
 
Master Thesis 22/5-2023

KØBENHAVNS UNIVERSITET
UNIVERSITY OF COPENHAGEN

A HADRONIC CALORIMETER FOR ALICE

Master Thesis

Written by:

Laura Marie Dufke

Niels Bohr Institute

University of Copenhagen

Academic Advisor:

Professor, Ian Bearden

Niels Bohr Institute

University of Copenhagen



Master Thesis 22/5-2023

Abstract

In 2020 The ALICE Collaboration proposed to add a forward electromagnetic and hadronic calorimeter

(FoCal) as an upgrade to the ALICE experiment. The first prototype for the hadronic calorimeter (FoCal-

H) was tested in September 2021. These tests showed to be a promising starting point, even though issues

with the readout system appeared. Throughout the rest of 2021, the FoCal-H first prototype was tested in

a number of ways to pin-point which parameters needed to be optimized, and in which way this could be

done. In particular, these tests focused on fully characterizing light propagation through the scintillating

fibers, specifically the amount of optical crosstalk between the silicon photomultipliers (SiPMs). The

results of this, as well as multiple other studies, were used to optimize the design for the FoCal-H second

prototype, which was constructed in the summer of 2022. The FoCal-H second prototype was tested in

the fall of 2022, at the SPS beamline at CERN, at energies from 60 to 350 GeV. The results of these tests

have been examined and compared with simulations, to test the technical performance of the prototype.

This thesis revolves around characterizing the performance of the FoCal-H calorimeter components as

well as analyzing the November 2022 SPS H2 testbeam data. Simulations corresponding to the test-

beam detector setup was performed in order to compare and estimate the FoCal-H second prototype’s

technical performance.

The performance characteristics of the FoCal-H calorimeter components, were studied with the aim of

optimizing the design for a future prototype or the final design of FoCal-H. These studies focused on

optical crosstalk measurements between the SiPMs, the cutting technique used on the scintillating fibers,

and the ratio between the passive and active material of the FoCal-H calorimeter.

Optical crosstalk between the SiPMs was found to be an issue for both the central 7x7 SiPM calorimeter

module and the outer 5x5 SiPM calorimeter modules, due to the compact design leading to a small dis-

tance between the SiPMs, as well as the wide scattering of photons from the scintillating fibers. The study

of the cutting techniques for the scintillating fibers found that optical crosstalk between the SiPMs, could

be reduced significantly by cutting the scintillating fibers with a technique using optical glue and a dia-

mond blade. The study of the ratio between the passive and active material of the FoCal-H calorimeter,

found that by reducing the inner diameter of the copper-tubes, thus reducing the size of the scintillating

fibers, the energy resolution and the response linearity across a large range of beam energies could be

improved.

The analysis of the November 2022 SPS H2 testbeam data, as well as the analysis of the corresponding

simulations, focused on a number of studies related to the source of response peaks, energy resolution,

lateral shower containment, and examination of the intersections between calorimeter modules by per-

forming a position scan. The investigation of these studies, lead to comparisons between the testbeam

data and the simulations, to estimate the FoCal-H second prototype’s technical performance. The com-

parison studies found that the energy resolution of the testbeam data was better than the one from the

simulation. In light of this result, multiple studies were performed in order to point out any potential

reason. These studies included the use of physics list in the simulations, and saturation in simulations

and/or in the testbeam data. A reason for this unexpected result of the energy resolution was not found,

but potential other studies were suggested.
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1 Introduction

In the summer of 2020 the ALICE (A Large Ion Collider Experiment) collaboration proposed to add a

forward calorimeter as an upgrade to the ALICE experiment. This Forward Calorimeter (FoCal) consists

of an electromagnetic calorimeter (FoCal-E) and a hadronic calorimeter (FoCal-H), placed at pseudora-

pidity 3.4 < η < 5.8, in ALICE’s forward A region, right beside the compensator magnet. With FoCal

as an upgrade to the ALICE experiment, four main physics goals are to be explored. These four physics

goals are [1]:

• Measure the gluon density in protons and lead nuclei and quantify its nuclear modification at small

x and Q2.

• Explore the physical origin of shadowing effects.

• Investigate the origin of long-range flow correlations in pp and p–Pb collisions

• Explore jet quenching at forward rapidity in Pb–Pb collisions

Along with these four physics goals, information about the identification of isolated photons at forward

rapidity in p-p and p-Pb collisions can be extracted. FoCal will as an upgrade to the ALICE experiment

provide direct information about partons, in the prospect to describe the initial stages of the universe,

which possible can be described by the theory of Color Glass Condensate [1]. A detailed description of

the four FoCal physics goals can be found in section 3.

Figure 1: The figure shows a proposed design as well as the placement of the forward calorimeter

(FoCal) in ALICE. The hadronic calorimeter (FoCal-H) is positioned closest to the compensator magnet,

whereas the electromagnetic calorimeter (FoCal-E) is placed in front of FoCal-H, closest to the interaction

point [4].

From 2020 and onward, the ALICE group at the Niels Bohr Institute at University of Copenhagen has

been one of the groups responsible for constructing and testing components of the FoCal-H first and

second prototype, as well as analyzing data and generating simulations.

The FoCal-H first prototype was constructed in September 2021 and was tested in testbeam later in the

1
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same month, to see if the conceptual ideas of the design were valid. These tests provided a preliminary

indication of how the final detector might perform and led to the design and construction of the FoCal-H

second prototype. In the summer of 2022, I helped design, construct, and perform a number of technical

tests on the FoCal-H second prototype. Later that summer, as well as in the fall, the FoCal-H second

prototype was tested in testbeam, at the PS and SPS beamlines. The data from the testbeam in the fall of

2022 (November 2022 SPS H2) is the foundation for this thesis.

This thesis focus on characterizing the performance of the FoCal-H calorimeter components as well as

analyzing the November 2022 SPS H2 testbeam data. Simulations corresponding to the testbeam de-

tector setup was performed in order to compare and estimate the FoCal-H second prototype’s technical

performance.

The performance characteristics of the FoCal-H calorimeter components were studied in order to op-

timize the design for a future prototype or the final design of FoCal-H. These studies focus on optical

crosstalk measurements between the SiPMs, the cutting technique of the scintillating fibers, and the ratio

between the passive and active material of the FoCal-H calorimeter.

The analysis of the November 2022 SPS H2 testbeam data, as well as the analysis of the corresponding

simulations, focus on a number of studies related to the source of response peaks, energy resolution,

lateral shower containment, and examination of the intersections between calorimeter modules by per-

forming a position scan. The investigations of these studies, lead to comparisons between the testbeam

data and the simulations, to estimate the FoCal-H second prototype’s technical performance.

Sections of this thesis will be used as a primary source for the ALICE Forward Calorimeter Technical

Design Report (TDR), which will be submitted to the ALICE collaboration in the summer of 2023.

2 CERN facilities and experiments

This section will briefly go through the CERN facilities and the experiments located at CERN. The aim

is to provide the necessary information on the connection between the accelerator rings and the exper-

iments to get a understanding of the testbeam facility and data taken with FoCal, as well as the future

location of the detector.

2.1 Particle accelerators

CERN (European Organization for Nuclear Research) is an organization established in 1954, which has

the mission to "uncover what the universe is made of and how it works" [2]. CERN explores this mission using

various sizes and shapes of particle accelerators, which accelerate particles and nuclei up to nearly the

speed of light, where they collide and the produced particles and physics processes are studied.

CERN has two small accelerators that provide particles and nuclei for experiments, namely LINAC 3

and LINAC 4 (linear accelerator 3 and 4). Depending on the study of either protons or heavy ions, the

acceleration process starts in these two different accelerators. However, some of the larger accelerators

are used for both protons and heavy ions.

In LINAC 3, low-energy heavy ions are generated. Until now, LINAC 3 has been able to generate lead

(Pb) and xenon (Xe) ions. The heavy ions are produced by taking for instance a piece of pure Pb, which is

2
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vaporized into a smaller number of atoms at around 500 C◦. After this procedure, the atoms are stripped

of electrons, by the use of an electric current, creating the heavy ions, with an energy of around 4 MeV [7,

p.58]. The heavy ions are injected into LEIR (Low Energy Ion Ring) through beam lines. LEIR receives

the heavy ions in long pulses and transforms them into bunches. During this procedure the heavy ions

are accelerated to an energy of 72 MeV [6], and will then be injected into the larger accelerators that are

used for both protons and heavy ions.

In LINAC 4, negative hydrogen ions are generated and accelerated up to 160 MeV before getting injected

into the PSB (Proton Synchrotron Booster). In the PSB beam-line, the electrons are removed from the

hydrogen atoms using an electric current, leaving the nucleus with a single proton. These protons are in

the PSB accelerated up to an energy of 2 GeV, before getting injected into the larger accelerators.

After being accelerated in the smaller accelerators, the protons and/or heavy ions, are injected into the

PS (Proton Synchrotron) circular accelerator. The PS accelerator has two purposes, it functions as an

injector to a larger accelerator, but it also functions as a testbeam facility for various experiments1. In the

PS, the protons and/or heavy ions can be accelerated up to an energy of 26 GeV, before getting injected

into the larger circular accelerator SPS (Super Proton Synchrotron) [8]. The protons and/or heavy ions

in the SPS are accelerated up to an energy of 450 GeV. As for the PS accelerator, the SPS accelerator has

multiple purposes, one of them being a testbeam facility for various experiments2 [9]. Another purpose

of the SPS accelerator is to serve as an injector of high-energy protons and/or heavy ions into the LHC

(Large Ion collider), which is a 26.7 km long circular accelerator. The protons and/or heavy ions are

then transferred into two beam lines, one where they move clockwise and another where they move

anti-clockwise. The protons and/or heavy ions in the two LHC beamlines are accelerated up to their

maximum energy, and then collided with each other.

LHC has so far been able to collide protons with a center-of-mass energy of 13.7 TeV, lead ions at 5.36 TeV

and xenon ions at 5.44 TeV per colliding nucleon pair. These high energies are possible to reach, because

of the different types of magnets placed around the LHC beampipes. The LHC has 1232 dipole magnets,

each 15 meters in length, and 392 quadrupole magnets, which have a length of 5-7 meters. The dipole

magnets bend the beam to the desired position depending on the particle or ion, as well as the energy it

has. The quadrupole focuses the beam in the LHC beampipe, which is an important role in colliding the

protons and/or heavy ions [10].

1The PS testbeam facility, beam-line T9, and T10 are used for some of the FoCal testings, e.g performance test of the FoCal-H

first and second prototype.
2The SPS testbeam facility, beam-line H6, and H2 are used for some of the FoCal testings, e.g the fall 2022 testbeam of the

FoCal-H second prototype.

3
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Figure 2: The figure shows the CERN accelerator complex and how the different accelerators and ex-

periments are connected [5] to each other. The figure lists all the accelerators and experiments by their

acronym [3].

The accelerators and experiments described in this overview of the CERN facility constitute only a frac-

tion of the operating accelerators and experiments at CERN in 2023. However, the remaining accelerators

and experiments are not important in regards to this thesis. An illustration of the CERN facility can be

seen in figure 2 above.

2.2 ALICE (A Large Ion Collider Experiment)

The collisions between the protons and/or heavy ions happen in four collision points in the LHC. In

these collision points, four major experiments are placed, ALICE (A Large Ion Collider Experiment),

ATLAS (A Toroidal LHC Apparatus), CMS (Compact Muon Solenoid), and LHCb (LHC-beauty).

The general purpose of ATLAS and CMS is to investigate a wide range of physics, from the Standard

Model to the Higgs Boson, in the search for extra dimensions and particles that could explain dark matter.

However, ATLAS and CMS have different technical solutions and detector designs, in order to achieve

these goals. LHCb’s general purpose is to investigate the difference between anti-matter and matter.

LHCb does this by studying the beauty/bottom(b)-quark [7, p.58-59] This thesis, however, concentrates

on ALICE, and will therefore not go into further details about the other experiments at the LHC.

ALICE’s general purpose is to investigate heavy ion and proton collisions, as well as the physics pro-

cesses occurring when colliding these. ALICE focuses on the physics of strongly interacting matter at

extreme energy densities, such as Quark Gluon Plasma (QGP), hence also Quantum chromodynamics

(QCD).

Ordinary matter as we know it today is made of atoms, with an atomic nucleus consisting of protons

and neutrons, surrounded by a cloud of electrons. The protons and neutrons belong to a particle group

called hadrons. Hadrons are made of quarks bound together by their force carrier, called gluons, and

have never been observed to be free. However, when colliding heavy ions in the LHC, temperatures of

4
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around 100.000 times hotter than our sun can be reached. The LHC can therefore, recreate similar condi-

tions to those that were present after the Big Bang. Due to these extremely high energies and densities,

the quarks inside the hadrons get freed from their bond with the gluons. This phase is what is called the

Quark Gluon Plasma (QGP), and the properties of the QGP is one of the crucial areas which needs to be

investigated in the search for answers to describing the theory of quantum chromodynamics (QCD).

ALICE has studied the evolution of the QGP for many years now. As it expands, the temperature de-

creases, and the particles as we know them today get created. The time has now come to investigate

the stages, which took place before the QGP. One theory describing these stages is called Color-Glass

Condensate (CGC). A physics process which can be described by CGC, will be described in detail in

section 3. Before that, a brief description will be given of ALICE, and its detectors and components. An

illustration of ALICE and the can be seen in figure 3.

Figure 3: The figure shows a sketch of ALICE (A Large Ion Collider Experiment). All 18 detectors and

components are labeled with a number and listed by their acronym.

ALICE consists of 18 different detection systems, which are placed inside a large solenoid magnet in-

herited from the former LEP experiment L3. The experimental structure has a length of 26 m, a height

of 16 m, and a width of 16 m and weighs approximately 10.000 tons. Each of the 18 sub-detectors has

its own specification in terms of technology choice and design constraints, in order to collect relevant

information about particle properties to fulfill the ALICE experiment’s general physics purpose. This in-

formation could for instance be the mass, charge, and velocity of the particles. The relevant information

is gathered by having a variety of different types of particle detectors [7].

ALICE is built up in detector layers from the collision point and out, starting from the ITS (Inner Tracking

System) to the ZDC (Zero Degree Calorimeter). The detectors can be split into three regions, the central

region, the forward region, and the muon spectrometer. The detectors in ALICE will be presented in this

section, but not all detector specifications will be described in detail, due to the focus of this thesis.

This thesis revolves around a new calorimeter, which is to be placed in ALICE. This new detector is called

FoCal and will be placed right beside the compensator magnet. Through the thesis, an understanding

5
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of FoCal will be established, as well as an understanding of what FoCal can contribute to the whole

detector system in ALICE.

2.2.1 The central region

The central region concentrates around the collision point and covers the direction perpendicular to the

beam from |η| < 0.9. The main focus of the detectors in the central region is to measure the momentum

and identity of particles produced in the region. The central region is very important, in the sense that

it is here the first measurements are taken, after the particles escape from the primordial matter, being

QGP.

The first detector that the particles encounter, when they transverse the detector layers outwards, is the

ITS (Inner Tracking System). The ITS is constructed of three detection layers covering the total azimuth

angle. The ITS’s different layers provide information about the multiplicity of the collision, the vertex

location, particle identification, and track reconstruction [11].

The second detector is the TPC (Time Projection Chamber), which is a large gas detector providing track-

ing and particle identification. The detector works by having charged particles transverse the volume of

the gas, where they ionize the gas and the electrons drift toward the readout planes. Particle identifica-

tion in the TPC is done by using the energy loss of particles in the gas [12].

The third detector is the TRD (Transition Radiation Detector). As the name indicates, the TRD works by

having a charged particle that crosses over the boundary between two materials with different dielectric

constants emitting radiation. The amount of radiation emitted will depend on different types of parti-

cles. Thus, the TRD provides information about the particles’ identity [13].

The fourth detector is the TOF (Time Of Flight). TOF provides information of the velocity of charged

particles, by measuring the flight time for a specified distance. Using the momentum, p, and the trajec-

tory length, l, known from the three previously mentioned detectors, the different particles’ mass can be

calculated, from the time of flight [14]:

m = p ·
√

t2

l2 − 1

These four detectors are part of the area closest to the interaction point.

To help collect the information in the innermost central region, there are three additional detectors. The

first of these is the HMPID (High Momentum Particle Identification Detector). The main goal of HMPID

is to identify particle types with high momentum, by using the phenomena of Cherenkov radiation.

When a charged particle travels through a medium with a greater velocity than light is able to travel

within that medium, Cherenkov radiation is emitted. This radiation is emitted as waves with an angle

depending on the trajectory, and hence velocity, of the particles. So by determining the opening an-

gle of the wave, the velocity of the particles, relative to the velocity of the light in the medium can be

determined by [15]:

cos(θc) =
1

β · n
=

v
c
· n

where v is the velocity of the charged particle, c is the speed of light, and n is the refractive index of the

medium.

The second detector is the EMCAL (Electromagnetic Calorimeter), which measures the transverse en-

ergy and transverse momentum (pT) of particles. EMCAL is a sampling calorimeter, that has a passive

6
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material made of lead and an active material made of scintillating wavelength shifters. EMCAL is built

in a cylindrical geometry and has as its main goal to study energetic particles and the correlations be-

tween particles. These particles are photons, electrons, neutral pions, and jets of particles. [16].

The third detector, and last in the central region, is the PHOS (Photon Spectrometer), which is a high-

resolution electromagnetic calorimeter made of lead-tungsten crystals. PHOS is placed at the bottom

of ALICE, very close to the interaction point. The position of the detector is important for its purpose,

which is to study the thermal and dynamical properties of the initial stage of the collision, by studying

the photons that emerge from the collision [17].

The detectors in the central region are all placed inside a large solenoid Magnet, with the purpose is to

keep a uniform magnetic field inside the magnet. A uniform magnetic field is important for a lot of the

detectors placed in the central region. Placed on top of the ALICE magnet is ACORDE (ALICE Cos-

mic Rays Detector), which detects the arrival of cosmic ray showers coming from high-energy cosmic

muons. ACORDE is built from 60 scintillator modules located perpendicular to the beam axis and can

be configured to trigger on either single or multiple muon events [18].

2.2.2 The forward region

In the forward region, with small angles relative to the beam pipe, three detectors are placed as one sys-

tem. The first one is the FMD (Forward Multiplicity Detector). The key role of the FMD is to measure the

number of charged particles at forward angles. The FMD consist of 5 rings placed around the beam-pipe,

which are split into two parts positioned at the A and C-side of ALICE. The FMD covers pseudorapidi-

ties −3.4 < η < −1.7 and 1.7 < η < 5.0.

The second detector is the T0, which is a high–resolution timing detector, used to time the collision. The

information from the T0 detector is used in TOF to identify particles. The T0 detector is split into two

parts placed at the A and C-side of ALICE. Both sides of the T0 are built from 12 cylindrical Cherenkov

counters, which are placed closely around the beam pipe to maximize the trigger efficiency.

Finally, the third forward detector in this three part detector system, is the V0. The V0 detector is also

split into two parts, placed on the A and C-side respectively. It consists of two arrays of segmented oscil-

lator counters, which sum the multiplicity, thereby providing the necessary information to identify the

centrality of a collision. Moreover, the V0 is also used as a minimum bias trigger, but also as the source

to reject the beam-gas background [7, p.61].

In addition to these three detectors, the forward region also includes the ZDC (Zero Degree Calorimeter)

which helps the T0 and the V0 characterize the collision. The ZDC detector is a sampling calorimeter

built of quartz and silica optical fibers. The ZDC detector consists of two identical sets of calorimeters

located on both sides of the interaction point. One of these calorimeters focus on detecting protons, while

the other detects neutrons. As indicated by the name of the detector, some of the ZDC detector is placed

at zero degrees with respect to the beam pipe. The focus of the ZDC detector is to determine the overlap

region of the two colliding nuclei [19].

Moreover, the last detector in the forward region is the PMD (Photon Multiplicity Detector), which is

mounted on the door of the large solenoid magnet. As the name indicates, The PMD measures the

multiplicity and the spatial distribution of photons event by event. This focus of study makes it possible

to determine the shapes and fluctuations of events. The PMD can be used to provide estimates of the

transverse electromagnetic energy for particle events [21].
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The final component in the forward region is the Compensator Magnet, whose role is to compensate for

the deflection of the trajectory of the particles in the beampipe. The particles will be slightly deflected

when traveling past the dipole magnet in the muon spectrometer, due to the magnetic field in the magnet.

This needs to be corrected, before the particles reach the collision point. The particle coming from the

opposite beampipe will experience the same deflection from the compensator magnet, where the dipole

magnet will correct for this.

2.2.3 The Muon spectrometer

A collection of five detectors constituting the Muon spectrometer are placed on the opposite region of

the detectors described in 2.2.2. The Muon spectrometer’s role is to study the variety of heavy quarko-

nia (a flavorless meson constituting a heavy quark and its own anti-quark) by studying their decay into

muons.

The first detector the particles encounter when reaching the muon spectrometer is The Front Absorber,

which among other things focuses on suppressing all particles coming from the interaction point, except

the muons. In addition, the absorber has a crucial role in reducing the low-energy background from

secondary interactions to the tracking and trigger chambers coming right behind the absorber.

The second and third detector the muons will transverse is a set of Tracking Chambers, placed on ei-

ther side of a Dipole Magnet. The tracking chambers together with the dipole magnet determine the

momenta of the muons transversing the detectors. The momentum for each muon is determined by

tracking the muons in a magnetic field generated by the magnet, which is positioned so that the mag-

netic field is perpendicular to the beamline. The fourth detector is the Muon Filter, which provides the

transverse momentum of each moun passing through the filter. The last detector in the muon spectrome-

ter is the The Trigger System. The trigger system is placed right behind the muon filter, and has the focus

to study heavy-quark resonance decays. The trigger system consists of two sections, each section having

two resistive plate chambers. With these chambers and the electronics, a timing resolution of around 2

ns can be obtained. This is used, among other things, to identify bunch crossings in the spectrometer [20]

.

3 FoCal physics goals

As mentioned in section 1, FoCal has four main physics goals, which are to be investigated after the

instalment in ALICE in 2027/2028. The focus of the four physics goals are important topics, which are

to be investigated in order to gain knowledge about initial stages of the universe. However, the reason

why a detector equivalent to FoCal is needed to answer these questions, is as important to understand

as the physics goals themselves.

FoCal is a forward calorimeter, which means that the intended placement in ALICE is in the forward

region, at pseudorapidity of 3.4 < η < 5.8, also called high-rapidity. This means that FoCal investigates

physics in the small x regime, thus, directly relating to the physics goal "Measure the gluon density in

protons and lead nuclei and quantify its nuclear modification at small x and Q2". With this forward region,

other physics goals such as "Jet quenching at forward rapidity in Pb–Pb collisions", and "Physical origin of

shadowing effects" can also be studied, since these phenomena occur in the small x regime.
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Figure 4: The left-side figure shows a sketch of ALICE, and indicates the forward placement of FoCal in

ALICE [4]. The right-side figure shows a description of the rapidity in terms of degrees with respect to

the beam-pipe [23].

The position in the forward region, means that incoming particles from the collision point are high-

energy particles. This leads to why FoCal has been chosen to be constructed as a calorimeter. Calorime-

ters are built as dense particle detectors, which means they have the ability to absorb high-energy parti-

cles. There exist multiple types of calorimeters, depending on the material, number of materials and the

sampling method. These different types of calorimeters will be described in section 4. The specific type

of calorimeter for FoCal is determined based on the placement of FoCal in ALICE. FoCal is constructed

as a scintillating light sampling calorimeter, due to the placement right beside the compensator magnet.

The signal type is specifically chosen to avoid possible effects coming from the magnetic field, which

means that signal types such as an electric charge type calorimeter is excluded.

The reasoning behind the four main FoCal physics goals will be described in further detail in this section.

This is done in order to understand, which phenomena FoCal can contribute information and maybe ex-

planations to.

3.1 Measure the gluon density in protons and lead nuclei and quantify its nuclear
modification at small x and Q2

The sub-structure of protons and nuclei is characterized in terms of parton distribution functions (PDFs).

