

MPlanck
. (1.54)

The Majorana spin 3
2 g̃ has only ± 3

2 chirality states before becoming massive, its ± 1
2 chiralities are yielded

by the goldstino G which therefore would imply that the on-shell amplitudes with chirality ± 1
2 gravitinos are

asymptotically equivalent to amplitudes with corresponding external goldstinos.
Generically the supersymmetric chiral superfield Φ is known as the Goldstone supermultiplet [182] [104],

whose component FΦ must have non-zero vacuum-expectation-value and is thus responsible for SUSY sponta-
neous breaking:

Ψ = φ+
√
2θψ + Fφθθ (1.55)

This breaking induces a G and its superpartner the spin-0 component φ forming scalar S, pseudoscalar P
sgoldstino G̃. If SUSY becomes a local symmetry, the G vanishes but depending on how the model is built,
scalar and pseudoscalar G̃ remain massless at leading order S ≡ 1√

2
(φ+ φ†), P ≡ 1

i
√
2
(φ− φ†) [183], with their

masses being induced by higher-order processes which can in principle take any value depending on the model,
making them a generic particle of a SUSY model.

At leading order in 1
F , G couples to all fields through the Goldberger-Treiman formula [184]:

L =
1

F
JµSUSY∂µψ, (1.56)

JµSUSY is here the supercurrent, while Equation 1.54 induces couplings of the gravitino to other inverse-
SUSY violating parameter 1

F suppressed fields, this implies couplings of the gravitino mostly through the G̃,
its longitudinal chirality component for ΛSUSY ∼

√
F . Its effective interactions can be derived using spurion

techniques [185]:

Mλ

F

∫
dθ2ΨWαWα + h.c. (1.57)

This yields SUSY violation in gaugino mass terms when the vev is introduced in Equation 1.55 which
provides couplings of the G̃ to gauge bosons, in particular to γγ:
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LG̃→γγ = − 1

2
√
2

Mγγ

F
SFµνFµν +

1

4
√
2

Mγγ

F
PεµνρσFµνFµν (1.58)

Fµν can clearly be identified as the electromagnetic field tensor, with Mγγ = M1 + sin2 θW +M2 + cos2 θW,
M1 and M2 being the SM U(1)Y and SU(2)W gaugino SUSY breaking mass terms.

Sgoldstinos with mG̃ < 1.2GeV may also decay into π0 pairs [186] leading to a decay width of:

Γ
G̃→π

0
π
0 ' α2

s(M3)

β2(αs(M3))
·
πm3

G̃
M2

3

4F 2 ·

(
1− β(αs(M3))

αs(M3)
· 9

4π
·
B0(mu +md)AQ

mG̃M3

)2

·

√√√√1−
4m2

π
0

m2
G̃

(1.59)

where β(αs) is the QCD beta function, M3 the mass of the g̃ , αS(M3) is the strong coupling evaluated at

the scale of M3 and B0 defined by the ratio of kaon and quark masses by B0 =
M

2

K

m
d
+m

s
[187].

SUSY models are however incredibly varied and may manifest also in the cases described below.

1.3.2 Hidden Sectors
As extra symmetries, be they SUSY or others have yet to be found if they exist, more minimal extensions of
the SM have been considered. Among the most generic ones are so-called Dark or Hidden Sectors (HS). There,
dark matter does not couple directly to the SM but does so through “portals”, renormalisable interactions with
small dimensionless coupling constants or through Λ−n suppressed higher-dimensional operators. Generally
however, 3 types of portals can be identified depending on the mass dimension of the SM singlet operator:
Scalar, Neutrino and Vector portals. These will be examined in the scope of interest, a more complete review
of dark sectors may be found in [104].

1.3.2.1 Scalar portals

The discovery of the Higgs boson [4] [3] at LHC definitely confirms the existence of scalar particles in nature.
Strong motivations exist for extra scalars however as possible solutions for baryonic asymmetry (see Section
1.2.3) [188], dark matter candidates (see Section 1.2.2) [189] [190] or answers to the hierarchy problem (Section
1.2.7) [191]. Extra scalars may emerge as extra singlets under the SM gauge group, as Pseudo Nambu-Goldstone
bosons which may include Axion-Like-Particles. Each of these three options will be discussed.

1.3.2.2 Extra SM gauge singlet

BSM scalars Si may exist in their most clear form if they are singlets under SM gauge transformations. They
would generally couple to the Higgs field |Ψ|2 through the Lagrangian extension:

LScalar-portal =
(
λiS

2
i + giSi

)
(Ψ†Ψ). (1.60)

The general effective Lagrangian for such an extension would emerge as:

LScalar =
1

2
∂µS∂

µS +
(
α1S + αS2

)
(H†H) + λ2S

2 + λ3S
3 + λ4S

4, (1.61)

where portal couplings are denoted λi, i ∈ {2, 3, 4} whereas α1 and α are the portal couplings to the
Higgs H. As H2 is capable of mediating leading order interactions between the SM and HS, being the lowest-
dimension-gauge and Lorentz singlet that may emerge from SM fields, is it quite possible for such a portal
mediator to exist. The interactions of Equation 1.61 are renormalisable which removes the issue of high-scale
emergence of the Higgs-scalar interaction in addition to having the potential of playing a role in dark sector
physics while connecting the HS to the SM. A notable example of HS are the so-called Hidden Valleys [192]
[193] involving elaborate dark sector physic which may include extra dark gauge groups, composite QCD-like
dark matter [194], to the SM. The sensitivity to those sectors may involve a “dark pion” (see Section 1.3.2.3),
which, being uncharged under the extra DM symmetry may decay into SM particles and add an extra layer of
sensitivity to the model.

28



The scalar mediator phenomenology is highly dependent on whether α1 6= 0 in Equation 1.61. If so and if
a non-zero vacuum expectation value α1 = 4α〈S〉 is present for S, a linear mixing is induced between S and
H. The mixing angle θ = α

1
v

m
2

h

determines the decay length of S in an experiment. In the absence of other light
states, S should decay into SM particles, for instance into a pair of photons through a particle loop as shown
in Figure 1.13. It thus also couples to SM fermions.

S

γ

γ

Figure 1.13: Example Scalar portal decay to 2 photons.

In the case where S has no vacuum expectation value and cannot mix with H (α1 = 0), the scalar may
mediate exotic decays of the Higgs into BSM states. At lower energies (under mH ∼ 125GeV) light BSM states
mix with the SM and thus inherit some level of SM coupling [195] which allow for γγ final states analogous to
previously [196].

1.3.2.3 Pseudo Nambu-Goldstone bosons

In models that include a QCD-like dark sector which contain a broken symmetry creating dark pions analogous
to the light ones of Section 1.1.4. In this frame, the theory may contain extra dark flavours of Dirac fermions ψi
transforming under some SU(N) symmetry (N > 1) but singlets under SM symmetries. This can give rise to N
EW Dirac fermion doublet (QuQd)

T
i with Y= 1

2 which transform under SU(N) thus inducing the Lagrangian:

L = QLYψRH −QRỸψLH −QLMQR − ψLωψR − h.c. (1.62)

where Y, Ỹ, M and ω are N × N coupling and mass matrices in flavour, space respectively. Similarly
to the SM QCD, the chiral SU(N)×SU(N) symmetry is spontaneously broken which results in N2 − 1 PNGB
dark pions φ. They may decay in a variety of fashions such as through tree-level Higgs exchanges, in Flavour-
Changing-Neutral-Currents (FNCN) or, most relevant here, into γγ, somewhat analogous to π0 with a width:

Γφ→γγ =
sθα

2m3
φ

256π3v3

∣∣∣∣∣ ∑
i∈fermions

2N i
cQ

2
ixi

(
1 + (1− xi)f(xi)

2
)(

2 + 3xW + 3xW (2− xW )f(xW )2
) ∣∣∣∣∣

2

, (1.63)

where xi =
4m

i

m
φ
, f(x) = arcsin 1√

(x)
if x ≥ 1 and f(x) = π

2 + i
2 log

1+
√
1−x

1−
√
1−x if x < 1; sθ being the sine of the

mixing angle between the φ and the Higgs, v being the vev of the φ.
More generally, these models offer a rich phenomenology, more details and precisions may be found in [104,

195–197].

1.3.2.4 Axion-Like-Particles

The Strong CP problem of Section 1.2.5 can be solved in different ways such as a soft P/CP breaking, where
these symmetries imply θ = 0 in the UV [198–200] or with infrared dynamics of QCD [201] [202]. These solutions
are however difficult to test experimentally, limiting their appeal.

Thus emerges the so-called axion solution [203] [204]. In this scenario a new scalar field a(x) is introduced
through the Chern-Simons Lagrangian:

LQCD ax =
θ

32π2Tr(GµνG̃
µν), (1.64)

where G is the gluon field tensor and G̃µν = εαβµνGαβ is the dual whereas the trace is running over the
SU(3) colour indices. The solution to the Strong CP Problem relies on the introduction of a U(1) symmetry
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which affects some quarks, inducing a chiral anomaly C. The symmetry breaks, inducing a NGB φ with vacuum
expectation value f

a√
2
, fa being the axion decay constant. Through an anomalous chiral rotation of φ

f
a
which

rotates left- and right-handed components of the fermion oppositely, its measure of the path integral is modified
which leads to an action change:

S → S +

∫
C

32π2

φ

fa
Tr(GµνG̃

µν)d4x.

Because of the shift symmetry of φ, S only contains terms of ∂φ and φ may be shifted by any constant,
absorbing θ by redefining the field. This effectively cleans up the Strong CP Problem.

The axion couples to electromagnetism:

Lint = −
gφγ
4
φFµν F̃

µν , gφγ =
αEM
2πfa

(
C − C 2

3

4 +
m

u

m
d

1 +
m

u

m
d

)
(1.65)

C being the U(1)EM anomaly. The axion as such decays into γγ through the electromagnetic interaction
with a width:

Γφ→γγ =
gφγmφ

64π
. (1.66)

This solution is called the Peccei-Quinn axion [203], which is now excluded in its simplest form [205]. Other
axion solutions exist, particularly the Kim-Shifman-Vainshtein-Zakharov (KSVZ) [206, 207] which function by
mediating the anomaly using extra heavy quarks charged under Peccei-Quinn, and the Dine-Fischler-Srednicki-
-Zhitnitsky (DFSZ) which mediate it through SM quarks which would be charged under Peccei-Quinn [208,
209].

While QCD-axions are PNGB, which by definition emerge from QCD anomalies, there is no intrinsic
requirement for the broken symmetry creating the PNGB to be a QCD anomaly. The explicit symmetry
breaking would then provide the PNGB its mass. As long as the PNGB’s mass is significantly larger than that
of the QCD-axion, it may couple to QCD without displacing the axion. Since those particles would emerge
similarly to QCD-axions without solving the Strong CP problem, they are called Axion-Like-Particles (ALPs).

ALPs may emerge according to the theory described in Section 1.3.2.2 through an extended Higgs sector, or
perhaps in a so-called axiverse where ALPs span up to 30 orders of magnitude in mass [210]. Such an axiverse
may also be considered as derived from a dark-pion like ALP which is analogous to that of Section 1.3.2.3.

ALPs are quite significant in the context of Dark Matter as they could mediate interactions between SM
and HS, if the ALP is a mediator in the HS while weakly coupling to the SM with mALP < 1GeV. It would be
capable of matching cosmological constraints [104, 211] without being excluded by LHC searches [212, 213].

Interactions between an ALP a and the SM can be described through the Lagrangian:

LALP-SM =
∑
f

Caf
2fa

fγµγ5f∂µa−
∑
i

αi
8π

Cai
fa

F b(i)µν F̃
(i)µν
b a, (1.67)

where f corresponds to the SM fermions (quarks q, charged leptons l, neutrinos ν) and i =
{
Y, 2, 3

}
. a

couples to gauge fields with gai ≡
α

i

2π

C
ai

f
a
. The extra ALP mass term is assumed to be large enough to dominate

and not place any competition between the ALP and the QCD-axion.
ALPs may be produced in three ways in beam dumps: coherent scattering where a particle scatters elastically

on a target nucleus, incoherent scattering where individual quarks or gluons from the beam and/or target scatter
off-one another and non-perturbative processes through the decay of hadronic final states. The most significant
example of coherent scattering is the so-called Primakoff scattering process [214] where ALP photon couplings
in an analogous way to π0 (a PNGB), would allow it to be formed, as can be seen in Figure 1.14.

Coherent scattering cross section scales with Z2 and is expected to be significant compared to other possible
production mechanisms [215–217]. Incoherent scattering, while mostly sub-dominant, is expected to become

important when the photon virtuality of [215, 217] defined by Q2
i =

q
2

⊥,i
+x

2

i
m

2

i

1−x
i

(mi being the mass of the
impinged nucleus, xi and q⊥ the longitudinal and transverse momentum of the photon respectively), becomes
large, and occur by standard Drell-Yan processes [218] as in Figure 1.14. Hypothesised perturbative processes
would likely have small cross sections and are neglected here but are explored in [219].

ALP decays may be modelled by re-using the Lagrangian of Equation 1.65. The width of an ALP decaying
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Figure 1.14: Primakoff production and subsequent decay of an ALP in a proton on nuclear scattering (left) and
Drell-Yan production and subsequent decay of an ALPs in incoherent scattering (right).

into two SM gauge bosons is then:

Γa→g
b
g
b
=
d(G)g2aim

3
a

64π
, (1.68)

with d(G) the group generator count. The gauge bosons in question could of course be γγ but ALPs may
also couple to gg or to SM fermions [104].

1.3.2.5 Neutrino portal

The neutrino portal is an extremely well-motivated physics solution [104, 220, 221], particularly from the
fundamental question of the origin of neutrino masses discussed in Section 1.2.4 and by questions left in suspense
by anomalies in short baseline neutrino experiments [222–225]. It would manifest through:

LPortal neutrino = FαI

(
Lα · Ψ̃

)
NI + h.c., (1.69)

FαI is the Yukawa coupling (C.f. Section 1.1.3.3), Lα is the left lepton doublet with α being the SM lepton
flavour, Φ is the Higgs doublet, and Ψ̃a = εabΨb with only the right-handed NI coupling to the SM.

The neutrino portal particle is commonly called a Heavy Neutral Lepton (HNL), and may acquire mass
unrelated to the Yukawa coupling through, for instance, explaining the lack of right-handed neutrinos in the
SM by a (here type-I) seesaw mechanism. The Lagrangian inducing it being an extension of Equation 1.69:

LHNLseesaw
= iN̄I /∂NI −

(
FαI L̄αN̄I ψ̃ +

MI

2
N̄C
I NI + h.c.

)
. (1.70)

Here, NI is a Majorana particle (see Section 1.2.4) and a singlet under all SM gauge symmetry, thus being
a form of sterile neutrino. In the Higgs phase (L̄αΨ̃) = να. This implies that NI mixes with να, as such
Lagrangian 1.70 is not aligned with the NI mass eigenstates, thus the mass matrix

Mν,N =

(
0 mD
mT

D MI

)
,

containing the Dirac 3×N mass matrixmD and the MajoranaN×N mass matrixMI . It can be diagonalised
to obtain the mass eigenstates. In the limit where mD �MI , a 5-dimension Weinberg Operator [226] emerges:

c
αβv

2

Λ
≡ −

∑
I

(mD)αI
1

MI

(mD)βI . (1.71)

The seesaw mechanism takes advantage of the difference between mD and MI . Through mass matrix
rotation, the SM neutrino masses (3 eigenstates of the Weinberg operator matrix of Equation 1.71) become very
small compared to MI , allowing the HNL to be much heavier. SM neutrino masses have only been measured
down to 0.8 eV [142] or estimated to be lower than 0.54 eV [108] down to lower than 0.082 eV [227] from different
cosmology models.

HNLs couple via Yukawa to SM neutrinos. These couplings are related to their mass eigenstates, but as
several HNL flavours (for Nflavour ≤ 2) can cancel each other’s contribution, no strict limit can be placed on

31



the coupling based on their mass [104]. Their number should be Nflavour ≤ 2 to explain the mass differences for
active neutrinos [11] [104]. These couplings, identical to active neutrinos are explicit in the Lagrangian:

LHNL couplings =
g

2
√
2
W+
µ N

c
∑
α

U∗
αγ

µ(1− γ5)`−α +
g

4 cos θW
ZµN

c
∑
α

U∗
αγ

µ(1− γ5)να + h.c, (1.72)

with lα the charged SM leptons. The SM couplings of the HNLs are heavily suppressed by the small
mixing angles Uα = MD

αM
−1
N . This, however, allows HNLs to be produced in meson decays [228], particularly

weak decaying-hadrons (thus the lightest hadron of each flavour, B , D , K or even π) and to decay typically
either through a hidden charged current into `±π∓ or through a hidden neutral current into νπ0 (π0 may be
substituted for any other pseudo scalar neutral meson). The π0 would then promptly decay into γγ. The width
of such neutral semileptonic decays is given by:

Γ(N → ναh
0
P) =

G2
Ff

2
hM

3
N

32π
|Uα|

2

[
1−

(mh

mN

)2]2
. (1.73)

HNLs are a powerful tool for explaining baryonic asymmetry (Section 1.2.3) [133, 229–231], neutrino oscil-
lations (Section 1.2.4) [104, 231, 232] or Dark Matter (Section 1.2.2) [104, 231, 233].

1.3.2.6 Vector portal

Portals emerging from extra U(1) symmetric fields which kinetically mix with the SM U(1) photon field to give
rise to extra vector “dark” mediators dubbed Dark Photons (DP). They emerge from two U(1) group theory
Lagrangians:

Lkinetic = Lψ,A + Lχ,A′ − ε

2
FµνF ′

µν +
1

2
m2
A

′(A′
µ)

2. (1.74)

where Lψ,A and Lχ,A′ are the standard and extra QED-like Lagrangians, which can be found in Equation
1.47. ε� 1 is a dimensionless mixing parameter which is assumed to be small and A′ is the DP field. The DP
may couple to the SM photon through the Lagrangian:

LDPγ = − eε√
1− ε2

JµA
′µ ∼ −eεJµA

′µ. (1.75)

It may acquire mass either through spontaneous breaking of the gauge symmetry, which locks the mixing
angle and creates a dark Higgs bosons, or through the so-called Stueckelberg process [234] with Lagrangian:

LStueckelberg = −1

2
M2
aAaµA

µ
a − 1

2
M2
bAbµA

µ
b −MaMbAaµA

µ
b . (1.76)

The DP phenomenology mainly derives from its interaction term:

LDP int = −εeJµA′
µ. (1.77)

As a result, the DP couples to SM particles as the SM EM current Jµ. The DP can thus be produced
through meson decays, but also in (quasi)elastic scattering processes, bremsstrahlung or Drell-Yan processes
[218] and gluon excitation [235] processes if mDP is large. The DP may decay into lepton pairs, a particularly
clean channel, or into quark pairs [236], particularly into sets of π including π0 which would then decay into
γγ. The width of the process is:

ΓDP→quarks =
1

3
αε2mDP

√
1−

4m2
µ

mDP

(
1 +

2m2
µ

m2
V

)
R(S = m2

DP ) (1.78)

DPs are relevant in the area of DM (Section 1.2.2) [11, 104, 237, 238], and is a favoured solution to the µ
g − 2 problem [1] if it were confirmed [239].
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1.3.2.7 Dark axion portal

An interesting case arises when the DP of Section 1.3.2.6 and an axion of 1.3.2.4 coexist: rather than simply
obtaining new vertices as a product of the two portals, entirely new couplings emerge as new fermions are
charged under both the DP’s U(1)Dark and the axion’s U(1)PQ (part of KSVZ axion models [240] [206]). This
implies a direct “real” coupling not induced by any form of mixing to the vector portal [241]. The Lagrangian
for the emerging dark axion portal (DAP) reads as:

LDAP =
gφγA′

2
aFµν F̃

′µν +
gaA′

A
′

4
aF ′

µν F̃
′µν , (1.79)

with Fµν and F ′
µν the photon and dark photon field strength tensors, respectively, and a the ALP (which

may be a QCD axion). The implication is that the ALP may couple indeed to two photons as normally the case
(Section 1.3.2.4), but also to a DP and a photon or to two DP through loop diagrams analogous to that shown
in Figure 1.13. A key characteristic is the carrying of both U(1)PQ and U(1)Dark charges by the loop fermions.
The DP, identically to the case of Section 1.3.2.6, may mix kinetically to the SM photon. The gφγA′ mixing
implies the existence of a possible decay of the DP to an ALP and a photon through the DAP with the width.

Γ(DP → γa) =
gaγA′

96π
m3

DP

(
1− m2

a

m2
γ

)3

(1.80)

DAP decays may be induced through π0 , η → aγDP decays where the visible photon may be detected in a
beam dump setup [242].

1.3.2.8 Leptophobic mediators

Leptophobic mediators are hypothetical particles that couple to quarks but not leptons. They are particularly
compelling candidates in the search for physics beyond the Standard Model. Their lack of coupling to leptons
allows them to evade many existing experimental constraints, which often rely on leptonic final states, thereby
opening regions of parameter space that remain largely unexplored. These mediators naturally arise in various
dark matter models where interactions occur primarily with hadrons rather than electrons or photons. Ongoing
experiments are uniquely suited to probe such particles through hadronic scattering signatures [243], offering
a complementary approach to traditional searches. By enabling the detection of weakly coupled, hadron-
interacting particles, studies of leptophobic mediators provide valuable insights into the structure of hidden
sectors and the possible nature of dark matter. Experimental constraints on those leptophobic mediators are
relatively weak [244, 245] and are thus within improvement range (see Section 2.2.2 [245]). Their interactions
are shown in Figure 1.15 and have Lagrangian:

Lleptophob = −gBV
µJBµ + gχV

µ(∂µχ
†χ− χ†∂µχ), JBµ =

1

3

∑
q

q̄γµq (1.81)

Figure 1.15: Production of leptophobic mediators V through proton Bremsstrahlung (left), through decays of
flavourless mesons (centre) and in Drell-Yan processes (right) [243].
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1.3.2.9 Conclusion

As shown above, a great variety of BSM physics may exist with highly attractive experimental photon-signatures.
Such new physics may allow the explanation of many limitations of our understanding of nature expressed in
Section 1.2. The means to observe such signatures will be the focus of the next chapter by the examination of
two modern experiments which are dedicated to advancing our knowledge of nature: The Scattering Neutrino
Detector at the Large Hadron Collider (SND@LHC) and the Search for Hidden Particles (SHiP).
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Chapter 2

Searching for hidden particles and
neutrinos at SND@LHC and SHiP

In this chapter the experimental modes of production and observation of collider neutrino and high intensity
searches for BSM particle will be exposed. In particular the process of acceleration and collisions as well as the
two flagship experiments relevant to this work: SND@LHC and SHiP.

2.1 The CERN accelerator complex
Particle accelerators are nowadays used to obtain the highest energies in a controlled setting. The are the only
known mean to achieve energies of several hundreds of GeV, at high intensity and with high concentration. The
production of new physics requires some combination of high energies and high intensities, making accelerators
ideal in this pursuit. Simultaneously, the study of nuclear effects in partons at small-x necessitates very asym-
metric collisions, hence large energies. These also allow for the study of high energy neutrinos with large fluxes.
A contextualisation of particle acceleration is provided in Appendix A.

The CERN Accelerator Complex houses some of the world’s largest and highest energy accelerators. It
makes use of linear accelerators and mostly synchrotons as shown in Figure 2.1 used to accelerate a variety of
particles. Protons are the most popular particle for acceleration due to its mass and abundance. The operation
of the largest accelerator, the LHC, is divided into Runs which are numbered and interleaved by long shutdowns
(LS). At the time of writing, the LHC is operating in Run 3 until 2026, it will be followed by LS3 which should
last 3 and a half years.

2.1.1 Particle collisions
The key reason why particles are made to collide with one another is the direct result of Einstein’s famous
equation:

E2 = m2c4 + p2c2, (2.1)

where E is the total particle energy, m is the particle mass, p the particle momentum in the given frame of
reference and c the speed of light in vacuum (which is otherwise taken as equal to 1). The direct consequence
of this equation is that mass and momentum are but a particular manifestation of energy, as such, momentum,
through energy conservation, may be converted into mass, enabling the creation of heavier particles with higher
energy particle beams. The way to maximize this energy is to utilise same energy particle beams and run one
into another to allow for collisions with a centre of mass energy:

ECentre of Mass = E1 + E2 = 2Ebeam, (2.2)

where E1 = E2 are the beam energies. The LHC at CERN is the most powerful contemporary particle
collider, designed to reach up to 7TeV proton beams, allowing it to effectively probe the right hand side of
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Figure 2.1: The CERN accelerator complex. The proton beam begins in a hydrogen bottle before being
accelerated in the LINAC4 previous to them entering the Booster, being further accelerated in the Proton
Synchrotron (PS) and entering the most relevant accelerators for this work: the Super Proton Synchrotron
(SPS) and the Large Hadron Collider (LHC) [246].
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Figure 1.12. LHC interactions are dominated by gluon-gluon fusion although certain Drell-Yann processes also
occur, both processes are shown in Figure 2.2 [247].
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Figure 2.2: Drell-Yan production of a charm quark pair preferred at the Tevatron (left). Gluon-gluon fusion
production of charm quark pairs preferred at the LHC (right).

The expected number of collisions is determined through a variable called Luminosity, measured in b−1, L
which is an expression of the number of expected collisions:

Nevent = LσFS, (2.3)

where σFS is the cross section of the final state. L is in the case of LHC determined by:

L =
N2
b nbfrevγr
4πεnβ

∗ F, (2.4)

where Nb is the particle count per bunch, nb the number of bunches per beam, frev the revolution frequency
of the beam around the ring, γr the beam’s relativistic gamma factor, εn is the area occupied by the beam in
position and momentum space known as emittance [248] and β∗ is the beam’s amplitude function.

Four Large Experiments operate at the LHC: A Toroidal LHC Apparatus (ATLAS) [249], the Compact
Muon Solenoid (CMS) [250], A Large Ion Collider Experiment (ALICE) [251] and the Large Hadron Collider
beauty (LHCb) [252] whose positions in the CERN accelerator complex are shown on Figure 2.1. Each of
them take place at an interaction point where the bunches forming the particle beam collide and produce a
vast variety of particles which are observed and recorded by the 4 detectors. Particles fly at every conceivable
angle from a centre of mass frame. The longitudinal momentum of the colliding parton-parton system is given
by (x1 − x2)Ep , particles emerging from a collision are boosted in the beam direction which define rapidity
y = 1

2 ln
E+p

z

E−p
z
, where E is the outgoing particle energy projected on the z-axis and pz is the corresponding

particle momentum. Rapidity has the convenient property that it is invariant under Lorentz boosts and the
z-axis. A practical approximation is the assumption pz ∼ E cos θ with θ the particle polar angle with respect
to the z-axis, this leads to pseudorapidity η, visualised in Figure 2.3 and defined by:

η = − ln tan
θ

2
(2.5)

Large amounts of neutrinos are produced in these collisions, a large majority of which remain undetected
as a result of their small interaction cross-section. Dedicated detectors are however capable of observing them.
This is the primary goal of SND@LHC.

2.2 The Scattering neutrino detector at the LHC

2.2.1 Forward neutrino production at colliders
Production of neutrinos at the LHC emerges mainly from prompt W , Z0 leptonic decays and beauty and charm
decays as well as subsequent decays of kaons and pions. They have a broad energy spectrum that extends well
into the TeV range which is underexplored in experimental neutrino measurements (Figure 1.11). Collider
neutrinos have been considered for physics studies for over 30 years [254–256] but it is only somewhat recently
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Figure 2.3: Proton-collision representation of the ATLAS experiment at the CERN LHC. η is the pseudo rapidity
[253].

that their physics potential was truly made clear [257, 258] as they allow for a controlled flux of high energy
neutrinos. The key characteristic of neutrino fluxes at the LHC is their pseudo-rapidity dependence:

• For 4 < η < 5, neutrinos are mostly produced in leptonic decays of W bosons with a roughly even flavour
distribution due to lepton universality [259].

• For 6.5 < η < 9.5, neutrinos mostly emerge from c and b decays with the rarely observed ντ [260] [261]
representing ∼ 5%.

As a direct consequence, collider neutrinos cannot only serve to determine the ν interaction cross section
in the O(100GeV) − TeV range but can also be used to probe heavy-flavour physics in the high-η range:
the forward region [262]. LHC detectors are typically not well-instrumented in this range as shown in Figure
2.3. This can be used to constrain the very loosely known gluon PDF in the very-small x region (see Section
1.1.4) through prompt charm production in pp collisions [263] due to the asymmetrical collision implying a low
gluon x. The strange sea quark contribution may also be studied through W -mediated neutrino interactions
within the detector volume. This contribution is unique to neutrinos as they may only interact weakly, not
electromagnetically unlike e.g. electrons at HERA [95, 264, 265]. The charm may therefore be produced
and its large mass implies a very short lifetime comparable to that of the τ lepton which is produced in ντ
interactions. This constitutes an important proof of concept in its observation. In addition, the measurement
of the underlying flux of ντ enables lepton flavour universality tests through the determination of the lepton
flavour ratios ν

e

νµ
and νe

ντ
. These are only sensitive to the source quark hadronisation fraction provided all three

neutrino flavours can be identified.

2.2.2 Experiment and detector system
The goals of observing collider neutrinos, constraining the gluon and strange PDFs, the charm hadronisation
function and the F1, F2 and F3 structure functions as well as BSM physics searches are pursued by the Scattering
Neutrino Detector at the LHC (SND@LHC) experiment [266] [267]. The experiment is located in the 7.2 <

η < 8.6 range, 480m away from the ATLAS interaction point within the TI18 access tunnel and is expected
to collect data from 250 fb−1 of pp collisions between 2022 and 2025, providing it with particular sensitivity to
charm quark neutrino decays as shown in Figure 2.4.

As a result, around 90% of νe in SND are produced by charm quark decays (as pions, K± and K0
S seldom

decay into νe due to helicity and isospin suppression) whereas ντ are almost exclusively produced by Ds decays
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Figure 2.4: Neutrino production mechanisms as a function of their energy and pseudorapidity in an LHC pp
collider experiment [268].

(considering that no other sufficiently heavy particle has significant presence in this η region to produce a
substantial τ flux). νµ have a greater variety of production mechanisms considering the many kaons and pions
produced in this region as well as charm in particular. The main observed particle however remains the µ, it
abundantly traverses the ∼ 100m of concrete wall separating the collision point from the SND detector. Muons
occasionally undergo catastrophic Bremsstrahlung radiation [269] and DIS interactions [270]. Muon fluxes are
thus studied in detail [271] whereas the total neutrino fluxes can be seen in Figure 2.5.

2.2.3 Detector system
The SND@LHC detector can be subdivided in three sections which can be seen in Figure 2.6: a veto detector,
a vertex detector and electromagnetic calorimeter, and a hadronic calorimeter and muon system.

2.2.3.1 Veto detector

The first element of the SND detector is a veto detector which serves to reject charged particles entering the
detector acceptance, particularly muons [271] from the ATLAS interaction point. The veto detector comprises
three (two until 2024) parallel planes made of plastic scintillator, a material which emits light when traversed
by ionising radiation (see Section 3.3.4). They are each composed of seven stacked EJ-200 [272] scintillator
bars, each 1 × 6 × 42 cm3 wrapped in aluminised mylar foil allowing for light tightness and isolation from any
light coming from a neighbouring bar or outside. Each plane is located 4.3 cm apart from one another. Each
scintillator is readout by 8 Silicon Photomultiplers (SiPMs, see Section 3.3.5.3), of type Hamamatsu S14160-
6050HS (6× 6mm2). There are 112 SiPM channels per plane housed onto Printed Circuit Boards (PCB) for a
total of 336 (224 until 2024) channels over the entire veto system.

The SiPM signals are digitised by TOFPET2 application specific integrated electronics (ASIC) [273].

2.2.3.2 Vertex detector and electromagnetic calorimeter

The vertex detector and electromagnetic calorimeter is based on two technologies: the highly position-accurate
Emulsion Cloud Chamber [274, 275] and coarser position reconstructing Scintillating fibres trackers [276], also
provide timing information. The emulsion detector consists of 5 walls each containing 2 × 2 bricks which
themselves are made of 60 19.2×19.2 cm2 emulsion films interleaved with 1mm thick tungsten plates shown in
Figure 2.7 for a total detector mass of 830 kg. The emulsion film thickness varies depending on whether the
films are being produced by the University of Nagoya (195µm plastic base, ∼70µm emulsion layer) or by the
Slavich company in Russia (175µm plastic base, ∼70µm emulsion layer). The emulsion walls themselves are
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Figure 2.5: Neutrino fluxes according to flavour in SND@LHC normalised to 250 fb−1 (top left), Electron (anti-
)neutrino flux as a function of their energy and η (top right), Muon (anti-)neutrino flux as a function of their
energy and η (bottom left), Tau (anti-)neutrino flux as a function of their energy and η (bottom right) [267].

Figure 2.6: Visualisation of the SND@LHC detector system [267]. The ATLAS interaction point is 480m to
the left of the apparatus.
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interleaved with the scintillating fibre trackers as shown in Figure 2.6 which serve to provide a timestamp to
the emulsion detector. The SciFi detectors are separated by ∼130mm of air each.

Figure 2.7: Schematic view of an SND emulsion wall consisting of 60 emulsion films interleaved with 59 tungsten
sheets [267].

Emulsion detectors Emulsion detectors are an old technology [277]. They possess no online digital readout,
require substantive preparation and processing, are fragile, provide no timing information and possess relatively
low efficiency, up to ∼ 95% in most applications. Yet nuclear emulsions are exceptional in their unmatched
spatial resolution which allows for outstanding precision in the observation of charged particle tracks. They
provide single hit spatial resolution below 1µm (with contemporary works underway to improve it even further
down to 50 nm [278]), an order of magnitude better than the best pixel detectors [279, 280], rendering them
the ideal candidate for the search of particles with short lived decay products: neutrinos [260, 261] and certain
forms of Dark Matter [26, 243, 281].

Emulsion detectors are comprised of thin emulsion films, which are composed of an emulsion substrate
and a plastic or glass base. The current emulsion substrate workhorse is constituted of a large number of
200 ± 16 nm halide silver crystals shown in Figure 2.8, each an independent detection channel. They are very
uniformly dispersed in a gelatine. The result is an extremely high-channel density of O(1014) channels cm−3.
AgBr crystals have a band gap of 2.684 eV, which implies that charged particle passage causes electrons in the
valence band to pass into the conduction band. The electron trap is rather shallow however (∼ 21 − 25meV)
which implies diffusion within the crystal until trapping in one of the sensitisation centres located on the crystal
surface, which itself is artificially created chemically (typically gold-sulphur sensitisation [282]). Once an electron
has been trapped, it is negatively charged and thus attracts the surrounding positively charged interstitial silver
ions which then migrate in the crystal lattice. The ion reacts with the trapped electron and thus forms a silver
atom through Ag+ + e− → Ag, thus rendering the sensitisation centre positively charged again and once again
ready to trap an electron. These processes take place multiple times and form an aggregate of silver atoms,
any aggregate containing 4 or more silver atoms is large enough to be developed and is called the latent image
centre at this stage.

The image may be amplified chemically in a dark room through a development procedure by soaking the
emulsion film in a reduction chemical implying the RedOx reaction

Red+ nAg+ 
 nAg+Ox+mH+,

Red and Ox are the developing agent and the oxidised developed agent respectively , n is the number of
ions and m the number of protons produced. This process leaves a metallic silver filament at the position of
the crystal with a latent image centre while latent imageless crystals are unaffected. The filament is called a
track segment whereas the assembly of multiple segments from multiple emulsion plates are called tracks. This
induces a gain O(108) which renders the particle tracks visible (see Figure 2.8) through a microscope. The
individual detection efficiency of a single crystal for a MIP is 0.17 [284] and there are typically 30–50 grains
per 100µm, the total crystal occupancy in terms of total emulsion volume is around 30–55%. A convenient
consequence of the mechanism is the proportionality of grains to particle ionisation meaning that low-energy
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Figure 2.8: 0.2µm Silver bromide crystals as seen with an electronic microscope (left) and 0.2µm Emulsion
track left by a MIP as seen by an electronic microscope[283]. There are 36 grains/100µm [284] (right).

electrons are more visible than MIPs, allowing the measurement of dE/dx for each track. However, as can be
seen in Figure 2.8, a random “fog” appears due to gelatine impurity, thermal effects and over-sensitisation. A
fog density < 5 grains · µm3 is deemed low enough not to impede measurements. The intrinsic point spatial
resolution of an emulsion detector assuming spherical crystals is close to 50 nm and 0.35mrad angular resolution
[285].

The scanning of an emulsion plate is done through an optical microscope and relies on adjusting the focal
plane of the objective lens through the whole thickness of the emulsion to obtain an optical tomography of each
view field as shown in Figure 2.9. The emulsion plate is placed on a movable stage and illuminated with a
short wavelength (λscan = 405 nm) lightsource which allow the optical observation of the silver grains by the
microscope’s camera which can be observed down to λscan

2 .

Figure 2.9: Schematic view of an emulsion microscope at SND@LHC [286] (left) and SND scanning microscope
(right). The plate is tapped to the stage and the optical transmission between microscope and plate is ensured
by utilising a transparent oil (typically lineseed oil).

In the case of SND@LHC, the films are scanned automatically by a microscope with minimal human
intervention with only steps such as placing the film onto the stage, parametrising the microscope and replacing
the film only taking place at the start and end of the scanning. One to two films are scanned per day depending
on the microscope. The full scanning of an emulsion brick by a single microscope would therefore take one to
two months. This leads to ten microscopes being used with four operating at CERN, three at the university
of Naples in Italy, two at the University of Bologna in Italy and one at the university of Santiago in Chile.
Segments are identified thanks to the LASSO software [287] and assembled into tracks then analysed using the
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Framework for Emulsion Data Reconstruction and Analysis (FEDRA) [288]. The emulsion films are exchanged
every ∼ 10−25 fb−1 depending on the LHC beam optics. A fully exposed plate will display ∼ 105 tracks cm−2.

Scintillating fibre detectors Scintillating fibre detectors (SciFi) are used to match tracks from the emul-
sion detector and provide a timestamp in SND. They feature mats of scintillating fibres very similar to the ones
used in LHCb [276]. The fibres used are 250µm diameter blue-emitting double-cladded polystyrene SCSF-78MJ
scintillating fibres from Kuraray which have a decay time of 2.8 ns. The fibres are arranged in 6-tightly packed
staggered layers glued with reflective titan oxide loaded epoxy glue called mats of 1.35mm thickness. These
mats are assembled in modules that may be readout in the X or Y direction. In the case of SND, the active
area of a SciFi module is 40× 40 cm2 with 5 XY planes, the mats and modules may be seen in Figure 2.10.

Figure 2.10: Picture of a SciFi mat (left) and of the SND SciFi tracker layers (right) [267].

The SiPMs used are Hamamatsu S13552 SiPM multichannel arrays [289] and are positioned at the end of
a given fibre module. They are placed on kapton flex PCBs and kept light-tight through a seal on the Kapton
flex, the aluminium module frame and an opaque Tedlar plastic sheet on each side of the module. The SiPMs
are operated at 15 ◦C which allows acceptable noise conditions of ∼ 25Hz/channel. The full detector thus
achieves an overall efficiency of ∼ 99% [267]. The SiPM array has a channel area of 0.25 × 1.625mm2 with
peak photodetection effiency ∼ 47% using a 3.5V overvoltage for a gain of 3.6 × 106. This induces a signal
of 25photoelectrons/MIP (see Section 3.1 and 5.4) whereas the dynamic range linearity stretches to ∼ 50 PE.
Similarly to the veto detector, the SciFi is readout by TOFPET2 boards.

The SciFi’s time resolution is limited by the detected photon counts and the scintillator decay time. It has
been determined to be ∼ 330 ps on each fibre layer which implies ∼ 230 ps per plane and ∼ 100 ps over the
entire tracker while the track spatial resolution is around 90µm [267].

2.2.3.3 Hadronic calorimeter and muon system

The hadronic calorimeter (HCAL) and muon system is located downstream of the vertex detector. It is present
to identify muons and provide energy reconstruction for hadronic showers that leak out of the emulsion walls
(see Section 3). It is made of 8 layers of scintillator bars interleaved with 20 cm iron blocks. This yields an 11
nuclear interaction length calorimeter. The system has two major components. The first 5 layers have coarse
position resolution and are called the Upstream System (US), using 82.5 × 6 × 1 cm3 of EJ-200 scintillator
wrapped in aluminised Mylar foil similar to the veto system. The bars are readout by 16 SiPMs each with 6
Hamamatsu S14160-6050HS and two Hamamatsu S14160-3010PS [290] SiPMs (3× 3mm2) on each end which
in turn see their signals digitised and further readout by a TOFPET2 readout board similar to that of Section
2.2.3.1. The SiPM are arranged onto custom PCBs in a pattern alternating 2 large SiPM for every small SiPM
per bar side. The smaller SiPMs are used to compensate for the saturation of the large SiPM channels through
their superior pixel density and reduced area (see Section 5.5.2) as the calorimeter needs to be sensitive to large
hadronic showers inducing great amounts of light. In order to maximise light collection, the ∼ 1mm space
between scintillator and SiPM is filled with silicon epoxy gel (see Section 5.5.4).

Behind the 5 US layers are 3 Downstream System layers (DS) which are used primarily for muon identi-
fication. Each DS station consists of a horizontal plane and a vertical plane of 60 thin scintillating bars each
measuring 82.5 × 1 × 1 cm3 and 63.5 × 1 × 1 cm3 respectively with the third station having an extra vertical
plane. The bars are readout by single large SiPMs analogous to the US ones, horizontal ones being readout on
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both sides whereas vertical bars are only readout on the upper end in order to allow for the placing of the bar
as close as possible to the floor as to maximise detector acceptance, they are readout by 60 SiPMs placed on a
PCB at a regular 1.1 cm interval from one another for a total of 600 SiPMs DS-wide readout through TOFPET2
boards in a similar way to the US. Each bar is tightly wrapped in aluminised mylar foil which extends to the
SiPM-less side of the vertical layers the DS bars. The full US and DS system can be seen in 2.11.

Figure 2.11: DS bars (left) and US and DS single layer visualisation (right) [267].

2.2.3.4 Neutron shield

In January and February 2022 a neutron shield was built in order to reduce the incoming flux of thermal
neutrons from particle interactions in the cavern walls which increased the emulsion fog. The neutron shield is
composed of 4 cm thick borated polyethylene and 5 cm thick acrylic layers. It reduces unwanted interactions by
a factor 10−7. In addition to this significant reduction in background rates, the neutron shield provides effective
insulation which is beneficial for the long-term stability of the emulsion films, it is therefore accompanied by
a cooling system which preserves the target temperature at 15 ± 1 ◦C and the relative humidity in a range of
40− 50%. The full system can be seen in Figure 2.12.

Figure 2.12: Picture of SND@LHC after February 2022, the ATLAS interaction point lies outside the picture,
480m towards the viewer [291] (left) and schematic drawing of the neutron shield [100]. The interaction point
is there to the left. (right).
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2.2.4 SND data acquisition, trigger and software

2.2.4.1 Online data acquisition

The data from the electronic detectors, all readout through TOFPET2 boards and acquired by the DAQ boards
is recorded on a surface DAQ computer. The recorded information includes timestamps, integrated charge
and channel and board numbers. The full detector uses 37 DAQ boards which each concentrate the data of 4
TOFPET2 (FE) boards. The full system is synchronised to the LHC bunch crossing clock signal and operates
triggerless, that is to say, no input trigger signal is provided to the detector system to begin or otherwise
influence data acquisition and all recorded hits are transmitted to the DAQ server. In such a configuration,
noise reduction is crucial to avoid a saturation of the readout. This is done at the FE level through threshold
setting and at the DAQ server level in the event building step. The LHC clock (40.079MHz bunch crossing
frequency) and orbit signals (11.245 kHz revolution frequency) from the LHC Beam Synchronous Timing (BST)
are received by a Trigger Timing Control (TTC) [292] through optical fibres and extracted by a dedicated
BST-TTC board sends it further to the detector units using the TTC. The boards receive the signals thanks
to TTCvia and TTCex modules housed in a VME crate. The TTCvia ensures reception of clock and orbit
signals as well as generation of trigger signals and (a)synchronous command signals which are then encoded and
transmitted to the front end by the TTCex.

An Experiment Control System (ECS) is established to ensure the smooth and automatic running of the
experiment. It encompasses a Detector Control System (DCS) which controls and monitors power supplies,
cooling, humidity, temperatures and fire alarm, a Data Quality Monitoring (DQM) which produces data his-
tograms and updates them every 105 events while also reading and converting the online data format into an
offline analysis format. In addition the ECS comprises logging of the state configuration and conditions of the
DAQ systems which allows for effective and speedy recovery when needed. The ECS as a whole, being the top
level experiment control, hence provides a unified framework for hardware control and software processing. It
functions using an ECS Process Manager (EPM) which runs on the main server and links every online system
element, ensuring the smooth start and monitoring of their status as needed. The EPM restarts processes if it
is found not to be running and is notably capable of starting DAQ automatically when the LHC declares stable
beams, it is operated through the ECS Graphical User Interface (GUI) which allows for easy and clear access
to the EPM components.

2.2.4.2 Offline software, simulation and data analysis

The official SND software is called sndsw [293] and is a fork of the FairShip framework which functions similarly
for the SHiP experiment [294]. FairShip itself is based on FairRoot [295] which is used for simulation, data
analysis, interpretation and event display.

Simulation Simulation is crucial to allow the testing of analysis techniques in a controlled environment,
where interactions and their participants are identified a priori and generated from a list of known physics
behaviour, making use of pseudo-random generation techniques where needed [296]. They are done through
the GEANT4 [297, 298] package. Detector geometries are defined by including active and passive volumes,
incoming particles as well as their energy depositions in matter. Depending on the targeted physics case,
different simulation engines are used to handle critical effective interactions of matrix elements: Muons from pp

collisions are transported through the LHC magnets, materials, collimators using a FLUKA model [299, 300].
Their interactions are generally simulated using GEANT4 whereas their DIS are handled by Pythia6 [301],
DPMJET3 [302] or Pythia8 [303]. Neutrino production is handled by DPMJET3 and their interactions in the
detector are handled using GENIE [304]. Each of these engines provides a precise description of the physics
in questions (Pythia typically works for most elementary interactions but only describes them at leading order
whereas others may be preferred for descriptions where Pythia would be too imprecise) The GEANT4 simulation
can notably generate particles originating from the IP’s proton collision or from a particle gun which can be
set to a certain species, momentum, angle and/or origin point. Data, whether simulated or taken by electronic
detectors is handled identically and is stored as hits which can then be assembled into tracks.

Neutrino identification The determination of particles species observed in SND@LHC is of primordial
interest, particularly for leptons. Particles exiting the tunnel wall such as muons (MIPs or having interacted
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through DIS) are vetoed out using the aforementioned veto detector. νµ are observed as discussed earlier whereas
νe CC interactions are observed through the showers they produce in the EM calorimeter. ντ CC interactions are
most difficult to observe and require fine usage of the EM calorimeter’s emulsions to observe the kink produced
by the τ decay interactions taking place in the tunnel walls. All of these interactions are shown in Figures 2.13,
2.14 and 2.15.

Figure 2.13: Event display of simulated observation of a collider νe by SND@LHC using electronic detectors
[305].

Figure 2.14: Event display of first observation of a collider νµ by SND@LHC using electronic detectors [305].

SND expects a total of ∼ 2500 neutrino interactions over 290 fb−1 of which ∼ 50 would be ντ interactions
all shown in Table 2.1. While this constitutes a significant increase compared to historical observations (19 at
the time of writing) it remains an extremely statistically limited search. This is, among others, a limit which
should be lifted with the Search for Hidden Particles experiment.

2.3 The Search for Hidden Particles
Searches for BSM physics necessitate a combination of high enough energies and high enough intensities to be
observed (Section 1.3). High-intensity searches are limited by their achievable decay modes and thus benefit
from energies large enough in order to produce heavy flavour particles that expand their sensitivity into higher
energy ranges.

The flagship example for these high-intensity searches implementing this approach is the recently approved
Search for Hidden Particles (SHiP) at the Beam Dump Facility (BDF) [26, 104, 306–310] which will be located
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Figure 2.15: Visualisation of a ντ reconstruction, dotted lines are unseen particles. The shower structure has
been simplified and scales have been adjusted for maximum clarity.

Flavour
Neutrinos
in accep-
tance 

CC neu-
trino 〈E〉
[GeV]

Interac-
tions yield

NC neu-
trino 〈E〉
[GeV]

Interac-
tions yield

νµ 3.4× 1012 450 1028 480 310

νµ 3.0× 1012 480 419 480 157

νe 4.0× 1011 760 292 720 88

νe 4.4× 1011 680 158 720 58

ντ 2.8× 1010 740 23 740 8

ντ 3.1× 1010 740 11 740 5

All 7.3× 1012 500 1930 540 625

Table 2.1: Expected neutrino interactions in SND@LHC over 290 fb−1 [100].
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in the CERN North Area in the ECN3 hall as visible in Figures 2.16 and 2.17, making use of 4× 1019 400GeV

slow-extracted SPS protons on target (PoT) over 200 days of operation per year with 5000 spills a day (see
Figure 2.1), beginning its data taking around 2030 and operating for 15 years. The experiment uses protons
as they are easiest to accelerate at high energies and intensities while having the greatest diversity of possible
interactions. When interacting, the proton should produce as many heavy flavours as possible. The top is
inaccessible due to its very high mass, beauty and charm quarks, mainly manifesting in D and B mesons, are
hence preferred. The exact yield of each production channel is influenced by the cascade effect, causing heavy
flavour to not only be produced in prompt collisions, but also for them to emerge from subsequent interactions
of promptly produced particles with the thick target [275]. These production mechanisms are shown in Figure
2.18 whereas the sensitivity of SHiP to benchmark BSM models are shown in Appendix B.

Figure 2.16: Overview of the BDF/SHiP infrastructure and detector components [26].

Figure 2.17: BDF/SHiP component sizes [26].

The extreme intensity of the dump implies an equally large production of associated particles which cannot
be allowed to become a significant source of background as the searched for signals are extremely faint and
could very well constitute no more than a couple of events over the entire 15 years of SHiP physics runs if they
were to be observed. This induces the need for dedicated filter and veto systems.

The SHiP detectors systems will be introduced in order while descending the beam line.

2.3.1 SHiP upstream systems
The SHiP experiment is divided into 4 primary sections, the first of which is composed of upstream systems
meant to dump the beam and allow for the rest of the detector systems to pursue the physics program. This is
done with a beam and target complex and a muon shield which are discussed in the following section.
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Figure 2.18: Production of two charmed particles in fixed target experiments at leading order [311] (left) and
example production of single charm [296] (right).

2.3.1.1 SHiP beam and target complex

The SHiP proton beam is the starting point of the physics program and is thus optimised for maximum proton
yield. The high intensity of the proton beam renders an increase of the beam spot desirable to diffuse the heat
induced by the collisions. Hence, the SHiP/BDF would utilise a large beam with σb ∼ 35mm with studies
being under way to increase it further while keeping beam tails under control [26].

The beam arrives on a tungsten target to maximise charm and beauty production [306]. The target blocks
are spaced by 5mm, allowing for water-cooling, necessary to prevent a target meltdown caused by the intense
2.6MJ/pulse−1 every 7 seconds, corresponding to around 350 kW of average beam power. The target itself can
be seen in 2.19 whereas the full SHiP target system can be seen in Figure 2.20.

Figure 2.19: SHiP target composition and design (left) and expected temperature rise during pulse from simu-
lation (right) [26].

The consequence of the dump’s intensity is a large muon flux (O(1010)µ/spill) with more than 10GeV

momentum focused in the forward region. This flux, to eliminate combinatorial background and limit muon
DIS background, must be limited. Low-energy muons, hadrons and electromagnetic components are stopped
using a 5m long hadron absorber made of magnetised iron, possibly followed by extra shielding if necessary.

2.3.1.2 SHiP active muon shield

While low-energy muons are be stopped by the hadron absorber, the outgoing muon flux does not stop at low
energies as shown in Figure 2.21. In order to reduce it, the most effective solution was shown to be using an
active Muon Shield (MS) made of a series of custom magnets [307]. The muons are swept out utilising an
alternating polarity scheme [312]. The working principle allows to deflect both high and medium energy muons:
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Figure 2.20: SHiP target complex in ECN3 and design [26].

Figure 2.21: Expected muon flux exiting the hadron absorber as a function of total momentum p and transverse
momentum pT [26].

• High-energy muons are deflected in the core of a first section and then further deflected by the return
field induced by the yoke of the second section.

• Medium-energy muons are refocused by the first section’s return field onto the yoke of the second section
then deflected outwards.

Both sections have alternating polarity and allow the suppression of the muon rate in the detector region
by ∼ 106. The scheme can be seen in Figure 2.22

Two configurations are under study for the MS: a 1.7T normal conducting 6-magnet section configuration
and a 5.1T hybrid superconducting/normal conducting scheme. The latter allows for a shorter muon shield.
The full optimisation of the MS is still ongoing at the time of writing but the overall length of the muon shield
should be ∼ 10m.

2.3.2 SHiP scattering and neutrino detector detectors
The SHiP SND is where a large portion of the physics program is pursued: neutrino physics, searches for light
(O(100MeV)) dark matter, lepton flavour universality violation searches and hadron flavour physics are done
using the intense neutrino and muon flux.

50



Figure 2.22: SHiP muon shield deflection scheme (left) and expected prompt dose (essentially muon-induced)
at SHiP (right) [307]. The detector apparatus is placed in the low dose region at the centre. 1µSv is estimated
to correspond to ∼ 106µ.

2.3.2.1 Emulsion section

The complementarity between SND@LHC and the SHiP SND (or SND@SHiP) encourages a very similar detector
system for the latter compared to its collider neutrino counterpart. It is as such consisting of an initial section
of five ECC walls made of 180 20× 20 cm2 emulsion films (standard Nagoya emulsions) interleaved with 1mm

tungsten plates for a ∼ 7.8 cm and ∼ 500 kg target, benefiting from the return on experience of its LHC cousin.
These ECCs are interleaved with SciFi tracking stations which would be used to provide electronic timing
information and tagging to the SND@SHiP forming the target tracker.

2.3.2.2 Silicon section

A second section would utilise high-resolution silicon strip detectors and would be based on interleaving them
with tungsten plates based on the SND@LHC planned upgrade [262].

2.3.2.3 SND magnetised tracking calorimeter

The SND@SHiP is completed with a hadronic calorimeter which would combine SciFi tracking stations analogous
of those of Section 2.3.2.1 with scintillator tiles readout by wavelength-shifting fibres and SiPMs.

The detector is pictured in Figure 2.23.

2.3.3 SHiP decay volume detector system
The large particle intensity found in SHiP may produce a variety of weakly coupled BSM particles which
themselves would be long lived enough to travel several tens of meters within the detector before decaying back
into visible SM final states. This implies the need for a detector system allowing for the undisturbed decay of
BSM particles as well as sufficient background taggers ensuring that no stray particles from the dump of cosmic
radiation be confused for a signal. Those roles are filled by the SHiP decay volume as well as its associated
detector systems.

2.3.3.1 SHiP decay volume

Immediately downstream from the SND ∼33m from the proton target centre is the SHiP decay volume. It is a
vessel, seen in Figure 2.24, which defines the decay acceptance for BSM signatures in a wide variety of models to
optimise the overall sensitivity of the experiment. The tank would be made of aluminium and filled with helium.
The helium is contained inside of a balloon, itself encased into an aluminium supporting structure. The choice
of helium is made as it removes the need for difficult and expensive vacuum sealing and pressure robustness of

51



Figure 2.23: SND@SHiP Magnetised tracking calorimeter.

the vessel. It comes with the significant disadvantage of increased background, although the background was
found not to be insurmountable [313, 314].

A key characteristic of the decay volume is its double wall structure, with an inner wall of 20mm, to which
are added azimuthal and longitudinal strengthening members, 200mm height and 15mm thickness each, and
an 20mm thick outer wall.

The decay volume is divided in ∼ 1400 cells of varying size which contain the Surround Background Tagger
described in Section 2.3.3.3 and represent a volume of ∼ 145m3.

Figure 2.24: SHiP decay vessel [26]. The color code represents the load on different sections in a FEM analysis.

2.3.3.2 SHiP Upstream Background Tagger

Certain particles from the dump, primarily muons, pass the MS’s deflection and make it into the decay vessel.
This background is vetoed using an Upstream Background Tagger (UBT). The SHiP UBT tags the timing
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and position of incoming background charged particles using gas detectors based on Multigap Resistive Plate
Chambers (MRPC) [26]. Each RPC is a plane capacitor filled with a gas mixture and readout using strips,
yielding excellent timing and good position resolution.

The SHiP UBT would consist of three planes of vertical MRPCs which would cover the decay vessel entrance.
Each plane include seven 1500 × 1200 × 1mm3 highly resistive (hence the name) glass electrodes readout by
1600×37.5mm2 copper strips. Correspondingly six gas gaps using a 98% C2H2F4, 2% SF6 mixture and operated
with a constant flow of 5 cm3 min−1 m2 constitute the UBT’s sensitive volume. A ∼ 20 cm overlap is foreseen
to eliminate the impact of dead regions (used for mechanics or readout for instance).

Utilising the combination of the MRPCs’s excellent timing resolution (∼ 50 ps) and its good position
resolution (O(mm)), the background may be effectively vetoed.

2.3.3.3 SHiP Surround Background Tagger

Although the UBT effectively tags background induced by the dump’s central area, there remain muons outside
of the UBT’s acceptance which are significant as seen from Figure 2.22. In addition, muons may undergo
backward-scattering with the cavern’s walls back into the decay volume. Particularly problematic is muon deep
inelastic scattering on the decay vessel’s walls and the electromagnetic debris created in the process. These
forms of backgrounds are tagged by the SHiP Surround Background Tagger (SBT) [315].

The SBT utilises the gap between both decay vessel walls which is filled with liquid scintillator [316] a
wavelength shifter (see Section 3.3.4). The light emitted by the liquid scintillator is captured by a Wavelength-
shifting Optical Module (WOM) [317, 318], a transparent PMMA hollow tube coated with wavelength shifting
organic luminophore paint. The light captured by the WOM is totally internally reflected by its walls and
arrives to the tube’s end where it is readout by a ring of 40 SiPMs. The overall spatial resolution achieved is
around 10 cm whereas the timing resolution is ∼ 1 ns with an overall efficiency of 99.9% over the entire volume
for energy depositions above 45MeV [26].

There would be around 4000 WOMs over the entire SBT, ensuring full coverage around the acceptance
leading to the Hidden Sector Spectrometer (HSS).

2.3.4 SHiP Hidden Sector Spectrometer
Particles exiting the decay vessel must be observed, tracked, tagged identified and measured. This is done
through the 4× 6m2 HSS which consists of a magnet, a main tracker, a timing detector and most relevantly for
this work, a calorimeter system. This last element will be the focus of Chapters 3 and 4 while the other three
are summarised below.

2.3.4.1 Spectrometer magnet

The spectrometer magnet is used in conjunction with the tracker to measure the momenta of outgoing charged
particles (see Section 2.3.2). It would be a superferric H-type yoke magnet utilising two symmetric flat coils
with a target central field of 0.15T and a bending strength of ∼ 0.6Tm. The magnet will be built out of MgB2

cables similar to the High Luminosity LHC work package 6a’s [319] and would be operated in gaseous helium
at 20− 30K. A visualisation of the magnet may be seen in Figure 2.25.

2.3.4.2 SHiP Spectrometer Straw Tracker

The Spectrometer Straw Tracker (SST) is based on 4m long and 2 cm drift tubes are made of ultrasonically
welded BoPET, a technique developed for NA62 [321] which significantly reduces multiple scattering within
the tubes and thus improves their spatial resolution. They are operated with Ar/CO2 (70/30%) at one bar in
a proportional regime, that is, the amount of charge produced in the discharge is proportional to the initial
ionisation (G ∼ 105 − 108) and biased with a HV of ∼ 2 kV.

The SST’s timing resolution will be ∼ 5 ns, allowing it to achieve its tracking purposes. The fine timestamp
will be provided by the SHiP Timing Detector.
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Figure 2.25: SHiP spectrometer magnet, in red are the coils whereas the yoke is displayed in green [320].

2.3.4.3 SHiP Timing detector

The Timing Detector is present to reduce muon combinatorial background to manageable levels through the
measurement of a time coincidence between two particles and provide particle identification (PID) through
time of flight for charged particles with p < 10GeV. For these purposes to be achieved, a timing resolution
σt < 100 ps or even σt < 50 ps if necessary.

The Timing Detector will consist of sets of three vertically staggered columns of plastic scintillator, each
144× 6× 1 cm3 and readout by an array of eight SiPMs equipped with a custom pre-amplifier and a SAMPIC
[322] or FASTIC [323] based front end. There would be 110 rows of bars and the bars would overlap by 5mm

vertically and ∼ 10 cm horizontally.

2.3.5 SHiP DAQ & Trigger
SHiP is characterised by a very long detector with low-radiation levels of conservatively ∼ 50 kHz over a 4×6m2

plane at the HSS level. The data flow is relatively modest. In addition, there is a complete impossibility to rely
on any form of external trigger, considering the length of the extraction (1 s). This implies the use of a fully
triggerless readout where hits are provided channel by channel, each containing a channel ID, a coarse time
(∼ 25 ns) and a fine time (∼ 1 ns) which is sufficient for most detector systems. Certain detectors require either
an extra single value in their data stream (ADC for the TT, ultra fine time (∼ 100 ps), useful for the Timing
Detector), an extra fixed amount of information (such as ADC values) or a variable amount of extra data for
when the amount of channels firing per event is not fixed [324]. Timing information is particularly crucial as it
is what will allow the system to sort data entries and build events.

Thus the system’s Common Detector Electronics (CDE) will be defined through three main components:
the Timing and Fast Control (TFC) system, which delivers the clock and fast commands; the Experiment
Control System (ECS), in charge of the slow control (FE registers and memory access), the monitoring of the
detector and the firmware reconfiguration and the Data Transport and Concentration (DTC) system, which is
in charge of performing the readout of the physics data produced by the sub-detectors [325].

SHiP is as such divided in autonomous partitions which are all readout during SHiP data cycles (which for
instance contain SPS extractions spills). Partition data is merged by concentrators into data streams and sent
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to the Partition Front End Host Computer where all data is merged into a final partition data stream. This
architecture can be seen in Figures 2.26 and 2.27.

Figure 2.26: SHiP partition system architecture [325].
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Figure 2.27: SHiP readout scheme [325].
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Chapter 3

Particle detectors, calorimetry and the
SHiP calorimeter

The observation of particles, whether they be known or new, requires the usage of a particle detector. While
detector technologies are incredibly varied, ranging from thin solid state semiconductive layers equipped with
readout implants [296, 326, 327] to gaseous volumes [328, 329], the basic physical principles governing these
detectors remain mostly common in between them: a particle passes through a sensitive area defined as the
detection volume and leaves behind energy. This energy deposition may manifest in different ways which leads
to different detector technologies. This chapter will expose different particle interaction mechanisms as well as
the principles of a particular type of detectors called calorimeter. Formalism is mainly taken from [330–332],
unless otherwise indicated, all fundamental constants, notably c and ~ are taken as equal to 1.

3.1 Particle interactions with matter
The interactions of particles with matter vary depending on whether they are done by charged particles, photons
or other particles. The first two cases are particularly relevant to calorimetry and will thus be presented in the
following.

3.1.1 Ionisation
The most common interaction with matter is ionisation, governed by the so-called Bethe-Bloch formula:

−

〈
dE

dx

〉
= Kz2

Z

A

1

β

[
1

2
ln

2mec
2β2γ2Tmax

I2
− β2 − δ

2

]
, (3.1)

with

〈
dE

dx

〉
representing the average ionisation, the proportionality constant K = 4πNAr

2
emec

2, with NA

the Avogadro number, re the classical electron radius, me, the electron mass and c the speed of light, being a
proportionality constant, z the charge number of the incoming particle, Z the charge content of the impinged
atomic structure, A the mass content of the nuclear structure, Tmax the maximum kinetic energy that may be
imparted to an electron in a single collision. β is the Lorentz ratio of particle speed and speed of light, γ is
the Lorentz relativistic factor, δ is a function of βγ is the density effect correction term while I is the mean
excitation energy.

A key peculiarity of the Bethe-Bloch equation is its complete invariance when set as a function of βγ ∼ p
m

in a relativistic approximation. The other remarkable feature is the absolute minimum in energy deposition
around βγ ∼ 3 as well as the very slow rise of the energy deposition as a function of βγ. As a result of this
behaviour, particles with βγ > 3 are typically calledMIPs (Minimum Ionising Particles). As an example, a muon
µ− (chosen for its limited ability to interact otherwise than through the Bethe-Bloch-described-mechanisms)
with a βγ ∼ 3 would have p ∼ 300MeV and would deposit around 1.5MeV in 10 cm of a 20–80% Ar − CO2

admixture at 1 bar. The same muon, were it to have p ∼ 30GeV energy, would deposit a scarce 1.9MeV in the
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same configuration, that is to say, 2 orders of magnitude more energy lead to a mere 30% increase in energy
deposition.

A useful approximation is the assumption that all MIPs deposit ∼ 1.4MeV cm2 g−1 in materials with
Z ∼ 0.5A. These characteristics are exemplified in Figure 3.1.

Figure 3.1: Energy deposition in matter for positive muons as a function of βγ. Solid curves indicate total
energy loss, dotted lines illustrate the dependence of energy loss on charge at very low energies [11].

The energy deposition of a single MIP follows a Landau distribution:

fL(λ) =
1

π

∫ ∞

0

e−t ln t−λt sin(πt)dt ∼ fM (λ) =
1√
2π
e−0.5(λ+e

−λ
). (3.2)

with a most probably value (MPV) given at λ = −0.22278 and a full width at half maximum (FWHM)
given by ∆λ = 4.018 in the canonical form. Practically, the Landau distribution is often parametrised as:

L(x, µ, σ) =
A

πσ

∫ ∞

−∞

e−
((x−µ)/σ−t)

2

2

t− x−µ
σ

dt. (3.3)

with µ the MPV, σ the width of the distribution and A a scaling factor for the distribution. The Landau
distribution in this parametrisation is visualised in Figure 3.2.

The asymmetric shape of the Landau is due to so-called δ−electrons, which are knocked off atoms in the
ionisation process and lead to increased ionisation yields.

Ionisation, while common, is however only limited to charged particle interactions and evidently cannot
apply to neutral particles such as photons.

3.1.2 Photon interactions in matter
Photons, interact differently than other particles. They have three different behaviours when in matter: photo-
electric effect, Compton scattering and pair creation.
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Figure 3.2: Representation of a Landau function parametrised with µ = 5, σ = 1, A= 1.

3.1.2.1 Photoelectric effect

The photoelectric effect (also called photoeffect) takes places at low energies, it corresponds to the interaction
of a photon with an atomic structure, where the photon is absorbed, promoting an electron called photoelectron
(PE) outside of the atomic shell. The photoelectron energy is described by:

E
e
− = hν − Eb, (3.4)

where h is the Planck constant, ν the photon frequency and Eb the bonding energy of the electron within
the atom. The probability of photoelectric interaction τ ∝ Z

n

(hν)
3 where n varies between 3 and 4 over the

energies of interest [11].
This form of interaction is utilised in all manners of photon detectors, such as Photomultiplier tubes (see

[333]) or particularly Silicon Photomultipliers (see Section 3.3.5.3).

3.1.2.2 Compton scattering

Compton scattering is the deflection of the incoming photon accompanied with the emission of a Compton
electron. The scattering process is kinematically described by the energy of the outgoing photon E′

γ :

E′
γ =

Eγ
1 + ε(1− cos θ)

, (3.5)

where θ is the outcoming photon’s angle with respect to the incoming photon’s angle and ε =
Eγ

mec
2 . The

energy of the Compton electron is defined:

E
e
− = hν

α(1− cos θ)

1 + α(1− cos θ)
. (3.6)

The Compton scattering cross section is largely (but not entirely) independent of Z and generally falls as
a function of photon energy σ ∼ 1

E . It is directly proportional to the medium’s electron density which varies
very little from material to material (only ∼ 20% variation from the lightest to the heaviest elements, hydrogen
excluded).
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3.1.2.3 Electron pair creation and bremstrahlung

The by-far dominant process for photons with energies above 2me is pair creation, where γ → e−e+. Pair
creation takes place when a photon is in the field of a charged particle, typically a nuclear electromagnetic field.

It is possible to average the radiated bremstrahlung energies to obtain the mean energy loss per path length:

dE

dx
=
NA
A

∫ E

0

Eγ
dσ

dEγ
dEγ . (3.7)

The electron’s mass is here neglected, A is the nuclear mass number and NA the Avogadro number. The
characteristic length for energy loss through bremstrahlung, X0, is given by:(

dE

dx

)
rad

= − E

X0

; E(x) = E0e
x

X0 , (3.8)

where X0 is called the material dependent radiation length and implies that the average electron will only
retain 1/e (∼37%) of its initial energy after passing through one radiation length.

As pair creation and bremstrahlung are similar concepts as mentioned previously, it is possible to express
the pair production cross section as a function of X0 as:

σpair ∼
7

9

1

X0

A

NAρ
, (3.9)

ρ being the material density, which implies a photon absorption length for pair production or mean free
path λγ :

λγ =
A

σpairρNA
=

9

7
X0. (3.10)

This translates to X0 being the length over which pair creation takes place with a probability of P (γ →
e+e−) = 1− e

7
9 = 54%, smaller than that of bremstrahlung for an electron.

These main defining features of both bremstrahlung and pair creation processes give rise to electromagnetic
showers (EM showers) formed by electrons and photons which are the core feature in (electromagnetic-)calorime-
ters.

3.1.2.4 Hadron interactions

Compared to leptons and apart from ionisation and bremstrahlung, hadron interactions in materials are signif-
icantly more complex, particularly as they have access to a much wider variety of interactions. It is however
possible to treat them with limited analogy to EM processes, in particular with a nuclear absorption length λa:

N(x) = N0e
− x

λa ; λa =
A

NAρσinelas
, (3.11)

with N0 the number of hadrons entering the medium, σinelas the inelastic scattering cross section of the
hadron and x the distance.

The key characteristic of hadron interactions is that λa � X0 as X0 ∼ A

Z
2 whereas λa ∼ A1/3. This implies

that a considerably greater amount of material is necessary to stop a hadronic shower than a photon or electron
showers. This implies large differences in hadronic showers topologies compared to their EM counterparts.

3.2 Calorimetry
Calorimeters are versatile detectors as they may, depending on chosen technologies, provide information in
particle identification, timing resolution and position determination. Nonetheless the main added value of
calorimeters in a detector system is their energy reconstruction which will be described here.
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3.2.1 Introduction
Although their name may suggest otherwise, calorimeters in high-energy physics are not effective in the recon-
struction of temperatures. Although eventually nearly all of the energy lost in a material through the processes
described in Section 3.1 is done in the form of a temperature rise, an impressive 1TeV energy loss in a material
would only corresponds to around 10−7 cal. Calorimeters in high-energy physics are destructive detectors in
that the measured particle typically doesn’t escape the detector volume. As a result they are often placed at
the end of the detection chain, followed only by detectors meant to observe what particles may survive the
calorimeter (see Section 2.2.3.3).

Since calorimeters aim to stop particles, the crucial question of its composition is asked. If the calorimeter
is to be made entirely with sensitive volumes, it may end up being fairly large and quite expensive but may
attain extremely good energy resolution. On the other hand, should most of the stopping power be provided
by dense (comparatively) inexpensive passive material such as iron, tungsten, lead or uranium, it will lose in
resolution but will be more affordable. This distinction defines homogenous calorimeters [334, 335] on the one
hand and sampling calorimeters [336, 337] on the other, which are both visualised in Figure 3.3. Furthermore,
calorimeters are often distinguished between electromagnetic calorimeters (ECAL) and hadronic ones (HCAL)
as the significantly larger λa implies a need for significantly more material than EM calorimeter. For this reason,
hadronic calorimeters are also rarely homogenous calorimeters.

Sensitive volume
Sensitive volumes

Passive volumes

Figure 3.3: Visualisation of a homogenous calorimeter (left) and of a sampling calorimeter (right).

The resolution of a calorimeter would in principle be limited by the particle number
√
N ∼

√
E assuming

every particle is seen as a direct consequence of Poisson statistics. In practice, however, it is limited by the
three factors:

σ

E
=

√
a2

E
+

b2

E2 + c2 =
a√
E

⊕ b

E
⊕ c. (3.12)

• a is the so called stochastic term and is directly derived from Equations 3.8 and 3.9 which encompasses
the Poisson statistics inherent to particle showers Nparticle ∝ E0 therefore σ(E) ∝

√
N . a therefore

regroups uncertainty due to the intrinsic random nature of shower fluctuations, the fluctuations in the
sampling for sampling calorimeters as well as signal quantum fluctuations. The stochastic term is as
such mitigated by using a homogenous calorimeter and utilising detectors with high-quantum efficiency
(see Section 3.3.5).

• b is known as the constant term, it regroups inhomogeneities in hardware variations (in dimensions, re-
sponse...) or calibration uncertainties, non-linearities in readout electronics (see Chapter 6), fluctuations
in longitudinal containment of the showers and fluctuations in the energy lost in passive material before
or within the calorimeter. b is the main limitation in energy resolution at low energies and is typically
dominated by electronic noise.
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• c is denominated the noise term as it arises from imperfections in the calorimeter, be they electronic
or mechanical in origin. Notable among those imperfections is energy leakage which is significant for
thinner calorimeters. c is the ultimate uncertainty at high energies and is reduced by minimising the
noise within the readout electronics as well as detector radioactivity and simultaneous events within the
readout window (also known as pile-up).

The resolution of calorimeters becomes instrumental for larger energies as, unlike trackers, their relative
energy resolution improves as energies get larger. c is the ultimate liming factor at high energies as it remains
constant while all other terms see their contribution to energy reconstruction uncertainty decrease as a function
of energy.

Sampling calorimeters typically suffer from large stochastic terms. This is determined by the so called
sampling fraction which is defined as the ratio of visible and total deposited energy:

fs =
Evis
Edep

. (3.13)

which is typically of the order of a few percent. Hadronic calorimeters are exclusively sampling whereas
electromagnetic calorimeters often make use of sampling techniques as an effective mean to reduce their costs.

3.2.2 Reconstruction of electromagnetic showers

3.2.2.1 Electromagnetic shower development

Electromagnetic showers develop primarily through the processes described in Section 3.1.2.3 and are the basis
of electromagnetic calorimetry. They are initiated by either (anti-)electrons which then develop into shower
through bremstrahlung, or photons which undergo pair creation. This then cascades into a shower. While
the internal dynamics of an electromagnetic shower are rather complex, a common approximation known as
Rossi’s approximation B [338] is often used as it displays a good match with observed data. In this hypothesis,
only bremstrahlung and pair creation are considered, multiple scattering is neglected, the shower is assumed to
propagate in a single direction and it is assumed that path-wise energy loss is energy independent and may be
approximated as: (

dE

dx
(Ec)

)
ion
X0 = −Ec. (3.14)

where Ec is defined as the critical energy, at which ionisation becomes the largest energy loss mechanism
for electrons, rather than bremstrahlung. Important is the scaling: namely that the shower development profile
is largely independent from the material for a given radiation length count (see Equation 3.8). An assumption
shown in Figure 3.4 is made that for each particle and after each radiation length, either bremstrahlung or pair
creation occurs once on average and each final particle carries half of the energy of the initial particle:

Under this assumption, 1
X0

∝ Z2, implying a performance improvement for elements higher in the periodic
table such as lead, tungsten or uranium. As the shower progresses in the longitudinal direction, the number of
particles, proportional to the total shower energy increases:

N = 2t, E =
E0

2t
, (3.15)

where t is the path length in units of X0. This induces a maximum number of particles Nmax, corresponding
to the shower maximum at tmax:

E = Ec =
E0

2tmax
; Ntot =

E0

Ec
; tmax =

ln E0

Ec

ln 2
. (3.16)

Significantly, Nmax is proportional to the initial energy E0 while tmax logarithmically increases with E0.

3.2.2.2 Longitudinal shower profile and Longo formula

The containment of the shower within the calorimeter is of primary concern to detector design, indeed it is not
possible to reconstruct shower energy if the shower maximum is reached in the last sensitive layer or beyond it.
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Figure 3.4: Visualisation of shower evolution according to Rossi’s approximation B. Each X0 causes a doubling
in particle count and thus a halving of particle energy [330].

Simultaneously, the channel number typically increases with calorimeter length leading to a need to optimise
the length to contain the shower while minimising readout channel count and thus cost.

The longitudinal profile of EM showers has been parametrised by Longo and Sestili in 1975 [339] in the
semi-empirical Longo formula:

dE

dt
= E0

ba

Γ(a)
ta−1e−bt, (3.17)

where a, b depend on E0 and Z. Looking for the function roots it is possible to derive tmax = a−1
b = ln E0

Ec
± 1

2

with the negative sum for electron-induced showers and the positive one for photon-induced ones.

3.2.2.3 Transverse shower profile

The angles θ of scattered electrons and photons with respect to the initial particle’s path are typically quite
small in EM showers as θ ∝ 1

γ =
me

E , since the electron mass is small compared to their kinetic energy. The
transverse shower profile is therefore mainly given by processes such as multiple scattering for electrons and
Compton scattering for photons.

The transverse shower profile is characterised by theMolière radius RM which defines the radius of a cylinder
containing 90% of the shower’s energy. The shower transverse profile decreases rapidly with distance, thus a
cylinder with a radius r = 2RM contains 95% and a cylinder with r = 3.5RM will contain 99% of the shower
energy.

The relative shower width tends to be wider for lighter elements, this can be seen in Table 3.1 which lists
the materials most relevant for this work.

Material Z X0 [cm] Ec [MeV] (e−) Ec [MeV] (e+) RM λa [cm] Minimum ionisation
[MeV cm−1]

polystyrene 3.5 41.31 93.11 90.65 9.409 77.07 2.052
polyvinyltoluene 3.37 42.54 94.11 91.62 9.586 78.80 2.019

iron 26 1.757 21.68 21.00 1.719 16.77 11.43
tungstene 74 0.3504 7.97 7.68 0.9327 9.946 22.10

lead 82 0.5612 7.43 7.16 1.602 17.59 12.74

Table 3.1: Calorimetric characteristics of relevant materials [11].
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3.2.3 Reconstruction of Hadronic showers
Hadron-induced showers have different properties with respect to electromagnetic showers. Incoming particles
undergo inelastic scattering with nucleons within nuclei. This leads to most of the energy inducing the emission
of hadrons in the forward direction. A smaller portion of the energy is transferred to other nucleons inducing
processes called an intranuclear cascade with neutrons being ejected about ∼ 1.5 times more frequently to
protons as a result of differing relative abundances within the nuclei. This process repeats with dynamics akin
to those of EM showers but may be interrupted when the produced particle is a π0 (which quickly decays almost
exclusively into γγ) or an η (which decays exclusively into some combination of π0 and γ) [11]. In this case,
the shower obtains an electromagnetic component which is independent from the hadronic contribution. The
nuclei left over from these processes are excited and undergoes spallation processes until around 100MeV are
lost.

Figure 3.5: Simulation of showers in an iron block. Only ionising particles are plotted [330].

The hadronic shower deposited energy is thus split into electromagnetic, ionisation, neutron, photon and
nuclei breaking contributions and fluctuates considerably more than EM ones. The energy resolution of HCALs
is typically much worst than that of ECALs as a result of greater losses in fluctuating invisible processes (such
as nuclei breaking or neutrino emission) and the fluctuations in the electromagnetic fraction in hadronic showers
[331, 340, 341].

The longitudinal profile of the hadronic shower is dictated by the nuclear interaction length λa with λa

X0
∼

0.37Zfor most common materials such as iron. Standard hadronic calorimeters are generally around 5λa long
[267] [340] which allow for satisfactory containment. Transverse sizes of hadronic showers are extremely variable
from event to event, the rule of thumb R95% ∼ λa is generally valid with precise values depending on the material
[331].

3.2.4 Particle identification with calorimeters
Particle identification (PID) is an essential role of calorimeters. It is done by isolating the particle type based
on its unique characteristics. In high energy physics, these are primarily the particle’s charge, its mass and main
interactions. Calorimeters are instrumental in PID performance as they allow for the precise identification of
electrons, photons, hadrons and muons which will interact differently with the calorimeter materials. Electrons,
charged hadrons and muons are seen in the tracing system whereas photons and neutral hadrons are not.
Electrons and photons shower and are stopped inside of the ECAL section of the calorimeter system whereas
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hadrons usually shower and be stopped in the HCAL section. Muons mostly escape the detector entirely while
being observed by every subsystem. These behaviours allow for PID to occur, shown in Figure 3.6.

Figure 3.6: Illustration of particle identification in different detectors [330].

While this allows to obtain good performance, rarer events (for instance pions showering significantly in
the ECAL) remain. These prevent the system from reaching PID performance at the level of 105 rejection or
better [342]. This imposes the use of more refined PID techniques.