The PDFs are determined from high-energy scattering experiments, and are used to absorb divergences

in non-perturbative QCD physics. Various phenomena in non-pertubative QCD are not currently well

understood, e.g. the hadronic sub-structure of protons and nuclei, since theoretical predictions cannot be

performed. This is why some elements, such elements as the PDFs, are predicted in experiments. These

experiments are usually deep inelastic scattering experiments. Through these scattering experiments

it becomes possible to estimate the quark and gluon (partons) contribution in e.g. protons [1]. The

procedure of estimating the PDFs is currently done from the Björken parameter x, which describes the

momentum fraction of the partons of the total momentum of the e.g. proton. The Björken parameter x is
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given by [22, p.201-214]:

x =
Q2

2Mc2ν

where Q2 is the squared four-momentum transfer, ν the energy transfer and M the nucleon mass. At

small values of x, the partons only carry a small fraction of the total momentum of the proton. At x-

values around 1/3 one can determined the building blocks of the protons to be 2/3 u-quarks and 1/3

d-quark, as seen in figure 5. These quarks in the proton are called valence quarks. If one goes toward

smaller values of x, one finds that other types of quarks also contribute to the total momentum of the

proton. This contribution of quarks for small x are called sea quarks. Together with the increasing

contribution from the quarks, the contribution from gluons increases for small values of x. Experiments

show that the density of gluons increase dramatically towards small x and large values of Q2. The

increase of the gluon density stems from multiple factors, one factor coming from binding the quarks

together, which means that for small values of x more quarks gets created from the vacuum, resulting

in several gluons to bind these sea quarks together. Another factor is that the gluons can interact with

themselves, which can lead to gluon fusion, and fission. The current theory predicts that the increase of

the gluon density should not continue linearly for small enough values of x. However, the evolution of

the gluon density in e.g. protons and nuclei should reach a point where non-linear effects are present,

limiting the value of the PDFs. One explanation of this phenomenon is called gluon saturation. Gluon

saturation has not yet been confirmed by experiments, but is predicted by theories. One of these theories

are called Color Glass Condensate (CGC) [1] [22].

The examination of the gluons’ density at small x and Q2 in protons and lead nuclei, is one of the focus

points of FoCal [1], due to its forward placement in ALICE, leading to investigation in small values of x.

Figure 5: The figure shows a plot of the estimated PDFs from the experiment from HERAPDF 2.0 data.

The PDFs are determined from charm data, jet data and low energy data as well as the HERA-I and II

high energy inclusive data [1].
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3.2 Explore the physical origin of shadowing effects

Shadowing effects are another possible explanation to the non-linear effects limiting the PDFs. Global

fits to the PDFs from the measurements of the deep inelastic scattering experiments indicate that the

gluon density at small values of x, should be smaller in e.g. lead nuclei than it should be for e.g. a free

proton. It is the magnitude of this suppression, which is called shadowing effects [1].

In the region of small values of x a systematic reduction of the nuclear structure function, F2 is observed.

The nuclear structure function is usually defined through the ratio of the nuclear structure function per

nucleon divided by the nucleon structure function [26]:

RA
F2
(x, Q2) =

FA
2 (x, Q2)

A · Fnucleon
2 (x, Q2)

where A is the nuclear mass number. At x < 0.1 shadowing can be used to describe the gluon density in

protons and nuclei. The shadowing effect increases as x decreases, where the smallest value of x, can be

used to describe the saturation of the density of gluons. The shadowing increases with A, and decreases

with increasing values of Q2 [26].

Figure 6: The figure shows the region of small x, where shadowing effects are present [26].

The examination of the origin of shadowing effects at small x and Q2 in protons and lead nuclei, are one

of the focus points of FoCal [1], again due to its forward placement in ALICE, leading to investigation in

small values of x.

3.3 Jet quenching at forward rapidity in Pb–Pb collisions

A jet is a collection of high-energy elementary particles that emerges from a collision of ultra-high-energy

particles. Jets are produced in collisions by quantum chromodynamic (QCD) hard scattering processes,

where quarks and gluons with high transverse momentum (pT =
√

p2
x + p2

y) collides and combines. In

these collisions, where the jets are produced, an extremely hot and dense medium is created (QGP), and

it is in the interaction between the jet and this medium that the phenomena jet quenching occurs. In

the collision and in the creation of particles, it is seen that two back-to-back jets are created, i.e. jets that

travel in opposite directions. These two jets are called the leading and sub-leading jet. In the creation

of the back-to-back jets, one of the jets can interact strongly with the medium of the QGP, leading to a
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significant energy reduction of the jet (sub-leading jet). This energy reduction of the jet is what is called

jet quenching. Jet quenching, is one of the proofs which have been used to establish the existence of

the QGP. The jet’s interaction with the QGP medium, can provide information of the properties of the

medium, and thus some of the early stages of the universe [25].

Figure 7: The figure shows a sketch of the jet quenching phenomenon during heavy ion collision [24].

The current theory is that jet quenching occurs both in p-p, p-Pb and Pb-Pb collision, but has so far

only been observed in Pb-Pb collisions due to the larger number of particles being produced in these

collisions, resulting in larger area of QGP that the jet can interact with. It is in these collisions and at

forward rapidity, that FoCal is intended to provide information about jet quenching. The search for jet

quenching in small systems, i.e. p-p and p-Pb, is active research.

3.4 Origin of long-range flow-like correlations in p-p and p–Pb collisions

In the collision of heavy ions in the LHC, the medium QGP is created. So far, QGP has not been confirmed

in p-p or p-Pb collisions, but is actively being investigated. The description of the properties and the

evolution of the QGP is given by the theory called hydrodynamic and can be studied by using flow

observable. Flow can be studied in various systems e.g. in large systems Pb-Pb, or in small systems e.g.

p-p or p-Pb.

In the stage before the collision, when the proton or heavy ion are accelerated up to nearly the speed

of light, such things as length contraction occurs, and the spherical heavy ion will appear as flat disks.

The centrality of the collision is determined from a parameter called the impact parameter, which can be

determined by examining the number of nucleons that interact with each other. The interacting nucleons

are called participants, and the non-interacting nucleons are called spectators. The ratio of participants

to spectators determine the shape of the QGP. A ratio close to 1 would lead to a close to spherical shape

of the medium, whereas a ratio further from 1 would lead to an almond shape. In the latter of the

two cases, the pressure gradient of the QPG medium is non-uniform, which leads to a larger expansion

in one direction. The asymmetric expansion of the QGP medium together with the strong interaction
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between the hadrons in the medium, leads to observations where the emitted particles tend to go in one

direction [25].

Figure 8: The left-side figure shows a sketch of the flat disk of nucleons, where the participants, specta-

tors and impact parameter is indicated. The right-side figure shows the expansion of the almond shaped

QGP medium [25].

The QGP medium cannot be measured, due to its fast expansion. However, the distribution of the emit-

ted particles can be measured with the detectors in ALICE, and these measurements can be used to

determine properties of the QGP. Fluctuations in these measurements will occur, since the distribution

of the quarks and gluons that the nucleons consist of will differ, which yield a number of different out-

comes. With these fluctuations a contribution of, so-called non-flow, needs to be removed since it acts

as a noise in the measurement. Non-flow can e.g. be jets and decay products from the particles from

the QGP medium. One of the processes used to remove non-flow and to investigate flow, is called long-

range. The non-flow can e.g. be removed by demanding data from a large gap in pseudorapidity, which

one can get from taking data from two different detectors. FoCal can be used as one of these detectors in

the study of flow correlations in small system as collisions of p-p and p–Pb3.

4 Calorimeter physics

In particle physics, calorimeters are used to measure the deposited energy of the particles that interact

with the experimental setup. In a calorimeter, the particles are fully absorbed and their energy is con-

verted into a measurable signal. This signal serves as a measurement of the incident particle’s energy.

When the particle interacts with the calorimeter, it starts a particle shower, where the energy progres-

sively decreases as the shower transverse the detector. The interaction with the calorimeter can either

occur via the electromagnetic force or the strong force.

Calorimeters can have two types of structure. They either have a homogeneous structure or a sampling

structure depending on the number of different materials and the type of material they are constructed

of.
3Other methods are also used to study long-range flow correlations, but these does not correlate with this FoCal physics goal.
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4.1 Homogeneous and Sampling Calorimeters

A homogeneous calorimeter is, as the name indicates, constructed of one material, called the active

material. In a homogeneous calorimeter, the active material acts both as absorber of the incident particle,

but also as the signal generator which gives a detectable signal.

Homogeneous calorimeters are used in experiments to detect three types of signals, namely scintillation

light, cherenkov light, or an electric signal. Depending on what the calorimeter should detect, the active

material differs.

For the case of scintillation light, PbWO4 crystals are often applied. A calorimeter of this kind has been

used in the experiment CMS at CERN. These crystals are among the dense materials producing scin-

tillation light. However, one can also use liquefied noble gases to study scintillation light. If one in-

stead wants to study cherenkov light, the most common material is lead glass, where other materials

can be mixed in, for example, the material, PbF2. Depending on the mixed-in materials, the cost of the

calorimeter goes up. The last type of signal detectable in homogeneous calorimeters is the electric signal.

Homogeneous calorimeters which produce electric signals are made of silicon and germanium crystals.

For this kind of calorimeter, an electron-hole pair is produced in the material valence band and in the

conduction band, which gives rise to the electrical signal [27, p. 10].

Due to their relatively low cost, homogeneous calorimeters are often used in large-scale experiments

which need to cover a large area. Such experiments could be neutrino and astroparticle physics exper-

iments since large volumes are needed to detect rare events4. The energy resolution of a homogeneous

calorimeter is often relatively good since the particles do not pass through different layers of material.

The other type of calorimeter is a sampling calorimeter, which is constructed of two types of material,

an active and a passive material. The active material (e.g. a scintillator) is the signal-generating material

and the passive material (e.g. copper) is the absorption material. The ratio between the active material

and the passive material determines the sampling fraction of the calorimeter, given by:

fSampling =
EMIP(active)

EMIP(active) + EMIP(passive)
(1)

Where EMIP(active) is the deposited energy by an incident minimum-ionizing particle (MIP) in the ac-

tive material, whereas EMIP(passive) is the corresponding deposited energy in the passive material.

Sampling calorimeters are usually used in connection with high-energy particle colliders. The energy

resolution of a sampling calorimeter is usually worse in comparison to homogeneous calorimeters, but

sampling calorimeters have the advantage that they can easily be segmented. Sampling calorimeters are

therefore a better solution in regard to spatial resolution and thus particle identification.

Sampling calorimeters are categorized with respect to the active material. Hence, there exist four types of

categories within sampling calorimeters: scintillation, gas, solid-state, and liquid calorimeters. As for the

case of the homogeneous calorimeter, the signal from scintillation calorimeters is generated in the form

of light in the UV or visible spectra. For the remaining three cases, the signal is an electric charge [28].

The electrical charge type calorimeters will no be described due to the focus of this thesis.

Scintillation materials come in many shapes and sizes, which makes them advantageous in the construc-

tion of sampling calorimeters. Most scintillating materials used in sampling calorimeters are constructed

from a core (e.g. glass or polystyrene) with a cladding material around the core. The cladding has a lower

4I will not go into further detail with homogeneous calorimeters since the calorimeter investigated in this thesis is a sampling

calorimeter.
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index of refraction than the core of the scintillator. This is required for the photons to be transported along

the scintillator, to where the readout is placed. The photons inside the scintillator is therefore traveling

near the critical angle, which is defined as [29]:

θcr = arcsin(
nclad
ncore

)

where nclad and ncore is the refractive index of the cladding material and core, respectively. The photons

in the scintillator is generated under excitation from high-energy particles in particle showers in the

calorimeter. A benefit of using scintillation light is that it functions as both the generator of the photons

and the transport to the readout of the calorimeter [29]. An example of such a scintillating material could

be scintillating fibers.

Figure 9: The figure shows the construction of a scintillating fiber, as well as the photons generated

inside the fiber [36].

The most commonly used passive materials are lead, iron, and copper [28]. The choice of passive material

often comes down to the cost to efficiency of the material. Depending on the generated signal, the

construction of the passive and active layers and the interplay between the materials also plays a role.

A sampling calorimeter can either have transverse (spaghetti calorimeter) or longitudinal (sandwich

calorimeter) segments5.

4.2 Electromagnetic calorimeter

The purpose of an electromagnetic calorimeter is to measure the deposited energy of electrons, positrons,

photons, and π0 as they transverse the material of a calorimeter. An electromagnetic calorimeter there-

fore studies particle showers produced by particles that interact electromagnetically. The deposited

energy in an electromagnetic shower increases with increasing shower depth. As the electromagnetic

shower develops, the energy of the particles decreases, until a threshold is reached. This threshold is

called a shower maximum [29, p.53].

Electromagnetic showers differ depending on the type of particle that enters the calorimeter. An example

of a shower development induced by electrons or photons can be seen in figure 10.

5An example of these two constructions will be given in section 5.
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Figure 10: The figure shows two different electromagnetic showers induced by either an electron (left)

or a photon (right) when transversing the passive material of a calorimeter [29, p.55].

An electromagnetic shower started by an electron or positron has two different ways through which it

loses its energy, when interacting with the passive material. These are ionization of atoms and Bremsstra-

hlung. Ionization of atoms happens when a charged particle transverse matter (e.g. the passive material

of the calorimeter). In this process the charged particle ionizes the atom, which either gains or lose an

electron. In the process of Bremsstrahlung, the electron/positron losses energy by radiating photons due

to Coulomb interactions with the electric field from the atomic nuclei of the passive material [29, p.31-

34]. The majority of the radiated photons are absorbed through Compton scattering and the photoelectric

effect. Compton scattering describes the scattering of a photon and an atomic electron after collision. The

scattering transfers energy to the electron, which unbinds the electron from the atom. The photoelectric

effect describes an effect were an atom in the passive material absorbs a low energy photon, resulting in

an excitation of the atom, which emits an electron [29, p.39].

An electromagnetic shower started by a photon, depends on the energy of the incident photons. The

dominant process for a photon with an energy above twice the energy of the electron rest mass, is pair

production, where an electron and positron pair are created. The electron and positron, created under

the pair production, may undergo either the ionization or Bremsstrahlung described earlier. The electron

will at low energies get absorbed by an ion, and the positron annihilates with an electron from the

passive material. The annihilation of the positron creates two back-to-back photons with an energy of

511 keV [29, p.39]. Other processes can also occur at low energies, such as Reyleigh scattering. Reyligh

scattering describes the process where a low energy photon is deflected by an atomic electron. In this

process the photons does not lose it energy, only its initial direction. Thus, Reyleigh scattering contributes

to the calorimeters spatial energy distribution [29, p.37].

The development of electromagnetic showers is often described by the radiation length (X0), which is

determined as the mean length in which an electron has lost 1
E of its energy, when transversing the pas-

sive material of the electromagnetic calorimeter. The radiation length for two different electromagnetic

showers is shown in figure 10. The radiation length is given by [29, p.59]:

X0[g/cm−2] =
716.4 · A

Z(Z + 1) · ln( 287√
Z
)

where A is the mass number and Z is the atomic number of the material. However, the radiation length

can also be calculated in other ways depending on a mixture of different materials, or if a material is

composed of several materials (e.g. PbWO4 crystal).

Another factor, which is often used in the description of electromagnetic calorimeters is the Molière

radius. The Molière radius describes the transverse particle shower development. The Molière radius
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and the radiation length is related by the approximated relation [29, p.60-61]:

ρM = Es ·
X0

ϵc

where Es is the scale energy, defined as mec2
√

4π
ℵ = 21.2 MeV, and ϵc is the critical energy defined as

610MeV
z+1.24 for solid and liquid phase materials.

4.3 Hadronic calorimeter

The purpose of a hadronic calorimeter is to measure the deposited energy of hadrons that transverse the

material of a calorimeter. Due to the structure of a hadron induced particle shower, a hadronic calorime-

ter is constructed to study both particles that interact electromagnetically and strongly. Depending on

the incident particle, e.g charged hadron, neutral hadron, or in case of a jet, the hadronic shower de-

velopment differs. An example of a shower development induced by a hadron can be seen in figure

11.

Figure 11: The figure shows a hadron transversing the passive material of a calorimeter. The hadron

deposits its energy in the material, inducing a shower consisting of a electromagnetic component (e.g

π0) and a non-electromagnetic component (e.g. charged hadrons and nuclear fragments) [29, p.57].

When a hadron transverse matter different combinations of phenomena can occur depending for in-

stance on the charge of the particle. A hadron induced particle shower consists of two components, an

electromagnetic component and a non-electromagnetic component, and it can therefore be complicated

to investigate. The particles produced under electromagnetic interactions will shower as described in

section 4.2. The non-electromagnetic component of the shower happens through the strong interaction.

A charged hadron can ionize atoms the same way as seen in electromagnetic interactions. However,

charged hadrons can do this continuously before encountering an atomic nucleus and interacting strongly.

The strong interaction comes into play between the shower particles and the nuclei of the passive ma-

terial of the calorimeter. In this strong interaction, both the shower particle and the atomic nucleus un-

dergo substantial change. The shower particle will in the process break into fragments of new hadrons.

Meanwhile, the struck atomic nucleus may in this process get excited and lose some of its neutrons and

protons. The nucleus will later decay emitting several photons [29, p.41]. If the hadron is neutral, ion-

ization of the atoms in the passive material does not occur. The only way a neutral hadron can decay is

by nuclear interactions, and it is therefore commonly seen that neutrons can exit a hadronic calorimeter

without being absorbed.

The development of a hadronic shower is usually described by the interaction length (λint), which is

determined by the average distance a high-energy hadron can travel before undergoing a nuclear inter-
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action. The nuclear interaction length is given by:

λint =
A

NA · ρ · σ

where A is the atomic mass, NA is the Avogadro number, which has the value NA = 6.02 · 1023mol−1, ρ

is the atomic density of the target, and σ is the inelastic nuclear cross section.

In the process of nuclear interaction, different reactions in the absorption of the hadron can occur. Some

of these are nuclear spallation and nuclear binding energy.

Nuclear spallation is a two step process where a hadron with high energy hits an atomic nucleus. In the

first step in this process, the hadron collides with the nucleons (protons and neutrons) inside the nucleus

of the atom. This transfers energy to the hit nucleons, which will start moving inside the nucleus and

collide with each other. This cascade inside the atomic nucleus can potentially create unstable hadrons,

and other particles if the transferred energy is sufficient. The second step in the process is this excitation

in the form of particles [29, p.43].

Nuclear binding energy is related to the spallation reaction. During the nucleon cascade inside the atomic

nucleus, some of the nucleons may get unbound from the nucleus. The energy needed to release these

nucleons from the nucleus, is what is known as the nuclear binding energy. The nuclear binding energy

contributes to what is called invisible energy in a hadronic calorimeter, since it does not contribute to the

calorimeter signal. Due to the various types of processes which can happen in a hadronic calorimeter,

the invisible energy varies from event-to-event. Because of this the fluctuations in the invisible energy

mean that it can go from being almost zero to being 60% of the deposited energy. Invisible energy is one

of the biggest challenges for reconstructing the energy of the incident particle in the calorimeter, and can

lead to difficulties in particle identification [29, p.44/143].

The detectable signal in a hadronic calorimeter is defined as the visible energy, which is the energy de-

posited in the active material of the calorimeter. This detectable signal is proportional to the total energy

deposited by the particle. Other processes that can contribute to the detectable signal, related to the

nuclear reactions in absorption of high-energy hadrons could be spallation nucleons, and evaporation

neutrons.

The spallation nucleons process is important for the production of α particles. During the spallation

reaction when a high-energy hadron is absorbed, multiple nucleons can aggregate. In the aggregation

process α particles can get produced by two spallation protons and two neutrons. The production of the

α particles generally takes place in the energy range between 3 to 20 MeV [29, p.43-50]. These reactions

are not the only ones contributing to a detectable signal in hadronic calorimeters. Additional processes

that contribute are interactions of neutrons with matter. These interactions are subject to the processes

in which the evaporation neutrons loses their kinetic energy and afterwards get absorbed in the passive

material. The absorption of neutrons depends entirely on strong interactions in the material. The pos-

sible interactions of the neutrons with matter is: elastic neutron scattering, inelastic neutron scattering,

neutron capture, and production of α particles.

For neutrons with an energy of around 2 eV to 1 MeV, the most common process to occur for the neutron

energy loss is elastic scattering. In this energy range the cross section between the neutron and the atomic

nucleus is large. Depending on the mass of the atom and the centrality of the collision, the fraction of the

energy loss can vary from 0 to 4A
(A+1)2 .

Inelastic neutron scattering, is the process of a scattering between a neutron and the atomic nucleus of

the passive material of the calorimeter. In the inelastic scattering, a fraction of the neutrons kinetic en-

ergy excites the nucleus and releases the excitation energy in the form of photons.
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Neutron capture is one of the important processes when it comes to invisible energy, in the sense that

it reduces it. When the neutron is captured by the atomic nucleus, the atom gains the energy back that

it lost when releasing it in the nucleon spallation reaction. The atom that captures the neutron may get

excited, which leads to an emission of photons, and occasionally α particles. The emission depends on

how light the capturing atom is [29, p.43-50].

5 Forward Calorimeter (FoCal)

Forward Calorimeter (FoCal) consists of an electromagnetic calorimeter, called FoCal-E, and a hadronic

calorimeter, called FoCal-H. FoCal is as mentioned an upgrade to the ALICE experiment and will be

placed in the forward region (See the section 2.2.2) right beside the compensator magnet. FoCal is in-

tended to be installed in ALICE in 2027/2028 and is now in the prototype stage of the project.

This section will go through the conceptual ideas and design behind the FoCal-E and FoCal-H proto-

types, with a main focus on the hadronic calorimeter, due to the focus of the this thesis.

5.1 FoCal-E

Forward Electromagnetic Calorimeter (FoCal-E) is the first of the two calorimeters that constitutes FoCal.

FoCal-E is constructed to be a longitudinal segmentation calorimeter (sandwich calorimeter) consisting

of silicon (active material) and tungsten (passive material) plates (Si+W), summing up to a length of

around 20 cm for all layers. The structure of the segmentation is a plate of tungsten (W) layers followed

by silicon (Si) layers. The silicon layers are designed using two different technologies, with transverse

cells. The two differently designed silicon technologies are called pad and pixel.

The FoCal-E prototype consists of a total number of 20 silicon layers, where 18 are pad layers and 2

are pixel layers, with layers of tungsten in between. The pixel layers are positioned at the 5th and 10th

layers. An illustration of the longitudinal segmentation of all layers, and the transverse segmentation of

the silicon layers can be seen in figure 12 [1].

The choice of passive and active material for the FoCal-E calorimeter design are not chosen arbitrarily.

Tungsten is chosen as the absorber, due to its small Molière radius (ρM = 9mm) and radiation length

(X0 = 3.5mm). Silicon is chosen due to its structure and non-magnetic ability, which is important seen

in relation to the final detectors position beside the compensator magnet. The silicon layers is designed

using two different technologies. The first technology is the pad layers with a size of ≈ 1 cm2 using

low gain (LG) cells, similar to the Molière radius. The second is the pixel layers, with a size much

smaller than the Molière radius(≈ 30x30µm2), using high gain (HG) cells to obtain a high granularity.

Silicon layers are needed to resolve multiple hits, spatial separation of showers and information of the

π0 identification. The structure of the pixel layers provides important information in regards to the π0

identification, since π0-particles decay to two photons. The pixel layers can then distinguish these two

photons even though they are close to each other [1].
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Figure 12: Schematic of the FoCal-E segmentation of the tungsten absorber layers (passive material) and

the two types of Silicon layers, Pad and Pixel (active material). The pad layers are designed with low

gain (LG) cells and the pixel layers are designed with high gain (HG) cells. [1].

Each cell in the pixel and pad layers is read out individually, but the layers are grouped into 6 segments

for the determination of cluster finding. The segmentation, position of the different layers and the 6

segmentation groups can be seen in figure 12.

FoCal-E will have a total depth of 20X0 in order to have sufficient linearity at large energies. A longitu-

dinal segmentation of these tungsten and silicon layers ensures particle identification and background

rejection [1].

5.2 FoCal-H

Forward Hadronic Calorimeter (FoCal-H) is the second of the two calorimeters that constitute FoCal.

FoCal-H is a transverse sampling calorimeter (spaghetti calorimeter). It consists of scintillating fibers,

enclosed in copper-tubes. The scintillating fibers have a diameter of 1 mm, and the copper-tubes have

an inner diameter of 1.1 mm and an outer diameter of 2.5 mm.

Until now two FoCal-H prototypes have been constructed. The first and second prototype will be de-

scribed in detail in the following sections 5.2.1-5.2.2.
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5.2.1 FoCal-H first prototype

The main focus of the first prototype was to test the conceptual design of the transverse segmentation

calorimeter and the readout electronics.

The prototype consisted of 1440 copper-tubes, which were placed in a pattern to get a square calorimeter

module. The prototype had a height and width of 95 mm and a length of 550 mm. The length was half

of the intended length of the final design of FoCal-H. A scintillating fiber, from the vendor Saint-Gobain,

was placed inside each of the copper-tubes. The scintillating fiber used in this prototype was the BCF10.