Calorimeters can obtain additional e/µ/hadron separation through the measurement of the shower shape.
As described in Section 3.2, shower widths and depths are significantly different between hadronic and electro-
magnetic showers with the latter being both wider and deeper. In addition, EM showers start earlier inside a
material than hadronic showers. It thus becomes possible to perform PID by discriminating over the shower
starting point and the ratio of deposited energy in the front and at the back of the calorimeter, or reconstructing
containment cylinders: in iron, a cylinder with 3.4 cm radius contains 95% of an EM shower’s energy, whereas
a 16.8 cm cylinder will be required for a hadronic shower. Another useful technique consists in observing dif-
ferences in the E/p ratio, with the calorimeter observing the energy E and the spectrometer observing the
momentum p. Finally, machine learning techniques have become increasingly popular in the past years, with
the finest separation coming out of these techniques. They leverage multivariate analysis to well capture the
correlations between the evolution of different variables such as the ratio of deposited energy in the front and
at the back of the calorimeter or E/p to finely discriminate between different incident particles.

The SHiP calorimeter system has to perform these PID roles, particularly ensuring separation between
electrons, pions and especially muons as the latter will form the large majority of visible incoming particles.
Muon rejection must therefore be brought to excellent levels.

Muon/electron separation, beyond the techniques described above, is mainly worsened by catastrophic muon
bremstrahlung: in this rare process, the muon showers and loses the entirety of its energy electromagnetically,
making it impossible to distinguish from electrons [342]. In these cases, amongst the most effective approaches
consist in tagging the starting point of the bremstrahlung development within the calorimeter system.

Muon/pion can be performed well with separation mainly being limited by pions decaying in flight into
muons.

Pion/electron separation is primarily performed through longitudinal shower profiles (see Sections 3.2.2 and
3.2.3) and E/p. Certain electrons will however shower late whereas certain pions will shower early, creating
some overlap in shower profiles, which is detrimental to PID performance. This is problematic particularly in
the case of higher energy particles for which E

p separation is more difficult. In these extreme cases, using the
HCAL allows to be more sensitive to the hadronic fraction, as transversal shower analysis may be performed.
This can help in identifying early-showering pions. These PID roles are to be performed by the SHiP calorimeter
system, together with the reconstruction of neutral final states, particularly γγ.
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3.3 Calorimeter technologies
The great breadth of calorimeter technologies implies very different advantages and disadvantages. The build
and calibration of a calorimeter determines to a large extent the b and c terms of its resolution (see Section
3.2.1). Relevant technologies will be the focus of the ensuing discussion.

3.3.1 Homogenous calorimeters
Homogenous calorimeters stand out for their exceptional energy resolution [334, 343, 344], therefore being
closest to the primary purpose of calorimeters as a result of the minimisation of unseen stochastic variations.
This leads to an integral reconstruction of energy deposition without any unseen shower elements. The intrinsic
shower stochastics then become the limiting factor for energy resolution.

3.3.2 Sampling Calorimeters
Sampling calorimeters generally display inferior energy resolution to their homogenous counterparts, nonetheless
they are easier to build mechanically, partially recovering through a better b and perhaps c what they loose
in a (see Section 3.2.1). They are ubiquitous among hadronic calorimeter. Sampling calorimeter are made of
passive, heavy material interleaved with sensitive material. Common passive materials are iron, brass, lead or
uranium.

The effects of the sampling on the stochastic term can be parametrised in Rossi’s Approximation B (Section
3.2.2.1) which directly provides the poissonian sampling uncertainty:

(
σE
E

)
sampling

=
1√
Nvis

=

√
tEc
E0

= 0.032

√
tEc[MeV]

E[ GeV]
= at

√
t

E[ GeV]
. (3.18)

The stochastic term is determined by the sampling t, at ≡ a√
t
, the sampling frequency is defined by

νs =
1
t =

X0

d with d being the geometrical thickness of a passive layer.

3.3.3 Gas sampling calorimeters
Gas-filled calorimeters have been in wide use until the 1990s as a result of their great segmentation flexibility and
low cost. They are notable also for their very low sampling fraction, often smaller than 1%. They are ordinarily
operated in proportional mode (see Section 2.3.4.2). Deploying gas detectors in calorimeters is only possible in
a sampling calorimeter as the radiation length of such a homogenous device would make it prohibitively large.
These detectors suffer from large Landau fluctuations as a result of small N (see Section 3.1.1). In addition,
the constant term reduction tends to be challenging beyond a certain point as gain is extremely sensitive to
difficult-to adjust factors such as readout wire diameter and position, gas pressure, temperature and purity and
high voltage setting. Gas-filled calorimeters were very common at LEP, with in particular the ALEPH lead-gas
ECAL calorimeter [28] and the DELPHI time projection chamber ECAL [29].

3.3.4 Scintillators
Scintillators are materials which emit light when exposed to ionising radiation and are a particularly popular
technology for calorimetry: they combine a wide variety of valuable properties: robustness, fairly large emission
of signal particles (photons) which increases N and thus minimises the stochastic term. Depending on the choice
of technology, can be found for a relatively low cost which allows for simple assembly of large scale calorimeters
by collecting the produced photons in dedicated photosensors. Important scintillator properties include linearity
of light yield Lγ defined as 〈Nγ〉 = Lγ × E.

3.3.4.1 Scintillation

Scintillators are broadly divided into organic and inorganic types, each with distinct light-emission mechanisms.
Organic scintillators are typically based on aromatic molecules—such as those found in certain crystals or plas-
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tics—which emit visible or UV light after absorbing high-energy radiation. This emission, called luminescence,
arises from molecular structures with alternating double bonds (conjugated systems) and is influenced by how
carbon atoms bond within the molecule. Light absorption promotes electrons to higher-energy singlet states,
and the subsequent return to the ground state results in fluorescence. This process is fast (nanoseconds) and
produces a characteristic spectrum that depends on the molecule’s structure but not on the exact excitation
path, due to rapid internal energy redistribution. Other slower emissions can also occur, such as phospho-
rescence, which involves longer-lived states, and delayed fluorescence, which follows non-radiative pathways.
Inorganic scintillators, on the other hand, rely on the band structure of crystals. When doped with impurities,
these crystals form energy states that allow visible light emission. Unlike organic materials, their light yield is
generally higher because less energy is lost in non-radiative processes.

3.3.4.2 Plastic scintillators

An important property of scintillators is their transparency as reabsorption of emitted photons is undesirable.
This implies the need for a large Stokes shift: the partial overlap between fluorescence and absorption spectra
with the difference between peaks. This is achieved rather inexpensively using a plastic base (polyvinyltoluene
[PVT] or polystyrene) and the addition of wavelength shifters (WLS). The primary WLS agent or dye is
meant to ensure a larger overall light yield with a shorter emission rise time than the base material, they have
good quantum efficiencies (see Section 3.3.5) and spectral conformity: the overlap between the base’s emission
spectrum and that of the primary agent’s absorption spectrum is large. The strongest and fastest couplings
between plastic base and primary agent provide a fast emission rise time of O(ns) while typical absorption
length are of the order of a couple of meters. The concentration in primary agents remains small and is further
reduced for the secondary agent to minimise self reabsorption.

A classical example of plastic scintillator is the PVT/p-terphenyl/POPOP combination shown in Figure
3.7.

(a) Schematical representation of wavelength shifting: the
base scintillator (here PVT) is excited and its deexcitation
photon or Förster transition excites the primary agent (here
p-terphenyl) the deexcitation photon of which excites the
secondary agent (here POPOP). Spatial distances dE are
also shown [330].

(b) Absorption and emission spectra of PVT, p-terphenyl
and POPOP. The y axis is in arbitrary albeit linear units
[330]. The good absorption spectrum coverage and large
Stokes shift achieved implies good final light yield and
transparency making it a good plastic scintillator.

Figure 3.7

Plastic scintillators are extremely common in particle detectors as a result of their good performance and
low price point as well as flexible geometry. Their main disadvantage is their low radiation hardness, with
their light yield decreasing notably after O(kGy) doses which has lead the CMS experiment for instance to
use radiation harder silicon sensors in the inner regions of its High Granularity Calorimeter while preferring
plastic scintillators in the outer regions which are subject to lower fluences [345]. Plastic scintillators are used
in particle detectors as bars (see Section 4), plates [346], tiles [347] or fibres, as will be shown in the following.
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3.3.4.3 Scintillating and wavelength-shifting fibres

Scintillating fibres make use of a mixture of scintillating and optical properties to trap light within them and
guiding it to its ends. The typical fibre revolves around a scintillating core and one or more cladding layers as
shown in Figure 3.8, although other geometries also do exist [348] [349].

Figure 3.8: Representation of a scintillating fibre and the process of light trapping [330].

Light trapping is done by enhancing total internal reflection induced by the Snell-Descartes law used when
light crosses between two media:

n1 sin θ1 = n2 sin θ2, (3.19)

where n1 and n2 are the optical indices of the initial and final medium respectively and θ1 and θ2 are the
incoming and outgoing photon angles. This implies a critical angle θcrit = n2

n1
= nclad

ncore
above which light is

trapped within the first medium, the aforementioned total internal reflection. A compromise is found between
better trapping, induced by high (outer) cladding optical indices comparatively to base material and core optical
indices, and good capture induced by low (outer) cladding optical index relative to the core, as too high cladding
indices may prevent scintillation from occurring in the core. The total trapped fraction is:

ftrap =
1

4π

∫ π−θcrit

0

2π sin θdθ =
1

2

(
1− nclad

ncore

)
. (3.20)

Light produced in the fibre is attenuated through the usual I(x) = I0e
− x

Λatt with Λatt being an effective
wavelength dependent value.

3.3.5 Photodetectors
Photodetectors are here taken as the detection of photons in the near-UV, visible and near-infrared range and
are essential to all experiments relying on any form of light production, be it obtained through scintillation or
Cherenkov. They function around absorbing photons and converting them into some form of electronic signal,
be it as a chemical modification (in human eyes or photographic emulsion films for instance) or as an analogue
electrical signal.

In (modern) particle physics detectors however, two large families of photodetectors exist: photocathode
and semiconductor-based ones with some more niche ones also being used, those including gas detectors or
photoemulsion (see Sections 2.3.4.2 and 2.2.3.2 respectively).

3.3.5.1 Photocathode photodetectors and photomultipler tubes

Photocathode-based detector rely on a photocathode to convert the incoming photon into an electron. The
electron then migrates to the photocathode’s surface and (iii) escapes from the photocathode surface to the
vacuum. This allows the definition of quantum efficiency (QE):
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Q =
Nγem

Nγin
, (3.21)

with Nγem and Nγin being the amount of emitted and incoming photons respectively. This technique is
used in Photomultiplier Tubes (PMT) shown in Figure 3.9.

Figure 3.9: Working principle of a PMT: the incoming photon is converted into an electron by the photocathode
and then stage-amplified by dynodes of increasing bias voltage until the analogue signal is collected by an anode
[330].

PMTs perform excellently in low intensity applications as a result of their low noise rating. They can also
be very fast [350] and reach large footprints for large detectors [351]. They can however be expensive, are very
sensitive to magnetic fields, require high voltage (in excess of 1 kV) to operate and are fairly delicate as a result
of their vacuum content, making them an implosion hazard.

3.3.5.2 Semiconductor photosensors and PIN photodiodes

Photodetection may be achieved without a photocathode but by using the photoeffect to promote an electron
from the valence to the conduction band and thus creating an electron-hole pair (e/h) which are then separated
by an electric field which also depletes the medium of free charge carriers. The charge carriers, e and h then
migrate to the readout electrodes, their movement inducing a voltage which can then be readout. In the most
commonly used semiconductor, Silicon, the required minimal photon energy is Emin ∼ 1.12 eV corresponding
to λmax ∼ 1100 nm.

Silicon is an indirect bandgap semiconductor however, leading to a momentum requirement to bridge the
bandgap. Thushus a typical needed photon energy of EG,typ ∼ 3.4 eV → λtyp ∼ 360 nm. Quantum efficiency
peaks around 400 nm for silicon-based photosensors.

These properties lead to the PIN (positive-intrinsic-negative) photodiode, the simplest semiconductor pho-
todetector. The photodiode functions by applying reverse-bias to an PN junction interleaved with an undoped
region where free charge carrier density derives from impurity density called the intrinsic zone (the I in PIN
diode), thus depleting the material, including the intrinsic zone from free charge carriers. An incoming photon
with the required energy can thus create e/h pairs which are separated by the E-field in the diode, as such
inducing currents in the readout electrodes. The principle is showed in Figure 3.10.

Photodiodes have much larger quantum efficiency integrated over a much broader wavelength range (∼
190− 1100 nm) than PMTs with the typical QPIN > 50% > 25% ∼ QPMT. They in addition require much lower
operating voltages of O(10V) and are largely immune to magnetic field effects. The main disadvantage is the
worse time resolution (σtiming,PIN ∼ 2 nm > σtiming,PMT∼200 ps), their small sensitive area and particularly
their lack of any form of intrinsic amplification leading to smaller light sensitivity at low intensities. This last
disadvantage is the dominant one for photodiodes as their noise profile is dominated by amplification electronics
which leverage dark current and capacitance (see Chapter 6).
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Figure 3.10: PIN diode composition (layer thickness not to scale) (left), PIN diode electric field as a function
of thickness (centre), PIN diode electric circuit (right) [330].

3.3.5.3 Avalanche Photodiodes

The lack of intrinsic amplification in photodiodes may be counteracted by adding an additional PN junction
called the metallurgical junction with high p and n profiles. This implies higher E-fields in the junction region
with a magnitude proportional to the doping concentration. This E-field induces intrinsic amplification of elec-
tron signals, attaining gains of O(102). This solution is called the Avalanche Photodiode (APD). Geometrically,
they are most sensitive to photons in the largest, weakly doped and depleted n region (see Figure 3.11): the
initial e/h pair is created with the electron drifting towards the readout anode, traversing the metallurgical
junction with its strong E-field inducing avalanche amplification, hence the name. The avalanche then induces
a signal in the anode.

Figure 3.11: Doping regions and corresponding E-fields in an APD, not to scale [330].

In APDs, noise is induced primarily by the sensors rather than by subsequent electronics. This generally
puts them at an advantage to PIN diodes although nominally above single photon levels.

Nonetheless, it is possible to operate APDs in linear or Geiger regime. In this last case, the avalanche size
is fixed for any signal size and the APD as such acquires sensitivity to single photons, making it a single photon
avalanche diode (or SPAD). The discharge breakdown is quenched by either a resistor or a transistor circuit
which allows the bias voltage to decrease during avalanche collection. This operation mode induces a gain of
O(105−106) and excellent timing resolution smaller than 1 ns. These detectors can be used in conjunction with
one another in SPAD arrays, implying a photodetection efficiency (PDE):

PDE = Q× fA × PG, (3.22)

where fA is the fraction of photosensitive surface on the array and PG is the probability to induce a Geiger
avalanche related to the mechanisms described in Section 3.3.5.2. The typical PDE values are around 50% at
the optimal wavelength. The functioning of these APD arrays is the basis for one of the most commonly used
photodetectors in high energy physics: the Silicon Photomultiplier.
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Silicon photomultipliers Silicon photomultipliers, also sometimes called multi-pixel photon counter (MPPC)
or even metal resistive layer semiconductor APD (MRS-APD), have become ubiquitous in many photon count-
ing detectors in particle physics. They are matrices of APDs operated in Geiger mode for an intrinsic gain of
O(106) with a merged single readout. Each APD cell is capable of detecting the presence of photons, irrespec-
tive of their number with their dead time being O(50 ns) [352]. The APD cells, hereafter referred to as pixels
are spaced by 15 − 75µm, each of them producing a large enough signal to be processed and digitised, even
without external amplification. Each fired pixel corresponds to one photoelectron (PE). SiPM geometry, cells
and photosensitivity are shown in Figure 3.12a and 3.14.

(a) SiPM array structure [353] (left) and schematic repre-
sentation of a single SiPM APD pixel[330] (right).

1 PE

2 PE

3 PE

Figure 3.13: SiPM output pulses for different PE counts. One PE corresponds to one pixel firing, two PE
correspond to two pixels firing and three PE correspond to three pixels firing [330].

Figure 3.14

SiPMs is a series of pixel cells in parallel. Each pixel cell is composed of an APD and a quenching resistor
Rpix. The APD circuit is composed of a combination of a switch, a voltage source VBD representing the
breakdown voltage), a resistor RS representing the resistance of the entire APD during a discharge with a
capacitor Cj in parallel representing the junction capacitance. When an incoming photon creates an e/h pair,
it closes the switch due to the Geiger avalanche breakdown, allowing for current to flow. The junction then
capacitance discharges into RS which produces a current pulse. The current flow through RS causes a voltage
drop below VBR which quenches the avalanche. Afterwards, the junction capacitance is recharged through Rpix:
the pixel is ready for another event. This circuit is shown in Figure 3.15. The single pixel gain is determined
by its junction capacitance with Qpix = Cpix∆V , Cpix being the pixel capacitance (typically ∼ 100 fF) and
∆V = Voperation −VBR the overvoltage, typically of the order of 2− 5V with VBR ∼ 50V. The bulk capacitance
of a SiPM can however be much larger, based on its size and the number of cells, which may affect rise time and
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decay time of the waveform (see Figures 3.18 and 3.17). As a result, the typical charge output from a single PE
would be 100 fC which limits the noise induced by readout electronics as a result of the high gain. The total
charge produced is thus proportional to the pulse amplitude at first order as a result of pixel linearity.

Rpix

CjVBD

Rs

Rpix

CjVBD

Rs

APD Single pixel cell

Vbias

Figure 3.15: Simplified circuit of SiPM elements. Rs, Cj , Rpix Vbias and VBD are the SiPM’s series resistor,
junction capacitance, quenching resistor, bias and breakdown voltage respectively.

While it is possible to directly digitise SiPM signals already on the matrix [354], analogue SiPMs are by
far more common. This enables proportionality between number of fired pixels and cell number, the dynamic
range, defined by the number of different amplitudes that can be produced by the system, is therefore equal to
the pixel count.

It should however be noted that the output is not strictly linear : for any non-single photon count, there
is a probability that multiple photons hit the same pixel, creating a geometrical uncertainty that is added to
the stochastic uncertainty on each pixel to fire determined primarily by its single photon PDE this is studied
in Chapter 5.

This stochastic uncertainty can be exemplified with a SiPM with a single-photon PDE of 0.5. Neglecting
all other effects, the likelihood of a pixel hit by one photon to fire would be 0.5, that of the same pixel hit by n
photons would be 1− 0.5n.

The loss in linearity is called saturation.
The limits of SiPMs mainly manifest under the form of dark current, cross-talk and afterpulsing. Dark

current, also known as dark count, originates from sensitive areas of the SiPM substrate or its surface creating
spontaneous breakdowns as a result of high E-fields in the amplification region. This effect is thus very dependent
on temperature and bias voltage.

Cross talk is caused by photons created during the amplification process in a pixel reaching a neighbouring
pixel where another avalanche is created. This effect is mitigated by the use of isolating trenches around each
cell. These trenches, however, reduce the geometrical fill factor of the SiPM, corresponding to the fraction of
sensitive area and thus reduce the overall PDE.

Afterpulsing is caused by delayed pulses created by electrons or holes trapped during the avalanche ampli-
fication and release a couples of 100 ns later, thus creating new pulses.

SiPMs may be biased in one of four ways, as shown in Figure 3.19, leading to flexibility on the readout side
as both polarities and bias directions are possible.
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Figure 3.16: Example of a SiPM output pulse as a function of its parameters. Vover is the SiPM overvoltage.

Figure 3.17: Output of a 3× 3 cm2 SiPM firing with a set amount of light for an equivalent of
∼ 1000 PE. The amount of light on the SiPMs and the overvoltage is identical to that of Figure 3.18.

Figure 3.18: Output of a 6× 6 cm2 SiPM firing with a set amount of light for an equivalent of
∼ 4000 PE. The amount of light on the SiPMs and the overvoltage is identical to that of Figure 3.17.
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Figure 3.19: SiPM biasing with inverting biasing and positive polarity (top left), with forward biasing and
positive polarity (top right), these two configurations lead to improved timing resolution. SiPM biasing with
forward biasing and negative polarity (bottom left) and with inverted biasing and negative polarity (bottom
right). The fast output Fout is specific to SensL SiPMs, the regular output Sout is otherwise commonly used
[355].

74



Chapter 4

The SHiP calorimeter system and the
SplitCal

The SHiP calorimeter system (also known as the SHiP PID detector) is the most downstream detector in the
SHiP experiment and is based on a 20 X0 ECAL and a 5 λa HCAL section. Its primary goal is to allow for
particle identification of final states entering the detector, particularly distinguishing between electrons, pions
and muons. In addition, the SHiP calorimeter system uniquely allows the detection of possible BSM particles
with in neutral final states, particularly photons, as described in Section 1.3.

4.1 Physics of the SHiP calorimeter system

4.1.1 γγ final state reconstruction
ALPs or sgoldstinos are examples of particles susceptible to decaying into neutral final states. Particles un-
dergoing such decays will be generically denominated γγ-decaying particles (X → γγ). Their observation is
a crucial goal of the SHiP experiment and the only subdetector capable of observing these finals states is the
SHiP ECAL.

The reconstruction of the initial state is done by measuring the shower directionalities to determine the
origin point of the decay. The invariant mass defined of the decaying particle is given by:

mX =
√

(
∑

Ei)
2 − (

∑
pi)

2 (4.1)

px = E · sin θ · cosφ (4.2)
py = E · θ · sinφ (4.3)
pz = E · cos θ (4.4)

with Ei the energies of each photon, whereas pi are the 3 − momentum components between them, θ is
the polar angle with respect to the positive z axis and φ is the azimuthal angle with respect to the xy plane,
mγγ is the mass of the initial state particle reconstructed kinematically. It can be seen that the invariant mass
resolution is directly linked to the detector’s angular resolution insofar as it allows for the reconstruction of
pi. Simultaneously, the energy resolution of the calorimeter to individual photons is also primordial in this
reconstruction as it will influence E1 and E2. The final state mass resolution thus depends on the calorimeter’s
angular resolution σθ, its energy resolution σE E, the X mass mX (mALP in the case of the particle being an
ALP) and the particle boost in the z direction pz or B determined by its production kinematics.

4.1.1.1 Particle separation

Particle separation is a crucial aspect of X → γγ decay reconstruction. It consists of isolation of both electro-
magnetic showers created by both photons. This is favoured by the relatively large lever arm available between
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the end of the decay volume and the start of the calorimeter, as well as the ECAL’s granularity. The importance
of lever arm is portrayed in Figure 4.1.

ALP Decay vertex

Decay volume SST Timing 
Detector

ECALLever arm

Separation
Beam 
dump

(a) Effect of a short lever arm for a late decaying ALP in particle
separation: the separation is reduced.

ALP Decay vertex

Decay volume SST Timing 
Detector

ECALLever arm

Separation
Beam 
dump

(b) Effect of a long lever arm for an early decaying ALP in par-
ticle separation: the separation is increased.

Figure 4.1: The representations are not to scale.

Better separation is achieved for larger angles created by heavier initial state masses, short lifetimes, causing
the initial state to preferably decay early in the decay volume, and lower boosts. If separation is very conser-
vatively assumed to only be possible between two showers for a full 2 Molière radii (in lead) and a short lever
arm of 10m separating the end of the decay vessel and the start of the ECAL is taken (see Figure 2.17), the
minimal output angle that would still be reconstructable would be 3.2mrad. X → γγs having a fairly large
70GeV forward boost can be separated and thus kinematically reconstructed down to below 100MeV masses,
as shown in Figure 4.2. This importantly implies that photons from π0 decays which may be produced in late
particle decays (see Section 4.1.1.4) are also largely separable until boosts nearing 100GeV.

It is found that under the investigated conditions, tension only exists in the reconstruction of 100MeV

X → γγ decays, which would lead to a reduction of the fiducial volume by ∼ 40 cm in z as more lever arm
would be required. Every other case can be separated without issue.

If effective particle separation can be guaranteed, precise studies of both model-dependent and model-
independent X → γγ decays are enabled, both of which are examined below.

4.1.1.2 Model-independent reconstruction of particles decaying to γγ

Model-independent studies of X → γγ decays are by essence very general and therefore cover considerable
amounts of phase-space. They allow to cover regions not constrained by any particular model and only rely on
kinematics for their constraints. Following this logic, in order to design and optimise the SHiP ECAL to enable
the reconstruction of as many X → γγ decays as possible, 10 000 X → γγ decays were generated using the
phasepace python package at the end of the decay volume and kinematically reconstructed using a wide array
of X masses mX , forward boosts B, calorimeter angular resolutions σθ and calorimeter energy resolution σE ,
in particular:

• mX ∈ {0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3, 4, 5} GeV as the heaviest new particles expected are
from B hadron decays.

• B ∈ {1., 3., 5., 7.5, 10, 12.5, 15., 20., 25., 30., 40., 50., 60., 70., 100, 150, 200} GeV. Larger boosts were not
considered as they mostly improve calorimeter energy and angular resolution and thus enjoy better
detector performance and are not expected to be significant given the 400GeV incoming beam energy.

• σθ ∈ {0, 0.001, 0.002, 0.003, 0.004, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05} rad plus an additional angular resolu-
tion which is deemed to be realistic with current angular resolution studies with a dependence on particle
energy. These angles are extrapolated from existing and ongoing studies (see Section 4.2) and are shown
as being negative in the corresponding figures.

• σE ∈{0,0.05,0.1,0.15,0.2}, these values are taken to reflect achievable performance and to guide potential
upgrades to the calorimeter if they were needed.

The assumption is made that all photons can be resolved and have both their polar and azimuthal angles
resolved by calorimetric reconstruction. This assumption seems to generally hold well for heavier particles
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(a) 200MeV particle decay.

(b) 2GeV particle decay.

Figure 4.2: Separation angle between both photons produced in particle decays with 100MeV (top), 200MeV
(middle) and 2GeV (bottom) mass with 70GeV forward momentum. The orange lines display the conservative
limit explained in the text.
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Figure 4.3: Invariant mass resolution for X → γγs with 800MeV mass and 20GeV forward boost reconstructed
from their γγ final state using different detector configurations. The red and black line represent the π0 and η
backgrounds’ masses respectively.
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but may be challenged in the case of lighter ones due to acceptance and phase space (see Section 4.1.1.1 and
Appendix B). This leads to 14280 parameter combinations, the results of 3 of them being shown in Figure 4.3.

The reconstructed invariant masses are fitted with a gaussian distribution. The fits results as a function of
various parameters are shown in Figures 4.4-4.8.
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Figure 4.4: Absolute invariant mass resolution as a function of calorimetric energy resolution, for medium
boosts, lighter and heavier X, for different calorimeter angular resolutions.
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Figure 4.5: Absolute invariant mass resolution as a function of calorimetric energy resolution, for good calorime-
ter angular resolution, lighter and heavier X, for different X boosts.

It can be from there seen that better calorimetric energy resolution (σE) improves the mass resolution for
different levels of boost (see Figure 4.5). Angular resolution (σθ) on the other hand, improves mass resolution for
all combinations of parameters (Figures 4.6 and 4.8), irrespective of σE (Figure 4.4). Absolute mass resolution
degrades with higher boosts. The reconstruction of lighterX with higher boosts (which may also include photon-
coupling ALPs with short lifetimes as shown in Section 4.1.1.3) is challenging and would thus require improved
angular resolution and energy resolution (Figure 4.8). This is due to both σE and σθ linearly improving mass
resolution. Angular resolution has a stronger effect, therefore developments in this area are being pursued (see
Section 4.2).

The main background for new particles decaying into photon pairs are γγ decays of SM particles, mainly
from π0 or η. The proximity of the γγ decaying particle’s mass to these backgrounds as well as detector angular
and energy resolution are the main drivers of exclusion.

In addition to mass resolution, the position of the vertex is of extreme importance in γγ reconstruction in
SHiP to ensure that the decay originates in the decay volume and does not come from background. This is done
by matching tracks to find a common point of origin in space for a given event as illustrated in Figure 4.1. In the
case of photons, the EM shower directions are used to form a vertex. The vertex resolution is driven primarily
by angular resolution. Higher photon energies imply longer showers which allow for better measurements of
photon directions.
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Figure 4.6: Absolute invariant mass resolution as a function of calorimeter angular resolution, given standard
calorimeter energy resolution, lighter and heavier X, for different X boosts. Negative angular resolutions are
used for “realistic” values for ease of visualisation (see Section 4.2)
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Figure 4.7: Absolute invariant mass resolution as a function of calorimeter angular resolution, given standard
calorimeter energy resolution, lower and higher X boosts, for different X masses. Negative angular resolutions
are used for “realistic” values for ease of visualisation.

0 1 2 3 4 5
Mass [GeV]

0

0.1

0.2

0.3

0.4

0.5

0.6

 [G
eV

]
mσ

GeV=0.15 Eσ=5.0 mrad and θσInvariant mass resolution as a function of incoming particle mass with 

B = 1.0 GeV

B = 3.0 GeV

B = 5.0 GeV

B = 7.5 GeV

B = 10.0 GeV

B = 12.5 GeV

B = 15.0 GeV

B = 20.0 GeV

B = 25.0 GeV

B = 30.0 GeV

B = 40.0 GeV

B = 50.0 GeV

B = 60.0 GeV

B = 70.0 GeV

B = 100.0 GeV

B = 150.0 GeV

B = 200.0 GeV

GeV=0.15 Eσ=5.0 mrad and θσInvariant mass resolution as a function of incoming particle mass with 

(a) minv(mX), σθ = 5mrad σE = 15%
√
GeV, for different

boosts.

0 1 2 3 4 5
Mass [GeV]

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

 [G
eV

]
mσ

GeV=0.15 Eσ=-5.0 mrad and θσInvariant mass resolution as a function of incoming particle mass with 

B = 1.0 GeV

B = 3.0 GeV

B = 5.0 GeV

B = 7.5 GeV

B = 10.0 GeV

B = 12.5 GeV

B = 15.0 GeV

B = 20.0 GeV

B = 25.0 GeV

B = 30.0 GeV

B = 40.0 GeV

B = 50.0 GeV

B = 60.0 GeV

B = 70.0 GeV

B = 100.0 GeV

B = 150.0 GeV

B = 200.0 GeV

GeV=0.15 Eσ=-5.0 mrad and θσInvariant mass resolution as a function of incoming particle mass with 

(b) minv(mX), “realistic” σθ σE = 15%
√
GeV, for different

boosts.

Figure 4.8: Absolute invariant mass resolution as a function of X mass, given standard calorimeter energy
resolution, good and realistic calorimeter angular resolutions, for different X boosts.
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4.1.1.3 Reconstructibility of ALPs decaying to photon pairs

Specific ALP models constrain their masses and lifetimes differently, with implications on the higher energy
mass scales they are related to (see Section 1.3.2.4). These constraints allow for a reduction in the phase space
needed to be studied. SHiP, through its ECAL, aims to cover as many ALP → γγ scenarios as possible and has
as such developed a specialised custom generator called EventCalc [356, 357] which enables accurate studies
of particular regions of parameter space. Using EventCalc, ALPs coupling to photons with different masses
mALP and lifetimes τ were generated in the SHiP topology through Primakoff production (see Section 1.3.2.4),
leading to different boost distributions as a function of mass with examples shown in Figure 4.9.
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(a) mALP = 1GeV and cτ = 1m
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(b) mALP = 50MeV and cτ = 1km
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(c) mALP = 1GeV and cτ = 30 cm
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(d) mALP = 2GeV and cτ = 1m
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(e) mALP = 250MeV and cτ = 3mm
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(f) mALP = 250GeV and cτ = 1m

Figure 4.9: Forward boost distribution of ALPs coupling to γγ with different masses and lifetimes in SHiP.

Integration of the respective decay probability of the event as:

dP

dz
= e−

z
cτ cos θ ,(4.5)

over longitudinal decay vertex positions z, ALP production polar angles θ and energies, provides the relative
event rate for a given combination. As the ALP has to decay while being within the decay volume, large boost is
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required for shorter lifetime ALPs, similarly, lower boosts are needed for longer lived ALPs. The exact possible
rates are enabled by the photon distribution within the target complex which enable Primakoff production.
The mass of the produced ALP thus increases with forward momentum as a result of Primakoff kinematics. By
construction, the separation between photons will be tend to be larger and the travelled distance, determined
by γcτ with γ = E

m is thus reduced. Heavier particles will have larger boost while seeing large angles between
outgoing particles. This allows for their reconstruction in the ECAL as shown in Figure 4.10, allowing for an
wide explorable phase space which make beam dump experiments and particularly SHiP ideal ALP-factories in
this mass range.
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(b) mALP = 50MeV and cτ = 1km
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(c) mALP = 1GeV and cτ = 30 cm
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(d) mALP = 2GeV and cτ = 1m
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(e) mALP = 250MeV and cτ = 3mm
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(f) mALP = 250GeV and cτ = 1m

Figure 4.10: Separation between both final state photons from ALP decays with different masses and lifetimes
coupling to γγ in SHiP. The red line displays the conservative limit expressed in Section 4.1.1.

4.1.1.4 π0 reconstruction

The reconstruction of π0 is essential for a number of final states (see Section 1.3). It requires determining
that the γγ final state does originate from a π0 , as well as determining the distance dv of the vertex to the
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calorimeter. The former may be achieved through invariant mass reconstructions while the primary way of
doing the latter in the limit of small opening angles [358] is:

dv =
1

m
π
0

√
E1E2d12, (4.6)

where E1 and E2 are the photons’ reconstructed energies and d12 is the distance separating them from one
another on the calorimeter front layer the calorimetric XY-plane. The energy resolution is here the driving
factor for the accurate reconstruction of the π0 decay distance to the calorimeter as the resolution for d depends
linearly on energy resolution [358]. This strategy can be combined with traditional vertexing and invariant mass
reconstruction to allow for the optimisation of the π0 parameters using a kinematic fit [359].

Certain decays (for instance HNLs with mass > 1GeV) feature mixtures of π0 and charged tracks. The
shower directionality of the π0 decay γγ must then be reconstructed well enough to allow for vertex matching
together with the charged tracks.

4.2 Calorimeter design
The challenge of attaining the required combination of PID performance, primarily driven by energy-resolution
and the HCAL, as well as X → γγ reconstruction, primarily driven by angular resolution, have led to the
development of a unique detector for the ECAL. It manifests as a sampling calorimeter using plastic scintillator
layers for energy reconstruction, lead as passive material in the ECAL section to improve on energy resolution
(see Equation 3.18), while the mechanically simpler iron will be used as passive material for the larger HCAL
section. A combination of either higher-resolution plastic scintillator detectors and dedicated High Precision
Layers (HPLs), which are sensitive layers based on detectors with excellent position resolution, may allow for an
excellent angular resolution to be achieved. Both the plastic scintillator and HPL options are presented below.

4.2.1 Energy-reconstructing scintillator layers
The SHiP calorimeter system, consisting of an ECAL and HCAL is planned to use sets of 2m long scintillator
bars. The bars would be 6 cm wide and 1 cm thick. The bars will be traversed by two wavelength shifting fibres
(see Chapter 5), sealed in reflective foil and readout on both sides by large 6× 6mm SiPMs using an optimised
fibre-sensor interface. This is done to yield a large dynamic range. This allows to measure both muons and large
EM showers while reducing the stochastic term (see Sections 3.2.1 and 3.3.5.3). The choice of 6 cm bars is made
as it corresponds to roughly twice the Molière diameter of the passive material and thus allows cost-effective
separation of nearby showers. 34 such bars (34 × 6 cm ' 2m) are grouped in layers and are aligned vertically
and horizontally (up to 20 layers each) with alternating orientations to enable the reconstruction of clusters.
A cluster is a group of energy depositions that are spatially close and likely to originate from a single initial
particle. Clusters are useful when multiple energy depositions occur in different locations of the calorimeter.
The use of alternating orientations allows to reconstruct X and Y spatial coordinates for single showers but is
confronted with ambiguities when multiple showers take place. This is due to the fact that for simultaneous
clusters, the X-information of the cluster is not matched with a Y -position, unlike in pixel or tile detectors.
This may be resolved by using longitudinal information and timing since two showers may originate at different
longitudinal depths or using the asymmetry in the dual sided-readout. The Z-position of an energy deposition
is ensured by an independent readout of each bar, corresponding to two channels (one for each side) for each
scintillator bar.

In the case of small opening angles, a single cluster is reconstructed. This then requires information from
higher-granularity layers to disentangle the showers.

The HCAL section is planned to be similarly built but to consist of only 5 readout layers, one every λa.
It will primarily be used for PID and will only provide modest energy resolution, estimated analytically to be
∼ 200%

√
E.

The calorimeter will transversally be built in 6 2×2m2 modules, spanning the entire cross section of 6×4m2

at the end of the SHiP detector system. The design is shown in Figure 4.11.
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Figure 4.11: SHiP calorimeter system module and single bar design for the energy reconstruction layers. The
red crosses represent real hits whereas the pink ones represent ambiguities.

4.2.2 The SplitCal: HPLs and scintillator layers
The SplitCal [360] is a calorimeter concept which improve shower directionality reconstruction capabilities by
introducing a longitudinal split. The angular resolution is provided by 2-3 HPLs which use the lever arm to
reconstruct the shower origin. The HPLs also allow to separate shower components in the case of close-by
showers. They also complement the SST in reconstructing the momentum of hard muons.

Figure 4.12: Schematic representation of the SplitCal using 2 HPLs. Radiation and segmentation length is not
final.

The considered technologies for the HPLs are primarily cost-effective gas detectors such as Gas-Electron-
Multiplier (GEM) detectors [361], MicroMegas [329] or Multi-wire-proportional chambers [362]. The former
two have sensor pitches of around 300µm, with their resolution being well improved for showers where centroid
reconstruction is enabled [296] and reaching ∼ 70µm track resolution. The latter technology reaches similar
track resolutions, being only more rate-sensitive, about O(kHz cm−2) whereas the micro-pattern detectors that
are GEMs and MicroMegas may withstand rates up to O(100 kHz cm−2) without significant efficiency loss.

Each HPL would be integrated to the calorimeter modules, with 12 slightly overlapping 60× 72 cm2 GEM
detectors on each module being proposed.

A limitation of the HPLs is the potential reduced efficiency, estimated to be a loss of up to O(few%), due to
late-showering photons, which may thus initiate shower development after the HPLs. As a result, optimisation
of HPL positioning within the calorimeter to maximise the angular resolution and efficiency. The option of
three HPLs would thus preferentially see a single HPL placed at the front section of the SplitCal with the other
two placed at the back to allow for maximum track resolution. This issue is not affecting electrons which leave
ionisation signals in the first calorimeter planes.
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Figure 4.13: Schematic representation of the SplitCal using 3 high-precision-layers. Radiation and segmentation
length is not final.

4.2.3 Thin scintillator bars
Recently, the option of thinner 1 cm scintillator bars has been explored and will here be denominated precision
layers (PLs) in opposition to HPLs. They function similarly to HPLs in their role, albeit with coarser position
resolution and more layers. They are similar to the wider scintillators but are traversed by a single WLS fibre
and use smaller SiPMs as a result. This enables a potential for better timing measurements which in turn could
be used for 4D tracking [363] and perhaps even time-of-flight PID for lower energy particles if the gap can be
made sufficiently wide.

A single PL is cheaper than a HPL. PLs can therefore be more numerous and mitigate efficiency loss for
late-showering photons if adequately placed. In addition, the ECAL’s angular resolution benefits from a greater
number of PLs [364] while energy resolution and thus certain aspects of PID performance are somewhat reduced
by their greater use to the expense of wide scintillators (see Chapter 7). A visualisation of an ECAL section
using PLs is shown in Figure 4.14.

Figure 4.14: Schematic representation of a SHiP ECAL section using precision layers.

Limitations to the use of PLs, which could otherwise be used to built the entire ECAL include the poorer
angular resolution which is shown in Figure 4.15. Compared to the wide scintillators, they have poorer energy
resolution as a result of the reduced total SiPM pixel count and individual bars’ light yields. In addition, the
difference in SiPM capacitances to the wider layers has repercussions on the front-end readout electronics as
discussed in Chapter 6. The main limitation however is their high cost which increases with the number of
readout channels. This issue can be minimised by the use of the wide scintillator layers of Section 4.2.1. As a
result, the PLs would be restricted to up to half of the total layer count, the exact amount of which remaining
to be determined as an optimum of cost, angular resolution and PID performance. PLs finally suffer from SiPM
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saturation for large showers which limits their charge weighing capabilities and hence their position resolution.
This can be mitigated by using larger SiPMs with more pixels to readout the PLs, but this is expensive given
the channel count.

Figure 4.15: The resolution using HPLs is fitted from the tests performed in [360] while the resolution using
PLs is fitted from data points extracted from test beams using 9 PLs (see [364] and Chapter 7). The HPL fit
was deemed a realistic performance for physics studies.

The optimised SHiP ECAL would be using a combination of wide scintillators, PLs and HPLs, with the
bulk of the detector relying on the first, the PLs being placed rather at the very front and at the back of the
detector to minimise SiPM saturation. HPLs would be placed around the shower maximum, with at least one
such layer in the front section, to maximise PID performance, angular resolution and energy resolution.