The BCF10 has a blue emission color (432 nm), a decay time of 2.7 ns, and emits ∼ 8000 photons per

MeV [40].

The scintillating fibers were collected into 48 bundles of 30 fibers, and the bundles were held together

in a collector plate. A schematic of the placement of the copper-tubes, as well as the scintillating fiber

collector plate can be seen in appendix section 11.1. The collector plate was mounted at the back-end of

the calorimeter module, and had the purpose of holding the bundles of scintillating fibers in position, as

well as holding the Silicon Photomultiplier (SiPM) readout boards. In front of each bundle of scintillating

fibers a SiPM was placed, making sure to measure the photons coming from the fiber bundles. A pictures

of the FoCal-H first prototype can be seen in figure 13.

Figure 13: The left-side figure shows the scintillating fibers coming out of the copper-tubes. These fibers

are bundled up and collected into a collector plate, which holds them in position. On the other side of

the collector plate the SiPM boards are mounted to read out the photons from the scintillating fibers. The

right-side figure shows the collector plate without the SiPM boards. This picture shows the ends of the

scintillating fibers after they have been bundled up.

A CAEN A1702 readout board was used to read the signal in the SiPMs. The CAEN A1702 board is

designed to measure the signal from SiPMs and has 32-channels for the SiPMs to be connected. Two of
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these boards were therefore needed to read out the 48 SiPMs [30] used in the FoCal-H first prototype.

During the first testbeam of the FoCal-H first prototype, it was discovered that synchronization difficul-

ties occurred between the two CAEN A1702 readout boards. This issue made it difficult to reconstruct

particle showers, and for this reason the CAEN A1702 was not used in any further testbeams.

The design of the FoCal-H first prototype showed promising results, and the conceptual idea behind the

design was therefore optimized to a larger scale6.

5.2.2 FoCal-H second prototype

Different shapes of the calorimeter modules were considered for the FoCal-H second prototype. How-

ever, to avoid possible construction difficulties and instability of the modules, a square design was cho-

sen for the calorimeter modules of the FoCal-H second prototype.

The FoCal-H second prototype consists of 9 square calorimeter modules placed in a 3x3 stacking. Each

of the modules has 668 copper-tubes with a scintillating fiber inside, and 4 rods in the corners to fasten a

collector plate for the fibers and SiPM boards. The length of the calorimeter modules is 1100 mm, which

is the maximum size possible, due to the placement of FoCal-H in ALICE. This length corresponds to a

nuclear interaction length of 6λint. The height and width of each calorimeter module is 64.75 mm. This

size was chosen so that the weight of a calorimeter module would be (∼ 32kg), and thereby manageable

to carry by two people. However, this is not a requirement for the final design of FoCal-H.

A schematic of the design of the calorimeter modules can be seen in the left-side figure in figure 14,

whereas the right-side figure shows the 3x3 stacking of the 9 calorimeter modules which the FoCal-H

second prototype consists of. The total height and width of this prototype is 195 mm.

Figure 14: The left-side figure shows a schematic drawing of the design of the calorimeter modules for

the FoCal-H second prototype. The right-side figure shows the placement of the 9 square calorimeter

modules with respect to each other.

The scintillating fibers chosen for the second prototypes was the BCF12 from the vendor Saint-Gobain.

The BCF12 scintillating fiber has a blue emission color (435 nm), a decay time of 3.2 ns, and emits ∼ 8000
6Optimization of the FoCal-H first prototype to the second prototype was the topic of my thesis preparation project [39].
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photons per MeV [40]. One of the reasons why this type of scintillating fiber was chosen, was due to the

longer decay time. The intention with the longer decay time was that this would reduce the amount of

photons detected by the SiPMs. This was important, since saturation was observed in the FoCal-H first

prototype.

As was done for the FoCal-H first prototype, the scintillating fibers were collected into bundles and

held in position by a collector plate. Two different collector plates were designed. One for the central

calorimeter module, collecting around 14 fibers into each bundle. The central calorimeter module is

therefore read out by 48 SiPMs, where each bundle of scintillating fibers is read by one SiPM. The design

of this collector plate can be seen in figure 15 below:

Figure 15: The left-side figure shows a 3D illustration of the 7x7 SiPM collector plate. The right-side

figure shows a 2D schematic drawing of the 7x7 SiPM collector plate.

The second collector plate was designed for the outer calorimeter modules, collecting around 27 fibers

into each bundle. The outer calorimeter modules are therefore read out by 25 SiPMs, again having one

SiPM for each fiber bundle. The design of this collector plate can be seen in figure 16 below:
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Figure 16: The left-side figure shows a 3D illustration of the 5x5 SiPM collector plate. The right-side

figure shows a 2D schematic drawing of the 5x5 SiPM collector plate.

This variation in the bundle size is due to the distribution of particles in the hadronic shower. Hadronic

showers tend to be more centered in the middle of the calorimeter, so reducing the number of scintillating

fibers for each SiPM will lower the risk of saturating the readout in the center. This will result in higher

granularity of the central calorimeter module, and a lower granularity in the outer modules.

5.2.2.1 Silicon photomultipliers (SiPM)

A SiPM is an inexpensive device which can detect low intensity light pulses and convert them into an

electronic signal. The SiPMs used in the FoCal-H second prototype was the S13360-6025PE SiPM from

the vendor Hamamatsu [32].

A SiPM is constructed of an array of microcells which each consists of a single-photon avalanche photo-

diode (SPAD) built from a two layered semiconductor junction made of silicon. Depending on the SPAD,

the junction can either be a p-on-n junction or a n-on-p junction. The type of junction is dependent on

the order of the layers. The two layers are doped differently with two charge carriers, electrons for the

n-layer, and holes for the p-layer. The layering of the p and n layers functions as an anode and a cathode

and provides that a flow of current, also called photocurrent, can run across the junction, when applying

a voltage. The applied voltage is called a reverse bias configuration and sets up an electric field that

will cause the charge carriers to be accelerated towards the anode or cathode. The direction of this ac-

celeration depends on the layering. The reverse bias configuration serves an important role to ensure a

minimal amount of current to be applied. This minimal current is necessary, since it provides the ability

to detect the current produced by the photon absorbed in the active area of the SPAD [34].

The S13360-6025PE SiPM is constructed as a p-on-n junction, which means that the SiPMs used for the

FoCal-H second prototype are sensitive to light from the blue to ultraviolet spectrum. The 13360-6025PE

SiPM has the largest photon detection efficiency at a wavelength of ∼ 420nm, which makes it ideal when
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having scintillating fibers that emits photons in this range of the spectrum, as is the case with the BCF12

scintillating fibers.

Working with SiPMs, there are some general parameters one would need to know in order to determine

their performance. These parameters are: breakdown voltage and overvoltage, gain, and photon detec-

tion efficiency (PDE).

The breakdown and overvoltage are two parameters which describe the voltage across the device. The

sum of the breakdown voltage and the overvoltage determines the bias voltage, given by:

Vbias = Vbreakdown + ∆V

where Vbreakdown is the breakdown voltage and ∆V is the overvoltage. The breakdown voltage is a de-

scription of the minimum voltage which can be applied to the SiPM before it operates in Geiger mode.

The overvoltage is a description of the additional applied voltage above the breakdown voltage. The

SiPMs used for the FoCal-H second prototype have a breakdown voltage of 53±5 V and a recommended

overvoltage of 5 V. Going beyond the recommended value of the overvoltage, leads to and increase of

noise parameters, related to the construction of the SiPM. These are optical crosstalk between the micro-

cells, afterpulsing, temperate dependence, and dark count rate. However, not only the noise parameters

depend on the overvoltage, the remaining performance parameters also have this dependence.

The SiPM gain is a parameter, which determines the characteristics of the individual microcells in the

SiPM. The gain of a SiPM is determined by the ration between the total charge of the microcells to the

initial charge [33].

G =
Q
q

=
C · ∆V

q

where C is the capacitance of the microcells, ∆V is the overvoltage and q is the electron charge. Thus, the

gain is proportional to the applied overvoltage.

The last of the performance parameters is the photon detection efficiency (PDE). This parameter de-

termines the probability for the SiPM microcells to detect an incoming photon. The photon detection

efficiency depends on the wavelength of the incident photon, due to the probability of the incident pho-

ton to be absorbed and interact with the material of the SiPM. The PDE also depends on the applied

overvoltage, due to the increase in efficiency to detect the incoming photons with increasing overvolt-

age [33]. For the S13360-6025PE SiPM used in the FoCal-H second prototype the PDE is largest around

420 nm.

These parameters can be useful in the determination of single photon event (SPE) measurements and

saturation level.

Multiple factors played a role in the decision of using this SiPM, some due to its performance character-

istics and others due to the prize and delivery. One of the reasons for choosing the S13360-6025PE SiPM,

is due to its cell size and microcell size. The cell size of the S13360-6025PE SiPM is 6x6 mm, which covers

the physical size of the largest bundle of scintillating fibers in the outer 5x5 SiPM calorimeter modules.

The microcell has a size of 25µm, which means the SiPM has 57600 microcells ready to detect incoming

photons. Microcells in SiPMs vary in size, and the microcell size in the S13360-6025PE SiPM is one of

the smaller sizes, which is advantageous in regards to the recovery time of the microcells. SiPMs with

large microcells tend to get charged quickly, resulting in a long recovery time. This concept is called the

fill factor. A SiPM with a short recovery time is able to detect a larger number of incident photons. This

is useful when being in a high rate environment [32]. The environment in which the SiPMs are going
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to be placed in also has other consequences for choosing this type of readout device. The back-end of

FoCal-H, where the SiPMs are going to be placed, is right next to the compensator magnet. The choice of

readout device therefore needs to be one which does not get influenced by the magnetic field from this

magnet [34].

5.2.2.2 Readout system - CAEN DT5202

Two different readout systems have been tested with the FoCal-H second prototype. These are the CAEN

DT5202 and the VMM+SRS board. This thesis will only describe the CAEN DT5202 readout board, since

this board was used in the November SPS H2 testbeam runs. The VMM+SRS board is a readout system

which is currently being designed to possibly be used in the final design of the FoCal-H detector. Thus,

the VMM+SRS boards are currently still being constructed and tested.

The CAEN DT5202 board is a front-end readout board which is designed for readout of SiPMs. The

CAEN DT5202 board consists of two Citiroc-1A chips, which are synchronized with each other. The

Citiroc-1A chips in this readout board each have 32 channels, which means that each board has 64 chan-

nels available. The synchronization issue from the FoCal-H first prototype is solved for this amount of

channels. Multiple of these boards can also be synchronized with each other, by implementation of a

external busy trigger system.

The CAEN DT5202 readout board has, in contrast to the CAEN A1702 readout board used for the first

prototype, four different ways to trigger on an incoming signal. The first trigger is a Logic OR, which

sets the board to initiate a trigger above a certain threshold. The second trigger is majority trigger, which

triggers on the majority of the channels. The board reads out all channels when N channels has passed a

preset threshold on the number of channels specified. These two trigger systems has the possibility to be

externally verified. The third trigger is an external trigger, which triggers on all channels in that readout

board collectively. The forth trigger is a periodic trigger, where the board generated a periodic signal,

which initiates the board to trigger on all channels [31]7. For the November 2022 SPS H2 tesbeam, the

external trigger was used to trigger on more than board at the time. In total three CAEN DT5202 readout

boards were used, to read out the signal in the testbeam data examined in this thesis.

6 Performance study of calorimeter components

This section will go through different components of the FoCal-H second prototype, which have been

studied in order to characterize and optimize them. The components which have been examined in

respect to this thesis, are optical crosstalk between SiPMs, scintillating fibers and the way they are cut,

and the material of the scintillating fiber collector plate.

6.1 Optical crosstalk

Optical crosstalk was examined in order to determine whether the emitted photons from a given bundle

of scintillating fibers are read out by the SiPM corresponding to that bundle. If the photons from a bun-

7A detailed description of the optimization of the readout system is given in my thesis preparation project [39].
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dle scatter beyond the area that the SiPM covers and are read by the surrounding SiPMs, then optical

crosstalk has occurred between the SiPMs. Optical crosstalk between the SiPMs is important to investi-

gate, in regards to particle shower tracking throughout the FoCal-H calorimeter.

The reason why optical crosstalk measurements are prioritized for the FoCal-H second prototype is due

to its narrow design compared to the FoCal-H first prototype. The distances between the SiPMs are re-

duced significantly in the second prototype. Having a 5 mm distance between the SiPMs used for the

FoCal-H first prototype, whereas for the second prototype there are a distance of 2.5 mm between the

SiPMs used for the outer 5x5 SiPM modules, and no distance between the SiPM used for the central 7x7

SiPM calorimeter module. A picture of all three types of SiPM boards, can be seen in figure 17.

Figure 17: The picture shows the three types of SiPM boards used in the FoCal-H prototypes. The top

board shows the SiPM board used in the FoCal-H first prototype. The middle and bottom board show

the SiPM boards used for the FoCal-H second prototype. The middle SiPM board shows the board used

for the 5x5 SiPM outer modules. The bottom SiPM board shows the SiPM board used in the central 7x7

SiPM module.

Optical crosstalk measurements have been performed for all 9 modules, in order to characterize to what

extent it occurs in the FoCal-H second prototype. The results of these measurements are presented in the

two following sections, which are split into results for the central 7x7 SiPM calorimeter module and for

the outer 5x5 SiPM modules, due to the different amount of scintillating fibers in a bundle. However, the

experimental procedure for both types of module layouts is similar.

When testing for optical crosstalk between the SiPMs, one should make sure to test only a few bundles

of scintillating fibers at a time. And, for the sake of the measurements, the SiPMs being tested should

not be placed close to each other. This can be done by constructing masks for all other channels than for

the ones being tested. 3D-printed masks was made for all bundles in both module layouts. In addition

to this, the module should be covered in blackout fabric to keep all other surrounding lights out.

To test for optical crosstalk, a blue LED with a pulse of 100 ns was used, together with a diffusing

sheet. These two components were carefully chosen to get the best conditions for the measurements.

The blue LED was chosen because the SiPMs have their largest photon detection efficiency in the blue

spectrum. The diffusing sheet was used because the SiPMs would saturate if not 70-75% of the light is

removed since they are very light sensitive. An external trigger was set up between the LED and the

CAEN DT5202 readout board, to verify that the photons detected by the SiPM/SiPMs did come from

the LED8. The LED setup was placed in the front-end of the calorimeter, shining light towards the un-

masked scintillating fibers. The light then got transported through the fibers, down to the back-end of

8The external trigger used in this experiment was the same as the one when taking the testbeam data.
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the FoCal-H calorimeter, and detected by the SiPM(s). The optical crosstalk measurements were taken in

the laboratory at CERN, and not in a darkened room as I have done with all previous optical crosstalk

measurements [39]. However, the modules tested for optical crosstalk were completely covered, to en-

sure that no light could penetrate. Additionally, each measurement was taken over the same length of

time, to ensure that the SiPMs would be illuminated by the same amount of photons. Whether the SiPMs

detects all photons are not certain, due to the fact that they where not gain matched. A bias voltage of 53

V was applied to all SiPMs. This bias voltage was also used for the November 2022 SPS H2 testbeam.

A picture of the LED behind the diffusing sheet can be seen in figure 18. The picture shows a setup where

three SiPMs in module 9 are tested for optical crosstalk. The picture shows only parts of the components

used to test for optical crosstalk.

Figure 18: The figure shows part of the experimental setup used to test the 9 calorimeter modules for

optical crosstalk. The picture shows the LED placed behind a diffusing sheet, both placed in front of

module 9, where 3 of the SiPMs are being tested.

An experimental setup not including this amount of tape would have been preferred to ensure 100%

stability of the setup. However, the setup did not move during the measurements for each calorimeter

module.

6.1.1 Central 7x7 SiPM module

When testing the FoCal-H second prototype at testbeams, most of the energy will be deposited in the

central 7x7 SiPM module, due to the placement of the beam-pipe and how particles spread in a particle

shower. Testing for optical crosstalk in the central 7x7 SiPM module is therefore very important in order

to reconstruct the tracks from the particles in a shower.

The optical crosstalk measurements for the central 7x7 SiPM calorimeter module were taken by masking

up all fibers except those corresponding to the SiPM(s) in question. The SiPMs in the central 7x7 SiPM

module should read around 14 fibers from each bundle. During each cycle of measurements, I was able

to measure optical crosstalk for up to three SiPMs at a time. Two measurements can be seen in the figure
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19, where two (left) and three (right) SiPMs have been tested at once.

Figure 19: The figure shows two intensity plots of the optical crosstalk measurements made in the

central 7x7 SiPM module. The left-side plot shows the intensity plot for SiPM 24 and 27. The right-

side plot shows the intensity plot for SiPM 6, 7 and 31. The measurements do show evidence of optical

crosstalk between the SiPMs that were tested and the surrounding SiPMs.

The optical crosstalk between the SiPMs is examined by measuring incoming photons in the SiPM that

is being tested, as well as in the surrounding SiPMs, as visible in the intensity plots in the figure 19, the

extent of optical crosstalk between SiPMs varies across the module. I suspect that the placement of the

individual fibers is not necessarily the same across fiber bundles. This can have an effect on the out-

come of these measurements. If the LED illuminates scintillating fibers, which are a part of a bundle of

fibers for the surround SiPMs, the measurements could indicate a result of optical crosstalk between the

SiPMs. To avoid the 3D-printed masks not covering up the correct area, so as to test only a specific SiPM

for optical crosstalk, the illumination area in the mask was made smaller than the area of fibers which

was to be illuminated. The LED and diffusing sheet were not re-positioned during the measurements on

this module. This could therefore not have made an impact on the results.

One thing that can have impacted the results is the 3D-printed masks. Each module has four rods placed

in the corners, which are responsible for holding a black PVC plate. The role of the PVC plate is to stop

potential light from reaching the ends of the scintillating fibers. By default, each of the 3D-printed masks

needed to have room for the rods. During the experiment, I ensured that the rods were covered up so

that light from the LED could not get through. This was done by using black electrician tape. However,

the possibility of light getting through is not zero.

All the remaining measurements for optical crosstalk between the SiPMs in the central 7x7 SiPM calorime-

ter module can be seen in appendix section 11.2. Optical crosstalk between the SiPMs seems to be a

general issue for the central 7x7 SiPM calorimeter module. Whether it is due to the cut of the scintillating

fibers, or the fiber bundles scattering beyond the area of the 6x6 mm SiPM was investigated further9. The

latter was tested using the same cutting technique used for the scintillating fibers in the FoCal-H second

prototype. A bundle of 14 fibers was collected in a 3D-printed holder and illuminated by an LED. The

bundle was placed in front of a 8-bit sensor, at the same distance as the distance between the bundles

and the SiPMs in the module.
9See section 6.2 to read about the cut of the scintillating fibers.
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Figure 20: The figure shows an intensity plot of 14 fibers, which has been illuminated by an LED. The

light scattering from the fibers, was measured by a 8-bit sensor, which roughly had the dimensions of

the 6x6 mm SiPMs.

As can be seen in figure 20, the light from the photons does spread beyond the area of a 6x6 mm SiPM.

This is not a lot but it can still have an effect since all the SiPMs in the central 7x7 SiPM module are placed

right next to each other. The 8-bit value is a measure of how much the sensor is able to process pr. data

block, given by:

M = 2N − 1 = 28 − 1 = 255

The 8 bit value for this measurement of 14 fibers, has a maximum of around 200.

One solution to this issue could be to change the layout of the plate that keeps the bundles together. The

design of this plate could be changed so that surrounding each hole, walls of the height corresponding

to the distance from the hole to the SiPMs could be placed. This would ensure that light would not reach

the surrounding SiPMs. In addition, this module has previously been tested for electrical crosstalk, due

to the small distance between the SiPMs. This test showed that electrical crosstalk did not occur10

6.1.2 Outer 5x5 SiPM modules

Testing for optical crosstalk in the outer 5x5 SiPM modules was done in the same way as for the central

7x7 SiPM calorimeter module. In the outer 5x5 SiPM modules, the SiPMs are placed at a larger distance

from one another. This is due to the higher number of scintillating fibers in each bundle. The hope be-

fore testing the modules was that this would reduce the optical crosstalk between the SiPMs. However,

throughout the measurements, it quickly became clear that optical crosstalk also did occur in these mod-

ules.
10A description of the test can be found in my thesis preparation project [39].
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Optical crosstalk was tested in all 8 outer 5x5 SiPM calorimeter modules, in order to determine the ex-

tent of the problem. I suspect that the collection and assembling of all the 668 fibers into bundles placed

in front of the SiPMs, was not done in completely the same way for all bundles, due to several people

working on this part. Thus, the extent of optical crosstalk might differ between different modules. If the

scintillating fibers were not placed in the agreed position, then the 3D-printed masks will not cover the

correct area of scintillating fibers to test only a specific SiPM for optical crosstalk. However, as for the

3D-printed masks for the central module, the illumination area in the masks for the outer modules was

made smaller than the area of fibers which was to be illuminated.

An example of some of the measurements can be seen in the intensity plots in figure 21 below, where

the same two SiPMs, 2 and 18, are tested for optical crosstalk in module 1 and module 2 (see the two top

intensity plots.), and SiPM 1 and 24 are tested in module 3 and 4 (see the two bottom intensity plots.)

Figure 21: The figure shows four intensity plots of the optical crosstalk measurements made in the 5x5

SiPM modules. The two top plots show SiPM 2 and 18 being tested in modules 1(left) and 2(right). The

two bottom plots show SiPM 1 and 24 being tested in modules 3(left) and 4(right). The measurements do

show evidence of optical crosstalk between the SiPMs tested and the corresponding surrounding SiPMs.

As shown in figure 21, the optical crosstalk measurements are not consistent across the different calorime-

ter modules. This can be due to the placement of the scintillating fibers from the copper-tubes into bun-

dles. However, the position of the LED and diffusing sheet, can of course also have an influence on these

results, since they are moved when testing different modules. If the LED is not placed in the same po-

sition in front of the modules, then the photons from the LED would be reaching the SiPMs differently.

The LED and diffusing sheet were not moved during the testing of all the SiPMs in a single module, but

they were moved between testing different modules.
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A noticeable difference between the measurements is that the number of photons the SiPMs detect is not

consistent. This can be due to the SiPMs having different photons detection efficiency (PDE) at different

bias voltages. The bias voltage is consistently set to 53 V on all SiPMs, since this is what is used at the

testbeams.

To compensate for this variation, one could calibrate the SiPMs. Calibration of the SiPMs can be done

by investigating their PDE. The PDE depends on the bias voltage applied to the SiPMs, so by varying

the bias voltage and measuring the incoming photons, one could ensure that the SiPMs detect the same

amount of photons at different bias voltages.

When testing for optical crosstalk, one need to be very careful covering the module in blackout cloth.

However, when performing the tests one also need to make sure to cover up the gap around the 3D-

printed mask, to prevent light from reaching the outermost SiPMs. An example of such a measurement

performed on module 8, where I did not cover this gap carefully enough is shown in figure 22.

Figure 22: The figure shows an intensity plot of the optical crosstalk measurements made for the 5x5

SiPM module 8. The plot shows evidence of optical crosstalk between the SiPMs tested and the corre-

sponding surrounding SiPMs. However, the plot also shows that the gap around the 3D-printed mask

was not covered up well enough.

The intensity plot seen in figure 22, shows evidence of optical crosstalk, as seen for other measurements.

The SiPMs around SiPM 5 and 24, which are being tested, also detect some of the photons from the

illuminated scintillating fibers. However, what can also be seen in these measurements, is that SiPM 2,

4, 9, and 14 also detect light. These SiPMs having detected light does not make sense in regards to the

fibers getting illuminated. However, this was seen when the gap around the 3D-printed mask was not

covered up correctly. To characterize the optical crosstalk for these SiPMs one would need to make the

measurement again.

All remaining optical crosstalk measurements performed on the outer 5x5 SiPMs calorimeter modules

can be found in appendix section 11.2.2.1 to 11.2.2.8.

As was the case for the central 7x7 SiPM calorimeter module, optical crosstalk between the SiPMs seems

to be a general issue for the outer 5x5 SiPM calorimeter modules. The extra space between the SiPMs,

compared to the central module, was not sufficient to remove optical crosstalk. Again, the cut of the

fibers or the possible scattering of the fiber bundles beyond the area of the 6x6 mm SiPM could be the
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explanation. To check for the possible scattering of the fibers, I tested a bundle of 27 scintillating fibers

(instead of 14 as before), since there are around 27 fibers in each bundle for the outer modules. The result

of this test can be seen in figure 23 below.

Figure 23: The figure shows a plot of a bundle of 27 scintillating fibers which are illuminated by an LED.

As illustrated, the photons transmitted from the fibers spread beyond the area of the 8-bit sensor size,

which is approximately the size of the SiPMs.

As can be seen in figure 23, the light from the photons does spread beyond the area of a 6x6 mm SiPM.

It seems like the area of light from a bundle of 27 fibers, is around 2-5 mm bigger than the size of the 6x6

mm SiPMs. To determine how large the area of the scattering exactly is, would require a sensor with a

bigger area.

The 8-bit value for this measurement of 27 fibers, has a maximum of 255. However, the maximum value

for an 8-bit sensor is 255, which means that there is a possibility that the light from the bundle of 27 fibers

is more intense than the sensor is able to process. In order to determine if this is the case, a 16-bit sensor

could be applied.

A solution to reduce the amount of optical crosstalk between the SiPMs in the outer 5x5 SiPM modules,

could be to implement walls around the holes in the collector plate that holds the bundles of fibers in

place. An additional solution could be to buy the scintillating fibers with an EMA (Extra Mural Absorber)

cladding around the fibers. The EMA cladding is an extra cladding layer which can be added on top

of the PMMA (polymethylmethacrylate, C5H8O2) cladding that the BCF10 and BCF12 has. The EMA

cladding is either white or black, and has a thickness of around 10 to 15 microns. Applying this extra

layer of cladding will eliminate crosstalk among closely packed fibers [35].

A third solution could be to use a different technique to cut the scintillating fibers. This solution have

been tested in connection to this thesis, and the results will be presented in the next section.
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6.2 Scintillating fibers

This section will go through three experimental setups, which were constructed in order to investigate

the cut of the scintillating fibers used in the FoCal-H second prototype. The scintillating fibers play

a major role in the FoCal-H setup, being the active material in the sampling structure of the FoCal-H

calorimeter.

6.2.1 Cutting techniques of scintillating fibers

The technique used to cut the scintillating fibers was one of the components, which was important to

investigate in connection to reducing optical crosstalk between the SiPMs. Different techniques of cutting

a scintillating fiber causes the intensity and the light scattering from the end of that fiber to be spread

differently. Two experiments that support this claim, were done in the Spring of 2022 in a previous project

of mine, namely my thesis preparation project. These two results, which can be seen below in figure 24,

were part of a larger experiment testing the luminosity of the fibers for different cutting techniques, in

order to make a qualified decision of how the scintillating fibers should be cut for the FoCal-H second

prototype. [39].

Figure 24: This figure shows a previous measurement from [39]. The figure shows two intensity plots of

scintillating fibers cut using two different methods. The left-side plot shows an intensity plot of a single

fiber cut using a scalpel, which was rolled over the fiber. The right-side plot shows a single fiber cut

using tongs.

The method using a scalpel that is rolled over the scintillating fiber was used when building the FoCal-H

second prototype. The reason is the spherical scattering from the fiber, obtained when using this cutting

technique.

As a continuation of these measurements, three more techniques were investigated to further optimize

the scintillating fiber cutting. The three techniques were examined in regards to this thesis. I built two

small versions of the FoCal-H second prototype for the examination of the three techniques. As for the

FoCal-H second prototype, the scintillating fibers in the small versions were bundled up and a SiPM was

placed in front of each bundle.

The same experimental setup used for the optical crosstalk measurements was used again to test the

different cutting techniques of the scintillating fibers. The setup was used, for two reasons, 1) It would
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give an indication of whether optical crosstalk could vary depending on different methods for cutting

the scintillating fibers, and 2) It would show whether the intensity of the scintillating fibers would differ

depending on different cuts.

A LED was placed in the front-end of a module. The LED would illuminate the scintillating fibers and

the SiPM would read out the emitted photons from the scintillating fibers. To only test one SiPM at a

time, a 3D-printed mask was placed in the front end of the modules, between the LED and the fiber

ends. This mask covered up all fibers to the SiPMs, which were not being tested. By repeating this

measurement for all the different techniques and SiPMs, one can compare the results from one technique

to another. The sections describing the techniques highlights some of the results, and the remaining can

be found in appendix section 11.3.

6.2.2 Rolled scalpel cut

The rolled scalpel cutting technique was the first technique that was tested. This technique was impor-

tant to include in the measurements to have a reference to the scintillating fibers used in the FoCal-H

second prototype.

For the rolled scalpel cutting technique, three types of scintillating fibers from the company Saint-Gobain

were tested, the BCF10, BCF 12 and BCF60s.

6.2.2.1 BCF10

The BCF10 scintillating fibers were used for the FoCal-H first prototype, but cut using a different method,

than the one being tested in this thesis11. An intensity plot, using the rolled scalpel technique, for the

BCF10 scintillating fiber can be seen in figure 25.

Figure 25: The figure shows an intensity plot of a bundle of scintillating fibers of the type BCF10, where

SiPM/Channel 11 is tested. This bundle of fibers was cut using a scalpel, which was rolled over the

scintillating fibers.

This plot shows a bundle of the BCF10 scintillating fibers (SiPM/Channel 11), which have been illumi-

11See section 5.2.1 for a description of the BCF10 performance characteristics.
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nated by a blue LED. Three surrounding SiPMs to SiPM 11, show also to have detected photons during

this measurement. The rolled scalpel cutting technique, does in this measurement of the BCF10 scintil-

lating fibers, not seem to ensure that the light is contained within the SiPM. However, the amount of

photons detected by the surrounding SiPMs for this specific measurement seem negligible compared to

the results from the optical crosstalk measurements.

6.2.2.2 BCF12

The BCF12 scintillating fiber is the type used for the FoCal-H second prototype, using this specific tech-

nique to cut them. An intensity plot, using the rolled scalpel technique, for the BCF12 scintillating fiber

can be seen in figure 26, where the fibers to SiPM/Channel 6 has been illuminated.

Figure 26: The figure shows an intensity plot of a bundle of scintillating fibers of the type BCF12, where

SiPM/Channel 6 is tested. This bundle of fibers was cut using a scalpel, which was rolled over the

scintillating fibers.

The plot shows a bundle of BCF12 scintillating fibers, which has been illuminated. The measurement

tests a bundle of 27 scintillating fibers to the SiPM/Channel 6, but shows that the surrounding SiPMs also

detect photons. The method using the rolled scalpel technique on the BCF12 scintillating fibers shows

consistency with the measurements for optical crosstalk. However, compared to the rolled scalpel tech-

nique on the BCF10, these fibers seem to scatter the photons to the surrounding SiPMs more. Whether

this is due to the scattering from the fiber-ends or the collection of fibers into a bundle leading to the

SiPM is unknown. To exclude the possible effect of the collection of fibers, I would suggest to test differ-

ent cutting techniques in a calorimeter module where the collection of fibers is identical to the one in the

BCF10 calorimeter module. However, this was not possible to do, since it would require a new module

to be build. A smaller examination of the scattering of photons from a single fiber, could possibly also be

done.
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6.2.2.3 BCF60s

The BCF60s scintillating fibers have a green emission color (530 nm), a decay time of 7 ns, and emit

∼ 7100 photons per MeV [40]. The BCF60s scintillating fibers are radiation hard, and could for this reason

be a good alternative to the BCF12 scintillating fibers since the environment in ALICE is radioactive when

the experiment is running.

The BCF60s scintillating fibers are tested for two different reasons. The first is the possibility of reducing

the amount of light that reaches the SiPMs, by using the fact that fewer photons are emitted per MeV. The

second reason also relates to reducing the amount of light but is in regard to the SiPMs. The SiPMs used

for the FoCal-H second prototype have the most optimal photon detection efficiency (PDE) in the blue

spectrum. By choosing a scintillating fiber, which emits photons in the green spectrum, one automatically

reduces the chance of SiPMs detecting the photons. The PDE for each wavelength from 300 to 900 nm for

the SiPMs is known, so it is possible to calculate the number of photons that are not detected afterwards.

Choosing this fiber could potentially also contribute to solving the saturation issue in the readout12 if its

the SiPM, by reducing the information/number of photons the readout board needs to process for the

SiPMs.

An intensity plot, using the rolled scalpel technique, for the BCF60s scintillating fiber can be seen in

figure 27, where SiPM/Channel 15 has been illuminated.

Figure 27: The figure shows an intensity plot of a bundle of scintillating fibers of the type BCF60s, where

SiPM/Channel 15 is tested. This bundle of fibers was cut using a scalpel, which was rolled over the

scintillating fibers.

This measurement using the rolled scalpel technique and the BCF60s, show a larger extent of photons

getting detected from the surrounding SiPMs, compared to the BCF10 and BCF12. To what extend this

is due to the placement of the scintillating fibers, or the scattering of photons from the fibers is for now

unknown.
12The readout for the SiPMs and the CAEN DT5202 will be described in detail in sections 5.2.2.2.

37



Master Thesis 22/5-2023

6.2.3 Rolled scalpel and polished cut

The rolled scalpel with polished scintillating fibers is another technique that has been tested. This tech-

nique was tested to see if a polished fiber would give a smaller light scattering from the fibers and if

there would be a potential difference in the number of emitted photons that could be read by the SiPMs.

The scintillating fibers was cut the same way as in the rolled scalpel cut, and was polished afterwards.

To polish the scintillating fibers two different polishing sheets for plastic optical fibers from the firm

Industrial Fiber Optics was used.

The scintillating fibers were polished by gently moving the fibers in circles, for about 20 strokes. This

was first done on a 2000-grit polishing sheet, which is a flagrant polishing sheet. After the 20 strokes, the

end of the fibers were examined. If the end of the fiber was cloudy, uneven, or had any scratches, around

5 stokes of the polishing sheet was performed again. The same procedure was then performed using a 3

µm polishing sheet, which is a fine grit sheet.

The rolled scalpel and polished cut, was only performed on the BCF12 scintillating fiber.

Figure 28: The figure shows an intensity plot of a bundle of scintillating fibers of the type BCF12, where

SiPM/Channel 18 is tested. This bundle of fibers was cut using a scalpel, which was rolled over the

scintillating fibers which were then polished.

The plot shows a bundle of 27 BCF12 scintillating fibers, which has been illuminated. The measurement

tests the fibers corresponding to SiPM/Channel 18. However, the surrounding SiPMs also detect some

photons coming from the scintillating fibers corresponding to SiPM/Channel 18. In comparison to the

rolled scalpel technique, where the scintillating fibers were not polished, these measurements show a re-

duced amount of optical crosstalk between the SiPMs. I therefore suspect that polishing the scintillating

fibers focuses the photons more forward, making them scatter less to the side and getting detected by

the surrounding SiPMs.

6.2.4 Optical glue and diamond blade cut

The last cutting technique which was tested was done by using optical glue and a diamond blade cut.

Optical glue is a type of glue used in application where optical components should be collected. The
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optical glue used in this thesis is composited of two components of Polytec EP 601-LV.

The technique was tested with the aim of optimizing the cutting technique for the scintillating fibers

for future prototypes and/or the final FoCal-H detector. The idea of using this technique came from a

conversation I had with a detector physicist from the experiment LHCb, who had a lot of experience

with scintillating fibers.

The process of this technique is very different from the previously described ones. The scintillating

fibers were for this technique placed in the copper-tubes and bundled up, the same way as done for the

FoCal-H first and second prototypes. However, instead of cutting all fibers individually, I mixed the two

components that composite the optical glue. Making sure that no air bubbles were present in the optical

glue mixture. The optical glue was when carefully poured into a 3D-printed bowl. The smaller version

of a FoCal-H second prototype module was secured by three clamps to a cabinet wall to make sure it

could be fixed for the time it took the optical glue to harden. The bowl with the glue was then placed so

that the bundles of scintillating fibers were dipping into the glue in the collector plate. A pressure causes

the optical glue to get sucked up into the collector plate. The module was placed like this for 2-3 days,

until the optical glue had hardened.

Figure 29: The figure shows two pictures of the process using optical glue to collect the scintillating

fibers. The left-side figure shows how the module is secured to a cabinet wall and placed in the optical

glue to harden. The right-side figure shows the modules placement in the optical glue.

To cut the bundles of scintillating fibers, I transported the module to CERN where a technician connected

to the scintillator lab, helped me cut the fibers using a diamond blade. During the transport to CERN

some of the fibers broke, due to the rough treatment in the airplane. The transport of the modules to
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CERN is something that should be taken into consideration, if this method is used in the future, and if

the modules are assembled in Denmark.

Pictures of how the diamond blade cut looks compared to the rolled scalpel cut can bee seen in figure 30.

Figure 30: The left-side figure shows a picture of the scintillating fibers where they have been cut by the

diamond blade. The right-side figure shows a comparison of the scintillating fibers cut using the rolled

scalpel cut (top two rows) and the optical glue with diamond blade cut (bottom three rows).

6.2.4.1 BCF10, BCF12 and BCF60s

This technique using optical glue and the diamond blade cut, shows a significant reduction in the optical

crosstalk between the SiPMs, compared to the two other techniques tested in this thesis. As can be seen

in figure 31, 32, and 33, using this method reduces the optical crosstalk between the SiPMs for all three

types of fibers. I suspect the stable collection of the fibers, together with a cleaner cut, focus the scattering

of the photons forward instead of to the sides.

Figure 31: The figure shows an intensity plot of a bundle of scintillating fibers of the type BCF10, where

SiPM/Channel 10 is tested. This bundle of fibers was cut using optical glue technique.
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Figure 32: The figure shows intensity plots of two different bundles of scintillating fibers of the type

BCF12. These bundles of fibers were cut using optical glue technique. The left-side figure shows the

intensity plot of SiPM/Channel 17. The right-side figure shows the intensity plot of SiPM/Channel 7.

Figure 33: The figure shows an intensity plot of a bundle of scintillating fibers of the type BCF60s. This

bundle of fibers was cut using optical glue technique.

The aim of reducing optical crosstalk between the SiPMs by studying the cutting technique of the scin-

tillating fibers is found by applying the optical glue technique. This technique is consistent across the

three different scintillating fiber types, which the two remaining cutting techniques were not.

The difference between the amount of optical crosstalk between the SiPMs when using the rolled scalpel

cut and the optical glue technique can be seen in figure 34. The intensity plot in figure 34 shows two

bundles of BCF60s scintillating fibers, cut using different methods. The fibers to SiPM/Channel 4 are

cut using the optical glue technique, while the fibers to SiPM/Channel 15 are cut using the rolled scalpel

cut. This intensity plots clearly shows a difference when using the two different techniques.
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Figure 34: The figure shows a measurements of the BCF60s scintillating fiber, cut using two different

techniques. The SiPM/Channel 15 is cut using the rolled scalpel techniqe, while the SiPM/Channel 4 is

cut using the optical glue technique.

Due to the significant reduction of optical crosstalk between the SiPMs, and the stability of the fibers,

I would highly recommend this method to be used in any future prototype and/or the final design of

FoCal-H.

6.3 Collector plate material

The material of the collector plate is an element, which needs to be considered when using the optical

glue technique. This is due to the diamond blade’s cut in the material. Thus, the consideration of the

collector plate material should not be considered in connection the quality of the cut of the scintillating

fibers, but in regards to the quality of the collector plate itself.

I tested three different types of material. The first material was resin, which was also the material used

for the 5x5 SiPM collector plates for the outer calorimeter modules. The second and third material was in

3D filament, but with two different degrees of compactness of the filament in the print. The 3D filament

was the material used for the 7x7 SiPM collector plate, for the central calorimeter module.

These different materials was tested with regards to either a third prototype or the final design of FoCal-

H. The reason why the 3D filament plate was tested with this cut, is because the thread for the screws.

The collector plates made in resin, showed sign of breaking when the SiPM boards were screwed on and

off multiple times. I therefore do not think this material is good enough to be used in any future build.

The same thing has not happened to the print in 3D filament, and the diamond blade cut was therefore

tested with this material. However, if resin is chosen, I could recommend to use another material than

metal screws for connecting the SiPM boards.

To test the three different materials, the same procedure was used as for when I built the smaller calorime-

ter module. First I mixed the two components for the optical glue, making sure no air bubbles were left.

Then the collector plates were placed in the optical glue, and it was left to harden for 2-3 days, before

getting cut. A picture of the collector plates after the optical glue has hardened can be seen in figure 35,

where the left-side figure shows the collector plate made of resin and the right-side figure shows the one
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made of 3D filament.

Figure 35: The two pictures show two collector plates of two different materials, after the fibers have

been glued with optical glue. The left-side figure shows the collector plate made of the material called

resin. The right-side figure shows the collector plate made of 3D filament.

The three different collector plates, after the plates and the scintillating fibers have been cut by the dia-

mond blade, can be seen in figure 36.

Figure 36: The picture shows the three different materials of collector plates after being glued with

optical glue and cut using a diamond blade cut.

All three collector plates showed to be efficient in keeping the scintillating fibers in place after they were

cut. However, the 3D filament collector plate with less compactness (see right-side collector plate in

figure 36) showed to have some issues between the holes for the fibers, and the holes for mounting it to

the calorimeter modules.

Additionally, the left-side collector plate (see figure 36) was tested without an o-ring on the front-side of
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the plate, to see if the bundle would be kept in place without it. This showed to be the case, which can

potentially lower the prize for the final design of FoCal-H. Two of the three collector plate, namely the

plates made of resin and the compact 3D filament plate, showed to promising results in connection to

this test of optical glue and a diamond blade cut.

7 November 2022 SPS H2 testbeam setup

This section will go into details with the experimental setup used at the testbeam in November SPS H2

beamline. The section will describe the testbeam facility and how the FoCal prototypes were placed in

order to be tested. The section will also give a brief description of the FoCal-H readout system and hard-

ware setup. These details will provides a better understanding of the data analysis, which is presented

in section 8.

7.1 Testbeam prototype setup

In order to performance test the FoCal prototypes, in terms of their individual performance as well as

their collective performance, the placement of the prototypes with respect to the beam-pipe needs to

be considered. Both the FoCal-E and FoCal-H prototype are placed on a DESY table, which can be

positioned and adjusted with respect to the beam-pipe. The FoCal-E prototype is placed in front of

FoCal-H, which is also the intended setup for the final design, due to FoCal-E’s physics purpose of

studying particles that interact electromagnetically. However, two detector setup have been tested in

this thesis, i.e. setup including and excluding FoCal-E in front of FoCal-H. The runnr. for the datafiles

analyzed in this thesis, as well as the corresponding energies are listed in table 1:

Runnr. and corresponding energies including FoCal-E

Ebeam[GeV] 60 80 100 150 200 250 300 350

Runnr. 1305 1304 1303 1302 1301 1300 1299 1298

Runnr. and corresponding energies excluding FoCal-E

Ebeam[GeV] 60 80 100 150 200 250 300 350

Runnr. 1504 - 1505 - 1503 1502 1501 1500

Table 1: The table lists the runnr. for the datafiles used in the detector setup including and excluding

FoCal-E in front of FoCal-H.

FoCal-H is placed as closely behind FoCal-E as possible (15 mm), to avoid blow-up of showers which

start in the FoCal-E. This distance was chosen due to the blackout cloth which was placed around FoCal-

H to keep all light out. The FoCal detector setup can be seen in figure 37 and figure 38. The FoCal-H

readout boards, the CAEN DT5202, are placed in the metal bars at the back-end of FoCal-H. These are

placed slightly to the side of the back-end of the FoCal-H calorimeter, due to radiation effects of the

readout.

The readout placement can be seen in the left-side schematic in figure 37, where the setup is seen at

an angle from above. The right-side schematic in figure 37 shows FoCal-H from the back-end, where
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the CAEN DT5202 boards are placed in the metal bars, and the SiPMs are mounted in the 9 calorimeter

modules. The SiPM boards are represented as 9 grey squares in this schematic.

Figure 37: The figure shows two schematics of the FoCal detector placed on a DESY table. The left-side

schematic shows the setup with an angle from the top, where it can be seen that FoCal-E is placed in

front of FoCal-H, and the corresponding setup for the FoCal-H readout boards. The right-side schematic

shows the setup seen from the back-end of FoCal-H.

At the very front, in front of FoCal-E, two scintillator plates are placed, where one of these are visualized

in the schematic in figure 37 and figure 38, as the black bar. The scintillator plates are placed with a

distance of around 20 cm to each other, and has the purpose of providing a trigger signal to both FoCal-E

and FoCal-H. The trigger signal is initiated when a particle passes through the two scintillator plates.

This signal is sent to a coincidence module in the trigger logic, called the BUSY logic, where the resulting

signal is passed on to the individual readout systems for FoCal-E and FoCal-H.

The FoCal-H prototype is rotated 2.085◦ with respect to the beam-pipe. This is done to lower the possibil-

ity of punch through particles traveling along the scintillating fiber, or copper-tubes, without depositing

energy in the calorimeter and starting a particle shower13. The rotation of FoCal-H is visualized in the

top schematic in figure 38. The bottom schematic shows the FoCal detector setup from the side. The

current FoCal-E prototype with its height and width of around 90 mm does not cover the total area of

FoCal-H. FoCal-E is therefore placed to have its origo (0,0) at the origo of the FoCal-H central calorimeter

module.

The top and bottom schematic in figure 38 also indicates (red lines) a potential start of a particle event.

A particle event is the definition for a spill from the beam-pipe, where an incident particle comes out,

starting a particle shower in the detector. An event stops when a spill is again activated. The parti-

cle shower starts in FoCal-E, and might spread through FoCal-E and into FoCal-H depending on the

incident particle.

13A further description of punch through particles will be given in section 8

45



Master Thesis 22/5-2023

Figure 38: The figure shows two schematics of the FoCal detector placed on a DESY table. The top

schematic shows the setup from the top, where the FoCal detector can be seen. The rotation of FoCal-H,

with respect to the beam-pipe, is also shown in this schematic. The bottom schematic shows the setup

seen from the side, where the placement of FoCal-E with respect to the FoCal-H calorimeter modules is

seen.

FoCal-H had for the November SPS H2 testbeam a maximum of 3 CAEN DT5202 readout boards. This

means that the FoCal-H calorimeter did not have full coverage to read out all SiPMs. Due to missing

readout channels, I constructed a spiral mapping from the SiPMs to the CAEN DT5202 readout chan-

nels. This mapping ensured that only the outermost channels were not read out. In terms of the physics

program planned to test the FoCal-H second prototype, this mapping made most sense to use in regards

to test e.g. shower containment, which will be described in section 8.2.4. In the beginning of the test-

beam, only two CAEN DT5202 boards where available, because one was being repaired. The mapping

did therefore also serve a practical purpose in that it was easy to add extra boards along the way. The
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mapping from the SiPMs to the CAEN DT5202 board’s channels can be seen in figure 39. The intersec-

tions between the 9 calorimeter modules are indicated by the red lines. All testbeam data analyzed in

this thesis is based in 3 CAEN DT5202 readout boards.

Figure 39: The figure shows the SiPM to CAEN DT5202 channel mapping. The mapping indicates how

many SiPMs was covered by the three CAEN DT5202 board, and in terms of coverage of the calorimeter

modules.

8 Data analysis of the November 2022 SPS H2 testbeam

This section will analyse and present the testbeam data collected at the November 2022 SPS H2 testbeam,

to get a better understanding of the FoCal-H calorimeter. Moreover, the section will go through the

performed simulations and the analysis of these. The simulations are generated with the intend to verify

observations from the testbeam data.

In addition, the section will compare the testbeam data and the simulated data, in order to verify and/or

point out areas which need to be investigated in the future. However, the focus of this thesis has mainly

been the FoCal-H simulation data.

8.1 Testbeam data - November 2022 SPS H2

During the testbeam, multiple studies were performed in order to understand the response of FoCal-H.

At the SPS H2 testbeam we were able to test the response of FoCal-H at energies from 60 to 350 GeV.
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8.1.1 FoCal detector setup

One of the tests at the SPS beamline aimed to examine the total response collected in FoCal-H, in setups

where FoCal-E was placed in front, but also where FoCal-E was removed. The reason behind this was

that during a FoCal testbeam in September 2022, we saw that the total response in FoCal-H consisted of

a larger and a smaller peak. The reason for the smaller peak was discussed, and it was quickly pointed

out that a possible reason was a particle shower starting in FoCal-E and continuing into FoCal-H.

The tests including and excluding FoCal-E in front of FoCal-H were done at different energies, in order

to see if higher energies would have a large influence on the response of the FoCal-H calorimeter. If

this would be the case, multiple optimizations, for example in the readout electronics, would be needed

before placing the detector in the ALICE experiment.

The response for both the setup including and excluding FoCal-E has been collected summing over the

signal collected in all the SiPMs in the FoCal-H calorimeter setup. An improvement, which could be

implemented for both setups, would be to remove the saturation signal from the channels. Saturation

happens when either SiPMs or the channels in the CAEN DT5202 boards reading out the SiPMs saturate,

making it impossible to collect more information. Whether the saturation happens in the SiPMs or the

channels in the CAEN DT5202 boards is so far unknown. However, this will be investigated in the May

2023 testbeam, with a newly discovered feature of the CAEN DT5202 board, namely a TOT (Time Over

Threshold) and TOA (Time Of Arrival).