4.2.4 Detector integration
The integration of the SHiP calorimeters presents significant challenges due to their large size, high channel count
(up to ∼ 1.1 million for the HPLs), and complex service requirements such as cabling, readout electronics, and
channel accessibility. These factors complicate accurate simulation, reducing calorimetric resolution. The total
calorimeter weight (∼ 250 t) necessitates ceiling support, mitigated by a modular design limiting individual
module weight to 40 t. The readout scheme is optimised to reduce cable count, with transverse access via
rail-mounted modules and vertical movement using a 45 t crane. Additional structural challenges arise in the
ECAL due to the mechanical weakness of 2.8mm lead sheets; thin aluminium or carbon steel backing plates
are considered to provide support with minimal impact on shower development.

4.2.4.1 Electronic integration and SHiP calorimeter system DAQ & Trigger

The SHiP calorimeter system DAQ must comply with the requirements set out in Section 2.3.5. Similar to
CMS [250], preference is given towards digitising analogue signal as close to the sensors as possible, with plans
to integrate ADC information directly onto the SiPM and HPL PCBs respectively.

As a result, a single readout cable will be outgoing from each sensitive layer with the total data rate being
estimated to be ∼ 500Mbit s−1.

The ADCs signals will be processed by custom data acquisition computation boards (CALODAQ boards)
which will assign channel numbers, both timestamps and final ADC values using software solutions, FPGA-
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solutions being seen as unnecessary and overly complex given the low rates. The CALODAQs will include
sufficient buffering to allow for all information to be processed without loss, the estimated total rate being
O(2MHz) for the scintillator layers and O(100 kHz) for the HPLs. In addition, they will be capable of assigning
different formats to scintillator and HPL data if needed. The HCAL section, consisting of comparatively few
channels represents a data flow substantially smaller than a single ECALmodule and will thus either be combined
for its data acquisition to other modules or will have its CALODAQs function without module differentiation.

Depending on the final SHiP DAQ architecture, the CALODAQ output will either be streamed to another
processor-based concentrator board which would further align the data streams before they are sent to the
higher level DAQ or be streamed to it directly. The considered DAQ scheme is shown in Figure 4.16.
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Figure 4.16: Example of the proposed DAQ scheme for the SHiP calorimeter system.
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Chapter 5

Optimisation of scintillator light yield

The SHiP calorimeter system, relying on scintillators readout by SiPMs, needs to ensure adequate performance
in terms of light yield. This therefore requires the linearity in response of the system, the adequate selection
and matching of scintillator and SiPMs. This is presented in this chapter, followed by a study of scintillator
light yield improvements and one of the scintillator-SiPM interface. The readout-electronics are presented in
the following Chapter 6 and into the build-up and subsequent testing of a prototype, in Chapter 7. All fibres
used hereafter are polished at their ends using sandpaper unless otherwise stated.

5.1 Motivation and infrastructure

5.1.1 Introduction and initial prototype
The scintillator bars, primarily the wide 6 cm bars of Section 4.2.1 are used in both the SHiP ECAL and HCAL
sections. Their performance is instrumental in ensuring PID capabilities. A larger light yield translates to higher
PE counts which leads to better stochastic energy resolution. The goal of the studies led in this chapter is the
optimisation of the light yield of the SHiP calorimeter system’s scintillator to achieve the best possible energy
resolution. This can be done by increasing the amount of light produced inside of the scintillator, the amount
captured by the WLS fibres, the amount reaching the scintillator’s readout end, the amount that effectively
exits the scintillator and the amount of light converted into photoelectrons.

This has led to a substitute over the NA62 scintillator towards a newer scintillator, the EJ-200 which better
integrates its plastic base with wavelength shifters. An examination of the importance of foil evenness has also
been carried out as well. Greater light levels induce increased SiPM saturation (Section 3.3.5.3). Hence keeping
the fibres close to the photosensing surface will not make full use of the SiPM’s pixels. As a result, a gap
between fibres and SiPMs is introduced to increase dynamic range.

The optimisation studies started from an initial prototype which was operated in 2017, 2018 and 2019 in a
series of test beams at CERN PS and DESY [359]. The prototype detector components are shown in Figure 5.1.
Sensitive and passive layers may easily be slotted into the prototype using a slot system. The initial prototype
notably included two HPLs (MicroMegas)[365], which were operated to great success. The energy reconstructing
layers were 6 cm leftover scintillators bars from the NA62 MUV1 [366] wrapped in aluminised foil, traversed
by 2 Y11 Kuraray WLS fibres [367] and readout on both sides by S13360-3050PE and S13360-6050PE SiPMs,
3× 3mm2 and 6× 6mm2 [368] respectively. The initial prototype readout electronics are covered in Chapter 6.

This prototype, while demonstrating the underlying soundness of the chosen design, needed to be optimised
to provide greater light yields and a single type of SiPM to optimise cost and performance. This was done
through optimisation of the scintillator bars themselves, of the SiPM and of the interface between WLS fibres
and SiPMs, the principles of which are detailed hereafter. In accordance with usage in the SHiP calorimeter
system, all scintillator used in the following bars are 6 cm wide unless otherwise specified.
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Figure 5.1: Initial prototype [369].

5.2 Laboratory infrastructure
The studies towards calorimeter development performed in this and the next chapter were conducted in the
University of Mainz’s PRISMA detector photonics laboratory, which are detailed below.

5.2.1 Laser test stand and dark room
The laboratory is divided into two primary sections: a lit laboratory and a dark room which is hermetic to
external photons and limits photon propagation in itself thanks to its black walls. The dark room is isolated
from the outside using a set of dark curtains and an interlocked door. An additional access exists to allow for
cables to be brought from the outside.

The dark room is equipped with an optical table as well as an Advanced Laser Diode Systems tunable laser
system. The laser itself has a 377 nm wavelength, adequate to excite plastic scintillators and irradiate SiPMs
directly. It has tunable power, up to 1000mW through both an external and internal attenuator. The laser
pulses are 29 ps long and may be emitted at a tunable frequency up to 1MHz. The laser attenuation is known
not to be linear accross its entire range, and the size of the laser irradiation region is known to decrease with
attenuation. The stand is pictured in Figure 5.2. The laser output can be displaced using a 3D-movement
system which has sub-mm accuracy, allowing for fine alignements of the laser relative to the SiPM.

5.2.2 Cosmic ray test stand
Cosmic muons, having fluxes of ∼ 1 cm−2 min−1 and being good approximations of MIPs, may be used to
perform measurements in conjunction with scintillators and SiPMs or PMTs. This type of setup may be
compact but still requires perfect darkness, leading to a specially created dark box as cosmic test stand used in
the laboratory, pictured in Figure 5.3. The stand is sealed with black tar paint ensuring light hermeticity. It
has bent pipes equipped with black cloth to allow power and readout cables to be inserted inside the box while
preventing any light from reaching the inside of the box.

5.2.3 Data acquisition
For the laboratory setup, a 4-channel Rohde & Schwarz RTO6 oscilloscope [370] was used which, thanks to
its high sampling rate and functionalities, allows for visualisation and measurement of waveforms. The used
functionalities are:
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Figure 5.2: Laser stand in the dark room. The laser is pulsed onto a scintillator bar from which WLS fibres are
sent towards a SiPM situated on the shown device below.

Figure 5.3: Inside of the cosmic box which here contains two scintillators readout, by two SiPMs each, and
using two extra scintillators readout by PMTs as a trigger.
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• A rising edge trigger which records a pulse if its amplitude is larger than a set amount. It is used to
trigger on the laser itself whenever the laser is used.

• Measurements of the amplitude mean and the root mean squared (RMS) standard deviation

• Long term measurements of amplitudes and RMS standard deviations, which allows to record up to
several billions of waveforms.

5.3 Photoelectron calibration
A direct consequence of the capacitor-like behaviour of SiPMs (see Section 3.3.5.3) is that their output manifests
as a pulse with a width fixed by the SiPM circuit capacitance and an amplitude proportional to the PE count.
Calibrating this voltage is necessary to determine the SiPM response and ensure that changes in operation
reliably bring improvements independently of operation conditions. This calibration is done using the relation
NPE = CPEASiPM, with NPE the number of photoelectrons, ASiPM the amplitude of the SiPM pulse in mV

and CPE the calibration constant to be determined. CPE is specific to each SiPM for each bias voltage and
operating temperature. The characteristic energy deposition calibrations are typically given in PE/MIP for
a given detector system (such as a scintillator bar readout by SiPMs), rendering PE calibration essential for
inter-SiPM comparisons and the operation of multi-channels detectors.

The calibration has here been done in three different fashions: unamplified SiPM dark count pulses, amplified
SiPM dark count pulses and Digitised SiPM pulses, which are described below.

5.3.1 Unamplified SiPM dark count pulses
As explained in Section 3.3.5.3, SiPM suffer from so-called dark current which is the spontaneous emergence
of pulses from SiPMs operated above breakdown voltage. While these pulses are typically small, they may be
observed and identified on an oscilloscope. Because of their small amplitude, triggering on these pulse without
specialised equipment is challenging as the typical resolution of most oscilloscopes does not extend below 1mV

because of electronic noise. Nonetheless, the pulses are normally distinguishable by eye as they are identical for
a given amplitude and appear with frequencies higher than 1 kHz for most voltages. The preferred solution is
thus the optical selection of such pulses on the oscilloscope’s screen. Larger pulses are considerably more rare
than smaller ones and they always have an amplitude which is an integer multiple of the smallest pulse. An
example of the selection procedure is shown in Figure 5.4. The selection statistics is limited by the measurement
time. Still this remains a simple and quick way to determine CPE.

This technique, despite being quick and simple, suffers from a lack of accuracy related to the optical selection
of peaks and the limited resolution of the oscilloscope. These factors may be improved upon though the other
two techniques. Indicatively, the single PE amplitude using this technique with a 6×6mm2 SiPM operated near
the optimal voltage provided by manufacturer (∼ 55V and ∼ 42V for the S13360-6050PE and S14160-6050HS
respectively), yields CPE ∼ 0.18mV/PE.

5.3.2 Amplified SiPM dark count pulses
The smallness of the pulse are the limiting factor for the reconstruction of single PE peaks. This naturally invites
the amplification of the SiPM signals to allow for an increased amplitude that will lie within the oscilloscope’s
resolution. The underlying principle for measuring CPE is thus identical to the previous section.

The main difference lies in the use of the custom voltage-controlled amplifier (VCA) adapted to be powered
externally. The amplifier PCBs are shown in Figure 5.5. The VCA receives an input voltage which determines
its gain. The gain profile is evaluated by connecting to a test SiPM illuminated using the laser at a fixed low
intensity before and after amplification and computing the ratio of the two corresponding to the VCA’s gain,
shown in Figure 5.6.

With the gain profile known, it is possible to observe dark count pulses by eye with much greater ease and
thus more easily determine CPE by dividing the observed pulse amplitude by the gain at the corresponding
amplifier bias: CPE = Aobs

GV ×Nγ
. This is performed on a large number of pulses for each bias voltage to reduce

statistical uncertainty while keeping the measurement short enough. When performed across 20 pulses for each
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4 pe peak

2 pe peak 1 pe peak

Figure 5.4: Example selection procedure for PE calibration. The S14160-6050HS SiPM is left inside the dark
room. The SiPM is powered using a custom power supply and its signals are measured on the oscilloscope. It
can be seen that in this case, that CPE ∼ 0.4mV/PE. This example is deliberately operated at higher levels of
HV than normally used for illustration, which significantly increases the amplitude of the PE peaks.

Figure 5.5: Adapted VCA PCB front (left) and back (right) side.
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Figure 5.6: Gain profile of the used VCA. The VCA is known to saturate at high input charges is and thus best
suited to operate at low SiPM irradiation.
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voltage, it yields distributions such as shown in Figure 5.7. The key issue is the increased amplifier noise at
higher voltages which significantly increases the systematic error on the measurements. The correlation, is found
to be ρ = 0.97, the noise is almost fully correlated to the VCA’s input voltage. It then becomes possible to
compute a calibration constant which in the example case yields 0.174± 0.078, consistent with the unamplified
case. While this allow for calculation instead of observation of CPE, the uncertainties related to the amplifier
limit the reliability of this method, in the absence of a less noisy amplifier, this leads to the digitised SiPM
pulses PE calibration.
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Figure 5.7: Observed single PE amplitude as a function of amplifier voltage (left) and distribution of recon-
structed SiPM CPE as a function of amplifier bias voltage (right).

5.3.3 Digitised SiPM pulses
The most accurate method utilised here uses an analogue to digital converter (ADC) (see Appendix E). These
readout electronics convert the amount of charge yielded by the SiPM over a pulse into a digital, numerical
entry and can be designed to be made highly sensitive and linear. For instance, the amount of charge contained
within a 100 ns and 1mV SiPM pulse is ∼ 2 pC which could for example be digitised as 50ADC counts. A
5mV pulse, representing ∼ 10 pC of charge would then, assuming good linearity and enough ADC channels be
digitised as 250ADC counts (the pedestal is neglected in this simple example).

Using a fine enough ADC, possibly operated with a low-noise amplifier, it becomes possible to visualise
the difference in voltages created by the discrete nature of the SiPM response. This can be visualised through
a histogram in which each peak will correspond to a single PE count. If the SiPM PDE were 1, there would
be a single value of NPE taken by the SiPM signal, assuming no variation in illuminated area. If the SiPM
and ADC were perfect, there would in addition be no overlap between peaks. Thermal effects on the SiPM
and electronic noise on the ADC cause each Dirac comb corresponding to a single PE count to be smeared
into a gaussian. Nonetheless, provided that these effects are not too significant, it is possible to define a SiPM
resolution R =

〈µi+1−µi〉√
σ
2
i+1−σ

2
i

, where µi is the average ADC value of the ith peak and σi its standard deviation.

This is shown in Figure 5.8.
Provided the resolution is high enough, it becomes possible to separate PEs on the ADC histogram as shown

in Figure 5.8. Irradiating the SiPM to a set laser illumination and measuring the induced pulse amplitude on
the oscilloscope yields an average amplitude (2.66 ± 0.69mV in the example case). This amplitude may be
matched to a PE count and further to an ADC count, using the dark count as the start of the PE spectrum.
The consistency of the technique is ensured by verifying that the selected starting point on the dark count
spectrum is correctly spaced from its neighbours, with the first peak with inconsistent spacing interpreted as
the pedestal corresponding to the electronic noise emerging from the ADC. The dark count being below the
set oscilloscope trigger, it must be cut which is done using a 5σ cut to the right of the dark count peak. This
is seen as acceptable as dark count is otherwise dominating the ADC distribution. In addition, the amplitude
distribution quickly decreases away from the average in the signal region. The average of the ADC distribution
is thus matched to an amplitude which is itself matched to a PE count.. This yields CPE = Aosc

NPE
which in

the example case yields CPE = 0.172 ± 0.045mV/PE consistent with both previous methods but much more
accurate.

93



ADC counts

#

Figure 5.8: ADC spectrum of the example SiPM including the pedestal and dark count (left) and after dark
count removal (right). The red line indicates the 5σ cut on the dark count, the orange line represents the
average laser-induced signal.

Digitised pulse PE calibration is thus the more accurate technique. It is, however, more time-consuming
and complex to apply. As a result, the unamplified pulse technique, due to its simplicity and relative accuracy
is preferred and is used in what follows unless otherwise stated.

5.4 Scintillator optimisation
The amount of light yielded by a scintillator element is dependent on the material itself but also the way it
is readout. It is relevant to determine whether the scintillator performance can be enhanced to increase the
light output. The light yield optimisation has been examined through a characterisation of base scintillator
characteristics as well as determining whether the scintillator foil can be a factor for improved performance, as
presented below.

5.4.1 Scintillator characteristics
Two distinct scintillators were used in this context: the NA62 custom polysterene/p-terphernyl/POPOP scintil-
lator and the Eljen EJ-200 scintillator [272]. The Eljen scintillator’s spectral profile is known with good precision
from the manufacturer and many other experiments including SND [272]. That of the NA62 scintillator is known
a priory but only at the time of the NA62 build and not to the extent that it may have aged since. This is a
known concern for plastic scintillators [371]. It is in particular known that the plastic base substrate may lose
transparency at higher wavelengths. It was thus reexamined to ensure performance using a spectrometer. The
spectrometer functions by sending light from 250 nm until 500 nm and measuring the difference between sent
and measured intensities. This allows to form an absorption spectrum which is expected to display high levels
of absorption at low wavelengths due to fluorescence mechanisms (Section 3.3.4.1) and a much lower amount of
it at higher wavelengths as it becomes transparent. This spectrum was measured and is shown in Figure 5.9.

While the NA62 scintillator had been machined to great regularity with the University of Mainz’s workshop,
the Eljen one was directly supplied by the Scionix company, thus requiring an evaluation of its regularity to
ensure performance homogeneity. This was done investigating the thickness in different locations using a pair
of calipers and scintillator bar segments. Each scintillator segment section is expected to be precisely 1 cm thick
and was investigated twice, the results can be found in Figures 5.10 and 5.11. The thickness distribution is not
centred on the nominal 1 cm. This is taken as introducing a 0.19

9.7 = 2% systematic uncertainty on light intensity
in the following measurements using this scintillator.
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Figure 5.9: Absorption of a 1 cm thick NA62 scintillator given as a function of injected wavelength. The initial
plateau until 270 nm is dominated by the polysterene base substrate. Afterwards come the p-Terphernyl until
320 nm and POPOP until 420 nm respectively. The irregularity of the distribution around 270 nm is understood
as being aging which, regarding the irregularity, is low and thus unlikely to significantly affect performance.
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Figure 5.10: EJ-200 scintillator thickness examples as measured across segments, the thickness is given in mm.
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Figure 5.11: Scintillator segment distribution. The thickness is found to vary with a standard deviation of
0.19mm.
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5.4.2 Fibre efficiency
Wavelength shifting fibres, used to trap the scintillator light and to route it to a SiPM, have different spectral
profiles based on the dyes used and the exact manufacturing techniques used. It should be noted that this
is assumed to mainly affect the output wavelength distribution and not the spatial or angular distribution of
the light output as the underlying principles of cladding-bonding are expected not to change, although this is
confidential to the producing company. The emission spectrum is here provided by the Kuraray company [367]
and may be convoluted with the spectral PDE response of the Hamamatsu SiPMs to determine which fibre
model, given a SiPM model, would yield the best match between PDE and emitted light wavelength. This is
done by matching, for every provided wavelength (given in this case with a 10 nm binning) the SiPM PDE at
the same wavelength in question while normalising by the relative light intensity at the same wavelength while
assuming that the total photon count remains identical between fibres (which is implied by [367]). This was
done for the three most promising available models (Y11, YS1, YS2) for a S14160-6050HS SiPM, leading to
Figure 5.12.
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Figure 5.12: Integrated efficiency of the Kuraray Y11, YS1, YS2 WLS fibres together with a Hamamatsu
S14160-6050HS SiPM.

It can be observed that the YS2 fibres provide the best integrated efficiency in the examined case, although
their spectral efficiency peaks lower than, for instance the YS1 fibres.

5.4.3 Optimisation of the scintillator foil
The scintillator foil plays the essential role of maintaining the scintillation light within the scintillator and
ensuring bar-wise isolation. Whether the foil should be crumpled or kept smooth has been a debate amongst
detector physicists. The argument in favour of creasing the foil used to pack the bars is to allow for a greater
diversity in light angles, thus allowing more light to be trapped within the fibres and/or to reach the SiPM
readout window. The argument against is that induced degradation of the foil, leading to worst reflection. To
determine whether either case is preferred, a measurement has been led using 3 EJ-200 6×36×1 cm3 scintillator
bars wrapped into smooth reflective foil, the foil for each was then removed and crumpled by packing them
into a ball by hand, then smoothing it back by hand and using it to wrap the bar again as shown in Figure
5.13. Protective latex gloves were used during the operation to minimize any contamination of the foil while the
scintillator was kept on protective high-quality washing paper during the operation for similar reasons. Since
it is difficult to ensure that the packing is entirely identical, the use of a hole in the foil for laser irradiation
was not utilised. As a result, the use of cosmic radiation was preferred. The scintillator bars were therefore
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put into the cosmic box with its broad side facing up and readout on both sides by two S14160-6050HS SiPMs.
A coincidence circuit with a window width of 50 ns was programmed into the oscilloscope to ensure that the
data was only recorded if both SiPMs have a signal above 20PE with the system left to run precisely 10 h each.
The means of each SiPM channel were averaged and compared in both the crumpled and smooth foil case. A
correction factor to the lowest performing of the two channels was applied to equalise performance on both sides
of the scintillator, it is determined by irradiating both SiPMs using the laser at a fixed intensity and observing
the difference in response between the two SiPMs due to PDE. The correction is defined as c = NPE,higher

NPE,lower
with

A the amplitudes of the higher and lower performing channels respectively. The results for each case are shown
in Appendix C.3.

(a) Picture of the three scintillator bars
used for the measurement in crumpled
foil.
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(b) Aggregated results of runs for all three cases. The smooth foil case performs
7.33± 0.43 % better than the crumpled foil case.

Figure 5.13

Within uncertainties and as shown in Figure 5.13, smooth foil performs better than crumpled foil by around
7%. Smooth foil should thus generally be preferred as it is easier to use and less likely to induce cracks in the
scintillator structure.

5.4.4 Conclusion and outlook of scintillator optimisation studies
The studies made in this section suggest that scintillator aging is not a major issue at the time scales examined.
Furthermore, scintillator irregularities from the manufacturer are a source of minor concern and can be avoided
by ordering thicker scintillators that are then polished to the right thickness in house or performing specific
calibration for each scintillator. The WLS fibres available from Kuraray best suited for the SHiP calorimeter
system are expected to be the YS2, assuming that S14160-6050HS SiPMs are used. Lately, some other AFBR-
S4N66C013 SiPMs from FBK-Broadcom [372] have come under consideration which are also likely to match the
SHiP calorimeter system’s requirements. The evaluation of the best WLS fibre model would have to be repeated
for these SiPMs if they were to be used, especially seeing as the spectral performance profile of these SiPMs
is different from the Hamamatsu ones with more efficiency at shorter wavelengths, make YS1 fibres potentially
competitive in this range.

Finally, it has been determined that within uncertainties, smooth reflective foil is to be preferred when
packing scintillators and are thus preferred.

The YS2-WLS fibres and smooth foil are thus preferred for usage in the SHiP calorimeter system.
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5.5 Optimisation of fibre-SiPM interface connection
The interface connection between WLS fibre and SiPM allows to spread the photons outcoming from the fibre’s
facet. This allows to limit saturation induced by large amounts of photons. The optimisation of this interface
connection can be done through Monte Carlo simulation but requires:

• A description of the photon behaviour along the WLS fibre: this is done through a Zeemax simulation
[373]

• A description of the photons on the fibre’s facet: this is done through the custom Fibresim toolkit [374]

• A propagation of the photons onto the SiPM surface: this is done through the custom Fibresim toolkit

• A description of the SiPM response to incoming photons: this is done through the custom Fibresim
toolkit

The Zeemax and Fibresim simulations are described in the following.

5.5.1 Simulation studies of the WLS fibre
The Zeemax simulation [318] is based on setting optical indices in space and generating photons. As such, a
200 cm cylinder surrounded by two levels of cladding are setup to mimic the WLS fibre following Figure 5.14.
Photons are isotropically generated within the fibre centre within a 30 cm length which has its centre 100 cm

away from both fibre facets. These photons may then:

• Not be totally internally reflected: they then escape the fibre layer. If the photon escapes the outer
cladding, it escapes the fibre and is considered lost

• Propagate in the wrong direction: the photon propagates away from the SiPM while remaining inside of
the fibre. It is considered lost

• Be absorbed by the WLS fibre, they are then lost

• Remain within the fibre and reach the facet equipped with a SiPM. These photons may then induce a
signal.

Only ∼ 2.3% of all photons are found to reach the fibre’s end. Those photons may either have propagated
“straight” to the facet if they were emitted with a small polar angle with respect to the fibre axis or spiral
around the fibre if they were emitted with a large polar angle. These phenomena can be seen in Figures 5.15
and 5.16.

The spatial and angular distributions of the photons reaching the fibre facet determine whether the photons
may exit the fibre and reach the SiPM. Photons with a large polar angle at the fibre facet will be totally internally
reflected and remain trapped within the fibre, those photons are also effectively lost. The photons with small
polar angles can exit the fibre. The spatial and angular distribution of photons on the fibre’s facet are shown
in Figure 5.17. The correlation between both distributions is shown in Figure 5.18. The photon angular
distribution is found to peak near 40◦. The photons at angles beyond 45◦ are mostly spiralling photons.

Photons totally internally reflected on the fibre facet have larger angles which leads to losses dependent on
the optical index of the medium outside of the facet. These are shown in Figure 5.19. Accounting for these
losses, the correlation between position on the fibre and angle after exiting the fibre assuming an optical index
of 1 (air) outside of the facet is shown in Figure 5.20.

This leads to a modified angle-position correlation distribution for the photons exiting the fibre, shown in
Figure 5.20.

These studies suggest that light yield can be significantly increased by reducing photon losses from the fibres
to the SiPM as large photon amounts are lost to total internal reflection at the fibre facet. This could be done
by reducing the optical index of the optical cement used to bound the fibres to the scintillator. In addition, the
angle of photons reaching the fibre facet indicates that large amounts of light ∼ 60% is lost to total internal
reflection and could be recovered by increasing the optical index at the fibre facet. This type of optimisation
can be simulated using the FibreSim toolkit, which uses these distributions and is described below.
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Figure 5.14: Technical characteristics of the Y11 fibres [367]. These were used instead of YS2 because of
documentation availability.

Figure 5.15: Visualisation of the Zeemax simulation. Very high polar angle photons, represented by the blue
lines, exit the fibre whereas lower angle photons are trapped either spiralling or propagating straight [373].
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Figure 5.16: Fibre effects on photons during the propagation (left) and on the fibre facet (right). Yellow photons
are susceptible to induce a signal, red ones are lost. The green area represents the fibre core, the blue and cyan
represent the inner and outer cladding respectively.
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Figure 5.17: Radial position of photon (left) and Angular distribution of photons (right) at the fibre’s output.
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Figure 5.18: Correlation between position and angular distribution of photons at the fibre’s output inside the
fibre, for a 1m fibre, with a 2 cm photon generation source in its centre.

Figure 5.19: Photon total internal reflection losses at fibre facet.
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Figure 5.20: Correlation between position and angular distribution of photons outside of the fibre’s facet
assuming an external optical index of 1.

5.5.2 SiPM-fibre interface connection simulation
For the scintillator optimisation studies, a simulation toolkit called FibreSim was developed in the framework
of this thesis. This toolkit is written in C++ and is designed to study the interface between WLS fibres and
SIPMs. It can run on any Linux PC with CERN ROOT version 6.14 or higher. It reproduces laboratory results
and has been extensively used to optimise the fibre-SiPM interface connection leading to greater light yields.

5.5.2.1 Principles of FibreSim

FibreSim functions using an input distribution of light inside the fibres or at the fibre facet as provided for
instance by the Zeemax studies. An environment is defined as well through an external optical index (EOI) and
the addition of reflective walls. Finally a SiPM is defined.

Fibresim takes the following input parameter which can be set freely inside of a initialisation file:

• The event count: nev

• The amount of times the simulation should be run for a given set of parameters: occperstep

• The amount of WLS fibres: nfibre (1 or 2 at the time of writing)

• The distance between the fibres and the SiPM: zdim

• A positioning variable for the fibres: optifibre

• A cutoff for high angle photons to study only low angle photons which can also be used to speed up the
simulation: anglecutoff

• The side length of the SiPM: sipmside (The SiPM is assumed to be square)

• The amount of pixels on the SiPM: n_pixel (The pixel count will also be rounded down to a value the
square root of which is an integer)

• The optical index outside of the fibres: oie

• The fibres’ attenuation length: att_l

• The PDE of the SiPM pixels: pixelefficiency
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• The presence or absence of rectangular reflective walls around the SiPM: iswall

The optical index inside of the fibre as well as alternative reflective wall shapes and positions can also be
set inside of the simulation.

The simulation then runs through the following steps:

• The photon are generated on the fibre surfaces

• They are propagated through the external medium

• They reach the SiPM plane

• A PE may be generated from the SiPM

• The process is repeated until the defined photon count is reached

In addition, the user has control over the walls’ reflectivity and the photon distribution inside of the fibre
which can be input. By default the distribution used is derived from Figure 5.23, but custom distributions
derived from laboratory measurements and Zeemax simulations are also available.

Each generated photon is assigned to a fibre, a position on the fibre cross section and a polar and azimuthal
angle according to the input distributions. The photon travels along the z direction and is reflected by any
defined reflective walls. It may in that case be absorbed by the walls according to their reflectivity. If the
photon reaches the SiPM, it may fire the corresponding pixel with a probability set by pixelefficiency.
Photon overlap, corresponding to multiple photons reaching the same pixel is present and will adequately
saturate the SiPM as described in Section 3.3.5.3. Pixel cross talk is not present in the simulation as pixel
isolation is assumed to make it negligible.

FibreSim has flexible outputs, capable of displaying events for a single set of parameters as histograms
such as shown in Figures 5.22 or 5.21. For analysis purposes, its output are real PEs (rPEs) and perfect PEs
(pPEs). pPEs correspond to the amount of SiPM PEs, if the pixels had a perfect 1.0 efficiency, rPEs are the real
reconstructed photon counts. This allows to evaluate the SiPM saturation based on the amount of incoming
photons in different configurations.

(a) 1mm distance between fibre and
SiPM.

(b) 2mm distance between fibre and
SiPM.

(c) 3mm distance between fibre and
SiPM.

Figure 5.21: 10 000 simulated photon onto a 6×6mm SiPM with a 50µm pixel pitch, a 0.5 PDE, with different
distances between fibre and SiPM and a n = 1 external optical index. Each bin represents a pixel.

FibreSim, while providing good performance and well matching the data at close distances, can still be
improved in a few ways. In particular, the photon distributions used are derived from studies performed in
Aachen [375] and Dortmund [376]. Alternatively, the distributions inferred in Section 5.5.1 are used, which,
while not explicitly contradicted by laboratory measurements, are not validated in laboratory measurements
either.

In addition, the SiPM modelling used in FibreSim is simplified with only a stochastic model being used.
Over-saturation phenomena [377] are for instance not covered which therefore prevents large light levels from
being properly simulated. The approximation that a pixel receiving n photons will have a firing probability of
1−pn, with p = 1−PDE can be challenged. While de-excitations of electrons failing to pass into the conduction
band after photo-excitation take place within O(fs) [378], the (optical) phonons generated by the de-excitation
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Figure 5.22: 10 000 simulated photon onto a 6 × 6mm SiPM with a 50µm pixel pitch, a 0.5 PDE, a 2mm
distance between fibre and SiPM and for different EOIs. Each bin represents a pixel.

may contribute towards higher excitation probability either in the pixel itself or a neighbouring one. Detailed
studies have yet to be made for this last phenomenon which is thus not implemented.

Finally, the introduction of complex geometries with varying external optical index is currently done by
hand in FibreSim. While experimental tools allowing for the definition of rectangular, trapezoidal exist, allowing
also for the removal of material using rectangles or spheres, they are at the time of writing not at a level of
maturity allowing for easy volume definitions.

Figure 5.23: Measured position (left), angles (centre) and cumulative angle (right) of photons on round, multi-
clad fibres [376].

5.5.3 Optimisation of fibre-to-SiPM interface connection for fibres in air
Simulation results indicate that significant potential for reducing SiPM saturation effects by increasing the
distance between SiPM and fibres. These measurements on fibres in air were made in two ways: firstly optically,
in order to determine general behaviour, then digititally using a SiPM, as detailed below.

5.5.3.1 Optical measurement of the fibre light output

These measurements were conducted together with Elisa Ruis Chòliz in the dark room to provide a first con-
straint of the light output distribution of the fibres. They were done using different distances. The 3m long,
1.2mm Y11 fibre (see Figure 5.14) was illuminated using an intense white light source coming from a smart-
phone torch function at one end of the fibre which was duck taped to the phone’s torch and kept clear from
the measurement area. The fibre was fixed to the markers using black duck tape to ensure that the marker’s
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Figure 5.24: Simulated positions (left) and angles (right) of photons on the fibre facet [375].

Figure 5.25

distance to its end was as close as possible to the real marker value and to minimise the reflection from the tape
itself. The measurement was done twice using two different techniques. First the gradated white paper placed
on the optical table and marked with the size of the two concentric light rings observed during the measurement
was used to determine the size of the circles. Secondly the pictures were pixel calibrated using the gradations
on the paper and pixel measurements were made, correcting for the camera angle as shown in Figure 5.26.
Measurement results are shown in Figure 5.27.

Figure 5.26: Visualisation of the measured objects. The fibre can be seen at the top. Two concentric light
circles are observed with a break in intensity between the two.

The light output is observed to be separated into two concentric circles, implying a near-linear regime
of increasing light amounts for smaller photon polar angles with a critical polar angle above which the light
distribution is no longer evolving linearly. Using the fit results, it is possible to compute the critical angle θcrit.
This yields a θcrit = 0.6338 rad = 36.32◦ consistent with the behaviour of Figure 5.23 and the Zeemax studies
of Section 5.5.1.

5.5.3.2 Digital measurement of the fibre light output

The measurements of the fibre-SiPM separation were made with the help of Asa Nehm, Sebastian Ritter and
Elisa Ruis-Chòliz who assisted in taking the data and operating the setup. The light output is measured by
consistently varying the distance between two fibres and a SiPM for a given fibre illumination. This is done using
a scintillator traversed by two WLS fibres ans excited by the laser. The fibres are fed into a 3D-printed hollow
tube (T1) with a custom 3D-printed end-cap letting them illuminate the SiPM placed in front of them. The
tube with the end cap enter a corresponding larger tube (T2) attached to the SiPM PCB, with T2 3D-printed
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Figure 5.27: Observed diameter of the fibre light spot as a function of distance. Plot courtesy of Elisa Ruis-
Chòliz.

to perfectly fit T1. A screw device allows to change the distance between the fibre facets and the SiPM. Each
full turn of the screw linearly increases or decreases the distance by 0.5mm. T1 and T2 are 3D-printed to have
the tubes centred on the SiPM’s sensitive surface. The fibres themselves emerge from T1 with a 1mm offset
each to allow the full angular range of photons to emerge from the fibres unimpeded. The errors on the offsets
are estimated to be 0.2mm and fully correlated as a rigid and smooth piece of 3D-printed plastic was used to
push the fibres into position. All 3D-printed parts are made of black obsidian plastic to minimise reflections.
The setup is pictured in Figure 5.28.

Figure 5.28: Fibre screw device. The fibres enter T1 which is inserted into T2 fixed to the SiPM.

In particular, T2 is manufactured in two variants. One is round (rT2), with an outer radius of 6mm and
an inner radius of 5mm, minimally sized to fully contain the Hamamatsu S13360-6050PE SiPM footprint while
remaining centred on the sensitive surface. The other T2 variant is square (sT2) and precisely 6× 6mm2 again
centred on the sensitive surface of the SiPM. A visualisation from above is shown in Figure 5.29.
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Figure 5.29: Fibre and SiPM system as seen from above.

Figure 5.30: From left to right: the SiPM used for the measurement, T1, sT2 (with foil), rT2 (no foil), rT2
(with foil) used for the measurements of the light output of fibres in air.

In addition, in order to determine the importance of reflectivity, versions of T1 and T2 are rendered reflective.
This was attempted in two ways: first sputtering using aluminium particles was tried, the results were however
inconclusive as the sputtered thickness was found to be far insufficient to reliably reflect photons. Therefore,
another solution was chosen, with reflective foil being used and fixed with a very light layer of fluid glue to the
sides of the tube as pictured in Figure 5.30.

Unless indicated otherwise, the fibres are passing through a 6×40 cm2 scintillator bar where they are sep-
arated by 2 cm and glued using BC-600 optical cement (n = 1.56). The bar is irradiated by the laser running
at a low 10 kHz frequency through a hole in the foil. Varying laser intensities are used, defined by different
laser tune parameters and modified using the internal laser attenuator. The distance is changed by turning
the screw device without interrupting laser irradiation which was observed to be slightly irregular immediately
after startup before it stabilised. The screw device was turned by an operator inside the dark room. Each
combination of distance, corresponding to a data point, and intensity, varied between datasets, is recorded on
the oscilloscope for 30 s or 300 000 pulses. The mean and RMS standard deviation are recorded and compared
for different configurations. The distance is increased from 1mm away from the SiPM surface to avoid direct
contact between fibres, which could be misaligned, and sensor, which could be damaged. The measurement
output can be found in Figure 5.32.

Good agreement is observed with the FibreSim simulation and an optimal distance is observed, being 2mm

and 3mm for foil and foil-less T2. This corresponds to the ideal distance between fibre and SiPM where the
most light is collected by the SiPM. As expected, the presence of foil allows for better conservation of light
particularly at longer distances. No significant loss is observed in the round T2 beyond 8mm which indicates
that the foil reflectivity is indeed close to 100%. The primary causes of light loss at larger distance are the dead
regions around the SiPM.

At close distances, the maximum amplitude of the setup with reflective T2 is around 15% higher than
with dark T2. This indicates that over ∼15% of light is present at angles θ > 45◦. Those photons, based on
Figure 5.25 should mostly be concentrated in the outer cladding region. The simulation estimates indicate that
the outer cladding would have a greater amount of photons, about 60% of the total fibre photon count. This
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Figure 5.31: SiPM average PE counts as a function of distance to the fibres as a function of distance for a fixed
laser setting (left) and in FibreSim for 840 generated photons (right).

Figure 5.32

difference is due to the loss of all of the photons initially produced in the core and reaching the outer cladding
within the initial scintillator because of the higher optical index of the optical cement and scintillator (both at
1.56). In the case of the SHiP calorimeter system, seeing as the fibres are embedded inside of the scintillator, the
determination of the outer cladding light distribution is not significant in this context. It is however valuable
to see if more photons with larger polar angles can be collected by the SiPM by changing the geometry of T2
from round to square to minimise dead regions. This comparison is shown in Figure 5.33.

400

500

600

700

800

PE
 #

Square
Round

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0
Distance [cm]

1.00

1.25

1.50

1.75

Ra
tio

Signal amplitude as function of distance for fibre pair, square and round geometry

Figure 5.33: SiPM average PE counts as a function of distance for square and round geometries of T2.

While light is better conserved in square geometries due to the significant reduction in gaps leading to
dead regions, the peaks however are located at the same distance and have the same amplitude. This implies
that there is no added value in using a square reflective surface rather than a round one. The exact angular
distributions are ill represented analytically given the large amount of modes enabled by multiple reflections.
Those are therefore better simulated as is done in Section 5.5.2.

The angles in fibres in air which were directly irradiated by the laser were also investigated, due to the lack
of relevance of the study to the SHiP calorimeter however, the study was not concluded. In particular, while
the distribution with reflective T2 was measured, the one with non-reflective T2 was not, thus not allowing to
determine the angles in fibres in air. These distribution can be found in Appendix C.3.
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Conclusion and outlook It is possible to improve the SiPM light collection by a factor up to ∼ 2 by
increasing the distance between fibre and sensor to 2mm for 6×6mm2 SiPMs if no further reflections are placed
around the fibre. If such reflective elements are placed parallel to the fibre direction and around the fibre, it
is possible to improve the light output by a further ∼ 15% by increasing the distance further at 3mm thanks
to photons with normal exit angles above 56◦. No variation in performance at the optimal distance was found
whether the reflection geometry was circular or square.

The investigated photons come primarily from the fibre core and fibre inner cladding, those in the outer
cladding are lost within the scintillator bar and are expected to be more numerous, but also at typically much
higher angles, than their inner layers counterparts. It is possible to investigate the distribution including
the outer cladding by removing the scintillator and irradiating the fibres directly. The correlation between the
incoming photon direction and outgoing re-emitted photon in WLS fibres implies that usage of highly collimated
fibre illumination such as lasers is not realistic to usage within a scintillator. Radioactive sources or cosmic
radiation are preferable for such studies which have not been made due to their lack of applicability for the
SHiP calorimeter system.

Furthermore, a complete measurement indicating the full correlation of photon angles to the their position
at fibre facet could provide further insights to the light distribution in the fibre and be useful to write accurate
fibre simulation codes.

5.5.4 Optimisation of interface connection between SiPM and fibres inside
of scintillator

The light output in fibres traversing a scintillator is theoretically similar to that of fibres exiting a scintillator
into air, as light trapped inside of the core and inner cladding can only escape through second order phenomena.
These can be verified experimentally to determine whether an optimisation may significantly improve the fibre
light yield. In addition, as shown in Sections 5.5.1 and 5.5.2, large amounts of light are expected to remain
trapped within the WLS fibre because of its heightened external optical index compared to the optical index
of air, up to 60%. Simultaneously, an increase in the external optical index would imply an increased focus of
the light onto fewer SiPM pixels, which would decrease the PE count as a result of increased SiPM saturation.
These two competing effects are evaluated in the following.