An example of this saturation can be seen in the two plots in figure 40. The two plots are presented

in a logarithmic scale, making the saturation in the signal visible. Others in the collaboration [42] have

shown that most of the saturation signal can be removed by doing a 3D gauss function fit to the signal,

rather than summing over the signal.

Figure 40: The two plots show an saturation signal in channel 25 for a run at 350 GeV in a setup including

and excluding FoCal-E in front of FoCal-H. The left-side figure shows the setup including FoCal-E and

the right-side figure shows the setup excluding FoCal-E.

Most noise has been removed by using a pedestal subtraction implemented by the CAEN DT5202 read-

out board. This pedestal subtraction was used instead of a lower threshold, due to the fact that the CAEN

DT5202 board enables the possibility of using a threshold when having an external trigger. Besides the

pedestal subtraction, two other lower thresholds from the trigger setup was also applied, in the form of

zero suppression. An example with nearly no noise and saturation can be seen in figure 41.
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Figure 41: The two plots show a signal with nearly no noise and saturation, in channel 35 for a run at

60 GeV in a setup including and excluding FoCal-E in front of FoCal-H. The left-side figure shows the

setup including FoCal-E and the right-side figure shows the setup excluding FoCal-E.

8.1.1.1 FoCal setup including FoCal-E

At the November 2022 SPS H2 testbeam using the setup where FoCal-E was placed in front, the total

response in FoCal-H looks different from what was first anticipated. The total response for each of the

energies has three characteristic peaks, the reason of which is now known.

Figure 42: The figure shows a plot of the total charge measured in FoCal-H in testbeam data using the

setup including FoCal-E.

The first peak is at around 6 GeV, and is common for each energy. This peak is understood to be a punch

through particle, possibly a minimum ionizing particle (MIP), coming from a muon punching through

the detectors, not creating a shower in the two detectors.
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Figure 43: Schematic of the FoCal detector setup where a muon is punching through FoCal-E and FoCal-

H. The muon does not create a particle shower in the detector.

The second peak appears in relation to a particle shower starting in FoCal-E (pre-shower) and continuing

to shower inside FoCal-H. Such a particle shower can start in one or more of the tungsten plates in FoCal-

E, creating particles that have lower energies than the particles that start their first particle shower in

FoCal-H. The second peak was not anticipated before the fall testbeams.

The third peak is the opposite case of the second peak. The third peak represents particle showers, which

start in FoCal-H and are seen as a punch through peak in FoCal-E (See figure 47 for visualization.).

Figure 44: Schematic of the FoCal detector setup where a particle shower starts in one/more of the

FoCal-E tungsten plates and continues to shower inside FoCal-H.

Besides these three types of responses in FoCal-H, one can also have particle showers, which are captured

in FoCal-E. This type of particle shower will not give a signal in FoCal-H. A schematic of such a signal

can be seen in figure 45.

Figure 45: Schematic of the FoCal where a particle shower is fully captured in FoCal-E.

To confirm the interpretation of the second peaks seen in FoCal-H, two things needed to be tested. The

first was to remove FoCal-E from the setup, to see if the pre-shower would disappear. These results can

be seen in 8.1.1.2. The second thing was to simulate these two setups, including and excluding FoCal-E,

to see if the results could be reproduced in simulations. These results can be seen in section 8.2.3.
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8.1.1.2 FoCal setup excluding FoCal-E

The November 2022 SPS H2 testbeam using the testbeam setup excluding FoCal-E in front of FoCal-H

was run at some of the same beam energies as the setup including FoCal-E. The energies 80 GeV and 150

GeV were excluded in this test due to time limitations. The total response in FoCal-H at this setup has

two characteristic peaks, as can be seen in figure 46.

Figure 46: The figure shows a plot of the total charge measured in FoCal-H in testbeam data using the

setup excluding FoCal-E.

The first peak is placed around 6 GeV, as was the case for the setup including FoCal-E. This peak is again

related to particles punching through the two detectors. The second peak is related to the particle shower

starting in FoCal-H and will be referred to as the hadron peak. As can be seen in figure 46, this peak now

has a cleaner shape, without the pre-shower peak attached to it.

Figure 47: Schematic of the FoCal detector setup where a particle shower starts in FoCal-H.
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8.1.1.3 Energy comparison between testbeam setups

In order to estimate how much energy is lost to the pre-shower in FoCal-E, I fitted a gaussian function fit

to what corresponds to the hadron peak for both the detector setup including and excluding the FoCal-

E in front of FoCal-H. This was done for each of the beam energies for the two detector setups. For

each energy the mean of the fit was calculated, which should correspond to the measured energy of the

hadron peak in FoCal-H. The mean value as a function of the beam energies can be seen in figure 48.

The percentage difference between the mean values for the same energy in the two detector setups has

later been calculated. The calculation of the percentage difference is also given as the difference in energy

[GeV] and is illustrated in the figure.

Figure 48: Mean value of the gaussian function fit to the hadron peak, for testbeam setup including

and excluding FoCal-H. The mean value corresponds to the measured energy of the hadron peak and is

plotted as a function of the beam energies.

As visible from the calculations of the energy difference between the two detector setups, the difference

in GeV gets larger as the beam energy gets higher. With one exception, for the 300 GeV measurement.

From a theoretical perspective, this tendency makes sense. However, the theoretical predictions of how

much energy should be lost in FoCal-E are a great deal lower than what is observed.

To calculate the expected energy loss in FoCal-E, one can use the Bethe-Bloch formula. Specifically the

relativistic Bethe-Bloch formula, since we are working with particles that move relativistically. Working

with the non-relativistic Bethe-Bloch formula requires β = v
c ≪ 1. For the November SPS H2 testbeam

energies using a beam mainly consisting of π+, would for the lowest and highest energy give a β-value
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of:

60GeV : β =

√
1 −

(
1
γ

)2
=

√√√√1 −
(

1
Etot
Erest

)2

=

√√√√√1 −

 1
60000[MeV]

139.57039[MeV]

2

= 0.9999972944

Where Etot is the total energy of the π+ in the beam, and Erest is the rest energy of the π+.

350GeV : β = 0.9999999205

This means that we, in the energy range we tested the FoCal-H second prototype under, can use the

relativistic Bethe-Bloch formula. This is given by [37]:

⟨dE
dx

⟩ = K · z2 · Z
A

· 1
β2 ·

[
1
2
· ln

(
2 · me · c2 · β2 · γ2 · Wmax

I2

)
− β2 − δ(βγ)

2

]
where K = 4π · NA · r2

e · me · c2 = 0.307075 MeV·cm2

g , z is the charge number of the incident particle, Z is

the atomic number of the absorber, A is the atomic mass number of the absorber, me is the mass of the

electron, I is the mean excitation energy, δ(βγ) is the density effect correction to ionization energy loss,

and Wmax is the maximum energy transfer in a single collision given by:

Wmax =
2 · me · c2 · β2 · γ2

1 + 2·γ·me
M +

(me
M
)2

which can be approximated to Wmax = M · β2 ·γ, when 2meγ ≫ M, as is the case for these measurements.

Energy Loss in FoCal-E

Ebeam[GeV] dE
dx [

MeV·cm2

g ] Energy Loss [MeV]

60 2.12 286.40

80 2.16 291.19

100 2.18 294.91

150 2.23 301.66

200 2.27 306.45

250 2.30 310.17

300 2.32 313.21

350 2.34 315.78

Table 2: The table lists the Bethe-Bloch calculated energy loss in FoCal-E. The table provides information

about the beam energy (first column), the corresponding Bethe-Bloch value (second column), and the

corresponding energy loss of the pion after transversing all FoCal-E tungsten layers (third column).

The reason why the theoretical calculations of the energy loss in FoCal-E is that different from the mea-

sured ones, is at this point unknown. An option is that other physics processes than the ones contained

in the Bethe-Bloch is needed. However, the calculated method could possibly also be biased to be higher

than it should.

Doing the same analysis for runs where the FoCal-E and FoCal-H ran on a common trigger, makes it

possible to make a TOT cut (TOT=0) and ADC cut (ADC<65000) in FoCal-E. Demanding a TOT=0 in

FoCal-E ensures an examination in a low energy range, by neglecting the TOT readout in FoCal-E. The

TOT readout enables FoCal-E to examine high energy signals without saturation the readout, since the
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TOT readout takes over from the ADC readout at very high signals. The ADC<65000 is chosen due to a

approximate ADC signal from a MIP in FoCal-E.

This removes the pre-shower in the FoCal-H data and one can analyse based on the hadron peak14.

These runs with the applied cuts in the TOT and the ADC, are characterized in FoCal-E as being a MIP.

Performing the same analysis, calculating the estimated energy loss in FoCal-E for the testbeam data,

with these cuts for the runs with FoCal-E in front can be seen in figure 49.

The synchronization between FoCal-E and FoCal-H, when using the common trigger, had some issues

in that the two different readout systems got out of sync after some time. The statistics on the datafiles

with FoCal-E in front of FoCal-H using these cuts, are therefore fairly low. However, the statistics are

good enough for further analysis. The 100 GeV comparison is not included in this analysis, since there

were issues in removal of the pre-shower peak, due to low statistics. A common trigger study are among

the priorities investigations in the collaboration, since the FoCal-E and FoCal-H detectors should be syn-

chronized in the final detector, to be able to fulfil the physics goals of the detector15.

Figure 49: The mean value of the gauss function fit to the hadron peak for each energy, for testbeam

setups including and excluding FoCal-H. The mean value corresponds to the measured energy of the

hadron peak and is plotted as a function of the beam energies.

The energy difference between setups including and excluding FoCal-E in front of FoCal-H using the

ADC and TOT cuts, lowers the calculated values of the energy loss in FoCal-E with several GeV, com-

pared to the calculations without the cuts. This is true for all energies except 60 GeV, which is roughly the

same. The energy difference, i.e. the energy loss in FoCal-E, is still far to high compared to the theoretical

Bethe-Bloch calculations. Other physics contributions to the theoretical calculations should be found, in

order to explain the energy loss we see in the data.

14The common trigger analysis is conducted by someone else in the collaboration (Max Rauch and Alexander Buhl) [42].
15See section 3 for a description of the FoCal physics goals.
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8.2 Simulation data - November 2022 SPS H2

This section will go through the performed simulations corresponding to the different experiments tested

at the November 2022 SPS H2 testbeam. The section will also go through the analysis of various studies

aiming to understand the FoCal-H testbeam data.

The simulations done in this thesis have been generated using Geant4 version 10.07 patch 03. All further

analysis of the simulations has been made using c++ and ROOT. The majority of the simulations have

been run to 100.000 events, due to the time it takes for the simulation to run. However, smaller studies

have been run to 10.000 events, but can be run with increased number of events if the need for better

statistics is prioritized.

At the November 2022 SPS H2 testbeam, energies from 60 GeV to 350 GeV were measured using the

FoCal-H second prototype setup, which where performance tested using various detector configura-

tions. Corresponding simulations for these performance tests, have been performed and will be pre-

sented in this section.

8.2.1 Comparison between updates in simulations

During the first simulations of the testbeam FoCal setup, a lot of parameters were changed from week to

week in order to optimize the FoCal prototype setup. These changes were both from the FoCal-H team

but also from FoCal-E.

One of the changes in FoCal-H was done because I noticed that the first simulations had been run with

air gaps between the FoCal-H calorimeter modules. This is not the case in real life and would simulate

areas where particles would not get detected in the simulations. A visualization of the detector setup

with these air gaps can be seen in figure 50 below.

Figure 50: The figure shows a visualization of the Geant4 simulations where the FoCal-H calorimeter

setup has air gaps between the calorimeter modules.

In order to examine how big an effect a mistake like this could have on the simulation, I simulated the

FoCal setup at 200 GeV, with and without the air gaps. The two different simulations can be seen in
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figure 51. The figure in the upper section shows the energy response detected in FoCal-H, whereas the

lower section shows the ratio between the two simulations. Taking the ratio between the two different

simulations would show areas where the bin content is different. The error pr. bin in this histogram

is calculated by default using the divide() function in root, where the Sumw2() is implemented. Sumw2()

computes the error pr. bin by computing the square root of the sum of the entries in each bin squared [41].

If the bin content is similar for the two simulations, then the green line should be around the value 1, if

it is different then the green line would deviate from 1. As is clear from figure 51, the simulations with

and without the implemented air gaps do not show a large effect of air gaps on the response in FoCal-

H. This is important knowledge to have when studying ones simulations. However, in all simulations

continuing from hereon the air gaps are removed in order to be as close to reality as possible.

Figure 51: The figure shows a comparison between simulations with and without air gaps between the

FoCal-H calorimeter modules.

The FoCal-H team also changed the size of the inner diameter from 1.1 mm to 1.12 mm in order to reduce

the spacing between the scintillating fiber and the copper tube. The outer diameter was also changed

from 2.5 mm to 2.52 mm in order to reduce the spacing between the copper-tubes and the copper-box

around all 668 copper-tubes. A comparison study between these simulations can be seen in the appendix

section 11.4.1. The FoCal-E team also implemented some changes in the sizes of the pixel layers, as well

as the spacing between the pixel and the pad layers. The result of this comparison study can also be

seen in the appendix section 11.4.1. Neither of the last two comparison studies showed to have any large

effects on the simulations.

8.2.2 Beam shape and size

Additional important considerations when setting up the simulation are the beam shape and size. These

factors give an important contribution in regard to comparing the simulated response in the detector to
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the testbeam data. The simulation was initially set to have a square beam shape and a size of 4x4 cm.

However, these configurations do not relate to the beam size and shape in the November 2022 SPS H2

testbeam, and were therefore changed.

3D plots showing an implementation of a round 4x4 cm beam size, compared to a round 1x1 cm beam

size can be seen in figure 52 and figure 53. The round 1x1 cm beam has been used in the remaining

studies, in order to compare with testbeam data. The beam shape and size study was performed for two

energies, 60 GeV and 350 GeV.

Figure 52: The figure shows the shower profile in FoCal-H at 60 GeV for two different sizes of beamspot.

The left-side plot shows a simulation implementing a round 1x1 cm beam. The right-side plot shows a

simulation implementing a round 4x4 cm beam.

Figure 53: The figure shows the shower profile in FoCal-H at 350 GeV for two different sizes of beamspot.

The left-side plot shows a simulation implementing a round 1x1 cm beam. The right-side plot shows a

simulation implementing a round 4x4 cm beam.

The difference in the beam size has importance in relation to the response in FoCal-H. Figure 54 shows

the total response in FoCal-H for simulations at 60 GeV (top) and 350 GeV (bottom) implementing the

round 4x4 beam (red), compared to the round 1x1 cm beam (blue). These simulations do not include

FoCal-E in front of FoCal-H in the FoCal detector setup. The plot also shows the ratio between the two

beam configurations (green), giving a understanding of the difference between the two beam configura-

tions. The corresponding analysis can be performed with FoCal-E in front of FoCal-H, to estimate the

difference for the total FoCal detector setup. I suspect that with a 4x4 cm beamspot, some particles could

interact with the edges of FoCal-E, resulting in unexpected response in FoCal-H, but also in FoCal-E.
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Figure 54: The figure shows the total response in FoCal-H for two different beam configurations. The

top figure is for 60 GeV and the bottom figure is for 350 GeV. The red line shows the total response using

a round 4x4 cm beam. The blue line shows the total response using a round 1x1 cm beam. The ratio

between the total response for the two beam configurations is represented by the green line.

The response for the two different beam configurations is fairly compatible. The largest differences in

the two configurations are seen in the low energy and high energy range, for both 60 GeV and 350 GeV. I

suspect these differences are related to the significant change in the beam size, leading to a larger particle

shower with a larger amount of fluctuations in the response of the FoCal-H calorimeter modules. In

addition, the hadron peak in the 60 GeV simulations using the round 4x4 cm beam, seems to be reduced

in high compared to the round 1x1 cm beam. Whether this could be due to particles e.g. hitting the edge

of FoCal-E resulting in an unexpected response in FoCal-H, or a possible saturation of the scintillating

fibers in FoCal-H, is unknown. A study where the beam size is increase and/or decreased could be
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performed, in order to eliminate one or the other possible explanation.

When comparing simulations to testbeam data, one should use configurations as close as possible to

those used in the November SPS H2 testbeam.

8.2.3 FoCal detector setup

Detector setups including and excluding FoCal-E in front of FoCal-H were one of the configurations

tested in simulations. These simulations were prioritized to verify the trend of the pre-shower peak,

which was seen in the testbeam data from the September and November 2022 testbeam. The results of

these studies will be presented in this section.

8.2.3.1 FoCal setup including FoCal-E

The first step was to simulate the full detector setup, using both FoCal-E and FoCal-H. The response in

FoCal-H could then be studied, to see if a pre-shower peak similar to what was seen in the testbeam data

would appear. To do so, the following simulated detector setup was used, as can be seen in figure 55.

Figure 55: The figure shows a Geant4 illustration of the detector setup of both FoCal-E and FoCal-H.

The illustration shows the FoCal-E and FoCal-H prototype setup, and not the final version of the two

calorimeters.

The setup has been simulated using two different Geant4 physics lists, the QGSP-BERT and the FTFP-

BERT. Both physics lists are recommended for simulations of high-energy calorimeter physics. The dif-

ference between the two physics lists will be explained in section 8.2.3.3, where the simulation data is

examined in greater detail. Furthermore, the reason for using two different Geant4 physics lists will be

discussed in section 8.3.2.

Both physics list have been simulated using a pion (π+) beam for 100.000 events. Figure 56 shows sim-

ulations from 60 GeV to 350 GeV using the QGSP-BERT physics list, for the detector setup including

FoCal-E in front of FoCal-H.
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Figure 56: The figure shows a plot of the total response measured in FoCal-H in simulations using

the detector setup including FoCal-E, and the QGSP-BERT physics list. The simulated responses are

performed for energies from 60 GeV to 350 GeV.

Figure 57 shows the corresponding simulations from 60 GeV to 350 GeV using the FTFP-BERT physics

list. The FoCal-H response using the FTFP-BERT physics list has a larger contribution in the pre-shower

peak. The possible reason for this will be discussed in section 8.2.3.3. A comparison between the FoCal-H

response for the two physics lists at 60 GeV, can be found in appendix section 11.4.2.

Figure 57: The figure shows a plot of the total response measured in FoCal-H in simulations using

the detector setup including FoCal-E, and the FTFP-BERT physics list. The simulated responses are

performed for energies from 60 GeV to 350 GeV.
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Both Geant4 physics lists show to be consistent with testbeam data for the detector setup including

FoCal-E, and this is true for all simulated energies. The hypothesis that the pre-shower peak could be

due to the particle shower starting in FoCal-E is therefore confirmed.

To examine the pre-shower peak in further detail, one could possibly study the response in FoCal-E for

the simulations. Due to the composition of FoCal-E, the response for a high-energy hadron would most

likely be seen as a punch through particle. A detailed punch through study in simulation for FoCal-E

has not been performed in connection to this thesis. However, the response of FoCal-E for this setup has

been studied elsewhere. The response in both FoCal-H and FoCal-E for both Geant4 physics lists can be

seen in figure 58 and figure 59. The plots in the two figures are shown on a logarithmic scale, so that the

dissimilarities in the response for FoCal-E and FoCal-H are visible.

Figure 58: The figure shows a plot of the total response measured in FoCal-H and in FoCal-E, for simu-

lations including FoCal-E in the detector setup, and the physics list QGSP-BERT using a pion beam. The

left-side figure shows the responses at 60 GeV. The right-side figure shows the response at 350 GeV.

Figure 59: The figure shows a plot of the total response measured in FoCal-H and in FoCal-E, for simu-

lations including FoCal-E in the detector setup and the physics list FTFP-BERT using a pion beam. The

left-side figure shows the responses at 60 GeV. The right-side figure shows the response at 350 GeV.

The simulated response in FoCal-E and in FoCal-H both increase as the energy increases. This agrees

with the expectation of a shower development of electromagnetic and hadronic calorimeters. The re-

sponse in FoCal-H is significantly larger than the response in FoCal-E, since the performed simulations

are hadronic using a π+ beam. However, if the simulations were performed with e.g. an electromagnetic
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e− beam, the response would be large in FoCal-E, since an electron would react electromagnetically in

FoCal-E.

Figure 60: The figure shows a plot of the total response measured in FoCal-H and in FoCal-E, for simu-

lations including FoCal-E in the detector setup and the physics list QGSP-BERT using an electron beam.

The left-side figure shows the responses at 60 GeV. The right-side figure shows the response at 350 GeV.

Figure 61: The figure shows a plot of the total response measured in FoCal-H and in FoCal-E, for simu-

lations including FoCal-E in the detector setup and the physics list FTFP-BERT using an electron beam.

The left-side figure shows the responses at 60 GeV. The right-side figure shows the response at 350 GeV.

8.2.3.2 FoCal setup excluding FoCal-E

To see if the pre-shower peak would disappear, as we saw in the testbeam data, simulations excluding

FoCal-E in the detector setup, also needed to be performed. An illustration of the Geant4 simulated

detector setup excluding FoCal-E in front of FoCal-H can be seen in figure 62.
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Figure 62: The figure shows a Geant4 illustration of the detector setup of FoCal-H, where FoCal-E has

been excluded from the simulation setup. The illustration shows the FoCal-H second prototype setup,

and not the final FoCal-H detector.

As for the setup including FoCal-E in front of FoCal-H, these simulations were run at energies from 60 to

350 GeV, using the QGSP-BERT and FTFP-BERT physics lists. Figure 64 and 63 below show the results

of these simulations.

Figure 63: The figure shows a plot of the total response measured in FoCal-H in simulations excluding

FoCal-E from the detector setup using the QGSP-BERT physics list. The simulated FoCal-H responses

are performed for energies from 60 GeV to 350 GeV.
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Figure 64: The figure shows a plot of the total response measured in FoCal-H in simulations excluding

FoCal-E using the FTFP-BERT physics list. The simulated responses are performed for energies from 60

GeV to 350 GeV.

From the two plots showing all simulated energies using the detector setup excluding FoCal-E in front of

FoCal-H, one can see that the pre-shower peak indeed disappears, indicating that the theory of FoCal-E

starting a particle shower which continues into FoCal-H, is validated in simulations. This is true for both

physics lists, as seen in figure 63 and figure 64.

The simulation using the FTFP-BERT physics list at energies from 60 GeV to 100 GeV shows a small

bump in the high-energy end of the hadron peak. A possible reason for this can be found in section

8.2.3.3.

Comparisons between the FoCal-H response including and excluding FoCal-E in front of FoCal-H in

simulations using the QGSP-BERT physics list can be found in appendix section 11.4.3.

8.2.3.3 Comparison between simulation physics lists

Simulations using both the QGSP-BERT and FTFP-BERT physics lists were shown to be consistent with

the total response in FoCal-H for the testbeam data. However, the two physics lists do not contain the

same physics contribution. This section will examine the difference between the two physics lists, in

order to determine which one of them contains the most relevant physics information for the FoCal

simulations.

Both the Geant4 QGSP-BERT and the FTFP-BERT physics lists are recommended for use in simulations

revolving around high-energy calorimeter physics, specifically processes where the primary particle is

hadronic. The Geant4 FTFP-BERT physics list was the former default package, but is now replaced by

the QGSP-BERT physics list in connection to this thesis. However, this does not necessarily mean that the

QGSP-BERT physics list is the correct choice for the FoCal full scale simulations, where the final design
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of FoCal is tested.

Both physics lists have implemented packages that handle both hadronic components and electromag-

netic components. The hadronic part of both lists consists of inelastic, elastic, capture, and fission pro-

cesses. These processes are in the Geant4 framework built from cross-sections and interaction models. In

the following, I will compare the two lists with respect to how they handle inelastic contributions [38].

Common for both the QGSP-BERT and FTFP-BERT is the BERT sublist. BERT stands for ’Bertini in-

tranuclear cascade’ and handles hadronic interactions with energies from 0 to 6 GeV. The sublist handles

hadrons with a long lifetime as projectiles, making it possible to have gamma- and lepton-nuclear inter-

actions.

Both the QGSP-BERT and the FTFP-BERT also have the P sublist, which stands for ’Precompound

model’. The P sublist handles the de-excitation of the remaining nucleus after a great fraction of the

incident particle has interacted. In regards to the FoCal simulation, this sublist could be important e.g.

the FoCal-H copper-tubes, when accounting for the last fraction of a particle shower from an incident

pion. The differences between the two physics lists are seen in the QGS and FTF part of their names. The

QGS part of the QGSP-BERT physics list stands for the ’Quark gluon model’. This hadronic component

of the list handles inelastic hadron-nucleus processes above 12 GeV in the simulations. The particles

that the QGS takes into account are protons, neutrons, pions and kaons. The FTF part of the FTFP-BERT

physics list stands for the ’Fritiof parton model’. This hadronic component of the list handles the same

types of particles as QGS, but only in the range of 3 GeV to 26 GeV [38].

The electromagnetic part for both the QGSP-BERT and the FTFP-BERT physics lists is handled by the

same standard package called G4EmStandardPhysics constructor. Additional electromagnetic physics

lists can be added, but this was not done for the FoCal simulations [38] in this thesis.

None of the two physics lists takes optical photons into account, because it is very CPU-heavy. However,

if one has a detector setup including optical photons, as we have for the FoCal setup, then this should

be added. For the FoCal simulations performed in this thesis, the optical photons physics list called

’OpticalPhotonPhysics’ is used.

In order to understand the different contributions to the total response detected in FoCal-H excluding

FoCal-E in front, the two physics lists for a given energy have been plotted. Figure 65 below shows

the QGSP-BERT and FTFP-BERT physics lists for 60 GeV and 300 GeV. The calculated ratio between the

total responses for the two physics lists is also shown. As described in section 8.2.1, the error in the

histogram is calculated by default using the divide() function in root, where the Sumw2() is implemented.

Sumw2() computed the error pr. bin by computing the square-root of the sum of the entries in each bin

squared [41].

As can be seen from figure 65, the low energy part of the signal indicates a relatively good agreement be-

tween the QGSP-BERT and FTFP-BERT physics lists. However, the contribution form the two lists starts

to differ around the hadron peak. The peak for the FTFP-BERT physics list is higher for all energies than

for QGSP-BERT. I assume that this is due to the gap in energy from 3 GeV to 12 GeV between hadron-

nucleus processes, which is taken into account in the FTFP-BERT physics list. However, the difference

can also come from the difference in the gap from 6 GeV to 12 GeV, which comes from the hadronic

interactions in the BERT sublist in relation to the hadron-nucleus interactions in the QGS sublist.
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Figure 65: The figure shows a comparison of the two Geant4 physics lists for 60 GeV and 300 GeV. The

top plot shows the the total response of the QGSP-BERT(blue) and FTFP-BERT(red) physics lists at 60

GeV. The bottom plot shows the total response of the QGSP-BERT(blue) and FTFP-BERT(red) physics

lists at 300 GeV. Both plots also show the ratio between the total response for the two Geant4 physics

lists plotted below (green).

Another difference between the two physics lists is seen in the higher part of the energy tail. The QGSP-

BERT physics list seems to collect a larger contribution of particles with higher energy. I assume that

this could stem from the fact that this list does not have a cutoff for hadron-nucleus processes from 26

GeV and up, as had for the FTFP-BERT list. The QGSP-BERT physics list does on the contrary have a

lower limit of 12 GeV and collects everything above that. I suspect these cutoffs to have an effect in the
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fluctuations contributing in the FoCal-H response.

This physics list comparison has also been performed for energies of 100 GeV, 200 GeV and 250 GeV, and

these plots can be seen in the appendix section 11.4.4.

Ideally, the simulations would not have this gap in energies for the hadronic interaction. I have therefore

tried to combine the two Geant4 physics lists, in order to cover the hole energy range. However, this

study did not lead to any functional solution, since Geant4 either counts the contribution twice or only

accounts for the last implemented physics list.

For any further studies in regards to this thesis, it was chosen to continue with the Geant4 physics list

QGSP-BERT, since it seems to represent the testbeam data more accurate.

8.2.3.4 Energy comparison between simulation setups

As was done for the testbeam data, the simulations including and excluding FoCal-E in the detector

setup needed to be compared. This is done to examine the energy difference between the two setups,

but also the energy difference compared to the testbeam data.

In order to estimate the amount of energy lost to the pre-shower in FoCal-E in the simulations, a gaussian

function fit was fitted to the hadron peak for both detector setups. For each energy the mean of the fit was

calculated, corresponding to the measured energy of the hadron peak in FoCal-H. The mean values for

each energy are plotted as a function of the beam energies and can be seen in figure 66. The percentage

difference between the mean values for the same energy, and the conversion into GeV, are given in the

plot.

Figure 66: Mean value of the gaussian function fit to the hadron peak, for simulation setups including

and excluding FoCal-H, using the QGSP-BERT physics list. The mean value corresponds to the measured

energy of the hadron peak and is plotted as a function of the beam energies.

As visible in the calculated energy difference between the two detector setups, the energy difference gets
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larger for higher beam energies, with one exception at 300 GeV. This was also the case for the testbeam

data. The energy difference, i.e. the energy loss in FoCal-E, is significantly smaller than for the testbeam

data, almost by a factor two for all the energies. I suspect this difference can be influenced by the lack

of implementation of noise, air gaps, and electronic fluctuations, which is present in the testbeam data.

However, since the simulated energy loss calculations are nowhere near the measured values om the

testbeam data, this could still indicate that other physics processes should be included in the theoretical

calculations, or a biasing of the calculations to be too large.

8.2.4 Shower containment

The spatial energy distribution is important to study, to shed light on shower containment in the calorime-

ter. The purpose of a calorimeter is to measure the energy of particles. When a particle enters the

calorimeter, it starts a particle shower, which is then read out by the electronics. If the particle shower is

not contained within the size of the calorimeter, it will result in what is called leakage, and the energy

of the entering particle can not be reconstructed. This can result in experimental measurements of that

particle’s energy being orders of magnitude smaller than the real energy of that particle. Lack of shower

containment can have an effect on the energy resolution of a calorimeter in two different ways, namely

longitudinal leakage and lateral leakage. These two types of leakage have a great importance in regard

to hadronic calorimeters.

Longitudinal leakage describes cases where the particle shower is not contained within the longitudinal

direction of the calorimeter. Therefore, high-energy particles from particles showers in the calorimeter

can exit the active volume of the calorimeter, without depositing all their energy. The risk of longitudinal

leakage fluctuates from event-to-event due to the differences in particle showers.

Lateral leakage describes cases where the particle shower is not contained within the sides (height and

width) of the calorimeter. At high-energy particle shower the shower-size, i.e. the area of the spread of

the shower where particles have deposited energy, has a tendency to increase at higher energies. This

means that a calorimeter, which is to be placed in a high-energy environment, needs to cover a large

area to contain the development of different types of particles showers. As for the longitudinal leakage,

lateral leakage fluctuates from event-to-event due to the differences in particle showers.

The most commonly known constraints leading to longitudinal and lateral leakage, is the physical space

where the calorimeter should be placed, and the cost of the materials. Both longitudinal and lateral

leakage, contributes to a worse calculated spacial and energy resolution of the calorimeters, since the

energy of the particles cannot be reconstructed [29].

This thesis has studied the lateral shower containment in FoCal-H, for the setups including and exclud-

ing FoCal-E in front of FoCal-H. The 60 GeV and 350 GeV results of the shower containment study for

the two detector setup can be found in the following sections 8.2.4.1 and 8.2.4.2, while the remaining can

be found in appendix section 11.4.5.

The shower containment can be studied by looking into the total response for each of the FoCal-H

calorimeter modules. First, a global maximum and minimum between the 9 modules is found. The

maximum and minimum value is then set to be the same, for all 9 modules in order to compare the de-

posited energy for an event for each energy. A 3D figure is produced for each of the 9 modules, and put

together as one figure in order to represent the FoCal-H second prototype layout. In order to be able to

compare the showers for each of the different energies from 60 to 350 GeV, the plots are normalized with
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respect to the 60 GeV simulation, in order to get the same scale. If the normalization is not implemented,

the shower development cannot be compared across different energies.

The simulations have not yet been digitized. The digitization should be implemented by grouping the

scintillating fibers into SiPM readout channels, and implementing such parameters as the estimated pho-

ton detection efficiency (PDE) for the SiPM. In order to compare the shower containment in simulations

to the testbeam data, the digitization should be implemented, and this is currently being worked on. The

lateral shower containment is therefore so far calculated from the energy (light yield) in the individual

scintillating fiber.

8.2.4.1 FoCal setup including FoCal-E

The lateral shower containment, or spatial energy distribution, in the 9 FoCal-H calorimeter modules, has

been studied for energies from 60 GeV to 350 GeV, using the setup including FoCal-E. As mentioned, the

shower size increases at higher energies, meaning that the area where the shower spreads and deposits

the energy increases at higher energies. This is clearly visible in figure 67. At the 60 GeV simulation most

of the shower is contained within the size of the central calorimeter module. The shower profile seems

to be flat in the top and bottom part. I suspect this to be purely analyse related, from the way the figures

overlap, to create the FoCal-H second prototype layout. At 350 GeV the shower size has spread to cover

half the size of the outer calorimeter modules. This indicates that for the setup including FoCal-E in front

of FoCal-H the lateral shower is contained within the lateral size of FoCal-H second prototype.

Figure 67: The figure shows the lateral shower size, also called the spatial energy distribution, in the

detector setup including FoCal-E in front of FoCal-H. The left-side plot shows the shower size at 60 GeV,

and the right-side plot shows it at 350 GeV.

I would suggest to perform a study for the highest energy possible to contain within the lateral direction

of FoCal-H including FoCal-E in front of FoCal-H. This study has not been performed due to lack of

time.

8.2.4.2 FoCal setup excluding FoCal-E

The lateral shower containment, in the 9 FoCal-H calorimeter modules, has also been studied in regards

to a detector setup excluding FoCal-E in front of FoCal-H. This study covers energies from 60 GeV to 350

GeV. Comparing the two spatial energy distribution plots in figure 68 to those in figure 67 with a setup

including FoCal-E, one can see that the lateral shower size is smaller for the detector setup excluding
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FoCal-E. I assume that the size difference comes from the lack of pre-showers in FoCal-E, which con-

tinues into FoCal-H. The pre-shower particles would naturally contribute to a larger shower size since

these already have been started showering in FoCal-E. The lack of pre-shower particles, therefore results

in a smaller shower size.

Figure 68: The figure shows the lateral shower size, also called the spatial energy distribution, in the

detector setup excluding FoCal-E in front of FoCal-H. The left-side plot shows the shower size at 60 GeV,

and the right-side plot shows it at 350 GeV.

I would again suggest to perform a study for the highest energy possible to contain within the lateral

direction of FoCal-H excluding FoCal-E in front of FoCal-H. This study has not been performed due to

the lack of time. I suspect the detector setup excluding FoCal-E could go a smaller amount of energy

above the detector setup including FoCal-E, due to the lack of pre-shower particles. Hence, the shower

would be a bit more forward focused.

8.2.5 Position scan

The position scan is performed in order to examine the response of FoCal-H if a particle hits the inter-

sections between the modules. In these intersections, two sides of a 1.5 mm copper-box surrounding the

copper-tubes are facing each other, providing a fairly large amount of passive material. This examination

is performed using the detector setup including FoCal-E in front of FoCal-H. This setup has been chosen

in order to be compared to the position scan taken at the November 2022 SPS H2 testbeam.

This study has been performed in light of a group of first year students’ project, where an analysis of the

testbeam data position scan was studied. In their study, they found that in the position 2 and 3 shown in

figure 69, the energy of the response was significantly smaller, and without the pre-shower peak on one

of these positions [43]. These results can be found in section 11.4.6.1.

The particle(s) from the beam used at the testbeam for the position scan can potentially have hit the

intersection between the copper-plates. Hence, this simulation study focus on examining the FoCal-H

response in these intersections. The particle(s) would in this scenario hit a larger amount of passive

material than if it hit the copper-tubes, leading to the particle(s) depositing their energy. Due to the lack

of active material in this area of the FoCal-H calorimeter, the response would be lower than usual, and

the pre-shower particles would not necessarily be as visible.

The simulation study of the position scan has been performed at 23 different positions, all around the

intersections between copper-plates. Two corners have been examined particularly closely since it was

not certain whether the simulated and real FoCal-H are rotated in the same direction around the y-axis.
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By comparing my simulations with the testbeam data it seems like the simulations are rotated the other

way with respect to the beam-pipe.

In addition, the positions from the testbeam position scan was written down in terms of the position of

the DESY table, on which the FoCal prototypes was placed. The positions used in the simulations are

therefore recreated to the best of my ability.

Figure 69 indicates where on the FoCal-H second prototype the beam-pipe hits the calorimeter for the

23 different positions. The red box in the figure shows the area that FoCal-E covers in front of FoCal-H.

As represented in the figure, some of the positions in the study, lie on the edge of the area that FoCal-E

covers. I suspect that these areas can lead to unexpected results, or blowups in the FoCal-H response.

Figure 69: The figure shows a schematic of the FoCal-H 9 calorimeter modules, and where on these

modules the beam-pipe has been placed to examine the intersections between the modules. The figure

also shows the area (red line) that FoCal-E covers in front of FoCal-H.

The specific offsets of the beam-pipe with respect to origo of the FoCal detector layout can be found in

table 3 in appendix section 11.4.6.2. The positions in the intersections have been determined by calcu-

lating half the length of one of the calorimeter modules16. Using an offset in either the x or y direction,

positions the simulated beam-pipe in the area of the intersections between the copper-plates. Offset1

does in the simulations correspond to the x-coordinate and offset2 corresponds to the y-coordinate.

Firstly, I examined the same two positions as the first year students did in their project, to see whether

the simulations yielded the same results. The spatial energy distributions of the two positions are shown

in figure 70. The spatial energy distributions for the two figures indicates the position of the beam-pipe,

and thus the beam-spot, on the FoCal-H second prototype. The intensity of the two particle showers is

almost similar, with a lower value for the position 3. This can be due to the rotation of the FoCal-H and

the hitpoint of the beam particles.

16The layout of a calorimeter module can be seen in figure 14
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The total response in FoCal-H for the position 2 and 3 can be seen in figure 71, where the smaller energy

deposit in position 3 is also visible. However, this difference is almost negligible.

Figure 70: The figure shows the spatial energy distribution of the particle shower for two positions in

the position scan. The left-side figure shows the spatial energy distribution for position 2. The right-side

figure shows the spatial energy distribution for position 3

.

Figure 71: The figure shows two response curves in FoCal-H for two positions examined in the inter-

sections between the FoCal-H calorimeter modules. The blue line shows the response for position 2, and

the red line shows the response for position 3.

Both positions were tested in case the rotation of the simulated and real FoCal-H second prototype was

not implemented in the same direction. However, none of the two positions show indication of the

pre-shower peak being removed. Nevertheless, the pre-shower peak does seem to have decreased a bit

at position 3, and have for this reason been studied further. The study is performed for the positions

surrounding position 3, in case the simulated beam-pipe and the testbeam beam-pipe have not been

position at the exact same position, as I think it seems like. The two vertical positions lying in the

intersection on either side of position 3 can be seen in figure 72. Position 14 lies on the edge of the area
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covered by FoCal-E.

Figure 72: The figure shows two response curves for the vertical position lying in the intersection on

either side of position 3. The blue line shows the response for position 14, and the red line shows the

response for position 18.

The two horizontal positions lying in the intersection in relation to position 3 can be seen in figure 73. In

this case, position 12 lies on the edge of the area covered by FoCal-E.

Figure 73: The figure shows two response curves for the horizontal position lying in the intersection on

either side of position 3. The blue line shows the response for position 12, and the red line shows the

response for position 16.
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The positions 16 and 18 lie inside the coverage of FoCal-E, and should for this reason contain the pre-

shower peak as shown in previous studies using the detector setup including FoCal-E. However, for

position 16 the pre-shower peak is not clearly visible in the response, and could indicate that the response

in the intersection is changed. For the case of position 12 and 14, these positions lies right on the edge of

the FoCal-E coverage, and I would therefore assume that the response of these positions could have been

different, regarding the pre-shower peaks. This seem to be the case, since these position do not include

the pre-shower peak either.

These preliminary results of the position scan indicate that the pre-shower peak indeed gets reduced

in the intersections of the FoCal-H calorimeter modules. I assume that the beam-pipe position in the

simulations is not positioned in the complete same spot as in the testbeam position scan. This assumption

is built upon the compatibility of the results produced in the surrounding positions to position 3.

In addition, the mean energy of the peak has decreased with respect to position 1 at origo (0,0) for the

FoCal detectors, as can be seen in figure 74. The assumption that the particles deposits a larger fraction

of their energy in these intersection seems plausible. An comparison between position 1 and 3 can be

seen in figure 74.

Figure 74: The figure shows two response curves for the position scan. The blue line shows the response

for position 1, which is the normal position at the center of FoCal-H. The red line shows the response for

position 3.

The simulated position scan produces results compatible with the ones from the position scan of the

testbeam. Thus, I would say that the hypothesis regarding the particle(s) hitting large amount of passive

material in these intersection areas, leading to the particle(s) depositing their energy, without it being

transferred to the active material, is likely to be true and to have a significant influence on the response

in FoCal-H.

I would for a future design of the FoCal-H detector recommend to increase the size of the calorimeter

modules. Larger modules would result in fewer intersections of copper-plates that the particles could
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interact with. One could possibly also choose another material than copper, with a smaller interaction

length for the box around the copper-tubes. However, when choosing this material one would need to

bare in mind that the metal needs to be non-magnetic due to the placement of FoCal-H right beside the

compensator magnet.

The remaining spatial energy distributions and response curves for the positions studied in this scan,

can be found in appendix section 11.4.6 .

8.3 Comparison between testbeam data and simulation data

This section will go through various studies performed to compare the testbeam data and the simulation

data, using the November 2022 SPS H2 testbeam setup. The comparison studies are performed with the

intention to verify and/or point out areas which need to be investigated in the future.

8.3.1 Energy calibration

The first step in comparing the testbeam data to the simulation data is to make sure the data gets a

common axis. The testbeam data has an x-axis given in "Energy [ADC]", which stands for Analogue to

digital converter and is a translation value the CAEN DT5202 readout board uses to give a value for a

signal based on its energy. However, the simulation data has an x-axis given in "Light yield in all fiber",

which is the arbitrary energy value based on the signal which comes from all the scintillating fibers

in the FoCal-H prototype simulations in Geant4. The FoCal-H simulations have not yet been grouped

into bundles corresponding to the fiber bundles for each SiPM. This digitization would give a better

comparison to the testbeam results.

In order to find the common axis one needs to find a common factor between the testbeam data and

the simulation data. In this case, we know the beam energy for both the testbeam data and the pion

simulated data is the same.

The first step was to find an appropriate fit for the hadron peak. Due to the structure of the hadron peak

with the tail, a crystal ball function fit was chosen. The crystal ball function fit is a combination of a

gaussian core and a power-law tail and is commonly used in high-energy physics calculation. However,

a gaussian function fit was also tested but showed to be worse17. All lower and upper boundaries of the

crystal ball function fits have been set manually, and can for this reason have some bias. This was done

due to the punch through peak at around 6 GeV, which should not contribute to the calibration of the

total response measurements.

17See appendix figure 107 for a comparison between gaussian function fit and crystal ball function fit.
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Figure 75: The plot shows the total response for the testbeam data at 350 GeV, where all readout boards

were active. The total response is plotted as counts pr. bin as a function of Energy[ADC]. The plot also

shows the fitted crystal ball function fit.

The blue curve describes the total response of a 350 GeV hadron beam without FoCal-E in front, and the

red line is the crystal ball function fit, in a specific range. After fitting a crystal ball function fit to all the

energies, one can determine the mean of the fit. The value of the mean of the fit can then be plotted as

a function of the beam energy. The mean of the crystal ball function fit is calculated from the respective

energy output for the simulation("Light yield in all fibers") and the testbeam data (Energy[ADC]). A

straight line is then fitted to the points, in order to calculate the measured energy with respect to the

beam energy.

Eresponse = a · Ebeam + b → Ebeam =
Eresponse + b

a

Eresponse is in this case "Energy[ADC]" for the data and "Light yield in all fibers" for the simulations.

The mean of the crystal ball function fit, for both the beam data and the pion simulation data, could then

be plotted as a function of the beam energy. The two calibration curves can be seen below in figure 76.
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Figure 76: The figure shows the calibration fit for the testbeam data and the simulations. The top plot

shows the calculated mean values of the crystal ball function fit for all pion simulated energies as a

function of the beam energy. The plot also shows a linear fit through the points. The bottom plots shows

the corresponding calculations and linear fit for all testbeam data energies. The plots have beam energy

on the x-axis and the mean of the crystal ball function fit on the y-axis

The linear fit to the simulated pion data has a χ2-value of 0.2, indicating that the linear fit is too good. A

χ2-value should in general be 1, for the linear to be a good representation of the data. However, a good

χ2-value is expected for the simulated pion data, since simulations should be theoretically better than

the testbeam data since it is tuned on theoretical models. In contrast to the pion simulation, the testbeam

data does not have a good χ2-value. The χ2-value of 30.69 for the testbeam data indicates that the linear

fit is not a good representation of the data points.

Examining the total response of the testbeam data and the simulated pion data, one could get an idea

of why this difference occurs between the testbeam data and the simulations. As is clear from the two

plots in figure 77, showing the total response for the pion simulations and testbeam data for the energies

of 200 GeV and 350 GeV, the hadron peak for the testbeam data is higher than for the simulations. The
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reason for this could for instance be beam-related noise, which is detected and therefore contributes to

the total response in the testbeam data. However, the physics contribution in the Geant4 QGSP-BERT

physics list can also be the reason for this difference.

The testbeam data has in this case been cut down to 100.000 events to match the statistic of the simu-

lations. The two curves for the total response have also been plotted using the same binning. This can

therefore not have an effect on the curves for the responses. The remaining comparison of the testbeam

data and QGSP-BERT simulation data at different energies can be seen in appendix section 11.5.2.1.

Figure 77: The left-side plot shows the total response in FoCal-H at 200 GeV for the testbeam data (red)

and the QGSP-BERT simulations (blue). The right-side plot shows the total charge in FoCal-H at 350

GeV for the testbeam data (red) and the QGSP-BERT simulations (blue).

As already mentioned, the testbeam data has a significantly higher hadron peak for both the 200 GeV

and 350 GeV. Besides this difference, the peak also differs in relation to how broad the hadron peak is

compared to the testbeam data. This difference could be related to beam noise in the detector setup, or

other noise contributions in the testbeam hall. However, this can also be related to the physics contribu-

tions in the Geant4 QGSP-BERT physics list. 18.

The peak differences between the simulations and the testbeam data can also be influenced by the physics

processes produced in the particle showers. Processes as e.g. π0 production is one of the processes which

fluctuates from event-to-event in pion induced showers. These fluctuations contributes to a broader peak

and an asymmetric peak [29, p.150].

Although it was decided to use the Geant4 QGSP-BERT physics list, I have compared the total response

in FoCal-H for the testbeam data with the Geant4 FTFP-BERT physics list, to see this relation. The hadron

peak for the FTFP-BERT physics list does to some extend show a better agreement to the hadron peak

for the testbeam data. This could indicate that the answer to why the hadron peaks look different lies

within the physics processes. A comparison of the remaining testbeam data responses to the simulations

using the FTFP-BERT physics list can be found in appendix section 11.5.2.2.

18See section 8.2.3.3 to get a detailed description of the physics contribution in the QGSP-BERT physics list.

78



Master Thesis 22/5-2023

Figure 78: The left-side plot shows the total response in FoCal-H at 200 GeV for the testbeam data (red)

and the FTFP-BERT simulations (blue). The right-side plot shows the total response in FoCal-H at 350

GeV for the testbeam data (red) and the FTFP-BERT simulations (blue).

8.3.2 Energy resolution

The energy resolution of a sampling calorimeter determines how precisely the calorimeter can measure

the energy of the particle. As mentioned, a calorimeter is a detector that measures the deposited energy

of particles that interact with the detector setup. Thus, the energy resolution is an important tool to

estimate the efficiency of the calorimeter.