5.5.4.1 High EOI evaluation of light output onto SiPMs

The experiment is using a 36 cm long EJ-200 scintillator bar traversed by two fully contained YS2 WLS fibres
which reach a S14160-6050HS SiPM (see Section 5.5.5) and are separated by 2mm in the transversal plane.
The SiPM is placed on a PCB which is screwed onto the scintillator using different 3D-printed masks, thus
allowing to vary the distance between fibres and SiPM. In addition to the distance, the interface is also varied,
using different thicknesses of “active” materials in PMMA1 and glass (n = 1.5 and n = 1.45 respectively) cut
and polished on all sides using sandpaper to meet the dimensions requirements. The plexiglas has a base cross
section of 6.5× 6.5mm2 to cover the sensitive area of the SiPM and a variable thickness Z. In order to preserve
as much light as possible, a trapezoid PMMA geometry was investigated in addition to the typical square cuboid
shape. Both are shown in Figure 5.34. Glass, being more difficult to machine, has only been investigated in
the configuration it could be obtained, namely 1mm thickness with unpolished sides. In order to minimise
optical losses to total internal reflection, Luxlite optical grease (n = 1.517) is deployed in certain test runs
to evaluate the light output gains that can be made by reducing losses to total internal reflection within the
fibre. This solution, while workable and simple, could be improved as it doesn’t match the optical index of the
Plexiglas and more significantly neither that of any of the fibre components. Nonetheless it is deemed to allow
a satisfactory study of achievable light yield gains.

The measurement of the light output of fibres connected to high external optical index mediums is made
utilising a scintillator irradiated through the laser through a small hole in the foil equidistant from both fibres.
The direct comparison between different setups was deemed hazardous due to the possible changes in the difficult
to reproduce setup on the laser stand, with exact orientation of the scintillator being a particular concern. The
measurement is hence made as a ratio of a measured SiPM to a reference SiPM set on the opposite end of the

1Plexiglas
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Figure 5.34: Trapezoidal Plexiglas interface (left) and cuboid interface (right). The potential gains from varying
the geometry from the Plexiglas at the fibre’s exit by increasing the photon angle that would be capable of
exiting is shown. In the trapezoidal case, escaping photons preferentially escape through the optical grease
which, due to its smaller thickness, allows to reduce the loss of photons with high polar angles.

scintillator bar utilising an unchanged interface. The reference SiPM is operated using a set voltage using the
best known air interface without extra reflections, namely with a 2mm air gap. The interface on the test side is
varied with each interface variant being evaluated at different laser intensities. Both SiPMs’ signal amplitudes
Atest and Aref and standard deviation σtest and σref are taken in 30 s measurements using the oscilloscope and
the ratio of their amplitudes is taken as figure of merit. The trapezoid geometries are defined by a larger
(S = 6.5mm) square and a smaller one, whose sides’ length L are manufactured to be either 4mm or 4.5mm.
An L = 5mm square was attempted but proved difficult to manufacture with the required precision.

The optical grease was applied using a 1mm diameter syringe either on only the fibre side of the interface,
one both sides or not at all. It was reasoned that a test with grease on only the SiPM side will not yield better
results than its greased fibre counterpart and would be comparable to an air gap as total internal reflection
would still prevent many photons from leaving the fibre in the absence of optical grease at the interface. All
different setups are summarised in Table 5.1.

Each piece of glass/PMMA is placed onto the SiPM laterally using a set of thin tweezers and a 3D-printed
mold which can be separated into two parts to perfectly match the SiPM shape and then be easily removed to
ensure regular behaviour. Each setup is inspected visually before the ratio measurement started. The measured
ratios of test to reference SiPM signals as a function of laser intensity can be found in Appendix C.3.

The ratios are observed to be stable until the laser exits its linear regime around Tlaser = 70, indicating
limited SiPM saturation for most setups. Systematic errors are difficult to estimate but are expected to be small
and not significantly shift the experiment given the utilised means. They would mostly stem from differences in
the setups regarding the placing of the high EOI material and the illumination of the scintillator as well as from
the laser itself. A 5% symmetric and uncorrelated systematic error is assumed on each setup which is deemed
conservative. Indeed the systematics which do not cancel out as a result of the ratio approach are expected to be
positively correlated if at all such as if the glass/PMMA piece slid out of alignment because of gravity, implying
that only a reduction in the uncertainty may be achieved in this case as σA1/A2

= ( σ1

A1
)2+( σ2

A2
)2−2ρA1A2

σ1σ2

A1A2
=

σA1/A2,uncorr − 2ρA1A2

σ1σ2

A1A2
. The 3D-printed parts are accurate to less than 1% and the alignment of all parts

is verified before each measurement, rendering 5% prudent. A visualisation of the setup is provided in Figure
5.35

As expected, setups using optical grease, whether single or double sided perform best overall. However,
given the large number of examined setups, a performance ratio of ratios was taken by computing the ratio of
each setup on the Airgap_ref setup corresponding to an optimised interface without high optical index material.
These ratios are computing over the [0, 60] laser range where performance is deemed most reliable and shown
in Figure 5.36.

It can be observed that the best performing setups are those with a 2mm space and that within uncertainties,
it does not make a difference whether single or doubled sided grease is used. In the best performing setups, a
∼ 20% signal increase is achieved compared to the optimised airgap setup. The trapezoidal shape is found to
potentially provide a limited benefit but not to warrant its usage for small numbers.

Improvements to this study could be further brought through a careful experimental study of systematic
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Setup name Interface material Material thickness Grease setup Setup code

Airgap_ref Air 1mm _ AR

Dry cuboid 1mm glass_test Glass 1mm _ DR1G

Dry cuboid 1mm PMMA_test PMMA 1mm _ DR1

Dry cuboid 2mm PMMA_test PMMA 2mm _ DR2

Dry cuboid 3mm PMMA_test PMMA 3mm _ DR3

Dry cuboid 4mm PMMA_test PMMA 4mm _ DR4

Dry trapezoidal L = 4mm Z = 2mm PMMA_test PMMA 2mm _ DT42

Dry trapezoidal L = 4mm Z = 3mm PMMA_test PMMA 3mm _ DT43

Dry trapezoidal L = 4mm Z = 4mm PMMA_test PMMA 3mm _ DT44

Dry trapezoidal L = 4.5mm Z = 2mm PMMA_test PMMA 2mm _ DT52

Dry trapezoidal L = 4.5mm Z = 3mm PMMA_test PMMA 3mm _ DT53

Dry trapezoidal L = 4.5mm Z = 4mm PMMA_test PMMA 3mm _ DT54

One sided greased cuboid 1mm glass_test Glass 1mm Single sided OR1G

One sided greased cuboid 1mm PMMA_test PMMA 1mm Single sided OR1

One sided greased cuboid 2mm PMMA_test PMMA 2mm Single sided OR2

One sided greased cuboid 3mm PMMA_test PMMA 3mm Single sided OR3

One sided greased cuboid 4mm PMMA_test PMMA 4mm Single sided OR4

One sided greased trapezoid L = 4mm Z = 2mm PMMA_test PMMA 2mm Single sided OR42

One sided greased trapezoid L = 4mm Z = 3mm PMMA_test PMMA 3mm Single sided OR43

One sided greased trapezoid L = 4mm Z = 4mm PMMA_test PMMA 4mm Single sided OR44

One sided greased trapezoid L = 4.5mm Z = 2mm PMMA_test PMMA 2mm Single sided OR52

One sided greased trapezoid L = 4.5mm Z = 3mm PMMA_test PMMA 3mm Single sided OR53

One sided greased trapezoid L = 4.5mm Z = 4mm PMMA_test PMMA 4mm Single sided OR54

Double sided greased cuboid 1mm glass_test Glass 1mm Double sided AR1G

Double sided greased cuboid 1mm PMMA_test PMMA 1mm Double sided AR1

Double sided greased cuboid 2mm PMMA_test PMMA 2mm Double sided AR2

Double sided greased cuboid 3mm PMMA_test PMMA 3mm Double sided AR3

Double sided greased cuboid 4mm PMMA_test PMMA 4mm Double sided AR4

Double sided greased trapezoid L = 4mm Z = 2mm PMMA_test PMMA 2mm Double sided AR42

Double sided greased trapezoid L = 4mm Z = 3mm PMMA_test PMMA 3mm Double sided AR43

Double sided greased trapezoid L = 4mm Z = 4mm PMMA_test PMMA 4mm Double sided AR44

Double sided greased trapezoid L = 4.5mm Z = 2mm PMMA_test PMMA 2mm Double sided AR52

Double sided greased trapezoid L = 4.5mm Z = 3mm PMMA_test PMMA 3mm Double sided AR53

Double sided greased trapezoid L = 4.5mm Z = 4mm PMMA_test PMMA 4mm Double sided AR54

Table 5.1: Active EOI fibre light output setup summary. L corresponds to the side length of the material, Z
corresponds to the material thickness.

Scintillator bar

Interface 
under test

Test SiPMWLS 
fibres

Reference 
SiPM

WLS 
fibres

Figure 5.35: Visualisation of the setup. The left SiPM is set with a reference interface which remains unmodified
throughout the study. The right SiPM is connected to a custom interface which changes during the study. For
the measurement where the interface under test is a simple airgap, the reference SiPM yields an amplitude
Aref,Airgap_ref whereas the test SiPM yields Atest,Airgap_ref. When the interface under test is set to be “active”,
the reference SiPM records Aref,_test whereas the test SiPM records Atest,_test.
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Figure 5.36: Evaluation of the ratio of the ratios between both sides of the SiPM for different interfaces
Atest,_test/Aref,_test

Atest,Airgap_ref/Aref,Airgap_ref
. The inner error bars are statistical whereas the outer ones are systematic.

uncertainties using perhaps different PMMA insertion techniques and having a more stable scintillator irra-
diation stand, perhaps through 3D-printing. In addition, the added benefit of glass was underexplored due
to difficulties in its machining. More generally, this study could be done using a greater variety of materials
with more optical indices which would also further contribute towards tuning FibreSim. Of particular import
is also the optical grease: while its usage was proven to be beneficial, it would be valuable to vary its optical
index, perhaps increasing it until n = 1.59 to match the fibre core, to extract maximum amounts of light, thus
requiring higher n materials as well.

The value of optical grease in an optimal setup having been demonstrated, its performance in long-term
measurements now needs to be as well. This is done in the next section.

5.5.4.2 Aging of optical grease

Optical grease is commonly used as a replaceable part of an optical apparatus. This is due to it being a silicone
grease composed of several solvents meant to maintain its fluidity but tends to dry when certain solvents
(alcohols in particular) evaporate. The ensuing degassing is largely harmless to a scintillator-based detector
but may hinder the homogeneity of the grease and thus, through the formation of dry clumps, reduce the
effective surface of the fibre-grease-PMMA interface. Nonetheless, optical grease has significant advantages over
its most common replacement, namely optical cement [342], particularly in that its ease of use and replaceable
nature allow for much easier maintenance of the underlying components. The significance of the drying effect
is likely dependent on the materials with which the optical grease is in contact with. This has been studied in
order to determine the usability of the optical grease interface in long term, multi-year operations of the SHiP
calorimeter system.

PMMA is not expected to significantly age as the photons have wavelengths too long to be capable of
interacting with the polymer structure of the PMMA (which would require X-rays to damage, not optical
photons emitted by the fibres). It should be noted however that the following measurement nonetheless is not
sensitive to aging from the PMMA or the optical grease separately but only to their combination.

The setup to determine the optical grease aging had to accommodate weektime usage of the dark room and
was thus only used when the dark room was not used for other purposes, mostly on weekends. Each period
where contiguous measurements were taken is denominated a measurement period. A 36 cm EJ-200 scintillator
bar traversed by two Y11 WLS-fibres in a setup similar to that of the initial prototype were used for the
measurement. The interface on one end was modified to the “One sided greased cuboid 3mm PMMA_test”
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setup (see Table 5.1). The bar was irradiated by the laser running at 1 kHz through a small hole within the foil.
The SiPM signal amplitude and standard deviation were recorded on the oscilloscope for each pulse. The setup
was removed from the optical table at the start of each next day with laboratory access (typically Monday)
from the optical table and placed on another dark room table until the following day preceding time without
laboratory access (typically Friday). It was placed back into the laser beam in identical conditions ensuring by
using a set of markers set to the optical table screws. Exposure times varied by O(h) most weeks with longer
exposures times of 24 h being achieved on weeks 8 and 10. Starting the third week, a reference SiPM is placed
on the other side of the scintillator bar using an interface identical to the reference interface of Section 5.5.4. It
was used to provide a reference aging to compare with the interface aging. Certain variations occurred in single
measurement periods as shown in Figure 5.38. The internal variations within a single measurement period were
taken as statistical uncertainty leading to different statistical uncertainties for different measurement periods.

Figure 5.37: Aging measurement from Weeks 4 (left) and 7 (right).

Figure 5.38

The SiPM signal amplitude in time is thus used to determine the interface aging and is shown in Figure
5.39 whereas the reference SiPM signal amplitude in time is shown in Figure 5.40.

Figure 5.39: Test SiPM signal amplitude as a function of time.

Aging is observed to occur at an accelerated rate on the test interface compared to the reference but the
loss is found to be small. Nonetheless, significant variations are observed in between measurements. This
is interpreted as inducing a systematic error induced by setup reproducibility which is computed using the
standard deviation between the achieved means in the reference case, where no interference from the interface
may occur. Both test and reference full datasets are fitted using affine functions. The standard deviation from
the reference is scaled by the ratio of the fitted affine functions’ constants in both cases r = 1523.44

1355.35 ' 1.12,
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Figure 5.40: Reference SiPM signal amplitude as a function of time. The third measurement week is viewed as
an outlier as a noticeable difference in positioning was observed.

the result of which, σsys = 134.03, is taken as a systematic error on the test case which is then fitted again.
The correlation between uncertainties leads to low fit uncertainties, thus allowing for a statistically significant
measurement of the aging. The aging is evaluated as a function of time using those two fits by substracting
the fit slopes to one another, yielding an absolute loss rate of Laging,abs = 0.1PE/h or 2.4PE/d in this setup.
Utilising the affine constant of the fit on the test data of Figure 5.39 it is possible to determine a final relative
loss rate of Laging,rel = 0.16%d−1 with negligible uncertainty.

This loss rate is small but is not suitable for an experiment which would have to run for months or years.
Nonetheless, it is likely that the aging is not strictly linear and would slow down as surface solvents become
scarce thus building a dry crust to the grease. The data taking length, stretching only over two and half months
does not allow to extrapolate for this effect. Use of optical cement is thus preferred for experiments running for
very long periods of time.

5.5.5 Orientation of SiPM relative to the fibres
The orientation of the SiPMs relative to the fibres was also examined. While instinctively, a π

4 rotation compared
to the two fibres may be valuable to increase the light collection on the SiPM, FibreSim simulations only display
a modest improvement as shown in Figure 5.41, within the margin of error.

For simplicity in PCB design, it is preferable to have the SiPM non-rotated to keep a distance between
the SiPM edges and the PCB edges. The absence of gain in light collection performance, however, had to be
validated in laboratory. This was done using two fibres in air aligned straight connected to a scintillator. Loose
fibres display a larger angled light profile, implying that results for fibres in air are also valid for fibres fully in
a scintillator in this case.

The scintillator was irradiated with the laser through a hole in its foil whereas the SiPM was placed inside
of a device which allowed the sensor to be rotated in steps of 15◦ shown in Figure 5.44.

The fibres were then placed at given distances from the SiPM and exposed for 1min at the time for
combination of angle and distance. The average and RMS standard deviation are reported and plotted in polar
coordinates shown in Figure 5.44c. The SiPM used were the S14160-6050HS which were perfectly square and are
perfectly centred on the fibre beyond the systematics of their placement of the PCB which are fully correlated
between measurements. The SiPM signal amplitude was thus expected to be identical modulo 90◦.

The SiPM signal amplitude is observed to vary very little as a function of the angle, in order to determine
this with better precision however, the difference between light yields at each angle modulo 90◦ is computed
with regards to the average µθ =

∑q<4
q=0 Aθ,q

4 where θ = 0, 15, 30, 45, 60, 75◦ is the SiPM inclination angle whereas
q is the quadrant of the chosen polar distribution of Figure 5.44c. The residuals with respect to the average for
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Figure 5.41: PE count for straight fibres (left) and fibre rotated by π
4 (right) for 1000 incoming photons: 478

and 480 rPEs are found respectively. The green square delimits the SiPM sensitive area.

(a) (b) (c)

Figure 5.42: SiPM rotation device. Angles may be varied in steps of 15◦ with the SiPM remaining aligned on
the fibres.
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Figure 5.43: Amplitude of SiPM signals as a function of SiPM angle to fibres for different distances between
fibre and SiPM.

each distance can be found in Figure 5.44. With residuals being consistent with 0, no significant benefit from
inclining the SiPM compared to the fibres is found. Indicating that no orientation would have an impact on the
SiPM light collection performance.

5.5.6 Conclusion and comparison to initial prototype
This chapter has covered means meant to optimise the light yield of scintillator bars for the SHiP calorimeter
system. Optimisations can be divided in those that affect the scintillator bars themselves or the interface
between fibres and SiPM. It has been demonstrated that using smooth foil improves the light yield by about
7%. Improvements in the interface between fibre and SiPM have also been made with laboratory measurements
leading the path towards the development of the simulation toolkit FibreSim, which allows the study of optimal
interfaces for different configurations. This has lead to an understanding of the light distribution in the fibre
allowing for the development of optimised interfaces for both fibres in air and fibre in scintillator. This has
been applied to optimise the SHiP calorimeter system’s 6 cm scintillator bars, which doubles the total achieved
signal with respect to the initial configuration as shown in Figure 5.45.

Furthermore, it has been shown that, given an optimal distance between fibres and SiPM, the orientation
of the SiPM in relation to the fibres does not play a significant role.

These studies may be expanded to test more scintillator geometries, with notably cutoffs being applied to
the scintillator sides in the longitudinal direction, allowing to improve light focussing towards the SiPMs and
capture by the WLS fibres. Furthermore, simulations may be improved and fine-tuned through the measurement
of the correlation between photon position on the fibre cross section and its position. This can be done using a
setup shown in Figure 5.46. A further complement to these studies could involve tests of different optical cement
indices to determine the relative value of higher prompt photon capture versus wavelength shifted photon loss.

Interface studies can also be pursued, with further studies dedicated to more interfaces including high optical
index pads which have become increasingly common in the past years [379]. The study of more advanced high
optical index interface material geometries may also yield further improvements, through more materials or fine
tuning of the fibre-material interface such as by creating an “optical grease pool” to improve photon retention
as shown in Figure 5.47. Most valuable here are however improved means of material manufacturing of the
interface, which may be achieved for the material itself using developments in 3D-printing. Improvements in
optical grease dispensing can also contribute to better ease of use of these improvements as well as determining
the aging profile of these interfaces and their separate components in longer-term measurements.
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Figure 5.44: Amplitude of SiPM signals as a function of SiPM angle to fibres for different distances between
fibre and SiPM.
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Figure 5.45: Signal yield from cosmic ray exposition of scintillator bars from the initial prototype, EJ-200
scintillator bars with YS2 fibres glued to the scintillator using EJ-500 optical cement otherwise using the initial
prototype configuration and the same components used in the developed new and optimised configuration
without optical grease or PMMA. Each scintillator was readout on both sides by two SiPMs readout using a
50 ns coincidence window on the oscilloscope with the average PE count from both sides being reported here.
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Figure 5.46: Proposed measurement of photon angle at fibre exit. Different optical greases would be used to
allow the study of the fibre core, inner and outer cladding respectively. The half sphere would have an optical
index equal or larger than the fibre core to avoid any photons to total internal reflection on the fibre cross
section. The SiPM would be moved along the half-sphere to observe photons at different angles with the half
sphere itself have an absorption length comparable to its radius to minimise background from internally reflected
photon within the half-sphere.
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Figure 5.47: Suggested optical grease pool design. It could be used to improve the capture of high angle photons
which are typically otherwise lost.
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Chapter 6

Evaluation and development of calorimeter
readout electronics

The optimisation of light yield, as explained in Chapter 5 allows for considerable improvement in the calorimetric
stochastic term. This however requires adequate readout electronics, capable of processing the outcoming SiPM
signals into usable data. The development of such electronics allowing for the data to be utilised to benefit the
SHiP calorimeter system’s physics case has been performed through a formulation of requirements. This was
followed by the investigation of four separate readout systems which have led to the design of a custom readout
solution, all of which are presented in the following.

6.1 SHiP PID detector physics-induced electronics requirements
The SHiP calorimeter system’s physics requirements presented in Section 4 have direct repercussions on its
readout electronics. An contextualisation of relevant analogue and digital electronics as they relate to the
requirements is provided in Appendix E

The SHiP calorimeter system’s role within SHiP is mainly determined by its PID requirements and overall
experimental operating conditions. Crucial are the required dynamic range for the ECAL, the dead time, the
sensor capacitance requirements, the output needs, the time resolution and rate capabilities, the output data
rate and other services which are examined here with an emphasis on the scintillator layers.

6.1.1 Dynamic range
First and foremost, the SHiP calorimeter system must be capable of observing and identifying µ, π and showers
from γ or e (see Sections 4). As a result it needs to be capable of observing MIP-like signals and electromagnetic
showers. The results from Chapter 5 indicate that a MIP in a wide scintillator bar yields O(100) PE which
corresponds to ∼ 1 pC assuming a 105 gain. Thin scintillators bars in similar conditions yield O(10) PE [364]
which then correspond to ∼ 100 fC. On the other hand, an electromagnetic shower originating from two γs at
one of the highest achievable energies of 2× 200GeV implies ∼ 18000 charged particles (see Equations 3.15 and
3.16) at the shower maximum, which, if approximated as MIPs yields a deposited charge of up to ∼ 20 nC in
the case of wide scintillators. This implies the need for a dynamic range of O(104 − 105) for which the SiPMs
must also be adapted. If directly translated to ADC requirements, assuming that the MIP energy deposition
peak is present at 100 ADC, implies that the largest shower peaks around Pmax ' 2 × 106 ADC counts with
statistical fluctuations corresponding to

√
P being small. This therefore necessitates a 21 bit ADC, which is

very rare, complex to implement and expensive [380].
As precision at higher levels is not as crucial as σP

P decreases, a gain switching mechanism can be imple-
mented, allowing to lower the gain for large signals, thus adding considerable dynamic range at the cost of a
single extra bit to the digital output. A gain switch of 10 allows to reduce the ADC bitcount to 18 whereas one
of 100 allows to reduce the bitcount to 15. In the case of the SHiP ECAL, if a 10 bit ADC is assumed [381],
the maximal required gain switch is then ∼ 2000. This option however severely limits the readout bandwidth
leading to a preference for readout electronics displaying multiple gain switches which allows to alleviate this
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effect, allowing to scale detector resolution and readout bandwidth with energy. It should be noted that some
amount of saturation is likely acceptable given the expected scarcity of 2 × 200GeV shower events and the
possibility to infer their energy if the saturation point is achieved, given the rest of the calorimetric layers and
experimental conditions.

The option for hybrid ADC and time over threshold (ToT) [382] should be mentioned: it is an option
that leaves the preamplification stage to saturate and only measures the length of the induced signal above a
certain charge. This leads to moderately worst resolution at higher energies than full signal integration and
is not currently available together with the desired parallel readout scheme. It should furthermore be stressed
that this, while applicable in the ECAL, leads to worst PID in the HCAL with neutron signals being difficult
to identify as a result of their delayed pulses for high energy deposition which would keep the preamplifier
saturated.

The ability to observe single photopeaks is desirable for system calibration, although this will not used in
the experiment operation itself.

6.1.2 Dead time
The final detector-wide rate will be determined once the final muon shield design will be complete (see Section
2.3.1.2). However, a conservative baseline rate of 50 kHz detector-wide is assumed based on previous studies
[26]. The muon shield is expected to deflect particles towards the detector upper and lower modules (see Section
4.2), implying a non-homogenous rate. The module-wide rate is hence foreseen to reach ∼ 20 kHz in the most
exposed sections, implying an acceptable layer-wide average dead time of 20µs. Poissonian uncertainty from
the beam only very slightly modifies the acceptable dead-time. The beam is known not to be entirely normally
distributed with significant variations induced. Furthermore, delayed decays from particles such as neutrons
are a significant signal to certain BSM searches [383], thus modifying the dead-time requirements to be as low
as achievable, ideally below 1µs.

6.1.3 Sensor capacitance
The SHiP calorimeter system will be readout by two different SiPM types, estimated to be 60 pF and 2 nF for
the thin and wide bars respectively. This has consequences on the analogue front-end (see Appendix D.0.1), with
a low-impedance amplifier and tunable shaping times being required to allow proper integration and shaping of
the analogue input no matter the sensor.

6.1.4 Output, rate and time resolution
In order to operate in SHiP conditions (see Sections 2.3.5 and 4.2.4.1), the CALODAQ readout board needs to
be capable of acquiring an ADC value per output allowing physics to be reconstructed from the calorimeter. A
TDC value is also necessary for event building and in particular output sorting. Finally, the channel number
is also required to be able to locate the output origin. This is particularly crucial in the case of the HPLs and
thin scintillator bars. This is expected to be included into a 32 bit output which is scaled to the full detector.
Assuming that each scintillator bar ouputs two bitstreams per MIP (one for each bar side) and that each GEM
layer outputs 7 bitstreams per MIP, the final data rate is expected to be a relatively modest ∼ 500Mbit s−1

detector wide. The timing resolution required is set by other subsystems, particularly the SST and is expected
to be O(ns).

6.1.5 Other services
In order to guarantee a uniform detector, individual SiPM channels are expected to require different bias
voltages, implying the need for a tunable voltage system. In addition, noise removal from SiPM dark counts
may be improved by enabling dual-sided coincidences for individual bars, which would be done at the CALODAQ
level (see Section 4.2.4.1). This can be avoided if MIP peaks are large enough to severely minimise dark counts,
enabling noise filtering through a simple threshold. In addition, the detector is expected to run 15 years and
as such, channels are expected to suffer from degradation over this time. The dual readout of individual bars
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enables compensation which can be achieved through the use of dual sided calibration LEDs. Slow control
requirements is still being finalised at the time of writing but also needs to be fulfilled for the 10 000s of
channels in the scintillator part of the detector as well as the 100 000s of channels of the HPLs.

6.2 Evaluation of readout electronics
In order to maximise compactness and reproducibility, modern detectors have come to rely on custom designed
integrated circuit. As a result, the first stages of the readout, often including digitisation and even complete
readout architecture, are nowadays done by an application specific integrated circuit (ASIC). These generally
manifest as chips with all components engraved directly onto their constituent silicon via a CMOS process [384].

Four systems relying on such ASICs were investigated as options for the SHiP calorimeter system’s frontend
readout electronics: the commercial CAEN DT5702, the commercial CAEN DT5202, the TOFPET2 and the
KLauS chip. These are presented in order.

6.2.1 CAEN DT5702
The DT5702 system, pictured in Figure 6.1, is built around the CITIROC-1A chip from the Weeroc company
[385]. It is a 32 channel analogue ASIC which includes an amplifier with configurable gain (10-600), a fast and
a slow shaper with 15 ns and 12.5 − 87.5 ns shaping time respectively and a discriminator which is fed into a
hold circuit and further into an analogue multiplexer for signal distribution. The TDCs are implemented by
a Spartan-6 FPGA using the trigger ouputs of the CITIROC-1A whereas the 12-bit ADC is provided by a
LPC4370 ARM processor using the ASIC’s analogue outputs with power also being provided by the system.
Communications with the DT5702 and data taking are done through an RJ-45 ethernet link. The block diagram
is shown in Figure 6.1. The system is capable of taking an external trigger as input or may rely on self-triggering
and is capable of operating under different analogue trigger levels. The self triggering mode is observed to bring
efficiency down to ∼ 60% compared to operation using an external trigger. The DT5702 was used as readout
electronics in the initial prototype (see Section 5.1.1) as part of an integrated board which function with
SiPMs, a two-stage common-collector/common-emmitter preamplifier which inverts the signal polarity. This
renders them incompatible with the DT5702. The outcoming pulse polarity renders them incompatible with the
DT5702, the board relied upon a set of inverters to feed positive polarity into the DT5702. They are powered
using the shell of the LEMO connector from the sensor board which is fed a positive voltage, leaving only
the SMA shell for grounding which is deemed inadequate for long-term operation. While the system functions
well for small signals, for instance dark counts (see Figure 6.2), its gain-switch and single-channel-bias-voltage-
switching-capabilities have been found not to be implemented, invalidating the board as a readout option for
the SHiP calorimeter system.

In addition and as described earlier, the CITIROC, as an analogue chip, does not yield TDCs or ADCs
and relies on external FPGA and microprocessor blocks for those outputs. Finally, the chip implements a serial
readout, reading out all channels one by one after a trigger signal is received, inducing a chip-wide dead time
which may last up to 10µs during which it is blind to any incoming signals. This makes it ill-suited for a
triggerless application. The limitations of the initial electronics, in particular regarding the complex analogue
readout chain have motivated the development of a different readout electronics capable of better fulfilling the
requirements set in Section 6.1.

6.2.2 TOFPET2
The TOFPET2, as described in Section 2.2.3 is the ASIC used to readout the SND electronics detectors. The
chip is a 64-channel readout and digitisation designed for time of flight PET systems and includes amplification,
discrimination, charge integration, analogue to digital converters (charge to digital QDC in this case) and time
to digital converters (TDC). In SND@LHC, each front-end (FE) board contains two TOFPET2 ASICS for
128 channels in total. Each channel is equipped with a single preamplifier and two amplifier stages which are
optimised for timing and charge measurements respectively, thus up to three discriminators with configurable
thresholds may be used for timing (lowest threshold), low-amplitude repulse rejection and charge integration
start. The TDCs include a ∼ 40 ps bin size while the QDC remains linear up to 1500 pC incoming charge. The
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Figure 6.1: DT5702 as integrated as the initial prototype’s readout electronics (left) and DT5702 block diagram
(right) [386].

h1
Entries    2.501222e+07
Mean    19.64
Std Dev     88.62

0 500 1000 1500 2000 2500 3000 3500 4000
Charge [ADC]

1

10

210

310

410

510

610

710

# h1
Entries    2.501222e+07
Mean    19.64
Std Dev     88.62

SiPM [PCB491] dark count spectrum with CAEN board

Figure 6.2: Dark counts from DT5702 after amplification. Dark counts peaks are found at 357, 863 and
1345 ADCs in a combined multi-Gaussian fit (green). The system is capable of readout out small signals but
saturates around 12 PE far below the ∼ 100 PE obtained for a MIP (see Section 5.5.6) requiring modifications
for calorimetric operation.
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QDC branch may be chosen to have an extratenuous gain of 1− 3.65 which allow further tuning between SiPM
channels. The readout data acquisition (DAQ) board is based on a Mercury SA1 module from Enclustra [387]
which include an Altera Cyclone V FPGA and collects the digitised data of 4 FE boards (512 channels) then
further transmits the data to a DAQ PC located on the surface. The low voltage (LV) and high voltage (HV)
supply powering the readout (12V and 2A each) and the SiPM (60V and 300µA per channel) respectively are
provided by CAEN A2519 modules which are housed in two SY5527 mainframes [386].

TOFPET2 are effective for all electronic detectors in SND@LHC, the option to use it as part of the SHiP
calorimeter system arose naturally as it has proven itself well insofar as different capacitance readout, 8bit-QDC
(an acceptable alternative to ADC) and TDC yield, operating in triggerless conditions.

The TOFPET2 outputs have been validated in real conditions during the 2023 SND HCAL calibration
testbeam, where a copy of the SND HCAL, missing only the last two DS layers, was exposed to π+ beams of
different energies (from 100GeV up to 300GeV). The QDC outputs of certain relevant channels are shown in
Figure 6.3.

Saturation Saturation

Saturation

Saturation
Saturation

Saturation

No saturation

No saturation

Figure 6.3: QDC outputs of channels on one side of a bar of US1, close to shower peak centred on the pion
beam in the SND 2023 HCAL calibration test beam. Channels 3 and 6 correspond to small SiPM.

The QDC outputs show severe saturation around 150 QDC counts from the large SiPMs, rendering them
inadequate for use in an ECAL targeting good PID performance as EM showers are denser than hadronic ones
(see Chapter 3). The use of the TOFPET2 could be considered for the thin bars as they are equipped with
small SiPMs which are shown not to saturate in such conditions. This may be seen as advantageous since
its excellent TDC resolution improves the implementation a time-of-flight measurements described in Section
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4.2.3 compared to readout electronics with poorer timing resolution. The TOFPET2 however likely is unable
to display sufficient dynamic range, evaluated at 1500 pC [388] although this has to be proven in future test
beams. Small SiPMs in addition have fewer pixels which leads to worst energy resolution. A TOFPETv3 is
in preparation at the time of writing and may be considered as superseeding the TOFPET2 although it does
not significantly improve on dynamic range considerations. In addition, the intercalibration of a gain switched
ADC used by the wide scintillator layers with a QDC system, as well as their integration into a coherent data
stream is an added complexity which may be better avoided should a more suitable option be found.

6.2.3 CAEN DT5202
The DT5202[386] integrated into the FERS-5200 system is the successor of the commercial DT5702 from CAEN,
while it features multiple operation modes, the Spectroscopy mode is the only one of interest in the following.
It similarly functions around two CITIROC-1A chips for 64 channels per DT5202 unit. It differs from its older
sibling by its externally (tunable) 13 bit-ADC and TDC blocks feeding into a fully integrated FPGA which
also controls the chip. Communications with the DT5202 may be handled either through RJ-45 ethernet or
through optical link using a DT5215 concentrator board which streams the data and synchronises the board
clocks. Sensors are connected to the board through a pair of standard 72-pin header connectors which allow for
direct connection to the SiPM, including bias voltage with decoupling and amplification taking place directly
on the board. The output data is a binary encoded stream which by default may be converted to CSV using
a provided decoder or using a flexible custom ROOT decoder that was specially created as part of the front
end (FE) evaluation and is now available for cloning [389]. This second option is systematically used in all
studies of this work as it allows to compress the data files by a factor ∼ 5 as well as giving access to the more
powerful .root format. The DT5202 is equipped with a tunable amplifier (using a 6-bit digital setting) as well
as a shaper which can use shaping times from 12.5 ns to 82.5 ns. It can be self-triggered using a basic logic
implemented into the FPGA or using an external trigger.

Figure 6.4: Block diagram of the CAEN DT5202 [386].

The DT5202 now implements channel bias voltage fine-tuning and a gain switch with two gains: high gain
(HG) and low gain (LG). Thus makes it ill-suited for reading out the SHiP ECAL due to its persisting dead-time
issue, somewhat insufficient dynamic range and its high price per channel. Nonetheless, it may be used in a
prototype setting for physics tests (see Chapter 7) owing to its otherwise suitable characteristics.

6.2.3.1 DT5202 custom adapter board

In order for this evaluation to be conducted, a custom 4-layer adapter board has been designed, pictured in
Figure 6.5. It allows to connect SiPM to SMA with anodes connecting onto the pin and cathodes onto the
shielding.
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(a)

Figure 6.5: Layout (left) and top layer of the designed adapter board. The FERS system is plugged into it from
the top

The adapter board has been designed without meandering for simplicity, therefore different channels suffer
from somewhat different attenuations and delays. The impedance was not finely tuned in this first design and
performance was evaluated through time domain reflectrometry (TDR) [390] using a digital serial analyser as
shown in Figure 6.6.

Figure 6.6: Impedance RC scan of channels 38 (left) a very short-line channel on the adapter board and 56
(right), a very long-line channel on the adapter board. The impedance is found to be workable.

It can be seen that the impedance breaks off after a given point and beyond that point, impedance levels
are no longer stable and reflections may occur. The distances are quantified in Figure 6.7.

The effects of delay differences can be observed to induce variations in data at low amplitudes as the data
as shown in Figure 6.8.

These effects are expected to be apparent also at higher amplitudes where MIP peaks may be smeared or
displaced by reflections. This induces a reinforced need for channel wise calibration when using this adapter
board with symmetrical channels expected to be otherwise identical.

6.2.3.2 Single photoelectron spectrum, gain and MIP calibration

Single PE spectrum The DT5202 can be used for calibration as shown in Section 5.3.3 and to observe
the single PE spectrum induced from laser irradiation. This allows for a good measure of the system’s PE
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Figure 6.7: Distance between SMA pin and corresponding header pin input. Only 24 channels are shown as the
board is symmetric.
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Figure 6.8: Single PE spectrum as seen from low intensity laser irradiation for different channels. Noise can
be induced (left) and the PE spectrums are progressively dephased as higher amplitudes are reached (right).
Different gains are used in both cases.
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Figure 6.9: ADC output from dark counts from a S14160-6050HS SiPM operated at 42V as seen by the DT5202
using the maximum gain value of 63 and self-triggering.

resolution and allows to optimise the output for resolution. The dark count can be measured as shown in
Figure 6.9, allowing for a photoelectron calibration to ADCs. Similarly exposition to the laser operated at low
intensities allows to complement the PE calibration as shown in Figure 6.10.

Gain study As the system produced in chapter 5 yields large amounts of light and thus large signals which
can quickly lead to saturation the readout electronics’ ADC, operation at low bias voltage, around 42V (∼ 3V

overvoltage) is preferred. The tunable gain may be used to further increase the system sensitivity which induces
the need for a calibration of the gain for a given operating voltage. This is done by first calibrating the PE count
using the digitised SiPM pulse method of Section 5.3.3 and then irradiating the SiPM with a stable amount of
light yielding a known average PE count from the laser operated so as to be as stable as possible, while changing
the gain value. This was done with a 10 kHz laser frequency, using an external trigger from the laser and having
each run corresponding to a gain value last 10 s, the results of which are shown in Figure 6.11.

Different gain values lead to different PE resolutions. These can be examined by irradiating a SiPM readout
by the DT5202 using the laser at low intensity similarly to Section 5.3.3. The resolution, a handle of detector
photodetection precision, is expected to start high and decrease until a certain gain threshold beyond which PE
peaks become smeared and indistinguishable. This examination is done in Figures 6.13 6.12.

The resolution is found to increase until the high gain setup reaches HG = 61 and plateau until HG = 40

before quickly decreasing afterwards.
The gain operation can be set to be always HG, LG, switching between the two depending on the analogue

input or for both gain branches to be used in all circumstances. The transition between HG and LG, being
most sensitive in an experimental setting is observed on a scintillator two sided coincidence is shown in Figure
6.18. The ratio between both gain values for different light inputs as applied by the laser is shown in Figure
6.14 and 6.15.

The overall effective dynamic range achieved by the system, with a HG/LG ratio of ∼ 10 and a MIP around
600ADC can be estimated to be around 102, two orders of magnitude below the minimum of 104 estimated to
be necessary for the SHiP ECAL (see Section 6.1.1).
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Figure 6.10: ADC output from a S14160-6050HS SiPM operated at 42V as seen by the DT5202 using the
maximum gain value of 63 and self-triggering.
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Figure 6.11: PE-gain calibration of the DT5202 from a S14160-6050HS SiPM operated at 42V. Data for gain
21 was corrupted and thus removed.
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Figure 6.12: Single PE spectrum using the DT5202 with the HG setting at 49 (left) and 33 (right).
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Figure 6.13: Resolution as a function of gain for a fixed laser setting. The x-axis represents the gain setting.
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distributions from laser irradiation. The ratio is found not to be stable in laboratory conditions. This is unlikely
to be caused by variations in uncertainties and is thus the likely consequence of the electronics implementation
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MIP calibration Using the PE calibration and the principles explained in Section 3.1, it becomes possible
to calibrate a scintillator bar system readout by a SiPM using the DT5202 as its readout electronics using
cosmic muons. In order to restrict the angular variations of the incoming particles, this is done by using two
36 × 6 × 1 cm3 EJ-200 scintillator bars each equipped with a pair of WLS fibres and the SiPM-fibre interface
described in Section 5.5.6. Both bars are vertically separated by 37 cm and kept perpendicularly overlapping
in their centre, forming a cross pattern with the system placed inside of the cosmic box of Section 5.2.2 and
shown in Figure 6.16. The bars are separated by 5 cm by 3D printed frame to limit the angular variety of
muons traversing the bars. The remaining angles are approximated to take values around 0◦ according to a
gaussian distribution with σ =

θcell,max
3 = arctan

(
6
5

)
/3. This is taken as a systematic error above the ∼ 1.7MeV

average expected loss in 1 cm of the scintillator for a perpendicularly passing through MIP. A 100 ns coincidence
between any two channels from different bars connected channels is then imposed (four channels coincidences
were found not to be well implemented in the FERS-5200 system’s FPGA firmware, a bug which has since been
fixed), making it so that cosmic muons passing through the 6× 6 cm2 centre area of both bars will be recorded.
The data-taking conditions restrict the rate, leading to a week long measurement with the result being shown
in Figure 6.17. This allows for an energy deposition calibration by matching the (known) energy deposition of a
MIP to ADC counts which can then be translated to calorimetric energy reconstruction. In the case of the built
system, a MIP is known to deposit 1.785MeV in the scintillator. It is noted that certain anomalies appear in
the MIP spectrum at higher amplitudes. These are understood to stem from bugs in the electronics’ firmware
and to be fixed in a future update.

Figure 6.16: Cosmic setup used to perform the MIP calibration seen from above. A 3D printed frame allows
to ensure a stable angle and distance between the two scintillators. Each bar is readout on both sides using a
SiPM.

6.2.3.3 Influence of shaping time

As expressed in Section D.0.1.2, the shaping time cuts certain frequencies off. This can be seen as advantageous
as it limits the used dynamic range provided the shaping time is short enough. The effects of the DT5202’s
amplifier and shaper are not precisely known, as a result, evaluation of the used shaping time can lead to an
improvement in the readout electronics dynamic range by limiting the required bandwidth.

This evaluation was done using direct laser irradiation on a S14160-6050HS at a fixed low light level using
HG mode, so that PE counts could well be observed. It was performed for the shaping times available within the
provided software, namely {12.5, 25, 37.5, 50, 75, 87.5} ns. The measurement was done for 5min per shaping
time at a laser frequency of 1 kHz and an external triggering from the laser with the results being shown in
Figure 6.19.

It observed that the PE spectrum is smeared and displaced considerably for any shaping time above 12.5 ns.
This implies that high frequency noise is considerably increased and largely has a frequency between 1

ωc
=
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Figure 6.17: MIP calibration from the fit of a convolution of a Landau and a Gaussian onto the HG branch
of the DT5202 for GHG = 0. It is noted that one channel in particular has much lower efficiency than the
others, perhaps due to lower SiPM performance at this voltage. The bump around 3000 ADC is understood to
originate from a bug in the electronic implementation.
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Figure 6.19: Digitised output of the DT5202 as a function of shaping time.

40MHz and 80MHz with small amount between 40MHz and 26.7MHz. Operation at lower shaping times,
particularly 12.5 ns is therefore preferred as it allows better observation of PE spectrum and restricts the
absolute signal size.

6.2.3.4 Conclusion

The DT5202, while displaying good performance, possessing an effective gain switch being capable of recon-
structing both PE spectra and MIP distributions with good resolution, is unsuited for use in the SHiP ECAL.
This is due to its significant dead time but also to its insufficient dynamic range as well as other implemen-
tation bugs such as non-linearities observed in MIP responses. Nonetheless, the DT5202 is suitable for use in
prototyping as it will allow to operate in triggered mode without loss in efficiency. Another limitation is the
designed adapter board which, while suitable for prototyping, requires proper impedance matching and delay
compensation along its longer lines for it to be optimally operable in an experimental setting.

6.2.4 The KLauS chip
The KLaus6b (Kanäle für die Ladungsauslese von Silizium-Photomultipliern) chip is an ASIC designed for the
readout of the CALICE AHCAL [347] [391–393] using a 180 nm CMOS process. Is is designed around two
gain branches both using a passive integrating circuit and a low-pass Sallen-Key filter. Only one of the two
branches is digitised based on the input charge as determined through an adaptive gain-selection comparator.
The digitisation is performed using a 10 bit SAR ADC with an option to use a 12 bit SAR ADC for low intrinsic
gain SiPMs. The chip displays in addition very good timing resolution < 100 ps and 36 channels with its block
diagram shown in Figure 6.20.

6.2.4.1 Analogue front end

The processing of analogue signals is done in the front end and consists of a regulated common-gate tran-
simpedance amplifier as shown in Figure 6.21 followed by a charge integrator and pulse shaper for precise
charge measurement similar to the TOFPET2.

The signal is buffered in the low-impedance input stage. It is then distributed to subsequent branches,

with the input stage impedance given by Rin = 1
gm1

(
1 − gm1gm3

gm2gm4

)
, with gmX the transconductance of the

corresponding transistor and 1 − gm1gm3
gm2gm4

> 0. Notably The SiPM bias voltage is an integral part of the input
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Figure 6.20: Block diagram of the KLauS chip [393].

stage, implying that the SiPM anode and cathode should be connected to the KLauS directly with the VDAC
being used to tune the effective SiPM bias itself within ∼ 2V.

Integration and shaping is done within the gain branches themselves, which can be tuned to cover different
dynamic ranges using gain factors which are denominated HG11 (highest gain), HG17, LG160 and LG1200
(lowest gain) respectively in the following. All branches share the same ADC and underlying control logic.
The buffered current input is integrated on a capacitor for a time constant τiCi with a Sallen-Key shaper (see
Appendix D.0.1.2). Two comparators are present for each channel, enabling the fast multiplexed gain selection
and the very-low-threshold production of a trigger signal respectively. The chip also includes a digital hit logic
circuit prior to the ADC conversion and an analogue monitor. The entire KLauS circuit is shown in Figure
6.21.

Figure 6.21: KLauS analogue circuit.

6.2.4.2 Digital circuit

The 10 bit ADC (with a pedestal located at ∼ 695 ADC counts due to the integration of the front end and
ADC) is done using a successive approximation scheme (SAR, see Appendix D.0.2) and pictured in Figure 6.23.
The ADC operates on the signal peak which is the only sampled point from the analogue output. A hold delay
is implemented in order for peak finding to take place as shown in Figure 6.22. The data streams may be output
wither through a slow I2C bus or the faster LVDS interface with slow control being done through SPI. The chip
can thus be controlled using a microcontroller, a microprocessor (such as a Raspberry Pi [394]) or an FPGA
with up to 64 chips being theoretically controllable for a given bus.
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In addition, the KLauS has a phase-lock loop (PLCC)-based TDC with a phase-frequency detector, a
voltage-controlled ring oscillator, a clock buffer and a charge pump [393].

Figure 6.22: KLauS signal processing chain, time flows from left to right [395].

Figure 6.23: Block-level schematic of the KLauS 10-bit ADC [392].

6.2.4.3 Operation of the KLauS chip with high-capacitance SiPMs

KLauS operating conditions The KLauS chip is integrated onto a custom designed board designed by
Konrad Briggl. It includes its powering, an HV LEMO connector supplying the base SiPM bias voltage, a LEMO
connected to the chip’s analogue monitor as well as 4 rows of double header connectors, each providing anode
and cathode for a SiPM channel. An alternative board, replicating the capabilities of the first but modifying the
powering scheme for more flexible operation was later designed and used to integrate the KLauS. It is pictured
in Figure 6.24a. A custom adapter board was developed and used to connect SiPMs with two SMA connectors
following schematics shown in Figure 6.24b.

The SiPMs are operated with ∼ 3V overvoltage. Seeing as no significant loss nor noise increase is observed
in the use of longer cables, connections are made with 3m long SMA cables for bias and signal.

KLauS operation with small SiPMs The KLauS, with its low-capacitance FE amplfier, is well suited
to the readout of small SiPMs using short cables. In those conditions it shows good resolution as shown in
Figures 6.25 and 6.25 where the 1.3 × 1.3mm2 S13360-1325PE SiPM was exposed to various laser intensities
corresponding to a few PE and is representative of the achieved resolution. The timing trigger threshold (TTT),
used to place a threshold on signal amplitude [392], was varied as well which lead to a constant increase in the
relative signal in each case.
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(a) Custom KLauS board designed and produced in Mainz. It
replicates the Heidelberg board capabilities but implements a
more flexible powering scheme.

(b) Example SiPM circuit board. The HV is located on the
pin of the first SMA connector with the signal input going onto
the pin of the other SMA, the shieldings are grounded. This
board model is used in the following studies. The top resistor is
designated base resistor while the bottom one is called pulldown
resistor.

Figure 6.24
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Figure 6.25: Single PE spectrum of a S13360-25PE SiPM exposed to low intensity laser irradiation on the
KLauS chip in HG11.
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Figure 6.26: Resolutions achieved by the system using a single SiPM for different laser and TTT modes.

KLauS operation with large SiPMs While the KLauS may display good behaviour when operated with
a small SiPM as input, unfortunately, large SiPMs, which display much larger capacitance, suffer from the
KLauSes low-capacitance amplfier in three primary ways:

• Ballistic deficit, described in Section D.0.1.2

• Double integration: the mismatch in input capacitance leads to the capacitance pole being dominant
over the OpAmp’s internal pole. The capacitance can get charged and creates a step or tail which is also
seen by the amplifier (see Appendix D.0.1.1). These slow components may linger and be processed by the
Sallen-Key shaper. This mechanism leads to several peaks with decreasing amplitude being integrated.
This is shown in Figure 6.27 (see also D.0.1.1).

• Noise increase: the larger capacitance mechanically leads to higher noise, smearing the photopeaks. This
can be observed in Figure 6.28 for dark counts.

Figure 6.27: Double peak structure displayed by the KLauS HG 17 ADC when connected to a large SiPM.

The ballistic deficit, while problematic for timing applications, is not critical in the case of the SHiP ECAL
which has much more moderate timing requirements than the chip’s capabilities. The double peaking and noise
increase however render any deployment of the KLauS using standard circuits in the ECAL impossible.

The condition for dual peaking to be caused by capacitance mismatch is that events from the second
(smaller) peak consistently arrive after events in the first peak. Therefore, both peaks were looked at in time
as shown in Figure 6.29.
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Figure 6.28: Dark count spectrum of a S14160-6050HS SiPM in HG11.
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Figure 6.29: Time and HG17 ADC difference of event pairs (even and odd) in a 1 kHz laser irradiated data
sample. Time units are provided in increments of 25 ns with positive difference indicating that the pulse from
the second peak was integrated afterwards. ADC difference is between the first and second event.
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Overwhelmingly, the pulses forming the smaller peak arrive ∼ 50µs after those from the first peak which
is consistent with the signal capacitance mismatch at the amplifier considering the readout cycle of the shaper.
Dual peaking is not caused by reflections as impedance is kept similar (50Ω) at the SiPM output and KLauS
input and similar tests were conducted by connecting two SiPMs to the same input for no change. This was
also verified by varying pulldown resistance, cable length and input stage bias (ISB) which is shown in Figure
6.30.
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Figure 6.30: Variations in base resistance, cable length and input stage bias. Cable length and base resistance
are observed to only play a weak role, smaller than the ADC difference itself.

Is it found that higher ISB leads to smaller distance between both peaks, with the second peak increasing
in amplitude. This suggests that the amplifier’s effective capacitance is decreasing with higher ISB settings.
The base capacitor is also found to only have a weak influence on dual peaking, implying that corrective action
should be focused onto the system capacitance.

Corrections to dual peaking Dual peaking, being caused by capacitive effects, is corrected by capacitive
means. Two solutions have been evaluated in response to this issue: either an intermediate voltage-controlled
preamplifier with high input capacitance and low output capacitance may be introduced, or the response function
stability range may be extended through the use of an intermediate capacitor.

The introduction of an intermediate preamplifier, while functional and allowing to improve the achieved
resolution as shown in Figure 6.31 remains problematic as the SiPM powering then becomes more complex. The
amplifier itself also needs a dedicated powering scheme, complexifying the circuit. This eliminates the possibility
to fine tune the SiPM’s bias voltage through VDAC. In addition, the amplifier gain has to remain close to 1
or below in order to retain dynamic range and minimise noise. These factors in addition to the time required
to develop an optimal amplifier have led to this option not been pursued beyond evaluation. Common-drain
MOSFET or BJT-based amplifiers or extra transimpedance amplfiers with a capacitor with C ∼ 10 pF in the
feedback block are seen as promising solutions solutions to the KLauS amplifier instability problem.

If the powering scheme is to remain simple, the shaper peaking time would be increased. Alternatively the
common-gate-stage would be modified by utilising for instance a full-cascode input stage instead as shown in
Figure 6.32. Other possible solutions would include an active DC feedback can be added by directly adding a
slow low-pass filter from the output back to the input or the addition of a DC restoration path done by adding a
high-value resistor (∼ 1MΩ) between the amplifier’s input and the ground. Both of those options may however
induce distortions to the pulse shape. These options can however only be implemented at the ASIC design stage
as the amplifier is engraved directly on the silicon and would need to be tested. The found alternative is the
addition of a capacitor on the SiPM output line which allows to filter the slow DC signals and block the DC
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Figure 6.31: Amplified dark count pulse onto the KLauS HG17 using a custom charge-sensing amplifier.

capacitance from coupling to the amplifier input node. This effectively AC couple the KLauS chip. Since the
exact specifications of the KLauS amplifier are not known, this was attempted with a great number of different
capacitors (from 10 pF to 10µF) in the circuit shown in Figure 6.33. Very small capacitors were found to have
negligible effects on dual peaking with capacitors above 100 nF found to reduce it. The best performance was
achieved with 220 nF capacitors with larger capacitors not being found to yield significant improvements.

Figure 6.32: Proposed cascode amplifier configuration. Vin would be connected to the SiPM output, Vout is
the output and Vd the amplifier bias.

The output has been found to match expected behaviour. The main limitation to this solution is the blocking
of the DAC path which implies that single SiPM voltage cannot be fine-tuned. In addition the capacitor must
be carefully selected for the used SiPM model. In addition, it is difficult to ensure that the secondary peaks
are sufficiently damped as different operating conditions could cause dual peaking to resurface. This system
however has the advantage of being easy to probe on an oscilloscope as well as using the KLauS ADC.

6.2.4.4 Conclusion

While the KLauS can be configured to partially fulfill the SHiP ECAL requirements, its 6b version is optimised
for different purposes, namely small capacitance sensors and the overhead required to make it function flexibly
is found to be too significant to justify its usage in the final design at this stage. In addition, the absence of a
real parallel readout and the preference given to buffering via SRAM, usage of round-robin scheduling to allow
fair and starvation-free readout across all channels and use of a second level FIFO structure for temporary
rate surges reduces its relevance to the final detector in comparison to a real parallel readout. The exact rate
limitations induced by these choices could not be evaluated in the laboratory with the existing DAQ structure
as the data was transferred via I2C, a very slow transmission bus which limits the maximum rate. It would
have to be evaluated in real conditions at a test beam.
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(b) Cosmic signal distribution from one side of the scintillator bar given the
optimised SiPM circuit.

Figure 6.33

6.2.5 Comparative evaluation of dynamic range for DT5702, DT5202 and
KLauS chip

A definitive comparison of dynamic ranges has been made by exposing a single SiPM to the laser at 10 kHz (see
Chapter 5) for different intensities in an otherwise fixed setup using three of the four evaluated readout systems
evaluated in this work. The TOFPET2, having been evaluated in real conditions at SND@LHC was not tested
of the sort as the readout hardware was not available in the laboratory.

The maximal achievable light intensity in the laboratory configuration was found to correspond to ∼ 2500

PE. Each measurement has been done at the time of evaluation of its respective subsystem. The proportion of
ADC used for each intensity was evaluated in each case based on a Gaussian fit of the ADC distribution. An
offset of 695 has been applied to the KLauS whose ADC distribution begins at 695 ADC counts. The results of
this evaluation are shown in Figure 6.34.

The KLauS is found to be the system with the largest dynamic range thanks to its 1:200 gain mode. It
allows it to readout even heavily illuminated SiPMs which is deeply saturated and is, in combination with its
reduced dead-time, found to be the most suitable system for the SHiP calorimeter system’s readout amongst
those evaluated. It could be used in the final detector, provided a new version capable of accepting higher
capacitance, for instance through a suitable capacitor added to its transimpedance amplifier input with perhaps
as a fully parallel readout being required as well.

6.3 Design and manufacturing of a flexible custom readout sys-
tem using the KLauS chip

As the KLauS was found to be the chip most adequate towards fulfilling the SHiP calorimeter system’s require-
ments among the systems evaluated, a scalable custom readout system was designed in order for many channels
to be readout at the time. This has lead to the design, manufacturing and testing of the board shown in Figure
6.24a, that of a motherboard and that of corresponding SiPM boards. A study of cable effects is first performed
followed by a discussion of motherboard design, a description of KLauS mezzanines and the SiPM boards are
addressed. A review of the designed DAQ system concludes the section.
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Figure 6.34: Dynamic range of the DT5702, DT5202 and KLauS chip. Saturation of the KLauS 1:200 branch
could not be achieved for lack of sufficient coherent light input.
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6.3.1 Study of coaxial cable effects
Cables lead to two unwanted effects: Attenuation of signals and an increase of noise. Those can both in principle
be addressed through preamplification of the analogue signals. This solution however has key disadvantages:
an adequate amplifier needs to be designed or selected, the amplifier complexifies the sensor board design
with powering issues arising in particular such as displayed in Section 6.2.1. As a result, operating without
preamplification is preferable, thus requiring low loss cables. For this purpose, coaxial cables are ideal and they
are specially shielded to reduce electronic losses. The possibility of operation without preamplification is thus
demonstrated by examining signal attenuation and noise increases in different lengths of SMA cables. Increases
in noise from cables are kept dominant by operating at low 50Ω impedance.

A key limitation of this measurement is the lack of different available lengths of cables with only 2 cable
lengths (30 cm and 4m), this was circumvented by interconnecting them through SMA-BNC-BNC-SMA con-
nector sets. This connection scheme is lossy but by studying a constant amount of connections, it becomes
possible to study only variations in cable length by connecting an analogue signal source on an oscilloscope.
The results can be fitted and the amplitude loss and noise increase can thus be extracted as done in Figure
6.36.
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Figure 6.35: Amplitude loss and noise as a function of cable length for different interconnection counts, each
color dot corresponds to a fixed interconnection count. The initial analogue signal is yielded by a SiPM irradiated
by the laser for a 50 ± 0.5mV output. The red fit lines correspond to a fit of all data whereas the teal line fit
correspond to losses for 8 and 10 interconnections on the amplitude loss and noise side respectively. The brown
fits correspond to losses over a set of short 30 cm length.

This measurement’s systematics are fully correlated plus a factor of the amount of interconnections with the
weight of the 2 and four interconnections being ignored as the datasets have only 2 data points each, yielding
a final amplitude loss of −0.078± 0.004mVm−1 for S14160-6050HS SiPMs illuminated with 263 PE using the
laser. The noise increase on the other hand is similarly estimated to be −0.071±0.042mVm−1, consistent with
0 within measurement uncertainties.

This indicates that long coax cables may be used for experimental operation as losses are small and noise
doesn’t increase significantly. This is leveraged in the following system design with 3m cables ultimately being
used for prototyping. While this would increase the noise, this is mitigated by the dominant SiPM capacitance
term as well as the AC coupling. This was also verified as being acceptable by examining the KLauS being
coupled using short and long cable lengths to a S14160-6050HS SiPM illuminated with 312 PE on average using
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the laser. This displays no significant noise increase as shown in Figure ??.

ADC channels

#

Figure 6.36: Signal comparison on the KLauS high gain 1 to 7 branch for 30 and 360 cm length connections.

6.3.2 Motherboard system design

6.3.2.1 Motherboard design and capabilities

The system is designed to allow the powering and readout of several hundreds of SiPMs while simultaneously
controlling and reading out the corresponding KLauS chips with minimal inputs.

A single power line is required per board, with five inputs onto two 5-pin horizontal wire to board terminal
block connectors. These take, from top to bottom +9 to +12V input bias voltage (with lower voltages being
preferred to limit board heating), +5V, the SiPM bias voltage and two grounds. Only the first and one of the
bottom two pins are required to be connected to allow for board operation, with the board having all services
implemented to convert the 9V input into all other required voltages.

The second block connector may be connected to that of another board, meaning that a single power supply
is required to power the system with the only limitation being the maximum current and allowed voltage drop
from the power supply.

The system is operated through a Raspberry Pi 4b (RPi) which is connected onto the side of the board.
The Rpi is also powered via the board although it may also use an independent power supply to fit the user’s
needs. The power is divided from the initial 9V using a set of powerful voltage regulators and large 100µF
capacitors, distributing the 5V required by the KLauS and the Rpi and the SiPM bias voltage.

The motherboards can be chained via 40 pin flatband cables on the output bus, allowing the chaining of
the Rpi’s SPI bus used for slow control and I2C buses used for data acquisition.

The board offers flexible capabilities which can be tuned through the use of jumpers and potentiometers.
They are pictured in Figure 6.37. A review of the boards’ assembly and the role of each jumper and potentiometer
is given in Appendix E.
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Figure 6.37: KLauS motherboard with relevant potentiometers (P) and jumpers (J).
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The data and bias voltage are transmitted using 2 SMA cables per channel for stability and resilience, with
the signal and positive HV being located onto the pins. The data transmission lines are meandered to equalise
delays as shown in Figure 6.38. Some impedance differences are present on the board with far away channels
displaying more irregular impedance behaviour than nearby ones as shown in TDR tests shown in Figure 6.39.
These effects are however small and acceptable at the prototyping stage.

Figure 6.38: Signal traces of the KLauS motherboard’s top layer, traces are similar on the back layer for channels
using it. UV masks are bias voltage inputs whereas U masks are signal masks.
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Figure 6.39: TDR test on channels 21 (left) and 30 (right).

KLauS mezzanines are mounted onto the motherboards using sets of header pins with the RPi connected
through a short flatband cable to a set of header connectors on the right of the board.

6.3.2.2 KLauS mezzanine design

The KLauS mezzanine was designed to capitalise on the strengths of the original Heidelberg design while
allowing flexible usage as a standalone or together with the motherboard. Two mezzanines can be slotted on
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each motherboard, enabling 72 channels being readout at the time. The mezzanine powering circuit is adapted
in consequence and uses a header pin connector to dispatch HV from the motherboard or from the external
supply source. The HV is then distributed to the board’s systems and fed into the KLauS itself. Each of the 36
channels is directly fed into the corresponding two pads through header pins (one anode and one cathode). Each
motherboard was electrically tested on its own and together with a KLauS mezzanine and found to function
reliably.

Nine KLauS mezzanines were assembled and tested independently. The assembly and test detail is provided
in Appendix E.

6.3.3 SiPM board system design

6.3.3.1 SiPM board design

The S14160-6050HS SiPM boards are designed to allow SiPM operation with both the KLauS system and the
DT5202 while minimising space usage. They as a result implement the circuit from 6.33a but allow to bypass
the capacitors and resistors using a pair of jumpers and readout, making them compatible with the DT5202
through a swap in jumpers. When the board is oriented with the connectors facing the operator and with the
jumpers at the top, placing both jumpers in the left position allows the signals to be readout by the KLauS
or an oscilloscope with HV coming through the right SMA connector and signals collected on the left SMA
connector. Placing both jumpers to the right allows readout by the DT5202 through the right SMA connected.
This is done using the adapter board described in Section 6.2.3.1. A SiPM board is shown in Figure 6.40.

Figure 6.40: SiPM board front (left) and back (right) layers.
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6.3.4 DAQ&Trigger architecture
The entire system is run triggerless with event building happening inside of the (master, see below) RPi which
streams its data through an RJ45 cable over ethernet towards a DAQ PC. Critical are the slow control taking
place over SPI and the data acquisition using I2C which are described below.

6.3.4.1 SPI control configuration

The SPI bus is used alone for slow control of the KLauSes and has been shown to be able to control up to 4
KLauS chips. This implies that an extra RPi is required for each group of 4 chips. The reasons of the 4 chip
limit are unknown as clock stretching was excluded by controlling the SPI pins on the motherboard using an
oscilloscope until after 6 chips and current levels are stable also at this level.

Each KLauS is otherwise independently configured one at the time through the SPI bus.

6.3.4.2 I2C DAQ configuration

The system was meant to run with a single RPi controlling the entire acquisition chain. The use of I2C was
however imposed by the use of the Heidelberg readout software meant to function with RPis. The key limitation
of I2C is its very low transmission speed which typically goes up to 400 kbit s−1. It is however possible to impose
different speeds by modifying the I2C baud rate configuration on the RPi within hardware limits. The efficiency
of the system readout, defined as ε = Nreadout

Npulse
is measured using a single SiPM connected to a KLauS channel

and varying both the laser pulse frequency and the baud rate this is displayed in Figure 6.41. The KLauS
readout architecture, relying on buffered serial transmission validates this approach for a single chip, even for
all 36 channels. The efficiency is found to degrade above a baud rate of 1.4Mbit s−1, likely due to hardware
limitations, thus making 1.4Mbit s−1 the optimal baud rate.

Figure 6.41: Readout efficiency as a function of laser pulse frequency for different baud rates.

While the I2C baud rate may be made sufficient for a single chip but is found to significantly degrade
efficiency for multiple chips as the I2C saturates. As a response, extra I2C buses were defined using free RPi
pins, with the total I2C bus count equalling the KLauS chip count thus enabling a full readout. The readout
software was updated in consequence to merge the data, this is done by implementing a 100 ns processor hold
time in the software, with the software accepting data from all I2C buses after the first data packet arrives.
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When running over multiple RPis, a master-slave system can be setup. In this case the master RPi reads
data out from KLauS chips as normal and assigns timestamps to incoming events. Slave RPis are defined in
addition, each reading out up to four KLauS chips. They send their events to the master using extra I2C
buses which are predefined, one per extra chip. These events are then integrated to the data structure by the
master. The slave and master clocks, while sharing the same frequency, are however separated by a phase
causing the clocks to be asynchronous and further subject to processor jitter. As a result, the master send a
RESYNC signal every 10ms to the slave using an extra I2C bus. The slave then aligns its time to the RESYNC
signal causing the slave to set its time to t = nRESYNC ∗ 10ms with nRESYNC being the RESYNC signal count, stored
in a Long64_t initialised to −1 and incremented with each RESYNC. The initial time t0 = 0 for all slave RPis
is therefore defined as the time of reception of the initial RESYNC signal from the master. The master RPi also
counts emitted RESYNC signals meaning that data is only synchronisable after the first RESYNC signal and that
the master RPi should begin data acquisition after all of the slaves. The difference in clock arrival time within
the chain are assumed to be negligible. The system is shown in Figure 6.42
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Figure 6.42: Schematic representation of the KLauS-based DAQ system.

6.3.5 Conclusion
The KLauS system is designed to operate over several hundreds of channels while limiting the development and
cost of new integrations. This, while effective physically limits the maximum amount of channels to those of 12
KLauS chips, a consequence of the total amount of free pins on the master RPi. This system could be improved
by creating a higher level of RPi with a “higher master” RPi reading out multiple master RPis. This system
would quickly be limited by the transmittable data rate through I2C however. A further level of improvement
yet includes using the KLauSes LVDS bus which allows data transmission up to 160Mbit s−1, O(100) times
more than the I2C, this however requires the development of a new software and, while in-principle compatible
with a RPi, would strongly benefit from the integration of an FPGA or a dedicated ASIC into the readout chain
for control and operation of the entire chain. In addition, while the KLauS can accept an external trigger and
while the SHiP calorimeter system will be run triggerless, an improvement to the system would be a mechanism
for distributing an external trigger system.

This system can be scaled up to greater chip numbers, it would however require several levels of master
and slave RPis with multiple slave RPis being concentrated by intermediate master RPis and those themselves
sending their data through a different bus to a higher master Rpi.
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Nonetheless, for data rates of O(kHz) over ∼ 200 channels, this system can be run adequately and has been
used in a test beam presented in Chapter 7.
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Chapter 7

Technological prototype evaluation at test
beams

Utilising the developments of Chapters 5 and 6, three test beams have been conducted:

• In March 2024 at DESY in Hamburg, to evaluate the KLauS readout system

• In September 2024 at PS at CERN, to evaluate particle identification capabilities and integration with
thin scintillator layers

• In October 2024 at DESY in Hamburg, to evaluate integration with thin scintillator layers

These test beams were done using large custom-built prototypes running hundreds of channels. The data
from each test beams is divided into runs which encapsulate different beam particle types, energies or electronic
settings. Each run has ∼ 100000 events for a given configuration after noise and beam impurities are subtracted.
The prototype basis is first explained and was identical in all test beams.

7.1 Prototypes and beam lines

7.1.1 Prototype basis
A basis of the beam lines used is provided thereafter with variations detailed in Sections 7.2, 7.3 and 7.4
respectively.

The prototype dark box was reused from the initial prototype of Section 5.1.1 with sensitive layers fixed
to iron plates, each 4mm thick on average. Sensitive layers are a mixture of wide 36 × 6 × 1 cm3 and thin
20× 1× 1 cm3 scintillator layers. The former utilises the optimised air interface described in Section 5.5.6 with
the S14160-6050HS (large SiPMs for wide scintillator bars/layers) boards described in Section 6.3.3 established
using a custom 3D printed piece. The latter utilise the small S13360-1325PE SiPMs (small SiPMs for small
scintillator bars/layers)and rely on polystyrene extruded scintillator from Fermilab. Extra iron plates may be
introduced into the prototype to create various configurations. High voltage (HV) and signals are provided and
transmitted through SMA cables with the electronics below the dark box. The prototype is pictured in Figure
7.1.

7.1.2 Test beam infrastructure and line
Two different beam lines are used in the test beams: the DESY TB24 and line T9 at PS at CERN which are
presented in turn.
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Figure 7.1: TB1 prototype.
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7.1.2.1 DESY TB24

The TB24 beam line [396] at the DESY test beam facility pictured in Figure 7.2, is capable of providing electrons
extracted through Bethe-Heitler processes from the PETRA III synchrotron at energies from 1 to 6GeV and
frequencies dependent on the particle energies, ranging from ∼ 1 k at 1 and 5GeV to ∼ 4 kHz at 3GeV.

Figure 7.2: DESY test beam facility [397] and intensity as a function of particle momentum at TB24 [396].

7.1.2.2 CERN PS T9

The T9 beam line yields a secondary beam of different particles from protons extracted from the PS accelerator
(see Figure 2.1). These protons impinge onto different targets and thus yield mixed beams with enriched
hadron (particularly π+) content using a low Z (copper or aluminium) target or electron content by adding
3mm tungsten layer and an extra X0 for photoconversion as shown in Figure 7.3. Alternatively, a beam shutter
can be closed while a mixed hadronic beam is running, implying that only a µ (particularly µ+) halo reaches the
detector. The beam line is equipped with two trigger scintillators readout by a pair of PMTs, the scintillators
are however placed at ∼ 4m from one another each, with cable length connecting the PMTs to the test beam
area not being delay-adjusted, which had consequences on the data taking. The beam line topology is shown
in Figure 7.3.

, 𝛾, e+, e-

Figure 7.3: PS beam line topologie [398] (left) and secondary beam creation process [398] (right).

7.2 First test beam at DESY in March 2024
The first test beam (TB1) lead was held for one week in March 2024 and was principally meant to demonstrate
the effectiveness of the readout electronics and DAQ scheme described in Section 6.3, as a result, the prototype
was run in a wide variety of KLauS chip configurations with variations in gain mode (HG11, HG 17 and LG160,
LG1200), input stage biases (setting 0,1,2 and 3), incoming electron energies (1GeV, 3GeV and 5GeV) and
timing trigger threshold (TTT, 1,2,3,4,5,6,7,10,20). It was done using the prototype in different configurations
and was used to evaluate shower shape and energy reconstruction capabilities. The gain modes are denoted 160
(HG11 and LG160), 760 (HG17 and LG160), 1200 (HG11 and LG1200) and 7200 (HG17 and LG1200) in the
following. Sensitive bar orientation is alternating between vertical and horizontal.
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7.2.1 Prototype configurations, setup and calibration

7.2.1.1 Configuration

During TB1, the prototype was systematically used with a ∼ 70 cm split in the calorimeter in order to mimic
the SHiP calorimeter system’s operating conditions, while varying the amount of passive material within the
calorimeter. The main configuration tested was a sampling configuration, pictured in Figure 7.4. Only wide
scintillator layers were used as sensitive layers in TB1.

“Sampling” Configuration: ~11.3 X0

Figure 7.4: TB1’s prototype configuration. All 15 sensitive layers are mounted onto a passive layer and are
pictured in cyan. Purely passive layers are displayed in red.

There is a total of 15 sensitive layers within the prototype, categorised as L1-L15 from prototype front to
back.

The readout electronics are based on a previous version of the setup described in 6.3.4 which chains the
input IC2 buses on a same motherboard. This has been found to result in frequent IC2 bus saturation, causing
losses in the KLauS L1 and L2 FIFOs, this has lead to the reviewed design of Section 6.3.4 which avoids bus
chaining.

In addition, one KLauS chip was rendered inoperable during the first day of TB1, this was immediately
noticed but could not be compensated as there was no backup well-functioning chip. As a result, two sen-
sitive layers (L4 and L5) were rendered entirely passive. This was in part compensated using linear shower
interpolation (see Section 7.2.2).

7.2.1.2 Calibration

Each used SiPM was intercalibrated using the laser to ensure an even response throughout the detector. This
was done by exposing each SiPM to a constant light input from direct laser irradiation and tuning the bias
voltage to ensure that each PE amplitude was similar to a reference SiPM within 0.5 PE, this is shown in Figure
7.5.

Each SiPM is MIP calibrated a posteriori using cosmics in the laboratory and pedestal corrected. Since it
is not possible to run DAQ using both gain branches simultaneously on the KLauS, the HG-LG intercalibration
was made in the laboratory for each channel using its dedicated SiPM with an HG

LG ratio shown in Figure 7.6.
The gain ratio allows to convert ADCs from LG into HG and therefore have a consistent energy response for
both gains. They are done after substracting the ∼ 695 ADC pedestal based on the corresponding noise run
to bring the start of the distributions to 0 ADC and irradiating the SiPM to 3 light levels at 107, 511 and 990
average PE for 10 s. In each case, data is taken twice, forcing the gain mode to HG and LG respectively and
taking a ratio of ADCs followed by an averaging of the ratios. The ratio discrepancies are found to be negligible.
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Figure 7.5: Output optimal bias voltage deviations.

(a) Ratio of HG to LG in gain mode 160 after base-
line correction.

(b) Ratio of HG to LG in gain mode 760 after base-
line correction.

(c) Ratio of HG to LG in gain mode 1200 after base-
line correction.

(d) Ratio of HG to LG in gain mode 7200 after base-
line correction.

Figure 7.6
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7.2.1.3 Analysis cuts

The common I2C-based DAQ conjugated to the triggerless readout lead to instabilities in the data with large
amounts of “empty” events especially at lower TTT values, corresponding to up to ∼ 10 times the beam rate.
These empty events are filtered using the cuts listed below.

• Noise cut (see below)

• Require data in at least on of the centre two strips of each of the first 3 layers to be above 1 MIP

• Require layers 7, 8 and 9 to all see more than 1 MIP across all bars each

• Require the total amount of MIPs not to exceed 500

Noise runs where the beam was off were taken for each HG configuration to evaluate and eliminate the
pedestal such as shown in Figure 7.7. In those runs, a SiPM occasionally passes the TTT and causes an event
across the I2C bus used. As a result, all three I2C buses are calibrated independently. The noise is eliminated
using a 5σ cut on the right of the noise peak.

ADC

#

Figure 7.7: Example noise peak in channel 1 of KLauS 0 of RPi slave 0 in gain mode 760.

At higher values of TTT, no noise is recorded, the runs chosen for physics results are chosen with TTT=5
as they are the ones with the least noise while conserving the main noise peak which is valuable for pedestal
compensation. It should be noted that noise levels are found to vary on a channel per channel basis but that the
TTT level can only be set at the chip level. This leads to certain channels having higher noise levels than others
even at those relatively low threshold levels. A lower threshold is generally preferred to maximise bandwidth.

7.2.2 Energy reconstruction
The shower energy can be reconstructed on an event-per-event basis. This is done by converting ADCs to MIP
counts, providing a sampled energy deposition. The energy is reconstructed through:

Ereco =

layer=15∑
layer=1

Eloss,MIP ·NMIPs,layer

fs
+ c (7.1)

Where Eloss,MIP is the energy loss for a MIP in a sensitive layer, computed analytically from Equation 3.1
to be 1.785MeV, NMIPs,layer is the MIP count in a given layer, fs is the calorimetric sampling fraction and c is
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a small adjustment parameter added by hand and used to compensate for the constant systematic uncertainty
on the other parameters. It is found to be small c < 5% of the beam energy).

The energy reconstruction is only attempted in the sampling configuration as it is the only one with the
stopping power required to perform sensible calorimetric reconstruction. In addition, techniques are used to
compensate for the two missing layers as well as reconstructing leaking showers. The steps of energy recon-
struction used here are therefore:

1. Take all ADC counts in an event

2. Convert ADC counts in each channel into MIP counts

3. Apply the cuts of Section 7.2.1.3

4. Adjust the MIP counts by taking the average each side of the double sided bar readout

5. Convert the adjusted MIP counts into energy by multiplying by 1.785MeV

6. Scale for sampling fraction

7.2.2.1 Shower interpolation

The two fully passive L4 and L5 layers can be compensated for using linear interpolation. A “superlayer”
L4+L5 is defined by linearly interpolating MIP counts between L3 and L6. The interpolated MIP count is
assigned equally to both passive layers with the procedure being shown in Figure 7.8. This technique allows
to compensate partially for the missing two layers by adding their interpolated energy to the total MIP count
derived from the 13 other layers.

7.2.2.2 Leaking shower extrapolation

Leaking showers, such as pictured in the event displays of Figure 7.9 lead to underevaluation of shower en-
ergy. This can be compensated using shower extrapolation, provided the shower maximum is seen within the
calorimeter strictly earlier than the final layer. Linear extrapolation is used here for simplicity, more advanced
logarithmic decay modes also exist. The extrapolation ends at the last layer with positive extrapolated MIP
counts with the sum of extrapolated MIPs being added to the total MIP count.

7.2.2.3 Energy resolution

Using the reconstruction techniques described above and after applying the cuts of Section 7.2.1.3, it is possible
to reconstruct the energy of events. This is done for the runs using gain mode 760 and 7200 and TTT5 as
shown in Figures 7.10 7.11.

Energy resolution is found to be around 18%/
√
E[GeV] with a better resolution being achieved when using

gain mode 760, due to the better separation of the largely LG EM showers. The constant term is found to
be small and quickly negligible, indicating a good prototype build. The noise term is found to be small as
well, indicating that at the investigated energies, the relative thinness of the calorimeter does not constitute a
significant downside given the compensatory extrapolation against leakage. Some minor saturation is found to
affect the detector for LG=60 and not observed for LG=200 as shown in Figure 7.12.

7.2.3 TB1 Conclusion
The prototype has demonstrated its effectiveness as a calorimeter while running and displays an energy resolution
around 18%/

√
GeV depending on the electronics configuration consistent with theory (see Section 7.5).

The KLauS-based readout electronics have demonstrated their effectiveness in running a large amount of
channels in a triggerless fashion, with a large enough threshold (TTT=5), noise can be effectively suppressed.
The I2C bus being was however the main limit on the readout rate, this lead to the scheme described in
Section 6.3.4. Furthermore the loss of two layers at the start of the test beam has highlighted a need for further
investigation into the KLauS chip’s reliability. Further improvements can be made on the motherboard’s design
in addition to the changes suggested in Chapter 6 to allow lower noise levels and thus a lowering of the TTT
level.
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Figure 7.8: Interpolation and extrapolation procedures shown in a single event at 5GeV. The energy with-
out interpolation nor extrapolation (Ereco,nocomp) is evaluated at 3.8GeV, the energy with interpolation only
(Ereco,noextra) is evaluated at 4.3GeV the energy with both extrapolation and interpolation (Ereco,all) is evalu-
ated at 5.0GeV.

Figure 7.9: Event display of well contained (top) and leaking (bottom) 5GeV event. Layers are shown as being
all orientated in the same direction.
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Figure 7.10: Reconstructed energies (left) and fitted resolution (red curve) (right) using gain 760.
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Figure 7.11: Reconstructed energies (left) and fitted resolution (red curve) (right) using gain 7200.
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Figure 7.12: Saturation for LG=60 (left). Saturation is significant. Saturation for LG=200 (right). No satura-
tion is observed. The same channel and same energy (5GeV) is considered in both cases.
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The triggerless operation demonstrated in this test beam will be used in the SHiP PID detector for the
entirety of its 15 years of operation. The challenge of minimising noise was made clear in this test beam. The
option of setting an individualised threshold per channel, rather than one per the entire chip as in implemented
in the KLauS is seen as advantageous and would be beneficial for the final choice of ASIC used in the SHiP
calorimeter system. The loss of bandwidth induced by the use of very low gain (LG200) has not been found to
negatively affect the detector’s energy resolution at those low energies, this remains to also be demonstrated for
a broader energy range, where saturation is expected to be more problematic. This may be partially countered
by lowering the SiPM overvoltage. The I2C bus saturation issues noted during the test beam led to a DAQ
architecture upgrade where chips on a same motherboard no longer share the same I2C bus as is described
in Section 6.3.4. The KLauS chip system could thus be used in the SHiP calorimeter system based on the
rate distribution which remains to be determined from simulation of the final muon shield configuration (still
to be determined at the time of writing). This would however necessitate a change in the KLauS chip, for
instance the change in the input stage’s topology towards a cascode input stage mentioned in Section 6.2.4.3.
In addition, the test beam could only be conducted using electrons. Demonstration of the capability to perform
PID requires beams with different particles, leading to a second test beam (TB2) being led at PS. Further
developments are planned using similar DAQ architecture while also evaluating the CALOROC1b ASIC [399]
which is a more natural fit to the SHiP calorimeter system as it integrates the cascode input, two gain switches
and parallel readout, resulting in broader capacitance capabilities greater dynamic range and better resilience
to rate variations.