The energy resolution is determined by the following equation:

σ

E
=

√(
a√
E

)2
+

(
b
E

)2
+ c2 (2)

The right-hand side of the equation has three contributing terms, where two depends on the energy of

the incident particle in the calorimeter. The first term is called the stochastic term, and is related to the

particle processes, i.e. the particle shower development. This term needs to be included to account for

fluctuations in the development of the showers from event-to-event. However, these fluctuations can

also have a contribution in regards to the shower development through the active and passive materials

in the calorimeter. The stochastic term, and the fluctuations which it depends on, contributes to limita-

tions in the energy resolution for sampling calorimeters. The second term is called the noise term, and is

related to electronic noise in the calorimeter setup. The noise term increases the energy resolution as the

energy of the incident particle decreases. The noise term is almost negligible for scintillating sampling

calorimeters, due to the small levels of noise when using a photosensitive device, e.g. a SiPM, as the

first step in the electronic system. The contribution of the noise term, is easy to decrease in sampling

calorimeters. To decrease the noise term, the sampling fraction should be increased by having a larger

amount of active material (see equation 1). Increasing the sampling fraction leads to a larger signal from

the active medium and thereby a higher signal-to-noise ratio. The third term is called the constant term,

and is related to non-uniformities in the response of the calorimeter. Some of these non-uniformities can

be related to construction of the passive and active materials (e.g. air gaps or deformities of the ma-

terials), temperature fluctuations, radiation damage, and damage of the readout system. The constant

term is not related to the energy of the incident particle, and can if noticed be fixed by changing the e.g.

damaged components [28].
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To calculate the energy resolution of the FoCal-H second prototype setup excluding FoCal-E in front of

FoCal-H, the calibrated total response of the testbeam data and pion simulation data was used. Using

the earlier calculations, as seen in figure 75, a crystal ball function fit was used to extract the mean,

mean error, standard deviation, and standard deviation error. The lower and upper boundaries of the

crystal ball function fit are again defined manually. Extracting these values makes it possible to calculate

the energy resolution of the calorimeter by using σ
E ≈ σ

µ . It is assumed that the energy of the incident

particle is roughly the mean value of the response.

The energy resolution has been calculated using the testbeam data, and both the QGSP-BERT and FTFP-

BERT physics lists. These calculations can be seen in figure 79.

Figure 79: The figure shows the calculated energy resolutions for the testbeam data (red), simulations

using the QGSP-BERT physics list (green), and the simulations using the FTFP-BERT physics list (blue).

The error propagation calculated for these resolution curves consist of a contribution for the statistical

error and the estimated error of the mean value.

Error =

√(
1
µ
)

)
· σ2

error +

(
σ

µ2

)2
·
(

µestimated
error · µerror

100

)2

(3)

The values µ, σ, µerror, and σerror are drawn from the crystal ball function fits, for each energy. The es-

timated errors were needed, since the errors derived from the statistical errors were underestimated,

making it impossible to determine if the fit of the energy resolution was suitable. The estimated error

is determined by extracting the mean from the crystal ball function fit, from the fit-range used to get

the statistical error. From an interval of 0.5 σ, on either side of this mean, from a range of 0.5σ to 5σ

a crystal ball function fit was applied. From the fit for each interval the mean was again extracted. It

was determined that the estimated mean should be the mean from 5σ with the mean from 0.5σ sub-

tracted. The examination of the estimated error of the mean value is performed by someone else in the

collaboration [42].
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The calculations of the energy resolutions for the testbeam data and the simulations using different

physics lists are not compatible with each other, as would have been expected. The calculations of the

energy resolution lead to many questions, and in that connection multiple studies, to figure out why

they look like they do.

The first question is regarding the flat slope at higher energies of the energy resolution for the simula-

tions using the FTFP-BERT physics list. The energy resolution of the simulations using the FTFP-BERT

physics list deviates from the theoretical expectations of a hadronic calorimeter, where the incident par-

ticle is a hadron. This deviation was the first reason for the test of other physics lists recommended for

high-energy calorimeter physics (QGSP-BERT). The simulations using the QGSP-BERT physics list look

as theoretically expected. However, the simulated energy resolution is worse than the one calculated for

the testbeam data. Having a good energy resolution is preferable, but an energy resolution which is bet-

ter than the simulated energy resolution brings the results into question. The present theory regarding

the result of the energy resolution for the testbeam data, is that it is artificially better due to saturation.

This theory will be described in further detail in section 8.3.2.1.

Other elements which were tested to figure out why the energy resolutions look like they do were: bin-

ning of the response curves, physics sub-lists, fit function, fit range, and correct calibration. However,

non of these had any meaningful effect on the calculations for the energy calibration, regarding both the

testbeam data and the simulations.

The results of the energy resolution have only been calculated using the detector setup excluding FoCal-

E in front of FoCal-H. The first reason for this is the inability to remove the pre-shower peak from the

simulations, so a compatible energy calibration between the testbeam data and the simulations can be

performed. To calculate the energy calibration, a MIP study in FoCal-E would be needed. The second

reason is the low statistics of the testbeam data (50.000 event out of 1 mio. events) after removing a

fraction of the pre-shower. However, a preliminary energy resolution of the testbeam data could be

calculated, using the common trigger runs, where some fraction of the pre-shower can be removed.

Thus, one should still find a solution to why the energy resolution of the testbeam data is better than in

the simulations.

8.3.2.1 Saturation

Saturation is an effect of the intrinsic limitations, e.g. small dynamic range, of the readout that generates

the signal. Saturation is an issue which has been noticed in the testbeam data. It is so far unknown

whether it is the SiPMs that saturate or the CAEN DT5202. However, this is one of the elements, which

is going to be examined in the upcoming testbeam in May 2023, by using the newly discovered TOT

readout in the CAEN DT5202.

Examining the total response for the simulations and the testbeam data, show indications of saturation

in multiple ways. Examining the 60 GeV total charge for the simulations and the testbeam data (see

top plot in figure 80), one can see that the testbeam data has a tail in the response. At an energy of 60

GeV, this tail could either be a part of the particle shower, or it could be an effect of saturated channels.

At the 60 GeV run excluding FoCal-E in front of FoCal-H, around 1-3 channels in the central module

saturated. The simulation at 60 GeV also indicates that a saturation limit is reached. This is indicated by

the steep curve in the high-energy part of the peak. The same indication of saturation can be seen in the

simulation at 300 GeV (see bottom plot in figure 80). Why the simulations show indications of saturation,
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without being digitized is currently unknown. I suspect the saturation stems from the implementation

of the scintillating fibers, and the implementation of number of photons pr. MeV. Saturation in the

simulations is currently being examined, by grouping the scintillating fibers into bundles representing

the channels in the FoCal-H second prototype. Summing up the energy (light yield) for the scintillating

fibers in each bundle, one gets the threshold for each channel, which can be adjusted whereby saturation

can be lowered, or removed. The testbeam data at 300 GeV show clear indication of saturation at the

high energy side of the peak. At 300 GeV excluding FoCal-E in front of FoCal-H, around 1-10 channels

saturate in the central calorimeter module.

Another noticeable difference between the simulations and the testbeam data, is that the simulations

seem to overestimate the energy loss in the low-energy part of the peak. I assume this difference could

come from the physics processes in the physics list.

Figure 80: The figure shows the saturation of the response curves for testbeam data and simulations.

The top plot shows the response curve at 60 GeV for the testbeam data (red) and simulations (blue) in a

logarithmic scale. The bottom plot shows the response curve at 300 GeV for the testbeam data (red) and

simulations (blue) in a logarithmic scale.
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From the point where the readout reaches the saturation limit, it would produce the same signal for any

other events, until the readout can reset. Saturation can have an effect on e.g. the energy resolution of

the calorimeter. Saturated channels in the testbeam data would result in an improvement of the energy

resolution. The improvement of the energy resolution is a consequence of the saturated channels not

being able to detect a signal lower than the saturated level. For such cases the energy resolution would

be determined by event-to-event fluctuations, thus suppressing certain sources of fluctuations. Satura-

tion also leads to non-linearity of the calorimeter response, and would lead to the response not being

proportional to the energy of the incident particle [29, p.80-81]. This exact consequence is to some extent

visible on the calibration of the testbeam data seen in the bottom plot in figure 76.

The effect of the saturation on the energy resolution for the testbeam data, has been examined by some-

one else in the collaboration [42]. The examination of the saturation has been studied by gradually

lowering the maximum value (saturation limit in ADC) for each channel. Changing this value, one can

examine the effect of the energy resolution for each beam energy. This preliminary investigation has so

far showed that lowering the maximum value, the energy resolution for the testbeam data gets remace-

ble close to the one for the simulations using the QGSP-BERT physics list. For some energies it even get

worse than the simulated energy resolution. This study is still being examined in great detail.

8.3.3 Punch through peak

The punch through peak is one of the peaks present in both testbeam data and in simulated data. This

section revolves around the study of the punch through peak, and the investigation of what it might be

caused by.

I suspect that the punch through peak can be caused by two different scenarios. The first scenario is

particles from the beam-pipe that travels along a copper-tube or scintillating fiber, without depositing

their energy and starting a particle shower. The other scenario could be that the punch through peak is

muons. High-energy muons need a relatively large stopping power in order to decay. This is e.g. why

an entire side of ALICE is dedicated to the study of mouns 19. For the November SPS H2 testbeam a

hadronic beam was chosen, which consisted of pions. However, the beam had some minor fraction of

other particles, i.e. the beam did not have a 100% beam-purity.

The comparison of the punch through peak between testbeam data and simulations, has been performed

on both the QGSP-BERT and FTFP-BERT physics list. The comparison between testbeam data and the

FTFP-BERT simulations can be found in appendix section 11.5.4.2. To investigate the punch through

peak, one needs to look in the range of importance. For this reason, I have focused my attention to the

region of 0 GeV to 25 GeV. The comparison of the punch through peak of the testbeam data and the

simulation is remarkable on different aspects. The first noticeable point is the mean energy of the two

peaks. The tesbeam data peak has a mean energy at around 7 GeV, whereas the simulations have a mean

energy around 6 GeV.

The second noticeable point is the overlap in the peaks. From the simulations we know that the beam

is a 100% pure π+ beam. However, this is not the case for the testbeam beam. This overlap could e.g.

indicate that some fraction of pions in the testbeam beam punch through peak had decayed into muon

in the calorimeter. The question is then, what the other fraction of punch through particles could be. In

relation to this, why does the response of the punch through peak change at different energies.

19See section 2.2.3 for a description of the muon spectrometer
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Firstly, I will consider the changing response of the punch through peak for the testbeam data. The

response of the peak decreases with higher energies. My assumption regarding this trend is that it is

related to a constant flux of particles coming down the beam-pipe. Due to the changing rate of particles

at each energy, we experienced that at the lowest energy (60 GeV) the runs took longer time to collect the

desired amount of data, compared to at the highest energy. The changing rate together with a constant

flux of particles would explain the difference in the response at each energy. A smaller change in the

simulation punch through peak is also seen, but the difference from energy to energy is not that pro-

found. The fact that the simulation peak is changing in size, can be due to the QGSP-BERT physics list

only accounting for hadron-nucleus interaction from 12 GeV and up. The FTFP-BERT simulations punch

through peak, is more or less constant in position and size. I suspect that this can be due to the hadron-

nucleus interaction having a cutoff from 3 GeV to 26 GeV, which cuts off any higher energy fluctuations

processes.

Figure 81: The figure shows a punch through peak comparison between the testbeam data and the π+

simulations at four different energies. The top left-side plot shows the comparison at 60 GeV, and the top

right-side plot shows the comparison at 100 GeV. The bottom left-side plot shows the comparison at 200

GeV, and the bottom right-side plot shows the comparison at 350 GeV.

Then I will consider the mentioned overlap between the punch through peak in the testbeam data and

the simulations. The overlap indicates that some fraction of the punch through peak potentially could

be pions decaying into muons. However, the remaining fraction needs to be examined. Could it e.g.

be related to a constant flux of muons in the beam-pipe. To examine whether a fraction of the punch

through peak could be related to muons going through the FoCal-H calorimeter modules, muon simu-

lations were done in order to compare that contribution to the testbeam data and the simulations. These

comparisons have been done by normalizing with respect to the hadron peaks and plotting the contri-

bution of the muon simulations at various energies corresponding to the ones of the testbeam data and
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the pion simulations. This needed to be done, since the muon simulations only contains 10.000 events.

The muon comparison at different energies can be seen in figure 82.

Figure 82: The figure shows a punch through peak comparison between the testbeam data and the π+

simulations and µ simulations at four different energies. The top left-side plot shows the comparison at

60 GeV, and the top right-side plot shows the comparison at 100 GeV. The bottom left-side plot shows

the comparison at 200 GeV, and the bottom right-side plot shows the comparison at 350 GeV.

This examination of whether muons could be part of the response indicates that this is indeed the case.

There is a clear overlap in the response of punch through peak for the testbeam data and the muon

simulations. The assumption that there is a constant flux of muons in the beam-pipe, which are punching

through the FoCal-H second prototype, seems plausible.

8.3.3.1 Rotation of FoCal-H

At the September 2022 SPS H6 testbeam it was chosen to rotate the FoCal-H by 2.085 degrees with respect

to the beam-pipe. This rotation was chosen to avoid too large a fraction of punch though particles in

FoCal-H. To indicate how much of a difference the rotation makes, a simulation with and without the

implementation of the rotation of FoCal-H was performed. This was done for 250 GeV π+ beam as seen

in 83:
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Figure 83: The figure shows a simulation using a 250 GeV pion beam with two different rotations of

FoCal-H. The red line represents a rotation of 0 degrees, and the blue line represents a rotation of 2.085

degrees. The top figure shows the full range where both the punch through peak and the hadron peak

is visible. The bottom plot shows only the range of the punch through peak. The bottom plot is in the

range of the punch through peak.

The rotation of the FoCal-H second prototype does not have a large effect on the hadron peak, or the

punch through peak in the pion simulations. The small change in the punch through peak could indicate

that some fraction of punch through particles are avoided by implementing the rotation of FoCal-H. I

would suggest to perform this study with more than 10.000 events to increase the statistic, to give a

final indication of the result. The investigation of the effect of the rotation has also been performed for

simulations of 250 GeV muons, as seen in figure 84. This study shows that the rotation of FoCal-H has a

significance in terms of the muon fraction of the punch through peak for the testbeam data.
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Figure 84: The figure shows a simulation using a 250 GeV muon beam with two different rotations of

FoCal-H. The red line represents a rotation of 0 degrees, and the blue line represents a rotation of 2.085

degrees.

The muon simulations with and without the rotation look fairly different. As seen from the simulations

with the rotation implemented, the muon response in the calorimeter has two peaks. I suspect the first of

these peaks to be muons that interact slightly with the copper-tubes and the scintillating fibers, whereas

the second peak represents interactions with a larger fraction of copper-tubes and fibers. However, when

considering the muon simulations without the rotation, three peaks are present. I suspect the first (∼ 0

light yield in all fibers) of these peaks to be caused by a muon only depositing its energy in the copper-

tubes. The simulations would count the muon to be produced but not to contribute to the signal, thus

placing the contribution in the zero bin. The second peak (∼ 20 light yields in all fibers) is, as for the

rotated case, caused by an interaction with a small fraction of the copper-tubes and scintillating fibers.

Whereas the third peak (∼200 light yield in all fibers) is due to the muon traveling along a scintillating

fiber.

A visualization of the particle shower with and without the rotation of FoCal-H can be seen in figure 85.

Figure 85: The figure shows a simulation using a 60 GeV muon beam with two different rotations of

FoCal-H. The left-side figure shows that there are no shower tracks without the rotation (0 degrees).

The right-side figure shows the shower tracks with the rotation (2.085 degrees). The green line indicates

places where showers have started.
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I would recommend to perform an examination of the muon peaks with a rotation of FoCal-H from e.g. 0

degrees to 5 degrees, to investigate the effect of the rotation on the punch through peak in further detail.

This study has not been performed in regards to this thesis due to time limitations. A study of the effect

of the hadron peak for rotation from 0 degrees to 5 degrees can be found in appendix section 11.5.5. This

study shows that the energy of the hadron peak decreases with larger rotations of FoCal-H with respect

to the beam-pipe.

A further examination of the FoCal-H response in simulations with and without a rotation of FoCal-H

has been studied for energies from 60 GeV to 350 GeV using a muon beam. This study have been per-

formed to determined whether the punch through mouns have an energy dependence. The result of the

study without the rotation can be seen in the left-side figure in figure 86. Whereas the right-side figure

shows the corresponding results with the 2.085 degrees rotation.

The response in FoCal-H without the rotation implementation (left-side plot in figure 86) seems more or

less consistent across different energies. However, it seems like there is a small decrease in the second

peak, representing the interaction with a small fraction of the copper-tubes and scintillating fibers, with

increasing energy. Whereas the opposite is the case for third peak, representing the interaction with only

scintillating fibers. A possible explanation to this result, could be that it is due to the difference in the

time it takes to run the simulations.

The response in FoCal-H with the rotation implementation (right-side plot in figure 86) seems to follow

the same trend of having a decreasing response with increasing energy for the peak representing the

small fraction of interaction with the copper-tubes and scintillating fibers. A larger difference across the

energies are present in the second peak, describing the larger fraction of interaction with the copper-tubes

and scintillating fibers. The lower energy simulations, especially 60 GeV and 80 GeV, have a larger con-

tribution to the response representing the the interaction with the copper-tubes and scintillating fibers.

I suspect this to be shower related, but a further study could be performed in order to investigate these

areas at low energy. However, this was not prioritized in regards to this thesis.

Figure 86: The left-side figure shows a plot for simulations using muon beam without the rotation of

FoCal-H, in the energy range from 60 GeV to 350 GeV. The right-side figure shows the corresponding

study with the rotation of FoCal-H, for energies from 60 GeV to 350 GeV.
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9 FoCal-H third prototype

The FoCal-H third prototype has not been constructed, but is studied in regards to this thesis. In order

to test whether it will be useful to change the layout of the FoCal-H second prototype, one can use sim-

ulations. This section will describe the potential layout of the FoCal-H third prototype, where the inner

diameter of the copper-tubes has been decreased from 1.12 mm to 0.8 mm, leading to the diameter of the

scintillating fibers going from 1.0 mm to 0.7 mm. This changes the ratio between the active and passive

material in FoCal-H.

This section will go through some of the studies performed on simulations of the FoCal-H third proto-

type, to test the technical performance up against the second prototype.

9.1 FoCal detector setup

The first thing to study is the FoCal detector setup including and excluding FoCal-E in front of FoCal-H.

This should be examined in order to see if the same tendency with the response contributions would be

present. The same energies were simulated with a π+ hadron beam and the QGSP-BERT physics list, as

was done for the second prototype in order for them to be compared.

The simulations including and excluding FoCal-E in front of FoCal-H can be seen in 87 and 88 respec-

tively.

Figure 87: The figure shows a plot of the total response measured in FoCal-H third prototype in simula-

tions including FoCal-E using the QGSP-BERT physics list. The simulations are made for energies from

60 GeV to 350 GeV.
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Figure 88: The figure shows a plot of the total response measured in FoCal-H third prototype in simula-

tions excluding FoCal-E using the QGSP-BERT physics list. The simulations are made for energies from

60 GeV to 350 GeV.

Both simulations of the detector setup show the same tendencies as for the second prototype. The de-

tector setup including FoCal-E in front of FoCal-H has three distinguished peaks contributing to the

response. The first peak is the punch though peak, the second is the pre-shower peak, and the third peak

is the hadron peak. These three peaks can be seen in figure 87. The detector setup excluding FoCal-E has

two distinguish peaks contribution to the response. The first is the punch through peak, the the second

is the hadron peak. These tow peaks can be seen in figure 88

Even though the response in the FoCal-H third prototype follows the same tendencies as the second

prototype, some differences are still present. The response for all energies is almost half the energy com-

pared to the second prototype. However, this is expected since the ratio between the active and passive

material has been changed drastically. Changing this ratio means that there are less active material, i.e.

scintillating fibers, to contribute to the response. This could potentially be a solution to reducing the

response in the FoCal-H second prototype, seen in regards to saturation.

A comparison of the total response in FoCal-H, between the second and third prototype at a beam energy

of 250 GeV has been made for the detector setup excluding and including FoCal-E in front of FoCal-H.

These comparisons can be seen in figure 89.
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Figure 89: The top figure shows the comparison of the total response between the second and third

prototype at 250 GeV, excluding FoCal-E in front of FoCal-H. The bottom figure shows the comparison

of the total response between the second and third prototype at 250 GeV, including FoCal-E in front of

FoCal-H.

9.2 Energy resolution

Energy resolution is one of the things that needs to be studied in order to examine how substantial the

effect of the change in ratio between active and passive material is. The study have been performed

for the detector setup excluding FoCal-E in front of FoCal-H. As was the case for the FoCal-H second

prototype, a calculation of the energy resolution including FoCal-E in front of FoCal-H would require

a dedicated MIP study in the FoCal-E response, in order to remove the pre-shower peak. This study

has not been performed in regards to this thesis, but is currently investigated by someone else in the

collaboration.

To compute the energy resolution of the FoCal-H third prototype, the same procedure is followed as
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when performing the computations for the FoCal-H second prototype. First computing the energy cal-

ibration, in order for it to be compared to the energy resolution of the testbeam data, and the second

prototype. Then computing the energy resolution, to estimate how precisely the FoCal-H third pro-

totype can measure the energy of the particles. A detail description of the calculations of the energy

resolution for the FoCal-H second prototype can be found in section 8.3.1.

The calculations of the energy calibration was performed by applying a crystal ball function fit to each

of the response curves. The mean value (µ), mean error, standard deviation (σ), and error of the stan-

dard deviation was extracted, and a straight line fitted through the points. A comparison of the energy

calibration between the simulations for the FoCal-H second and third prototype can be seen in figure 90.

Figure 90: The figure shows the calibration curves for the FoCal-H second and third prototype. The

calibration curves are determined by the µ-values of the crystal ball function fit for all pion simulated

energies as a function of beam energy, where a linear fit is fitted through the points. The calibration for

the FoCal-H second prototype is represented by the square data-points and red linear fit. Whereas the

calibration for the third prototype is represented by the round data-points and the blue linear fit.

To calculate the energy resolution a crystal ball function is again fitted to the response for each energy,

where the mean of the fit and standard deviation can be extracted to calculate the energy resolution. As

for the FoCal-H second prototype, it is assumed that the energy of the incident particle is roughly the

mean value of the response, σ
E ≈ σ

µ . To perform the calculations, equation 2 is again applied, together

with equation 3 for the error propagation. The result of the energy resolution for the FoCal-H third

prototype, together with the corresponding calculations for the testbeam data and the second prototype,

can be seen in figure 91.
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Figure 91: The figure shows the calculated energy resolutions for the testbeam data (red), simulations

using the QGSP-BERT physics list (green) for the second prototype, and the simulations using the QGSP-

BERT physics list (blue) for the third prototype.

As can be seen in figure 91, the calculated energy resolution is a few percentage better for the FoCal-H

third prototype than for the second prototype. The energy resolution for the FoCal-H third prototype

was initially computed with the expectation that it would be worse, than for the second prototype. This

unexpected result initiated further questions in relation to the energy resolution. One of them being

whether the ratio between active and passive material for the second prototype is optimal. To investigate

this question one can e.g. look into compensation, which will be described in the next section.

9.2.1 Compensation

As mentioned in section 4.3, the particle showers in a hadronic calorimeter consist of a electromagnetic

part and a non-electromagnetic part. Therefore, hadronic calorimeters need to be able to measure both

contributing responses equally. The ability to measure these responses equally is called compensation.

The response of the electromagnetic and non-electromagnetic contributions are usually not equally mea-

sured due to the effect of invisible energy. The response of the two contribution signals can therefore

be studied individually. The distribution of the response pr. unit deposited energy around the mean

value, called the response function, for the electromagnetic response is defined as e, whereas the non-

electromagnetic part is defined as h.

Theoretically in hadronic calorimeters, e would have a larger response than h, but h should have a

broader response due to event-to-event fluctuations in the response’s fraction of invisible energy. Hadronic

calorimeters that archive compensation of the loss of the invisible energy is defined as compensated

calorimeters. The efficiency of a hadronic calorimeter in terms of compensating for this loss is character-
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ized from the ratio e
h . In a well compensated calorimeter the ratio should be e

h = 1, in order to have an

optimal determination of the energy of the incident particles. In non-compensated calorimeter the ratio

would be e
h ̸= 1 [29, p.143-146]. The biggest consequence of not having a compensated calorimeter, is

the effect on the energy resolution of the hadronic calorimeter. For this exact reason, I started to question

the compensation of the FoCal-H second and third prototype, since it turns out that the e
h ratio can be

modified by changing the ratio between the active and passive material [28, p. 33-36].

The compensation of the FoCal-H second and third prototype has been computed by simulating an

electron beam and a pion beam onto the prototype setups for 10.000 events. The ratio between e and h is

determined by taking the response function, i.e. the mean of the signal, and differentiating these values.

The e
h ratio was firstly computed for the FoCal-H third prototype at energies from 100 GeV to 750 GeV,

to stay within the same energy range as for previous studies, but also to investigate the response at even

higher energies. The computed ratio for 100 GeV and 350 GeV can be found in figure 92, whereas he

remaining calculations can be seen in appendix section 11.6.1.2.