7.3 Second test beam at CERN PS in September 2024
TB2 was held for one week at the Proton Synchrotron at CERN in September 2024 and focused on evaluating
particle identification capabilities for the calorimeter prototype as well as angular resolution through the intro-
duction of thin scintillator bar layers. This resulted in a modified prototype layout and the use of a different
beam line.

7.3.1 Setup

7.3.1.1 Variation from base design and prototype configurations

In order to meet TB2’s goals, the prototype’s basis was altered with thin 20× 1× 1 cm3 scintillator bars. These
bars were assembled in 9 layers of alternating orientation, each containing 20 bars. In addition 8 wide bar layers
of TB1 are incorporated into the detector to mimic the SHiP ECAL’s configuration. The detector was arranged
in a split configuration similar to that of TB1 pictured in Figure 7.13.

Beam

Figure 7.13: Illustration (left) and picture (right) of TB2’s split configuration. The yellow rectangles represent
thin bar layers, the blue bars represent the wide layers, the gray ones represent passive iron layers. Each sensitive
layer is doubled with two iron layers.
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7.3.1.2 Readout electronics, DAQ and trigger

The thin bar layers were developed independently and therefore require different readout electronics to the
KLauS with four DT5702 modules being used (see Section 6.2.1) together with a DT5215 concentrator which
synchronises the board clocks and provides a single ethernet data output from four optical links. The wide bars’
SiPM boards had their circuit swapped using the jumpers embedded in their design.

The different readout electronics induced a change in operations mode as the DT5702 requires an external
trigger to function adequately across all boards. The trigger scintillators from the T9 facility were used to
that aim after a coincidence circuit made from a NIM crate, amplification units (which were later discarded),
constant fraction discrimination units and a logic AND unit. The lack of delay compensation between the PMTs
(see Section 7.1.2.2) was found to significantly affect the data rate which was partially compensated by moving
the prototype crate back ∼ 3m into the beam line (as far back as cable length and test beam area allowed)
which increased the obtained particle rate. Nonetheless events quality was reduced with signals at the back
of the detector being found to be integrated earlier than at the front. The setup is pictured in Figure 7.14.
This reduces the beam arrival time before the trigger signal by 13 ns. Attempts were also made to modify the
shaping time without any positive change being observed.

Figure 7.14: Prototype dark box after movement.

The large SiPMs are always operated at the lowest possible preamplfier gain whereas the small SiPMs use
a gain of 50 for the HG and 40 for the LG in both HG and LG mode.

7.3.1.3 Calibration

Calibration was done channel per channel using muon halo runs, which allows to guarantee test beam conditions
for the calibration runs which laboratory cosmic runs do not. This however has lead to an uneven channel
exposition to the incoming muons with thus certain channels’ calibration being overall worsened. The trigger
issues are also suspected to have an effect on the calibration which lead to adaptations in the calibration
procedure.

Most channels’ events are binned in the 13 bit HG ADC and fitted using a Landau function with the Most
Probable Value (MPV) being used as a MIP energy value. Due to low statistics for off axis channels, certain
fits fail because of low signal statistics. For those channels, a second fit is attempted restricting the range to
400-3000 ADC, which is optically found to be acceptable. The channel for which the fit fails even under those
conditions have their MIP peak assigned to the gaussian mean of a fit over all other MIP peak values for all
channels as shown in Figure 7.15 for simplicity.

The ratio of HG to LG was performed directly on data using a combination of runs at all examined energies
(1, 3, 5GeV). Unlike in TB1, this was allowed by the possibility of simultaneous recording both branches’ data.
This was performed in two different ways.
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Figure 7.15: Calibration values of all channels, the red line represents the gaussian fit whose mean was used to
assign MPV calibration peaks to channels for which the calibration fit couldn’t converge for lack of statistics.

The first option was computing the HG/LG ratio for each channel by averaging the average of ratios in
each event where NADC,LG 6= 0 with the results shown in Figure 7.16. This solution suffers from uncertainties
as ratios are found not to be constant for given channels. This is suspected to be linked to the trigger issues.

The second option entails fitting the distribution of HG to LG ADCs for each channel and using the slope
as a conversion factor between gain modes as shown in Figure 7.17. While this solution was found to perform
slightly worst however, particularly as certain channels displayed unstable behaviour, with energy resolution
suffering as a result. This is in part attributed to the ratio instability among small SiPMs also shown as an
example in Figure 7.17 which could perhaps be due to their smaller pixel counts inducing larger stochastic
uncertainties.

Figure 7.16: Mean ratio (left) and standard deviation ratio (right) of HG to LG for all channels in combination
of 1, 3, 5GeV e+ run.

7.3.2 Energy reconstruction
Similarly to what was performed in Section 7.2.2, energy was reconstructed using Equation 7.1. Another energy
reconstruction technique using only interpolation is also introduced.
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Figure 7.17: Fit of HG to LG distribution for a large SiPM channel in combination of 1, 35GeV e+ run.

7.3.2.1 Simple energy reconstruction

The energy reconstruction is performed on 1, 3, 5GeV e+ runs yielding the results shown in Figure 7.18 . Shower
extrapolation is performed identically to TB1 for better energy estimation.
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Figure 7.18: Energy reconstruction (left) and resolution using simple reconstruction based on Gaussian fits on
each main energy peak (right) .

Despite the limitations intrinsic to the setup, particularly regarding the trigger, energy is found to be
reconstructable with sharp peaks around the expected 1,3 and 5GeV. The energy resolution is found to be
significantly worst than in TB1, likely driven by the trigger issues. In addition, structures appear towards
the lower end of the reconstructed energy distribution which are interpreted as events punching through the
calorimeter, in particular π+ and µ+ linked to beam purity which are further examined in Section 7.3.3.

While energy reconstruction is feasible using this simple technique, interpolation as a full energy recon-
struction technique for improved results as shown in the following.

7.3.2.2 Energy reconstruction by interpolation

As the SHiP ECAL prototype is a sampling calorimeter, it is thus possible to attempt a shower reconstruction
purely based on interpolation working from the sampled points in the sensitive layers. The principle idea being
to infer the shower development from the sampled sensitive layers. The shower showering dominantly in the
amount of energy deposited in an iron plate is known (5.66MeV per plate) allowing for:

NMIPs,L1 +NMIPs,L2

2
∗Nplates,L2,L1 ∗ Edep,MIP,plate, (7.2)
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where NMIPs,L1 and NMIPs,L2 are the MIP counts sampled on the sensitive layers preceding and succeeding
the interpolation area, Nplates,L2,L1 is the number of iron plates between the two sensitive layers and Edep,MIP,plate
is the expected energy deposition of a MIP in an iron plate, neglecting the Bethe-Heitler processes inside the
scintillator. The principle is illustrated in Figures 7.19 7.21.

Figure 7.19: Principle of interpolation-based energy reconstruction: each red bar represents a sensitive layer
with the green curve representing the interpolated longitudinal shower shape which is similar to the total shower
energy.

Figure 7.20: Principle of interpolation-based energy reconstruction: the material width of a layer represents the
amount deposited by a MIP in said layer. Iron is denser, sees greater energy deposition and is thus wider.

Figure 7.21

This technique leads to better energy resolution as shown in Figure 7.22
Energy reconstruction having been conducted and the underlying principle of linear-interpolation-based

reconstruction having been demonstrated, PID may be attempted.

7.3.3 Particle identification
PID, as expressed in Section 3.2.4 can be performed using various methods. In the case of TB2, Ep , one of the
most common methods, cannot be applied as a result of the lack of spectrometer, preventing the evaluation of
p, which may be done in future test beams common with the SST. More generally, the lack of HCAL and the
relative thinness of the calorimeter in TB2 limits PID capabilities, in addition to the lack of beam purity and
trigger delay. Nonetheless it is possible to perform PID in those conditions as well using the ratio of deposited
energy in the back and front layers.

This is done by utilising three different beam types: positron beams, mixed hadron beams and mixed hadron
runs having the beam shutter closed, inducing a muon halo. Of these run types, only the muon halo runs are
expected to have ∼ 100% purity. Positron runs are expected to see their purity degrade at higher energies
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Figure 7.22: Energy reconstruction (left) and resolution using interpolation reconstruction based on Gaussian
fits on each main energy peak (right).

whereas mixed hadron beams are expected to be primarily pions with a large proton fraction at higher energies
and a large positron fraction at lower energies [400].

7.3.3.1 PID principles in TB2

The ratio of MIP counts in the back seven sensitive layers (B7/F2) to the front two layers was found to produce
the best separation in this case, with examples for different runs shown in Figure 7.23. This metric is influenced
by the trigger and thus may not apply equally well to other setups.
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Figure 7.23: B7/F2 ratio for a 5.8GeV muon run (left), a 5GeV electron run (centre) and a 4GeV pion run
(right).

Three main characteristics are observed: in π+ and µ+ runs, the B7/F2 distributions display a single peak,
this peak is narrower in the µ+ case, likely due lower showering of muons and perhaps also to the greater beam
purity of the associated runs. In the e+ run case, a peak and a front are observed, the peak having an identical
shape to that displayed in π+ and µ+ runs. It thus becomes possible to perform PID based on a cut applied
to the initial peak of B7/F2, allowing a clean distinction between e+ and the (primarily) π+ or µ+ component.
The distinction of π+ and µ+ appears more complex in this context as only the peak width may be used with
this metric, whose separation power is limited.

It should however be noted that the ratio, even for the very MIP-like muons, does not display a peak around
B7
F2 = 3.5 as expected. This is interpreted as being linked to the trigger issue, with signal peak integration being
inconsistent across the detector. Nonetheless, this does not imperil the approach as the appearance of the
structures of Figure 7.23 are consistent across particle runs, with evolutions following the expected particle
purity.

7.3.3.2 PID of e+ against π+ and µ+

The identification of e+ events in the prototype can be made by placing a cut onto the B7/F2 value identified
as having the same amount of (primarily) π+ excess as e+ signal. Using an e+ run as data, this is done by
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scaling the B7/F2 distribution of the π+ run with the same energy as the e+ one to the same amplitude as
the B7/F2 initial peak. This is done using π+ runs as they are expected to represent the dominant fraction of
contamination in the e+ runs. As no 5GeV π+ run could be recorded due to time constraints, the 5.8GeV µ+

muon run is used in lieu of a pion run for the 5GeV e+ study. The procedure is shown in Figure 7.24.
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Figure 7.24: B7/F2 separation for a 3GeV positron run (left) and 5GeV pion run (right).

The excess is identified as appearing above a constant front of e+ events, leading to a cut purity based on
the B7/F2. This allows the determination of cut confusion matrix shown in Figure 7.25.

0.668151 0.331849

0.689611 0.310389

Confusion Matrix

Signal Background

Predicted

Background

Signal

A
ct

ua
l

Confusion Matrix

0.27319 0.72681

0.960108 0.0398918

Confusion Matrix

Signal Background

Predicted

Background

Signal

A
ct

ua
l

Confusion Matrix

Figure 7.25: Confusion matrix of PID selection for 3GeV e+ (left) and 5GeV e+ signal (right).

This procedure is found to have limited effectiveness for the 1GeV e+ run as it is expected to have very
high purity and thus displays a single peak at low B7/F2 as shown in Figure 7.26.

7.3.3.3 Conclusion

TB2 has allowed to evaluate a detector with a layout similar to the planned SHiP calorimeter system, just
without gaseous detectors. It has allowed to determine particle energies using two separate techniques and verify
the effectiveness of the DT5202 electronics for prototyping. Those, despite displaying some issues in terms of
calibration and a requirement for a solid external trigger, have nonetheless demonstrated that they could be
used. Two energy reconstruction methods were used: simple scaling and through linear interpolation. The latter
appears to correct for some of the trigger issues that were observed and yields greater energy reconstruction,
more in line with that observed in TB1.

The achieved energy reconstruction has further allowed to perform effective particle identification of positrons
in a context of impure beams. Particle identification has not been attempted for hadron against muons as their
characteristics were found not to be different enough in this ECAL-only test beam which would thus necessarily
result in poor PID performance, as shown in Figure 7.27. Similar PID techniques will be used in the SHiP
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Figure 7.26: B7/F2 for the 1GeV positron run.

Figure 7.27: Distinction between hadronic and muon runs through B7/F2.
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calorimeter system after comparison with Monte Carlo whereas π vs µ particle identification will be done with
the help of a hadronic calorimeter.

Improvements are brought to this prototype through the implementation of an external trigger which
features in the third test beam (TB3) as well as a hadronic section in a future test beam.

7.4 Third test beam at DESY
The third test beam (TB3) was held for one week in October 2024 and was dedicated to the study of calorimeter
configuration and angular resolution. It was again performed at DESY using the same beamline to that of TB1.
The used prototype was identical to the one of TB2, only using an external trigger scintillator built out of
an EJ-200 scintillator tile connected to a large SiPM on a PCB from Section 6.3.3 operated in KLauS mode.
The signal is sent to a discrete discriminator with a threshold allowing to filter out SiPM dark counts and
the resulting signal is sent as an external trigger to the chained DT5202 system. This has been observed to
significantly improve data quality. The trigger system is pictured in Figure 7.28. In the absence of a muon
beam at DESY, calibration was done in laboratory using cosmics similarly to TB1. Operating conditions are
otherwise similar to TB2.

Figure 7.28: TB3 trigger fanout (left) and scintillator system (right). The discriminated trigger signals are
distributed through the top four SMA connectors whereas the blue box is 3D printed and kept light tight with
a similarly 3D printed cover.

Two configurations were examined in TB3, the split configuration, similar to that of TB2 and a long
configuration which didn’t include a split. Those are pictured in Figure 7.29.

7.4.1 Energy reconstruction
Energy reconstruction was again performed identically to TB2 using simple scaling and linear interpolation,
this time for both the long and the split configuration.

The results are pictured in Figures 7.30, 7.31, 7.32 and 7.32
An improvement in energy resolution is noted compared to the otherwise identical TB2 conditions, particu-

larly when using the simple scaling method, indicating that the issue there was indeed the trigger. Furthermore
a degradation in the energy resolution is observed in the split configuration. This could be related to larger
smearing of the shower due to distance. As shown in Section 4.1, this has a limited impact of the resolution of
Xγγ but does have an influence on the PID performance. Is suggests that some form of compromise between
the different physics goals of the SHiP calorimeter system will have to be found.
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Figure 7.29: TB3 long (left) and split (right) configuration. The yellow rectangles represent thin bar layers, the
blue bars represent the wide layers, the gray ones represent passive iron layers.
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Figure 7.30: TB3 energy reconstruction (left) and resolution (right) in the long configuration using the simple
scaling technique.
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Figure 7.31: TB3 energy reconstruction (left) and resolution (right) in the long configuration using the inter-
polation technique.
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Figure 7.32: TB3 energy reconstruction (left) and resolution (right) in the split configuration using the simple
scaling technique.
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Figure 7.33: TB3 energy reconstruction (left) and resolution (right) in the split configuration using the inter-
polation technique.
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7.4.2 TB3 Conclusion
TB3 has allowed to reproduce and validate energy reconstruction results from TB2 in a cleaner environment,
leveraging an external trigger which has allowed for clean data taking using the DT5202. The achieved energy
resolution is consistent with TB1. These energy reconstruction techniques will continue to be used and improved
in the prototyping stage. The lack of beam particles other than e− has prevented any PID from being done
however.

While the improvement brought by the interpolation method is reduced, some weaker improvement is
nonetheless observed, suggesting that the technique does indeed provide some benefit compared to simple
scaling. This could be confirmed in a dedicated Monte Carlo study which perhaps could also include more
advanced techniques, making use for instance of more realistic polynomial or exponential interpolation.

7.5 Conclusion
The set of test beams presented here have allowed to evaluate the triggerless, custom-built KLauS system in
TB1, yielding an energy resolution which was further validated in TB2 and TB3. The system in question could
be further improved with a new version using the LVDS bus for data readout to simplify the DAQ architecture
and improve its flexibility and performance. Moreover, if the KLauS would be utilised in the SHiP calorimeter
system, the FIFO-based readout would have to be validated at SHiP-like rates, which could not be achieved in
TB1 given the slowness of the I2C-based readout and the need to finalise the incoming particle rate studies for
the SHiP calorimeter system. The issue of insufficient dynamic range was identified in TB1 with the extended
LG1200 mode resolving the issue at those energies. The validity of this solution remains to be confirmed at
SHiP energies which could be done by evaluating the same system at SPS.

TB2 has used the commercial DT5202 within the FERS-5200 readout system and has allowed to perform
energy reconstruction introducing a more robust method using linear interpolation which has allowed to improve
the energy performance despite the trigger issues encountered. This technique would now have to be validated
in Monte Carlo studies. In addition, TB2 has seen effective particle identification in positron beams using the
ratio of back to front layers. The used PID techniques will be the basis of those which will be utilised in future
test beams and in the SHiP calorimeter system.

TB3, similarly to TB2 has used the FERS-5200 system and has allowed the validation of the results from
both TB1 and TB2 using an external trigger. It indicates that the calorimeter split is detrimental to energy
resolution, suggesting a need for optimisation between competing needs in the SHiP calorimeter system. It
confirmed the added value of the interpolation technique an opened the way to new test beams at higher
energy.

Overall the achieved energy resolution results in all test beams are consistent with an analytical calculation
using Equation 3.18, estimated to be around 18%/

√
E[GeV as shown in Figure 7.34. A further test beam

(TB4) was held at SPS in May 2025 which will saw higher energy particles, different particle beams and the use
of a novel custom-designed 5λa hadronic section in addition to an upgraded prototype to reach the full 20X0

SHiP calorimeter system’s depth, both pictured in Figure 7.35 This will allow for a more complete evaluation of
angular resolution and allow to perform PID in better conditions than in TB2 thanks to the use of an external
trigger. The built ECAL prototype will also be used in future test beams until detector commissioning in 2030
to evaluate the currently under design new readout electronics based on the CALOROC1b as well as High
Precision Layers based on gas detectors.
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Figure 7.34: Sampling uncertainty for different materials using TB2/3-like sampling frequency.

Figure 7.35: ECAL (left) and HCAL (right) prototype built and operated in TB4. The beam comes from the
right.
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Chapter 8

Calorimetry at SND@LHC

As exposed in Section 2.2, the SND detector pursues the observation of collider neutrino in an off-axis con-
figuration. Both of its calorimeters, hadronic and electromagnetic have been studied in this work. First the
experiment’s HCAL (also called Mufilter) replica prototype was used to study hadronic showers in a test beam
configuration for calibration, then its vertex detector and electromagnetic calorimeter with the development of
calorimetric energy reconstruction in emulsions. The following focuses on techniques that can be used to tag the
behaviour of hadronic showers in the HCAL and as the calorimetric energy reconstruction for electromagnetic
showers as well as its uses to identify muon deep inelastic scattering and catastrophic bremstrahlung in the
emulsion detector.

8.1 Studies of hadronic showers in the calibration of the SND
hadronic calorimeter

The SND detector was built by the collaboration in 3 months between September 2021 and December 2021,
making it the fastest experiment ever built at LHC. As a result, the HCAL calibration could not be done
in advance and instead relied on test beams and Monte Carlo simulation [401]. Methods were developed in
these studies of hadronic showers and were further used in the detector’s calibration. The HCAL’s upstream
(US) stations are the main element being calibrated as the downstram (DS) stations principally serves in muon
identification and tracking.

8.1.1 SND HCAL calibration
The principles of the SND HCAL calibration are exposed below followed by a description of the test beam which
was used to calibrate the HCAL conducted in August 2023 at the H8 beam line at SPS.

8.1.1.1 Calibration procedure

Given that the detector from TI18 cannot be moved outside of the tunnel, a replica was built. While it shares
characteristic with its TI18 counterpart, it remains different and thus is calibrated separately in a separate
test beam (Section 8.1.1.2). There, after ensuring response uniformity throughout the US, the shower origin is
tagged through a dedicated algorithm whose development is inspired by the studies conducted in Section 8.1.2
with the shower’s transversal position also being evaluated. The shower profile can then be fitted through the
equation

Etot = k ×QDCSciFi + α×QDCUS, (8.1)

where k and α are calibration constants determined in fitting the QDC profiles of both detectors. The
replica results are implemented in the Monte Carlo simulation, the output of which is then unfolded onto the
SND HCAL US located in TI18.
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The work conducted here has been dedicated to understanding hadronic showers primarily using Monte
Carlo simulations which were then used for shower tagging [401].

8.1.1.2 Test beam setup

The test beam was conducted using a replica of the SND HCAL composed of five US planes and one DS plane. In
addition, an instrumented iron target of variable thickness was positioned at the front of the HCAL, mimicking
the emulsion target of TI18. The target is instrumented with eight SciFi planes of alternating orientation, each
composed of 512 250µm channels for a 13× 13 cm2 transversal profile. The iron target was composed of up to
3 iron walls, each 10 cm thick and 30 × 30 cm2. The readout is largely identical to that in TI18 (see Section
2.2) with the system being entirely asynchronous and triggerless. The system was exposed to positive hadron
beams (π+ and proton) at 100GeV, 140GeV and 180GeV and negative hadrons (primarily π−) with 240GeV

and 300GeV energies. A beam monitor (BM) was included but was not used in the final analysis. The test
beam layout is shown in Figure 8.1.

Figure 8.1: Test beam configuration, top graphic from [402].

8.1.2 Study of hadronic showers
Hadronic showers were studied under the lense of their transversal and longitudinal profile. This was done by
implementing the test beam geometry into the SND collaboration’s sndsw software [293] and using a particle
gun of π onto the initial target plane with a charge corresponding to the particles obtained in the beam. This
was done using a GEANT4 Monte Carlo simulation [297].

8.1.2.1 Shower analysis

The transversal and longitudinal profiles of hadronic showers are very varied (see Section 3.2.3) which can be
problematic for shower reconstruction. While proper compensation for these characteristics requires a high
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granularity calorimeter [403], characterisation of these variations is necessary to constrain the systematic uncer-
tainties which contribute towards stochastic and constant calorimetric terms (see Section 3.2.1). Monte Carlo
simulations are the preferred tool for these studies as it allows to evaluate realistic physics while having access
to truth values.

90E_radius The study focuses on leakage and shower energy distribution, introducing a new metric called
the 90E_radius. This metric represents the smallest transverse radius that contains 90% of the shower’s
energy. Unlike the Moliere radius, which is a constant for all showers within a material, the 90E_radius is
defined individually for each shower due to their diverse profiles.

The 90E_radius is defined by setting a shower weighted centre and then defining a radius equal to the
detector’s transversal size around it. This is done using visible particles’ energy as origin in the transverse
plane. This radius is then decreased in 5mm increments until the smallest radius which still contains at least
90% of the incoming particle’s energy is identified. It should be noted that the 90E_radius is defined using the
energy deposited within a sensitive plane and thus varies if the acceptance is varied.

The metric is utilised to investigate the transversal profile and breadth of showers from incoming hadrons
in the HCAL, allowing to tag shower behaviour for in particular early and late showering pions or more exotic
shower profiles.

8.1.2.2 Shower profile analysis

The variations in 90E_radius induced by π on target (PioT) were investigated at the different beam energies
at each station (US1-US5) as well as within a cylinder of all SciFi and US stations. This is shown in Figures
8.2 and 8.3. The 90E_radius in SciFi is found to increase with energy and station, with many events having no
radius at all as a result of pions punching-through the SciFi target. The 90E_radius peaks around 8 cm in the
later SciFi stations which exceeds the detector’s transversal size, indicating strong asymmetry in the induced
showers. The combined 90E_radius applied to a cylinder through the detector is consistently larger than the
single plane observation.

In the US, showers are found to also increase in size with increasing energy, the difference comes from their
longitudinal evolution, with the 90E_radius peaking around 37 cm in US1 and US2 but reducing rapidely in
the later stations, reaching an most probable non-zero value of around 26 cm in the DS. Many showers are also
quenched entirely, leading to very small radii, especially further deep in the calorimeter. Similarly to SciFi,
the 90E_radius shower cylinder (around 41 cm) is found to be close to the detector’s transversal dimensions
and consistently larger than the radius in any given plane, indicating strong transversal evolutions within the
shower which cannot easily be tagged within the relatively low granularity SND HCAL.

The longitudinal evolution can however be directly evaluated by looking specifically at variations in 90E_ra-
dius between planes, these are shown for pion energies of 100 and 300GeV in the HCAL in Figure 8.4. The
remaining energies as well as the analogue evaluation in the SciFi can be found in Appendix F.

The distributions are well symmetric between US1 and US2 but gradually lose symmetry beyond, an effect
which is mitigated at higher energies, indicating that showers are increasingly more homogeneous with increasing
energies.

A significant cross-check is the station where the 90E_radius peaks, as it indicates the maximum transversal
extension of the shower which is expected to relate to the station seeing the most particles. This was evaluated
in the SciFi and US stations and is shown in Figure 8.5 and 8.6 for PioT energies of 100 and 300GeV, the
remainder being found in Appendix F.

Station US1 is found to have the largest showers, which motivated the installation of the best functioning
planes as US1 and US2. These evaluations were also performed in the case where the target only is formed of
10 cm and 20 cm of iron and are shown in Appendix F.

Calorimeter unseen energy Transversal calorimeter leakage was investigated through the use of thin
1mm air planes set over, under and onto the two sides of the target as well as a large air plane at the end of the
target, used to evaluate the amount of energy exiting in the forward direction. The setup is shown in Figures
8.7. This allowed to investigate the total energy which doesn’t reach the HCAL at all but is instead leaked and
scattered out of the HCAL acceptance as shown in Figure 8.8 for 100 and 300GeV π.
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(a) 90E_radius in SciFi for 100GeV PioT.
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(b) 90E_radius in SciFi for 140GeV PioT.
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(c) 90E_radius in SciFi for 180GeV PioT.
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(d) 90E_radius in SciFi for 240GeV PioT.
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Figure 8.2
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(b) 90E_radius in US for 140GeV PioT.
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(c) 90E_radius in US for 180GeV PioT.
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(d) 90E_radius in US for 240GeV PioT.
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Figure 8.3
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Figure 8.5: SciFi station with largest 90E_radius for 100GeV (left) and 300GeV incoming π+.
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Figure 8.6: HCAL station with largest 90E_radius for 100GeV (left) and 300GeV (right) incoming π+.

Figure 8.7: View of the GEANT4 setup. Two air layers around the target are shown in red and cyan with the
yellow one being the front layer. The green regions represent the iron and the gray ones represent the sensitive
layers.
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Figure 8.8: Energy not reaching the HCAL planes for 100GeV (left) and 300GeV (right) incoming π+. The
SciFi refers to the final SciFi station

While most of the event energy typically does reach the HCAL, over 10% of events have losses exceeding
2GeV, a number which increases with PioT energy although they remain constant as a proportion of π energy.
The primary source for these losses is transversal leakage. Therefore, the correlation between 90E_radius in
sensitive planes and geometric planes is studied. This is modelled as 20m sensitive air layers parallel to the
HCAL stations shown in Figure 8.9 with the correlation being shown in Figures 8.10 and 8.14. The particle
passing these air layers are recorded for π energies of 100 and 300GeV in US1, US5 and all US stations combined.
The figures relative to the remaining stations are found in Appendix F.

Figure 8.9: Sensitive air layers added to the GEANT4 geometry, the configuration is rotated clockwise for
visibility.
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Figure 8.10: Correlation between 90E_radius in the air plane and in US1 for 100GeV (left) π+ and 300GeV
(right) π−.

The correlation between 90E_radius is relatively poor, particularly for the further back stations and lower
energies, indicating significant transversal shower development on the detector sides for leaked shower material
so that the shower is significantly non-linear at large transversal extension but is more linear at small transversal
extension. The lack of HCAL granularity does not motivate a more quantitative analysis.
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Figure 8.11: Correlation between 90E_radius in the air plane and in US5 for 100GeV π+ and 300GeV π−.
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Figure 8.13: Correlation between 90E_radius in the air plane and in all stations for 100GeV π+ and 300GeV
π−.

Figure 8.14
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Centroid reconstruction in US using test beam data While the SND HCAL is a low granularity
calorimeter, physical effects may be used to nonetheless reconstruct positions and even the shower directionality.
This is done through in the following in a coordinate system shown in Figure 8.15.
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Figure 8.15: SND HCAL transverse view showing US bars and coordinate system.

Two effects are primarily investigated here: firstly the transversal width of the shower, investigated in
Section 8.1.2.2, allow for multiple scintillator bars (∼ 4) to typically see shower elements. This can be used to
reconstruct a weighted average, a centroid corresponding to the Y-position centre of the shower through the
formula Ycentroid =

∑bar=9
bar=0 ×NQDC
NQDC,tot

. On the X axis, the scintillator attenunation length is known to be λL = 3.6m

[272], variations are hence expected at both ends of each US bar for asymmetric events. This allows for double
sided reconstruction and was evaluated in data by examining the energy-calibrated QDCs in simulation and
in a 100GeV π+ run. The centroid can effectively only be computed in the X-direction as all bars are placed
horizontally, it is computed by taking all QDCs from both sides of the plane computing the weighted asymmetry
through Xcentroid = λL

2 ln S2
S1 + 40 cm where S2 and S1 correspond to the signals from both scintillator sides.

The centroid distributions for US1 are shown in Figure 8.16.
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Figure 8.16: X-axis (left) and Y-axis (right) centroid distribution in US1 using 100GeV π+ test beam data.

The irregularities in Y can be attributed to the reconstruction which averages over bars, yielding to over-
representation of certain bars in final state reconstruction. The offset in X can be attributed to the physical
offset present in the testbeam whereas the asymmetry is largely attributed to the target and detector angle
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relative to the beam. These centroid distributions yield up to 3D positions, one for each of the five US station
plus one for the higher resolution DS station (up to 6 in total). This allows to fit a shower direction track
through a simple 3D line fit through each point, the results of which are shown in Figure 8.17.
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Figure 8.17: All tracks with χ2 = 0 corresponding to tracks with only two points are not shown.

The tracking procedure displays excellent behaviour overall with excellent resolution on the X and Y slopes
and good resolution on the Y intercept. The X intercept resolution is found to be inferior showcasing the limit
in the usage of the attenuation length for relatively short (80 cm) bars. Certain tracks are found to be very
poor reflecting the chaotic nature of hadronic beams and typically display poorly behaved showers.

These shower direction tracks however offer a good ability to tag poorly behaved showers, where invisible
transverse energy is significant or where transversal activity is strongly asymmetric, for instance due to electro-
magnetic components being prevalent in certain sections of the detector. These techniques can also be used to
filter ambiguities discussed in Section 4.2.1.
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8.2 SND emulsion detector calorimetry
At SND@LHC, νe are one of the most significant signals of SND@LHC as they can effectively be traced back
to charm decays. νe mostly interact through CC in the detector and thus produce a e± which then goes on to
shower electromagnetically in the detector. The tagging of these electromagnetic showers was explored in the
emulsion detector, as well as that of their energy in Section 8.2.1.2. Together with other parameters these can
be used to infer the energy of the incoming νe. However they are not the only source of electromagnetic showers
in the emulsion detector, with forward muon DIS and catastrophic bremstrahlung being prominent sources of
background. These were examined in Monte Carlo and data in Section 8.2.2 through the prism of calorimetry.

8.2.1 Electromagnetic shower reconstruction in emulsions
Emulsions, not measuring any amount of charge, are distinct from electronic detectors. Instead, segments are
measured. Electromagnetic showers however have a constant ∼ 1

3 fraction of invisible photons, implying that
unlike hadronic showers, there is strong linearity between particle amounts in the induced shower and incoming
particle energy. The e± will manifest as segments within the emulsions and can thus be reconstructed as showers
by tagging high density areas as is explained in Section 8.2.1.1 while the energy reconstruction procedure is
provided in Section 8.2.1.2.

8.2.1.1 Shower tagging

As electromagnetic shower are very dense, particularly in tungsten which has RM = 0.9327, electromagnetic
showers have been examined by stacking the data of all emulsion plates in one brick, which highlights “hot
spots” as shown in Figure 8.18.
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Figure 8.18: Overlay of all emulsion plates of brick 42 in Run 1 from July 2022 to September 2022 (left) and
region between 40mm and 60mm in X and between 80mm and 100mm (right). “Hot spots” are clearly visible.

Hadronic showers are expected to be a negligible background as the length of the nuclear interaction
constant implies much larger spatial extension which thus will not be tagged as high density showers. Hot spots
are tagged through signal over background thresholds while the cluster centre is tagged through a specially
developed technique dubbed telescopic histograms.

The telescopic histogram technique was devised to identify the centre of a tagged segment cluster while
being resilient to local variations. It operates by rebinning the histogrammed segment distribution with a
coarser binning and tagging the most populated one, then returning to a more finely binned distribution and
repeating the process until a cluster centre is identified with appreciable resolution.

The algorithm takes a finely binned (for instance 10× 10µm2 bins) histogram dubbed h1 in the following.
The histogram is rebinned with a certain rebinning factor fr towards coarser binning (for example 5 for 50 ×
50µm2 bins) dubbed h2. This is done recursively until a certain average bin population is achieved (such as
one last time for 250 × 250µm2 bins in our example) yielding a total of n histograms up to hn. The most
populated bin of hn is then identified and tagged, hn-1 is then investigated within the corresponding bin limits
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of the tagged hn bin (within 25 bins of h2 in our example). This procedure is applied recursively until h1 is
reached, with the most populated bin in a given area being tagged and its centre being marked as cluster centre.
The technique is illustrated in toy Monte Carlo in Figure 8.19. The procedure is found to be robust but loses
precision with larger fr. In SND@LHC emulsions, an fr = 5 and n = 3 is found to yield good performance.
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Figure 8.19: Telescopic histogram procedure. The procedure is more robust than simple most populated-bin
tagging.

This technique is used to determine shower centres in electromagnetic showers in the following. It is found
to be highly accurate, with energy reconstruction (see Section 8.2.1.2) performance using telescopic histograms
cluster being almost identical to using MC true interaction point as shown in Figure 8.20.
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Figure 8.20: Relative energy resolution using Monte Carlo true event origin (left) and telescopic histogram event
origin (right) as cluster centre. See Section 8.2.1.2 for details as to the reconstruction, a 1mm cluster radius is
used.

8.2.1.2 Shower energy reconstruction

The emulsion detector can be used as a very-high-granularity sampling calorimeter. It however does not measure
charge or light yields the way the technologies described in Section 3.3 do, instead measuring particle counts
directly through segments, the number of which are expected to be linear as a function of incoming particle
energy as the invisible fraction of the EM shower due to γ is expected to be constant ( 13 ). It is possible to
estimate the sampling resolution of the calorimeter (Section 3.2.2) for electromagnetic showers through Equation
3.18 as shown in Figure 8.21.

In addition, νe can interact anywhere within the emulsion brick and emulsion brick matching is extremely
challenging due to the large distance and induced extrapolation error between walls. This implies that the
distribution contain three primary components for any given brick:

• Showers taking place primarily in the brick, for those the energy reconstruction is easiest

• Showers leaking into or leaking out of the brick, for those the energy reconstruction is still possible in
some cases but is more challenging
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Figure 8.21: Sampling uncertainty for an SND ECC brick.

• Showers taking place primarily outside of the brick, for those reconstruction is done in the brick in
question

These different cases were simulated in Monte Carlo by randomly distributing an e− and π0 particle gun
with energies between 10MeV and 5TeV over the entire emulsion detector in the forward direction. The
generation and particle counts as a function of incoming particle energy are shown in Figure 8.22. Electrons
are produced in the more common νe CC interactions and are thus regarded as the main signal study with π0

being used for reference in NC interactions.
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Figure 8.22: 100 π0 XZ projection with energies between 10MeV and 5TeV generated all over the emulsion
detector in the forward direction. The beam is oriented towards positive Z.

A distribution similar to that of Figure 8.23 emerges when the amount of segments in a given radius is
computed, after tagging the cluster centre using telescopic histograms (see Section 8.2.1.1) has a corresponding
equivalent with segments and tracks. The track requirements in this case are made voluntarily lose with only
three segments being required in three consecutive plates with a χ2 < 2.4 after optimisations relating to the
amount of plates that are typically traversed by an electron in an EM shower. The clusters are obtained by
tagging centres in each of the 20 bricks independently and counting the amounts of segments and tracks in a
300µm, 500µm and 1mm radius for segments and only 1mm radius for tracks as the loss in stochastic resolution
linked to the lack of tracks statistics. The events taking place outside of the showers, present at the bottom
of the distributions are removed using a double sliced fit: the distribution profile is taken with and slice into
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Figure 8.23: The three types of showers observed in a brick as seen in MC. “Empty” MC events taking place
outside of the brick all together are also shown here.

Nslice energy slices of equal size. Each slice is then fitted with a gaussian distribution and the gaussian means
alongside their corresponding fit errors are fitted with a linear function. After the first linear fit, all events
taking values below the fitted function are ignored and the process is repeated once. The second linear fit slope
is then used to calibrate the relationship between segment counts and the energy of incoming particles. The
process is shown in Figures 8.24, 8.25, 8.27 for 1mm radius.
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Figure 8.24: Full segment as a function of energy distribution for a 1mm radius for 1000 π0 using 30 slices (left)
and for a 1mm radius for 1000 π0 using 50 slices after first fit cut. The bottom linear function (left) represents
the first iteration while the top linear function represents the second function. The fitted slope is found to be
11.55 segments/GeV and 6.29 segments/GeV respectively.

The π0 distribution is found to be more asymmetric than the e− one which is interpreted as being caused by
the γγ start of the shower which causes a greater width to the shower. The amount of slices used in the fit has
significant influence on the result and the slice amount in each fit was fine-tuned to maximise fit performance.
Nonetheless, the results are highly similar in both cases. The e− samples were also examined using smaller
radii of 500 and 300µm which yield calibration constants of 10.14 and 8.77 segments/GeV respectively. As CC
interactions are expected to be the primary source of νe interactions in the target, the electron sample is used
to determine the resolution.

Utilising this calibration, it becomes possible to reconstruct EM shower energy which in νe interactions will
depend on momentum transfer.

8.2.1.3 Energy resolution

Energy resolution is evaluated for the emulsion detector calorimeter through MC in two ways: first the resolution
is evaluated for showers taking place at the start of the brick with incoming e− impinging on the sensitive layer
of the ECC. The shower is then maximally contained and the energy can thus be reconstructed as well as
possible. The e− were also generated all over the emulsion detector, leading to varying energy reconstructions
depending on the origin point of the e−, representing the randomness of νe interactions over the brick.
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Figure 8.25: Full segment as a function of energy distribution for a 1mm radius for 1000 e− (left) and for 1000
π0 (right). The fitted slope is found to be 11.70 segments/GeV and 2.96 segments/GeV respectively.

Figure 8.26: Full track as a function of energy distribution for a 1mm radius for 1000 e− (left) and 1000 π0
(right). The bottom linear function represents the first iteration while the top linear function represents the
second function.

Figure 8.27
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Calorimetric energy resolution of the emulsion detector e− were generated in samples of 1000
particles each at the start of brick 1 of wall 2 in the emulsion detector. Each sample had particles with energies
of {10, 20, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000} GeV such as to cover a large portion of the range
of forwards LHC particles. Each particle energy was reconstructed using the calibration constant computed in
Section 8.2.1.2 and each reconstructed energy distribution was fitted with a gaussian. The overall performance
as a function of energy was then fitted to obtain the emulsion detector’s calorimetric energy resolution for the
different evaluated radii. The results are shown in Figures 8.28– 8.34.
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Figure 8.28: Fitted distributions of reconstructed energies using a 300µm evaluation radius. The incoming
electron energies are {10, 20, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000} GeV from left to right and
top to bottom.

The overall reconstruction is generally well centred on the expected value although they degrade at higher
energies as a result of leakage. Energy resolution is found to improve with larger radii but remains considerably
lower than the expected sampling uncertainty. This is expected to result from three primary factors:

1. The radius can only cover a fraction of all particles present in the shower, at the difference of a time
differentiated EM shower which may be evaluated across the entire detector from a more conventional
calorimeter such as the SHiP calorimeter system or its prototypes (see Chapters 3 and 7).

2. Furthermore, the emulsion detector suffers from poor efficiency, reaching a typical maximum of 95%,
this adds to the stochastic term and degrades the energy resolution.

3. Finally, the relative importance of each segment is not evaluated with the used technique, which could
perhaps be improved upon using topological reconstruction capabilities of the high-position-resolution
emulsion detector.

Calorimetric energy resolution as a function of shower starting point As a νe-induced shower
may in principle start in any point of the emulsion detector, the energy resolution capabilities of the detector
are examined as a function of shower starting point. This allows the rescaling of the energy reconstruction
based on the identified starting point of the shower. This was done using the generation of e− all across the
detector similarly to what is shown in Figure 8.22. The longitudinal shower start is tagged by identifying the
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Figure 8.29: Energy resolution in emulsions using a 300µm evaluation radius.
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Figure 8.30: Fitted distributions of reconstructed energies using a 500µm evaluation radius. The incoming
electron energies are {10, 20, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000} GeV from left to right and
top to bottom.
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Figure 8.31: Energy resolution in emulsions using a 500µm evaluation radius.

Figure 8.32

first layer containing at least 5% of the total shower segments within a 1mm cluster radius. The energy is then
reconstructed using the calibration constant determined in Section 8.2.1.3 for a 1mm cluster radius. This is
evaluated for each brick independently and concatenated with the results being shown as a function of distance
from the start of the respective brick in Figure 8.35.

8.2.2 Calorimetric study of backgrounds to νe interactions
νeinteractions suffer from three primary backgrounds: µ deep inelastic scattering, µ catastrophic bremstrahlung
and νµ deep inelastic scattering. The first two backgrounds were investigated in emulsions using Monte Carlo
simulation.

8.2.2.1 Muon DIS background

Muon DIS scattering (muDIS), while an uncommon process, remains a significant background in the search for
EM clusters because of the abundant muon flux as well its similar signature to EM showers, particularly when
the primary interaction took place in the previous wall. The induced clusters are transversally very similar
to those EM showers in particular. The amount of induced segments both in total and within a 1mm cluster
radius has been studied as a function of momentum transfer for 108 muDIS interactions. This large amount of
generated muons is required as the sndsw generator is primarily conceived to simulate muDIS interactions in
the rock preceding the detector rather than muDIS taking place within it. As a result, the event processor was
tuned to ignore muDIS interactions taking place outside of the emulsion detector’s acceptance, leading to an
inflated initially generated events with ∼ 67000 muDIS interactions being conserved and used for analysis. An
example muDIS shower is shown in Figure 8.36.

As muDIS constitute a background for EM showers despite not being purely EM processes, an evaluation
of segment counts in muDIS interactions was performed. muDIS interactions however may have varying profiles
based on the momentum transfer. Hence, the total segment count induced as a function of momentum transfer
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Figure 8.33: Fitted distributions of reconstructed energies using a 1mm evaluation radius. The incoming
electron energies are {10, 20, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000} GeV from left to right and
top to bottom.
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Figure 8.34: Energy resolution in emulsions using a 1mm evaluation radius.
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Figure 8.35: Energy reconstruction performance against distance (left) corrected for air distance (right) to
considered brick start. Events situated in the first bin row are overwhelmingly events taking place outside of
the considered brick.

Figure 8.36: Examples of muDIS event stacked segments in the emulsion detector. The events are found to be
well collimated and quite similar to electromagnetic showers.
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was evaluated as well as that within 1mm, 500µm and 300µm radii of the cluster centre and are shown in
Figure 8.37.

Figure 8.37: Total (top left), in a 1mm radius (top right), in a 500µm radius (bottom left) and in a 300µm
radius (bottom right) segment counts as a function of momentum transfer for muDIS interactions in emulsion.

The amount of segments for a given momentum transfer is found to vary significantly as a consequence
of the exact process taking place. The maximum segment counts for each energy transfer bin were fitted and
it was determined that muDIS leads to generally lower segment counts than electromagnetic showers with a
ratio of Nsegmax,muDIS/Nseg ∼ 0.7. This implies that high-energy EM showers suffer from significantly reduced
muDIS background with the exact energy cut remaining to be determined from a complete FLUKA simulation
accounting for the energy of the muon flux and ensuing muDIS momentum transfer.

8.2.2.2 Muon catastrophic bremstrahlung background

Catastrophic muon bremstrahlung is a rare event which has a O(10−5) probability of occurring at energies
∼ 50GeV [342] which slowly increases with higher energies. It involves the muon losing all of its energy through
bremstrahlung, forming a compact EM shower. This effect and its segment counts in different radii were studied
in a MC sample of 105 muons passing through 1×1 cm2 of the emulsion detector, corresponding to the expected
muon flux before a target change. This is displayed in Figure 8.38 and 8.39.

Certain muon events are found to display extremely large segment counts and are interpreted as catastrophic
bremstrahlung. The smallness of the differences between the distribution as a function of initial and final energy
imply that the amount of loss through bremstrahlung does not directly translate to a segment count per energy
loss the same way that EM showers initiated by e± or π0 do. Considering that the segment count for a
standard electromagnetic shower is ∼ 10GeV−1 and that certain catastrophic bremstrahlung showers reach
Nseg ∼ 16000 → Ereco ∼ 16TeV, this constitutes a severe background which cannot easily be filtered through
calorimetric methods, necessitating topological filters, particularly regarding the angle of the shower, these
techniques are currently being studied to allow the filtering of this background.
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Figure 8.38: Segment counts from passing muons as a function of initial muon energy in a 300µm radius (top),
500µm radius (middle) and 1mm radius (bottom).
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Figure 8.39: Segment counts from passing muons as a function of muon energy when it exists the detector in a
300µm radius (top), 500µm radius (middle) and 1mm radius (bottom).
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8.3 Conclusion
In this chapter, SND@LHC physics were carried out with particular investigation of hadronic showers in the
HCAL and electromagnetic showers in the emulsion detector. A metric dubbed 90E_radius was defined and
used to study both the transversal and longitudinal hadronic shower profile in a replica of the SND@LHC
HCAL and instrumented target in test beam data. Furthermore, a centroid reconstruction and shower direction
track algorithm was devised and implemented, which is now used in the hadronic calibration of the SND@LHC
HCAL. Improvements to this centroid algorithm can be brought by carefully using timing information which is
underway.

Calorimetric energy reconstruction was established in the emulsion detector for EM showers, allowing the
determination of the energy of the intermediate particle in νe interactions which is crucial to their reconstruction
and allows to the very clean reconstruction of charm production in the forward direction in the ATLAS exper-
iment. Improvements to this energy reconstruction are expected from better use of the reconstructed shower
topology and use of machine-learning techniques such as convolutional neural networks [404]. These techniques
were also used to evaluate known backgrounds to νeinteractions, particularly muon deep inelastic scattering in-
teraction and muon catastrophic bremstrahlung, with the later being expected to constitute a dominant source
of background which can be in part filtered using cuts on spherocity :

S =
π2

4

(∑
i |pTi × n|∑

i pTi

)2

, (8.2)

which measures the transversal momentum pT isotropy of the shower compared to the normal n. The
reconstruction also relies on realigning EM showers occurring at larger angles which are expected to have an
enhanced νe origin then subtracting background using control regions. Nevertheless, the very large background
amounts, particularly from catastrophic muon bremstrahlung, render reconstruction challenging and the final
reconstruction remains underway.
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Chapter 9

Conclusion

In this work, calorimetry in the forward detectors at the SHiP PID detector and at the SND@LHC SND HCAL
and emulsion detector, was developed in both hardware and software.

The SHiP PID detector will combine good energy resolution, to achieve excellent particle identification
capabilities and exceptional angular resolution to reconstruct shower directionality from neutral final states. The
physics case for the SHiP calorimeter system was developed and requirements on its reconstruction capabilities,
detector technologies, readout electronics and data acquisition were established.

The physics studies had a particular focus on γγ final states invariant mass reconstruction, which should
be complemented by vertexing resolution studies which are necessary to ensure that the final state originates
from the decay volume and to reject backgrounds from electromagnetic debris in particular. Furthermore, other
channels, such as HNLs, Dark Photons, Dark axions should be investigated as well as they feature significant
neutral final states which only the SHiP ECAL can observe, particularly at higher masses. Dedicated particle
identification studies are also being done to demonstrate the detector’s capabilities in general background
rejection, particularly with regards to muons.

An extensive optimisation of the optical properties of scintillators and their coupling to SiPMs was carried
out which extended to both software advances through the Fibresim framework and laboratory studies of
means to improve light collection from 1× 6 cm2 cross section scintillators and WLS fibres. A simple optimised
scintillator bar was established which allowed to double the amount of light collected from the references with
more complex improvements being available for further upgrades. Further studies can be lead, particularly
with regards to the value of a found optimised scintillator geometry together with WLS fibres traversing it.
Moreover, the experimental determination of the output angular distribution of photons from WLS fibres is
of key value, with a possible setup being proposed. The determination of the value of higher photon trapping
efficiency against higher capture efficiency through different optical indices of optical cement when glueing the
WLS fibres to the scintillator can also lead to better light output from the fibre. The Fibresim toolkit is being
expanded to include greater precision in its photon distributions within the fibre with dependency on the input
being accounted for as well as better accounting of the effects of phononics in SiPM response. In addition,
quality of life upgrades such as an in-built analyser and a GUI are being implemented as well, with the code to
be integrated into the Fairship software as a plugin for scintillator detectors.

Four different readout options for the SHiP calorimeter system’s SiPMs were investigated with two of
them being tested in test beams. A custom solution based on the KLauS chip from Heidelberg was designed,
produced and evaluated along with a custom data acquisition scheme. While the chip was found not to be ideal
for the SHiP calorimeter system, it was found to be a workable backup solution given a few design updates.
A commercial DT5202 solution from CAEN was also evaluated and tested in test beams but was found not
to be applicable outside of conceptual testing. A preferred solution, the CALOROC1b, was identified and is
currently in production at the time of writing. A preliminary DAQ scheme for the SHiP calorimeter system was
established with a focus on early digitisation of the signals with data processing, timestamping and slow and
fast control being done on a single board per SHiP calorimeter module, ensuring full modularity of the design
and compliance with SHiP DAQ standards.

A custom prototype was built using the optimised scintillator bars and these readout electronics with three
test beams at DESY and PS@CERN having been conducted to evaluate it. These have validated the custom
KLauS electronics and have yielded energy resolution consistent with expected sampling stochastics across all
different beamlines. In addition e± particle separation capabilities were demonstrated. A higher energy energy
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test beam at SPS is being performed at time of writing to evaluate a similar full 20 X0 ECAL prototype and
a 36 × 36 cm2, 5λa HCAL prototype using the same scintillator bars and electronics. Further test beams are
foreseen to evaluate the readout electronics and data acquisition systems which are currently under development,
as well as the addition of GEM-based high precision layers into the ECAL to fully demonstrate the SplitCal
concept.

The detector’s final design will benefit from these studies which have identified the issue of SiPM saturation.
This problem is particularly apparent for smaller SiPMs with few pixels. Indeed, large showers (see Section
6.1.1) yield a large amount of electrons which themselves translate to intense light yields. If each electron for
such a shower is conservatively assumed to be a MIP and 10 PEs are assumed to be the light yield of each
MIP in a thin scintillator bar which is coherent with observations, the expected light yield for a ∼ 200GeV

shower would be ∼ 180000 PE-equivalent in ∼ 3 bars or an average of ∼ 60000 PE per bar. The currently
used S13360-1325PE SiPMs have 2668 pixels and SiPMs are known to suffer from noticeable saturation above
∼ 10% of their total pixel count being fired. This implies that for saturation effects to remain limited in thin
bars, ∼ 600000 pixels would be ideally be needed. Some of the best SiPMs on the market display ∼ 360000

pixel [405] and would be expensive to equip the entirety of the thin bars. As thin bars rely heavily on charge
averaging to enable good reconstruction, SiPM saturation would make them tend towards their 1 cm intrinsic
resolution. This implies that in order for thin bars to aid in resolving the shower directionality, they would
preferentially placed at the beginning and the end points of the EM shower. HPLs would be placed at the
shower maximum as their greater resolution makes them less effected by saturation, which they are regardless
more likely to undergo as a result of their readout electronics [406]. The design implications are shown in Figure
9.1.

X [a.u.]

dE
/d

x 
[a

.u
.]

SiPM saturation threshold

Figure 9.1: Schematic representation of the SplitCal. The blue curve represents energy loss induced by an
electromagnetic shower which assumes the shower starts early. The teal represents the energy loss threshold
above which the thin bar’s SiPMs will saturate. As a result, the red bars are relevant positions for thin scintillator
bar layers whereas the cyan ones are relevant positions for HPLs. The gray bars are passive material.

The uncertainty as to the photon showering location also suggests that increasing the depth of the calorime-
ter may be desirable to enable the reconstruction of particle energy.

Hadronic shower studies were performed at SND@LHC as part of the wider effort to calibrate the exper-
iment’s HCAL. This has lead to characterisation of shower profiles with the definition of a new metric, the
90E_radius which allows to evaluate both the transversal and longitudinal profile of hadronic showers. The
low granularity of the HCAL was also in part compensated using the definition of centroids as defined in con-
ventional trackers [296] which has contributed towards shower selection, necessary for detector calibration. The
HCAL calibration is still ongoing at the time of writing and will allow to more effectively reject background in
νe and ντ searches which will enable to observation of charm-induced events.

This work has also seen the establishment of electromagnetic calorimetry in emulsions which are now used
in the search for collider νe in the SND@LHC emulsion detector together with the calorimetric background
characterisations of muon deep inelastic scattering and catastrophic bremmstrahlung. Further improvements

199



in emulsion calorimetry are currently being developed, involving topological reconstruction of the shower and
machine learning through convolutional and graph neural networks. The background studies are currently being
refined with further metrics such as segment angles within the shower, allowing for the enhancement of signal
while reducing the background. This will be used to observe charm decays in SND@LHC and hence enable
refinements in QCD physics such as in low-x particle density functions.

Overall, this work has contributed to developing calorimetry in the forward direction and the SHiP calorime-
ter system, with many of the technologies, software packages, studies and techniques developed here being now
used as the state of art for the continuous detector development of SHiP, both in its SND and downstream
calorimeter.
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Appendix A

Particle acceleration

A great deal of high-energy particle physics research is nowadays done through the use of particle accelerators,
as they are the state-of-art mean in reaching high energies in a controlled environment. Particle accelerators
have developed greatly since the first patent by Ernest Lawrence in 1932 [407] but generally function using the
Lorentz force through the famous F = q · (E+ v ×B) (with q the charge, E the electrical field, v the velocity
and B the magnetic field). Seeing as particle speed typically is often neighbouring the speed of light in high
energy physics, the context dictates that magnetic fields are much more effective in accelerating particle than
electrostatic accelerators. Accelerators usually accelerate particle beams which are in turn bent and focused
at different stages of the accelerator through dipole and quadrupole magnets respectively. The accelaration
function is fulfilled by so-called Radiofrequency acceleration (RF acceleration)[408] which function around the
injection of radiofrequency voltage to create electric fields. For instance, the first RF linear accelerator from
Rolf Widerröe in 1928 was based on a drift tube between two grounded electrodes connected to an RF source
which delivered E = 25 keV with f = 1MHz frequency. The RF source voltage VRF may thus be increased
through the number of gaps N which leads to an increase in the energy gain ∆E of a particle with charge q
through ∆E = qNVRF. The principle is shown in Figure A.1.

The longer drift tubes needed for higher frequencies and their antenna behaviour in those conditions are
leading to high levels of radiation which constitutes the main limitations of this design. As such, modern
accelerators see their efficiency further boosted by Radiofrequency cavities (RF cavities) which are conducting
cylinders containing the aforementioned principle which reduces starkly the amount of radiated energy. The
cylinder diameter, distance between the drift tubes and their own diameters are then set in such a way that
synchronism lN = v

2f is achieved for a given particle speed v.
Broadly speaking, two distinct types of accelerators geometries exist: the aforementioned linear accelerators

and the circular accelerator. Linear accelerators [409] [410], using constant velocity and constant RF frequency
are typically preferred in the case of light particles, particularly electrons, as accelerated particles mainly lose
energy through synchrotron radiation which is a variant of Bremsstrahlung radiation in magnetic fields and
characterized by the emission of photons by a charged particle and defined in natural units as:

dσrad
dE

=
4α3

m2 Z
2F (u, T )

E
, (A.1)

where u = E
γm is the ratio of the photon energy to the projectile energy, T is the kinetic energy of the

particle while α is the EM fine-structure constant and E the energy of the particle. F (u, T ) can be fairly
complex and is reviewed in [411]. The key characteristics of Equation A.1 is the dependence of the cross section
on the inverse of the particle mass squared 1

m
2 , this explains that lighter particles are more susceptible to losing

energy when bending and the maximum attainable energy is thus determined by their length and of course by
their B-field intensity.

The other type of accelerator are synchrotrons which (typically) utilize changing velocity and variable RF
frequency. As their name may imply, these accelerators seek to limit synchrotron radiation as the maximal
momentum of their beams are impaired by it, consequence of their circular geometry. They are therefore
particularly useful to accelerate heavy particles such as protons.
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Figure A.1: Functioning principle of Wideröe’s linear accelerator. The electric fields between the drift tubes
accelerate the particles [408].
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Appendix B

SHiP sensitivity to BSM models

The sensitivity of SHiP to BSM is fully complementary to collider experiments as explained in Section 2.3. This
can be seen in Figure B.1:

Figure B.1: Potential of current and future colliders for HNL searches (left) and dark scalar searches (right).
Big Bang Nucleogenesis restricts the mass of any heavy right-handed neutrino [220]. Neutrino seesaw is defined
when U2 = |U

e
− |2 + |U

µ
− |2 + |Uτ |

2, whereas HNLs with total mixing below the seesaw line do not contribute
to neutrino mass generation [26].

In light of this inability of collider experiments to probe the low GeV mass range, beam-dump experiments
such as SHiP are particularly appropriate, as can be seen in Figure B.2:
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(a) SHiP sensitivity with 6×10
20 PoT to different BSM channels: a) HNLs coupled to the electron neutrino flavour, b) dark scalars

mixing with the Higgs boson and with Br(H → SS) = 0 (BC4), c) dark photons, and axion-like particles coupled to d) photons, e)
fermions, and f) gluons [26].

(b) SHiP sensitivity with 6 × 10
20 PoT to different BSM channels: HNLs coupled to the muon a)or tau b) neutrino flavour, c)

dark scalars mixing with the Higgs boson and with Br(H → SS) = 0 (BC5), d) and U(1) mediator coupled to the anomaly-free
combination of the baryon and lepton currents B−L [26].

Figure B.2
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Appendix C

Complements to light optimisation

C.1 Foil optimisation result for each setup
The results for crumpled and smooth foils for a given set of three scintillators exposed to cosmics are shown in
Figure C.1. Measurement details are found in Section 5.4.3.

205



0 100 200 300 400 500 600 700
Amplitude [PE]

0

2000

4000

6000

8000

# C1 fit mpv=104.24±0.89 , =10.59±0.64 ,A=456051, 2/ndf=36.53
C2 fit mpv=119.18±0.88 , =10.53±0.64 , A=433989, 2/ndf=34.26 

Prototype scintillator 0 with crumpled foil performance evaluated with cosmics 
 Run S1_R_R1, channels 0 and 1 corrected

Channel 0
Channel 1
Landau fit of Channel 0
Landau fit of Channel 1

(a) Crumpled foil Scintillator 0.
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(b) Smooth foil Scintillator 0.
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(c) Crumpled foil Scintillator 1.
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(d) Smooth foil Scintillator 1.
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(e) Crumpled foil Scintillator 2.
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(f) Smooth foil Scintillator 2.

Figure C.1: Crumpled and smooth foil light output in all configurations.

C.2 Complements to fibre light output
Exposure of a SiPM at various distances from fibres directly irradiated by the laser yields the distributions
shown in Figures C.2 and C.3 for round and square reflective walls respectively.
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Figure C.2: Light distribution for directly irradiated SiPMs in round T2 for different laser intensities.
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Figure C.3: Light distribution for directly irradiated SiPMs in square T2 for different laser intensities.

C.3 High optical setup performances
The ratios of both SiPMs sides explained in Section 5.5.4 are shown below.
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Figure C.4: Ratio of test SiPM amplitude to reference SiPM amplitude for different interfaces. For clarity,
systematic error bars aren’t shown. A summary of used setups is provided in Table 5.1
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Appendix D

Contextualisation of readout electronics

This appendix is meant to offer the reader context towards to readout electronics as they relate to Chapter 6
in particular.

Readout electronics have three primary purposes:

1. The collection of an electrical charge yielded by the sensor, this is typically a short surge in current
taking the form of a pulse.

2. A system response optimising the smallest detectable signal, event rate, time of arrival, the insensitivity
to sensor pulse shape, and, particularly relevant in this case, the energy measurement

3. The digitisation of the signal and its storage for subsequent analysis

These three objectives can only rarely be optimised for simultaneously, leading to a compromise needing to
be met, all at an acceptable price range.

D.0.1 Analogue electronics
Primary signals for (semiconductor) electronic sensors are commonly small, with a single electron converted
onto a SiPM having a charge of O(10−19 C) which is further subject to statistical fluctuations as exposed in
Sections 3.3.5 and 5.5.2. These, together with electronic noise, will further smear the signal preventing it from
taking its ideal pulse shape as shown in Figure D.1. This determines the size of the minimal detectable signal.
This thus often necessitates a primary gain Gp onto the sensor (O(106) for a SiPM, induced by the Geiger
cascade) in order to allow the distinction of the signal.

This gain however also applies to sensor noise, which is determined by operating conditions (such as tempera-
ture) and importantly sensor capacitance. The signal to noise ratio (SNR) increases with decreasing capacitance
with Vs

Vn
= Qs

Vn(Cd+Ci)
, Vs and Vn being the signal and noise voltage amplitude respectively, while Qs is the signal

charge while Cd is the sensor capacitance and comes in addition to the amplifier capacitance Ci.
The signal typically manifests as a current pulse in time is(t) with E ∝ Qs = Gp

∫ tf
t0
is(t)dt =

∫ tf
t0
Is(t)dt,

E being the energy deposition in the sensor, Qs the total signal charge, to and tf being the times of signal start
and end respectively while Is(t) is the signal after primary amplification.

This shows that the reconstruction of Qs, necessary to determine E requires some form of charge integration
which can be done by either integrating the signal on the sensor capacitance, using an integrating amplifier
(charge-sensitive amplifier), further amplifying the current pulse and using an integrating ADC (charge-sensing
ADC, a QDC, see Section 2.2.3) or rapidly sampling and digitising the current pulse and use a numerical
integration. These are typically integrated into a readout chain shown in Figure D.2.

D.0.1.1 Analogue signal integration

Amplifiers In a sensor volume such as the silicon bulk of a SiPM, charges are created and move towards
their respective electrodes, if the amplifier, shown in Figure D.3 can be seen as having low resistance (low
impedance), the discharge time constant τ = Ri(Ci + Cd) will be small and the amplifier will sense the signal
current. If τ is large compared to the pulse duration however, the current pulse is integrated on the capacitance
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(a) Signal + noise for a signal to noise ratio of 1, the
signal is undistinguishable. [412].

(b) Convolution of signal and noise at four different times given a signal to
noise ratio of around 20. The blue curve represents the noiseless signal, the
signal can easily be distinguished despite the noise [412].

Figure D.1

Figure D.2: Standard readout chain: radiation induces charge in the sensor, the analogue pulse of which is fed
into a preamplifier, it then passes a shaper before being digitised in an analogue-to-digital converter.

and the induced voltage at the amplifier’s input Vi = Qs

Cd+Ci
. The signal amplitude is hence dependent on sensor

capacitance. The base unit for most amplifiers is the operational amplifier (OpAmp), shown in Figure D.4. It
has three main characteristics:

• It has a high (open loop) gain Ga ∼ 105 or more

• It possesses two voltage inputs V+ and V− and one output Vo = G(V+ − V−)

• It has very low input impedance and thus input current Iin ∼ 0

Operational amplifiers attempt to minimise the difference between V+ and V−.
For a signal, the charge can be readout directly at the amplifier using a charge-sensitive amplifier (CSA)

shown in Figure D.5.

Figure D.3: Principles of charge collection and signal integration in an ionisation-based sensor [412].
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V+

V-

+

-

Vo

Figure D.4: OpAmp symbol, inputs and outputs. The gain is sometimes written A.

Figure D.5: Principles of a charge sensing amplifier: Ga is the amplifier gain, the input voltage vi is amplified
by vo = Z ·Qi with Z the feedback (small) capacitor impedance. The feedback capacitor Cf is charged by the
signal current implying Qf = Qi [330].

In practice, CSAs have a time response, the signal charge is initially integrated on the sensor capacitance
with subsequent charge being integrated on the amplifier capacitance. The gain element is commonly a field
effect transistor (such as a MOSFET) or a bipolar transistor.

Another common amplifier is the transimpedance amplifier, pictured in Figure D.6a, they convert the charge
into voltage which is then readout with Vtexto = −RfIin.

(a) Transimpedance amplifier.

-

+
Vo

Rf

Iin

Cf

(b) Transimpedance amplifier with an extra capacitor in the feed-
back loop.

Response function The transfer function of an amplifier provides a description of how the amplifier output
relates to the input as a function of signal frequency through a Laplace transform of its time response. It is
defined by H(f) =

Vout(f)

Vin(f)
=

Vout(s)
Vin(s)

, with s = 2jπf and j the imaginary constant. This is significant as it
provides the amplifier gain as a function of frequency (the magnitude of H(f)), the phase shift (the argument
of H(f)) as well as the bandwidth and stability range of the amplifier. For a transimpedance amplifier for
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example, the response function will be H(s) = Vo
V = A(s)

1+A(s)B(s) is the closed-loop gain of the amplifier with
A(s) the open loop gain of the amplifier (which is typically very large) and B(s) the feedback factor of the
resistor. It can be seen that AB cannot be allowed to be −1 as it would cause the response function to diverge
and the amplifier to be unstable. This can be seen in the Bode plot shown in Figure D.7

Frequency (Hz)

G
ai

n 
(d

B
)

L ~ -180° without 
feedback capacitor 

L ~ -90° with 
feedback capacitor

Figure D.7: Bode diagram of transimpedance amplifier. The gain loss L may be reduced by adding an adequate
feedback capacitor.

The loop gain includes two poles: one from the op-amp’s internal dominant pole (due to compensation), and
another from the feedback resistor in combination with the sensor’s capacitance CT . If, at the frequency where
|AB| = 1, the total phase shift approaches −180◦, the feedback becomes positive and can induce oscillation.
A loop gain that decreases steeply (e.g., −40 dB/decade) is more likely to accumulate such a phase shift. To
mitigate this, a feedback capacitor is typically added in parallel with the resistor Rf as shown in Figure D.6b,
introducing a zero that flattens the roll-off and shifts the phase toward −90◦, thereby increasing the phase
margin and ensuring stability.

This stability consideration is essential in the design of analog pulse shapers, where the transimpedance
stage defines the signal’s initial temporal response and must remain stable across the next stage of signal
processing: the shaper’s frequency range.

Distortions caused by DC components When interfacing a sensor with a regulated common-gate
amplifier, the input capacitance of the sensor plays a critical role in signal integrity. The sensor’s junction
capacitance when directly coupled to the amplifier input, can inject slow transient components into the signal
path if said capacitance is too large. These low-frequency artefacts arise due to the charge redistribution between
the sensor capacitance and the amplifier’s virtual ground node, especially in the presence of rapid current pulses.
As the signal propagates through subsequent shaping stages, these slow components can manifest as secondary
peaks or baseline distortions in the output waveform. This effect is particularly evident after digitisation, where
the baseline has not fully recovered before the ADC samples the signal. Capacitors are a common way to filter
these DC, low-frequency artefacts.

DC and AC coupling for ASICs The KLauS chip (see Section 6.2.4) is a DC-coupled ASIC whereas
the CALOROC [399] is an AC-coupled ASIC. The DC-coupling has the advantage of well-preserving signal
integrity even for slow components, the response to current pulses is also immediate which further contributes
to effective peak finding for short-tailed signals, it also simplifies the power and biasing of the chip and allows
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to easily evaluate the noise levels without extra calibration. This however also leads to high capacitance sensor
(such as large SiPMs) coupling directly to the amplifier input, to suffer baseline shifts or slow tails which cause
signal distortions in the shaping stage which leads to double peaking.

AC coupling on the other hand blocks baseline variations and DC offsets altogether, it also better isolates
the detector capacitance from the amplifier output which induces fewer problem at the shaper, the biasing is
also generally more flexible. This choice leads to a loss of DC information however: any slow baseline shifts or
integral charge components below the high-pass corner frequency will be filtered. In addition, pulses may be
distorted if the coupling capacitor and biasing resistor form a high-pass filter with a cutoff too close to the signal
bandwidth this can lead to parts of the pulse being lost, leading to a more delicate tuning of ASIC components.
Furthermore, noise levels are not as well defined as a function of threshold as a result of the AC cutoff.

Overall, both technologies may be used in the SHiP calorimeter system, the variations in capacitance render
AC coupling more robust in this case, but with adequate modifications, DC coupling solutions may also function.

D.0.1.2 Signal shaping

The shaper has two primary goals: limiting the bandwidth (and thus the speed) of the signal in order to suppress
noise while constraining the pulse width so that no overlap between pulses occur. This is done by inducing a
lower and an upper frequency cutoff. These goals conflict with one another and thus a compromise must be
found. The simplest shaper is a high pass filter-low pass filter (CR-RC) shaper is shown in Figure D.8.

Figure D.8: Simple shaping system: integration is performed towards a slow decaying step function, a high
pass filter (differentiator) limits the pulse width whereas a subsequent low-pass filter (integrator) reduces the
high-frequency noise [412].

If Rd = Ri and Cd = Ci, the induced time response or shaping time τ = 1
RC = 1

ωc
with ωc the signal cutoff

frequency. These shapers commonly use a single N = 1 CR filter but M RC filters. The pulse shape described
by its amplitude A is then described by:

A(t) =
A0

M !

(
t

τ

)M
e−

t
τ . (D.1)

The higher M , the more Gaussian the pulse shape which thus improves the double pulse resolution. Higher
M shapers are however unwieldy, therefore CR-RC-CR shapers are often preferred as they have longer pulse
shapes defined as:

A(t) = A0

[
t

τ
− 1

2

(
t

τ

)2]
e−

t
τ . (D.2)

This is favourable for high rates in order to minimise baseline fluctuations and undershoots. This longer
pulse duration however, may induces ballistic deficit: if pulse rise time at the shaper input is longer than the
high-pass constant of the shaper, the output amplitude of the shaper is trimmed by the preamplifier pulse’s
slow rise. This is due to the shaper’s falling edge before the preamplifier’s output maximum is reached: the
shaper’s bandwidth is too small, the preamplifier cannot follow the steep rising pulse edge. This effect is shown
in Figure D.9.
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Figure D.9: Ballistic deficit for (a) a step function at the preamplifier output and the resulting shaper output
(b) [412].

Sallen-Key topology shapers are an alternative to CR-RC-CR shapers, they function around operational
amplifiers in a feedback configuration as shown in Figure D.10

Figure D.10: Sallen-Key shaper topology.

D.0.2 Digital conversion
While signals are first processed on the analogue side, contemporary analyses are generally done on easy-to-store
data, for which analogue signals, with their complex shapes, are ill-suited for. Analogue signals are as such
digitised as part of the readout chain as shown in Figure D.2 and then processed as logical units which are
easier to store and much more robust against distortions.

The digitisation of an analogue signal is done through an Analogue-to-digital-converter (ADC) which encodes
a voltage proportional to either the incoming pulse area or the peak amplitude into a binary number called
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the code counted in ADC channels/counts (often also referred to simply as ADC) and typically taking values
between 0 and 2n− 1, with n the amount of bits available to the ADC. ADC require a clock which either affect
the absolute digitisation rate or the bitwise digitisation rate. ADCs however systematically have a bit range n
with the total number of available ADC values being 2n with the least significant bit (LSB) corresponding to
the smallest voltage variation the ADC is sensitive to. As an example, a 10-bit ADC with a reference voltage
of 2048mV will have an ideal resolution of ∼ 2mV. The code suffers from a quantisation error δ = LSB√

12
. The

SNR of an ADC on the other hand is defined as SNRADC = 20 log10 2
n√12. Finally fluctuations are always

present in the ADC which may modify the effective number of bits (ENOB) as ENOB = n− log2

(
RMSconv
1/

√
12

)
.

Two ADC techniques are relevant in this work: flash ADC and successive-approximation ADC (SAR).
Flash ADC is conceptually simple: the voltage is applied in parallel to comparator inputs each having a

different threshold voltage, with 2n − 1 comparators needed as shown in Figure D.11a. Since operations are
done in parallel, flash ADC is particularly fast but suffers from a large needed footprint due to its relative circuit
complexity in addition to a high power consumption and high cost.

SAR ADCs in comparison is a good compromise for most applications. The input voltage is successively
approximated by comparing to available digital reference voltages starting with a midpoint voltage. The most
significant bit (MSB) is then set to 0 or 1 depending on whether the input voltage is smaller or larger than
the midpoint reference one. The input voltage is then compared to the midpoint voltage of either the larger
voltage half or lower voltage half which sets the second most significant bit and so on until all bits have been
set. An example of a SAR ADC architecture is shown in Figure D.11b. As an example, a very simple 3 bit
ADC operating between 1 and 2V would have 7 reference voltages (1.125, 1.25, 1.375, 1.5, 1.625, 1.75, 1.875V).
If the input voltage has a value of Vi = 1.7V, Vi > 1.5V → code = 1XX, Vi < 1.75V → code = 10X,
Vi > 1.625V → code = 101.

The ADC counts can then be transmitted within a binary bitstream for processing and storage.

(a) Flash ADC block diagram. Each comparator has
a threshold higher than its predecessor in the chain.
A priority encoder finds the highest comparator (5 in
this example) and delivers a code based on its inputs
[330]

.

(b) Architecture of 4-bit SAR ADC. The capacitor array is digitally weighted:
16C, 8C, 4C, 2C and C [413].

215



Appendix E

Readout electronics manufacturing and
operation

E.1 KLauS motherboard
The jumpers’ and potentiometers’ roles are detailed below, the board is always assumed to be positioned with
SMA connectors at the top.

J1 and J2: modify the SiPM powering configuration. When in high position, allow for SiPMs to operated with
two SMA connectors similar to the circuit shown in Figure 6.33a. When in low position, enable
single connector operation as for the DT5202 with only the HV SMA connector being used.

P1 and P2: used to control and generate the bias voltage when J1/J2 are in low position

P4 and P5: used to regulate the voltage when J1 and J2 are in high position.

J5 and J6: used to close the SPI chain when the corresponding KlauS mezzanine is mounted onto the board.

J8 : used to close the SPI chain when the KlauS mezzanine is mounted onto the board.

J10 : enable/disable jumper , used to control the analogue/digital voltages of the KLauS, to be set high
when the voltage at the end of the board chain is too low.

J9 : I2C pullup, to be set only on the final board of the chain

JX1 and JX2: emergency stop for all respective KLauS systems

The control plane and readout plane grounds were originally separated but were connected to one another
to reduce noise.

The motherboard was found to be too large to use a stencil printer. As a result, the solder paste covered
stencil was superimposed by hand by aligning the stencil holes vertically. The parts were then mounted by
hand and soldered in using a reflow oven. Four KlauS motherboards were manufactured and allows operation
of KLauS mezzanine.

E.2 KLauS mezzanine
The KLauS mezzanines main components were mounted onto the PCB using a pick-and-place machine on top
of the stencil dispensed solder paste then soldered into the reflow oven. The only exceptions to this were the
header pins which were soldered by hand and the KLauS chip itself which was glued to the designated pads in
arrays of 3 × 3 glue dots. The conductive glue were dispensed by a high-precision custom glue bot [414]. The
glue was left to dry at 90 ◦C for 3 h in an oven.

The chip was then wire bonded to the board using aluminium wires. The system is normally protected by
thermally conductive but electrically insulating paste. This solution was however found to be expensive and
was substituted by a 3D-printed plastic casing consisting of a frame which was super-glued to the board and a
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case which was meant to be removable and substitutable by the aforementioned paste. As a result, the case was
glued to the frame using black silica which is hard enough to hold but removable for a future board upgrade if
needed. The glueing, bonding and silica porcesses are shown in Figure E.1.

(a) Glue grid dispensed by the gluebot. (b) Wire bonded KLauS chip (c) Silica and casing of the KLauS mez-
zanine.

Figure E.1

Issues were noted with on multiple mezzanine boards, these were largely traced back to the chips themselves.
The causes of these issues are unknown and could be caused by poor chip manufacturing quality or perhaps to
the fact that the assembly operation were not performed inside of a clean room despite no indication that this
was necessary being given by the designer in Heidelberg. The KLauS quality can be visualised in Figure E.2.
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Figure E.2: KLauS mezzanine assembly quality minor caveats are evaluated not to be problematic for operation
and manifest as higher noise which can be filtered by increasing the TTT. Major caveats are problematic for
board operation and manifest as lowered efficiency or significantly higher noise.

E.3 SiPM board assembly
The SiPM boards were assembled as a panel of 25 × 8 with all resistors and capacitors placed onto the panel
using the stencil-printer and the pick and place machine then soldered using the reflow oven. The SiPMs were
placed by hand in a second step and then soldered the same way. The SMA connectors were soldered in by
hand. The panel is shown in Figure E.3. The panel is broken up by hand in individual boards after the addition
of resistors, capacitors and SiPMs. 192 SiPM boards were manufactured in total, leaving 8 slots empty as a
result of SiPM availability.
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Figure E.3: SiPM boards panel prior to SMA soldering. Missing SiPMs purposely weren’t added to the board
for lack of sensors.
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Appendix F

Complementary studies of hadronic showers
in the SND HCAL

F.1 30 cm thick target studies
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(a) Variations in 90E_radius in the HCAL in single
events for 100GeV impinging π
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(b) Variations in 90E_radius in the HCAL in single
events for 140GeV impinging π
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(c) Variations in 90E_radius in the HCAL in single
events for 180GeV impinging π
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Figure F.1: Variations of 90E_radius in the SciFi with 30 cm target.
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Figure F.2: Variations of 90E_radius in the HCAL with 30 cm target.
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F.2 20 cm thick target studies
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(a) 90E_radius in SciFi for 100GeV PioT with a
10 cm target.

0 2 4 6 8 10 12
radius[cm]

0

1000

2000

3000

4000

5000

6000

7000

8000

9000ev
en

t

90E_radius distribution in SciFi for 140 GeV PioTs

SciFi0

SciFi1

SciFi2

SciFi3

all

90E_radius distribution in SciFi for 140 GeV PioTs

(b) 90E_radius in SciFi for 140GeV PioT with a
10 cm target.
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(c) 90E_radius in SciFi for 180GeV PioT with a
10 cm target.
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(d) 90E_radius in SciFi for 240GeV PioT with a
10 cm target.
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(e) 90E_radius in SciFi for 300GeV PioT with a
10 cm target.

Figure F.10: 90E_radius in the SciFi with 30 cm target.
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(a) Variations in 90E_radius in the SciFi in single
events for 100GeV impinging π
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(b) Variations in 90E_radius in the SciFi in single
events for 140GeV impinging π
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(c) Variations in 90E_radius in the SciFi in single
events for 180GeV impinging π
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(d) Variations in 90E_radius in the SciFi in single
events for 240GeV impinging π

50− 40− 30− 20− 10− 0 10 20 30 40 50

0

1000

2000

3000

4000

5000

Difference between 90E_radius in SciFi1 and SciFi0

h_accordion_SciFi1_SciFi0

Entries  10000

Mean    2.452

Std Dev     2.896

Difference between 90E_radius in SciFi1 and SciFi0

50− 40− 30− 20− 10− 0 10 20 30 40 50

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Difference between 90E_radius in SciFi2 and SciFi1

h_accordion_SciFi2_SciFi1

Entries  10000

Mean    1.672

Std Dev     2.533

Difference between 90E_radius in SciFi2 and SciFi1

50− 40− 30− 20− 10− 0 10 20 30 40 50

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Difference between 90E_radius in SciFi3 and SciFi2

h_accordion_SciFi3_SciFi2

Entries  10000

Mean    1.097

Std Dev     2.236

Difference between 90E_radius in SciFi3 and SciFi2

Radius difference [cm] Radius difference [cm] Radius difference [cm]

# # #

(e) Variations in 90E_radius in the SciFi in single
events for 300GeV impinging π

Figure F.11: Variations of 90E_radius in the SciFi with 30 cm target.
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(a) 90E_radius in SciFi for 100GeV PioT with a
10 cm target.
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(b) 90E_radius in SciFi for 140GeV PioT with a
10 cm target.
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(c) 90E_radius in SciFi for 180GeV PioT with a
10 cm target.
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(d) 90E_radius in SciFi for 240GeV PioT with a
10 cm target.
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Figure F.16: 90E_radius in the SciFi with 30 cm target.
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(a) Variations in 90E_radius in the SciFi in single
events for 100GeV impinging π
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(b) Variations in 90E_radius in the SciFi in single
events for 140GeV impinging π
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(c) Variations in 90E_radius in the SciFi in single
events for 180GeV impinging π
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(d) Variations in 90E_radius in the SciFi in single
events for 240GeV impinging π
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(e) Variations in 90E_radius in the SciFi in single
events for 300GeV impinging π

Figure F.17: Variations of 90E_radius in the SciFi with 30 cm target.
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