Figure 92: The figure shows the FoCal-H third prototype response for an electron (red) and pion (blue)

simulation. The left-side plot shows these simulations at 100 GeV, while the right-side plot show them

for 350 GeV. The calculated e
h ratio is shown on each plot.

The FoCal-H third prototype computations of the e
h ratio at 100 GeV and 350 GeV reveal that e

h = 1.4,
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which means that the ratio is e
h ̸= 1. Due to the improved calculations of the energy resolution for the

third prototype, I would have assumed that the e
h ratio would be closer to 1. This computed value for

the e
h ratio show to be consistent up to 750 GeV for the FoCal-H third prototype.

The same calculations was then performed on the FoCal-H second prototype setup, in order to examine

if the e
h ratio could be worse than for the third prototype. If so, this could be a possible explanation. The

computed ratio for 100 GeV and 350 GeV can be found in figure 93, whereas he remaining calculations

can be seen in appendix section 11.6.1.1.

Figure 93: The figure shows the FoCal-H second prototype response for a electron (red) and pion (blue)

simulation. The left-side plot shows these simulations at 100 GeV, while the right-side plot shows them

for 350 GeV. The calculated e
h ratio is shown on each plot.

The FoCal-H second prototype computations of the e
h ratio at 100 GeV has a value at e

h = 0.6, while the

ratio at 350 GeV has a a value at e
h = 1.4. Both ratios have a e

h ̸= 1, with around the same factor on

either side of e
h = 1. This rather prominent shift of the electron peak therefore raised the question about

whether the e
h is energy dependent. The answer to this, is that the electromagnetic part has an energy de-

pendence, and this has important consequences for the hadronic energy resolution. The average fraction
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of the total shower energy in the electromagnetic part is defined as [29, p. 144]:

⟨ fem⟩ = 1 −
[(

E
E0

)k−1
]

(4)

where E0 is a material dependent constant related to the average multiplicity in hadronic interactions,

around 0.7 GeV for copper, E is the energy of the initial particle, and k ∼ 0.82 [29, p. 144].

This exact energy dependence of ⟨ fem⟩, in the case where e
h ̸= 1 leads to the response function of the

hadronic calorimeter to be non-linear, since the response of hadrons is determined by [29, p. 145]:

⟨ fem⟩+ [1 − ⟨ fem⟩] ·
h
e

(5)

Leading to a hadronic energy response, which is also energy dependent. A noticeable similarity is

present at 100 GeV for both the FoCal-H second and third prototype. The response peak for the elec-

tron simulation looks remarkable similar, and has been examined for potential mistakes when setting up

the simulation. However, this is not the case. I would recommend a further study of the compensation

for the two prototype setups, at low energies around 60 GeV to 150 GeV, potentially simulating more

than 10.000 event to gather more statistics.

The results of the compensation calculations were what lead to several electron and pion simulations at

energies from 100 GeV to 750 GeV to be simulated, for both the FoCal-H second and third prototype.

This was done to determine the linearity of the response function, since a compensating calorimeter

should have a linear response function. The calculations performed for the FoCal-H third prototype can

be found in figure 94.

Figure 94: The figure shows the linearity of the response function of the FoCal-H third prototype. The

linearity of the response function are measured for an electron induced shower (red) and a pion induced

shower (blue).

The computed linearity of the response function for both the electron and pion induced particle shower,

for the FoCal-H third prototype, indicates that the setup is compensated across all energies. This com-

pensation of the detector setup is stable for the examined energy range, even though the e
h = 1.4. I
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suspect this to be due to the consistent value of the e
h ratio across all energies. The linearity has been

tested up to an energy of 750 GeV, but it can possibly get non-linear for higher energies.

The linearity of the response function has also been calculated for the FoCal-H second prototype, and

can be found in figure 95.

Figure 95: The figure shows the linearity of the response function of the FoCal-H second prototype. The

linearity of the response function are measured for an electron induced shower (red) and a pion induced

shower (blue)

The linearity of the response function for the FoCal-H second prototype, show tendencies of non-linearity.

The non-linearity of the response function indicates that the FoCal-H second prototype is not compen-

sating efficiently across all energies. I suspect this inefficiency to be due to a combination of the ratio

between the active to passive material, and the energy dependence of the hadronic and electromagnetic

responses, leading to the changing e
h ratio across different energies. The results of the response linearity

for the FoCal-H third prototype indicate that this non-linearity seen for the second prototype to some

extend is suppressed in the energy range examined in this thesis.

I would for any future prototype or the final design of FoCal-H recommend to modify the ratio between

the active and passive material, i.e. also the e
h ratio, to fit into the expected energy range in ALICE, so

that the compensations in FoCal-H is optimal.

9.2.2 Shower containment

Lateral shower containment is one of the properties, which has been examined for the FoCal-H third pro-

totype. This is examined by examining the total response for each of the FoCal-H calorimeter modules.

A global maximum and minimum between the 9 modules are first found. The maximum and minimum

value is set to be the same, for all 9 modules in order to compare the deposited energy for an event for

each energy. In order to be able to compare the showers for each of the different energies from 60 to 350

GeV, the plots are normalized with respect to the 60 GeV simulation, in order to get the same scale, as

done for the FoCal-H second prototype.
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The shower containment study has been performed for the detector setup including and excluding

FoCal-E in front of FoCal-H, from energies at 60 GeV to 350 GeV. The 60 GeV and 350 GeV results can be

seen in figure 96 for the setup including FoCal-E, while remaining energies for this study can be found

in appendix section 11.6.2.1.

Figure 96: The figure shows the lateral shower size, also called the spatial energy distribution, of the

detector setup including FoCal-E in front of FoCal-H third prototype. The left-side plot shows the shower

size at 60 GeV, and the right-side plot shows it at 350 GeV.

By examining the lateral shower containment of the FoCal-H third prototype, in the detector setup in-

cluding FoCal-E, the same tendencies as seen for the FoCal-H second prototype appear. The shower size

increases at higher energies, meaning that the area in which the shower spreads and deposits the energy

increases at higher energies. At the 60 GeV simulation most of the shower is contained within the size

of the central calorimeter module. The shower profile seems to be flat in the top and bottom part. As

for the second prototype, I suspect this to be purely analyse related, from the way the figures overlap,

to create the layout of the FoCal-H third prototype. At 350 GeV the shower size has spread to cover half

the size of the outer calorimeter modules. This indicates that for the setup including FoCal-E in front of

FoCal-H the lateral shower is contained within the lateral size of FoCal-H third prototype, not resulting

in lateral leakage.

A similar result is seen when examining the lateral shower containment of the FoCal-H third prototype,

in the detector setup excluding FoCal-E. The results of the shower containment at 60 GeV and 350 GeV

can be seen in figure 97, while the remaining energies can be found in appendix section 11.6.2.2.

Figure 97: The figure shows the lateral shower size, also called the spatial energy distribution, of the de-

tector setup excluding FoCal-E in front of FoCal-H third prototype. The left-side plot shows the shower

size at 60 GeV, and the right-side plot shows it at 350 GeV..
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A comparison between the spatial energy distribution seen in figure 97, and the ones seen in figure 96,

yields the result that the lateral shower size smaller for the detector setup excluding FoCal-E in front of

FoCal-H. I assume, as I did for the FoCal-H second prototype, that the size difference stems from the lack

of pre-showers in FoCal-E, which continues into FoCal-H.

In the case of the FoCal-H third prototype, the lateral shower is contained within the size of the calorime-

ter, resulting in no lateral leakage. The shower profile for the third prototype resembles the one of the

second prototype. The main noticeable difference in the showers is the intensity of the signal, which

could be a result of the changed ration between the active and passive material.

As for the case of shower containment in the FoCal-H second prototype, I would suggest to perform a

study of the highest energy possible to be contained within the lateral direction of FoCal-H, including

and excluding FoCal-E in front of FoCal-H. This study has not been performed due to the lack of time.

An additional study that could be investigated in regards to the change in the ratio between the passive

and active material, is longitudinal shower containment. I assume that in any case where particles come

out of the back-end of the FoCal-H second prototype, would be reduced in the third prototype, due to

the increase in passive material.

10 Conclusion

This thesis focused on characterizing the performance of the FoCal-H calorimeter components as well

as analyzing the November 2022 SPS H2 testbeam data. Simulations corresponding to the testbeam de-

tector setup was performed in order to compare and estimate the FoCal-H second prototype’s technical

performance.

The performance characteristics of the FoCal-H calorimeter components were studied in order to opti-

mize the design for a future prototype or the final design of FoCal-H. These studies revolved around

optical crosstalk measurements between the SiPMs, the cutting technique used when cutting the scintil-

lating fibers, and the ratio between the passive and active material.

The study of optical crosstalk was performed on the central 7x7 SiPM calorimeter module, and the outer

5x5 SiPM calorimeter modules individually, due to differences in the design of the modules. Optical

crosstalk between the SiPMs was found to be an issue in both the central 7x7 SiPM calorimeter module

and the outer 5x5 SiPM calorimeter modules, due to the compact design leading to a small distance be-

tween the SiPMs, as well as the wide scattering of photons from the scintillating fibers.

In relation to the optical crosstalk study, the cutting technique used on the scintillating fibers was exam-

ined. The cutting technique was studied with the aim of reducing the wide scattering of the photons from

the scintillating fibers. The different techniques studied in this thesis were a rolled scalpel cut, a rolled

scalpel cut where the scintillating fibers were polished afterwards, and a technique where the scintillat-

ing fibers were glued together with optical glue and then cut with a diamond blade. This study showed

that optical crosstalk between the SiPMs could be reduced significantly by cutting the scintillating fibers

using the optical glue and diamond blade technique. In addition to the study of the cutting technique,

three different types of scintillating fibers were examined with these cutting techniques, to exclude the

possibility of achieving different results due to the construction of the scintillating fibers. This did not

show to have any effect.

Moreover, the ratio between the passive and active material of the FoCal-H calorimeter was studied.
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This study was conducted with the aim of optimizing the technical performance of the FoCal-H second

prototype. It was found that by reducing the inner diameter of the copper-tubes, thus reducing the size

of the scintillating fibers, the energy resolution and the response linearity across a large range of beam

energies could be improved.

The analysis of the November 2022 SPS H2 testbeam data, as well as the analysis of the corresponding

simulations, was performed in order to estimate the FoCal-H second prototype’s technical performance.

The prototype was at the November 2022 SPS H2 testbeam examined for energies between 60 GeV to 350

GeV, with a detector setup including and excluding FoCal-E in front of FoCal-H. Various studies have, in

regards to both the testbeam data and the simulations, been examined using these two detector setups.

The studies revolved around determining the sources of the response peaks, energy resolution, lateral

shower containment, and examination of the effects of the intersections between calorimeter modules by

performing a position scan.

The response peaks were found to be caused by different reasons. In the detector setup including FoCal-E

in front of FoCal-H three distinguishable peaks were present. The first one, the punch through peak, was

caused by particles punching through the detectors without producing a particle shower. The second,

the pre-shower peak, was caused by a particle shower starting in the latter layers in FoCal-E. The third,

the hadron peak, was caused by particles punching through FoCal-E, and starting a particle shower in

FoCal-H. The pre-shower peak, could be removed by excluding FoCal-E from the detector setup, leaving

only the response of the punch through peak and the hadron peak.

Energy resolution was examined to determine how precisely the FoCal-H second prototype can measure

the energy of particles. This study unexpectedly found that the energy resolution of the testbeam data

was better than the one of the simulation. In light of this result, multiple studies were performed in order

to point out any potential reason. These studies included the use of physics lists in the simulations, and

saturation in simulations and/or in the testbeam data. A reason for this unexpected result of the energy

resolution was not found, but potential other studies was suggested.

Lateral shower containment was studied in the simulations of the FoCal-H second prototype. It was

found that the FoCal-H second prototype contains the shower in the lateral direction, both for detector

setups including and excluding FoCal-E in front of FoCal-H. This study was done before any imple-

mentation of digitization in the simulation. Hence, the result of the spread of the particle shower can

potentially differ after this implementation.

The examination of the intersections between calorimeter modules was performed by changing the po-

sition of the beam-pipe in the simulations. This study found that the FoCal-H response changed signif-

icantly when positioning the beam-pipe in front of these intersections. The FoCal-H response was seen

to yield a reduced pre-shower peak, as well as a response with lower energy compared to results where

the beam-pipe was placed in the center of FoCal-H. A further study on this subject is recommended in

light of these results, since this could have a profound effect on the final design of FoCal-H.
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11 Appendix

11.1 FoCal-H first prototype

The section includes schematics of the FoCal-H first prototype. A schematic of the sizes, copper-box, and

copper-tube design can be seen in figure 98.

Figure 98: The figure shows the design of the FoCal-H first prototype.

Two schematics of the collector plate, used to bundle up the scintillating fibers, and mounting the SiPM

boards, can be seen in figure 99. The collector plate used in the FoCal-H first prototype was mounted

around the copper-box, seen in figure 98. Thus the size of the plate, as stated in the left-side schematic in

figure 99.
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Figure 99: The figure shows two schematics of the collector plate for the FoCal-H first prototype. The

left-side schematic shows the different designs and sizes of the components in the plate. The right-side

figure shows the 3D schematic of the collector plate.

11.2 Optical crosstalk

This section includes all remaining intensity plots not shown in the optical crosstalk section 6.1. The

optical crosstalk measurements between the SiPM for the 49 SiPMs in the central 7x7 SiPM calorimeter

module and the 25 SiPMs for the outer 5x5 SiPM modules can be seen in the sections below.

The module position relative to each other, seen from the back-end of the FoCal-H second prototype (The

SiPM end), can be seen in figure 100.

Figure 100: The figure shows the module position with respect to the remaining modules, seen from the

back-end of the FoCal-H second prototype.
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11.2.1 Central 7x7 SiPM module (Module 5)
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11.2.2 Outer 5x5 SiPM modules

11.2.2.1 Module 1
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11.2.2.2 Module 2
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11.2.2.3 Module 3

109



Master Thesis 22/5-2023

110



Master Thesis 22/5-2023

111



Master Thesis 22/5-2023

11.2.2.4 Module 4
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11.2.2.5 Module 6
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11.2.2.6 Module 7
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11.2.2.7 Module 8
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11.2.2.8 Module 9
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11.3 Cutting techniques of scintillating fibers

This section contains the remaining measurements of the three different techniques used to cut scintillat-

ing fibers. The three techniques is a rolled scalpel cut, rolled scalpel and polished cut, and optical glue

with a diamond blade cut. In addition, three types of scintillating fibers were tested in this process. The

type of cutting technique, as well as the type of scintillating fiber, is indicated in the figures.
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11.4 Simulation - November 2022 SPS H2

This section shows results from simulation studies not included in section 8.2 revolving the simulation

of the FoCal-H second prototype using the setup from the November 2022 SPS H2 testbeam.

11.4.1 Comparison between updates in simulations

This section shows results from the comparison between the simulations updates, which was not in-

cluded in section 8.2.1.

Figure 101 below shows two FoCal-H simulations at 200 GeV including FoCal-E in front of FoCal-H,

with and without the implementation of increasing the inner and outer diameter of the copper-tubes

used in the FoCal-H second prototype setup. The inner diameter has been changed from 1.1 mm to 1.12

mm. The outer diameter has been changed from 2.5 mm to 2.52 mm. This implementation was added, to

remove the air gaps between copper-tubes, and between the copper-tube and the copper-box surround

the tubes. The two simulations has the names ideal and realistic. Ideal, since the smaller sized of the

copper-tubes are the ideal sizes, and realistic because the larger sizes removed the mentioned air gaps,

and represents the design of the real FoCal-H more accurately.
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Figure 101: Comparison between simulations with (blue) and without (red) the implementing of larger

inner and outer diameter of the copper-tubes used in the FoCal-H second prototype. The green line

represents the calculated difference between the two simulations.

Figure 102 below shows two FoCal simulations at 200 GeV including FoCal-E in front of FoCal-H, with

and without implementation of the FoCal-E update. In this update both the size of the pixel layers was

changed, as well as the spacing between the pixel and pad layers.

Figure 102: Comparison between simulation with (blue) and without (red) implementing a larger size

of the pixel layers and smaller spacing between the pixel and pads layers in the FoCal-E prototype. The

green line represents the calculated difference between the two simulations.
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11.4.2 Simulations including FoCal-E physics list comparison

This section shows a comparison of the FoCal-H response for the detector including FoCal-E in front of

FoCal-H, using the FTFP-BERT and QGSP-BERT physics list.

11.4.3 Simulations including and excluding FoCal-E

This section shows results from simulation studies not included in the simulation section 8.2.3. The

figures in this section shows comparisons between the detector setups including and excluding FoCal-E

in front of FoCal-H, for the simulations using the FTFP-BERT physics list.

11.4.3.1 FoCal-H second prototype
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11.4.4 Comparison between simulation physics lists

This section shows results from simulation studies not included in the simulation section 8.2.3.3. The

figures in this section shows comparisons between the two Geant4 physics lists, QGSP-BERT and FTFP-

BERT. The simulations has been performed using the detector setups excluding FoCal-E in front of FoCal-

H.
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Figure 103: The figure shows a comparison between the physics list QGSP-BERT (blue) and FTFP-BERT

(red) at 100 GeV, using the detector setup excluding FoCal-E in front of FoCal-H. The difference between

the two simulations are indicates by the green line.

Figure 104: The figure shows a comparison between the physics list QGSP-BERT (blue) and FTFP-BERT

(red) at 200 GeV, using the detector setup excluding FoCal-E in front of FoCal-H. The difference between

the two simulations are indicates by the green line.
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Figure 105: The figure shows a comparison between the physics list QGSP-BERT (blue) and FTFP-BERT

(red) at 250 GeV, using the detector setup excluding FoCal-E in front of FoCal-H. The difference between

the two simulations are indicates by the green line.

11.4.5 Shower containment

This section shows results of the simulations studies not included in the section 8.2.4 regarding the exam-

ination of lateral shower containment, of the FoCal-H second prototype. This section shows the spatial

energy distribution, i.e. the particle shower size of an event, in the energy range from 80 GeV to 300 GeV,

for the detector setup including and excluding FoCal-E in front of FoCal-H.

11.4.5.1 FoCal setup including FoCal-E
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11.4.5.2 FoCal setup excluding FoCal-E
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11.4.6 Position scan

This section includes information about the simulated position scan, e.g. two results from the position

scan for testbeam data made in a first year project, the exact position of all the simulated beam-pipe po-

sitions, as well as the response curves and spatial energy distribution of the position scans not included

in the position scan section 8.2.5.

11.4.6.1 First Year Project discovery

The following two response curves are from the position scan from the November 2022 SPS H2 testbeam.

A couple of First Year students made a project involving the positions scan, and found a response curve,

which seems to exclude the pre-shower peak. A gaussian function fit has been to the hadron peak [43].

Their position 5 and 7 corresponds to my position 2 and 3 respectively. I suspect that the rotation of

FoCal-H in the simulations is rotated the other way in respect to the testbeam data.
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Figure 106: The figure shows two response curves from the position scan performed at the November

2022 SPS H2 testbeam, with FoCal-E in front of FoCal-H. The position scan from the testbeam data has

been performed by a group of first year students. The left-side figure shows position 5, where the energy

of the response curve is lower than usual and missing the pre-shower peak. The right-side figure shows

the position 2, where the energy of the response curve is as usual and the pre-shower peak is present.

Both positions has a gaussian function fitted to the peak [43].

11.4.6.2 Position of beam-pipe

This section includes the table of all simulated beam-pipe position used in the position scan study.

132



Master Thesis 22/5-2023

Positions of beam-pipe

Position number x- coor. offset [mm] y-coor. offset [mm]

1 0 0

2 -32.375 +32.375

3 +32.375 +32.375

4 +10.791 +32.375

5 -32.375 +10.791

6 -32.375 +43.166

7 -43.166 +32.375

8 -21.584 +32.375

9 -21.584 +43.166

10 -43.166 +43.166

11 +21.584 +43.166

12 +32.375 +43.166

13 +43.166 +43.166

14 +43.166 +32.375

15 +43.166 +21.584

16 +32.375 +21.584

17 +21.584 +21.584

18 +21.584 +32.375

19 -21.584 +10.791

20 -21.584 0

21 -32.375 0

22 -43.166 0

23 -43.166 +10.791

Table 3: That table lists the offset [mm] the beam-pipe has been moved in order to examine the intersec-

tion between the calorimeter modules, and the areas around.

11.4.6.3 Response curves

This section shows results from the response curves not included in section 8.2.5. All figures of the

simulated response curves are performed at 250 GeV, using the detector setup including FoCal-E in front

of FoCal-H.
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11.4.7 Spatial energy distribution

This section shows results from the spatial energy distributions not included in section 8.2.5. All figures

of the simulated spatial energy distributions are performed at 250 GeV, using the detector setup including

FoCal-E in front of FoCal-H.
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11.5 Comparison between testbeam data and simulation data

This section shows results of various studies performed to compare the testbeam data and the simula-

tion data, using the November 2022 SPS H2 testbeam setup. The results shown in this section was not

included in section 8.3.

11.5.1 Difference between Gaussian and Crystal Ball function fit

Figure 107, shown in this section visualises the difference between a crystal ball function fit and a gaus-

sian function fit to the hadron peak seen in the response of FoCal-H.
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Figure 107: The figure shows the total charge of a measurement at 350 GeV hadrons without FoCal-E in

front of FoCal-H for the testbeam data. To the total charge to different fit are plotted to the curve, namely

a gaussian function fit and a crystal ball function fit. The crystal ball fit takes the lower energy tail into

account, whereas the gaussian function fit does not take this into account [42].

11.5.2 Calibrated total charge

The figures in section 11.5.2.1-11.5.2.2 show the calibrated total charge for testbeam data and pion simu-

lation data at different energies. The Testbeam data is compared to the simulations with the two Geant4

Physics lists QGSP-BERT and FTFP-BERT.

11.5.2.1 QGSP-BERT and Testbeam data
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11.5.2.2 FTFP-BERT and Testbeam data

11.5.3 Saturation

This section shows results from the saturation study not included in section 8.3.2.1. The results in this

section shows the response curves at a logarithmic scale for the testbeam data and the simulation using

the QGSP-BERT physics list.
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11.5.4 Punch through peak

This section shows results from the punch through peak study not included in section 8.3.3. The results

in subsection 11.5.4.1 show comparisons of the punch through peak for the testbeam data and the sim-

ulations using the QGSP-BERT physics list (see figure 108), as well as a comparison between testbeam

data, pion simulations using the QGSP-BERT physics list and muon simulations. The latter has been

normalized with respect to the hadron peak, due to the different amount of simulated event between the

pion and muon simulation.

The results in subsection 11.5.4.2 shows the corresponding comparison, as done in 11.5.4.1 for the QGSP-

BERT physics list.
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11.5.4.1 QGSP-BERT physics list

Figure 108: The figure shows two comparisons of the punch through peak of the testbeam data and

a pion simulation, using the QGSP-BERT physics list. The left-side shows the comparison at 250 GeV,

where the right-side figure shows the comparison at 300 GeV.

Figure 109: The figure shows two comparisons of the punch through peak of the testbeam data, a

pion simulation using the QGSP-BERT physics list, and a muon simulation. The left-side shows the

comparison at 250 GeV, where the right-side figure shows the comparison at 300 GeV

11.5.4.2 FTFP-BERT physics list
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11.5.5 Rotation of FoCal-H

This section shows results not included in the study of the rotation of FoCal-H in section 8.3.3.1.
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Figure 110: The figure shows a simulation using a 350 GeV pion beam with rotations of FoCal-H from

0 degrees to 5 degrees. The top figure shows the response in FoCal-H for rotations in intervals of 0.5

degrees, whereas the bottom figures shows the corresponding responses for intervals of 1 degree.

11.6 FoCal-H third prototype

This section shows results from various studies performed for the FoCal-H third prototype not included

in section 9.
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11.6.1 Compensation

This section shows results of compensation study performed for the FoCal-H second and third proto-

type not included in section 9.2.1. The results of the computed compensations for the FoCal-H second

prototype can be seen in section 11.6.1.1 and for the third prototype in section 11.6.1.2.

11.6.1.1 FoCal-H second prototype
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11.6.1.2 FoCal-H third prototype
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11.6.2 Shower containment

This section shows results of the simulations studies not included in the section 9.2.2 regarding the ex-

amination of lateral shower containment, of the FoCal-H third prototype. This section shows the spatial

energy distribution, i.e. the particle shower size of an event, in the energy range from 80 GeV to 350 GeV,

for the detector setup including and excluding FoCal-E in front of FoCal-H.

11.6.2.1 FoCal setup including FoCal-E
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11.6.2.2 FoCal setup excluding FoCal-E
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