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ABSTRACT

The soft-photon puzzle has been an open problem in high energy particle physics for many years
now. Experiments have been performed in the past to try to measure the soft-photon spectrum of
inelastic m — n scattering processes. Some measured an excess of a factor 4-8 in terms of the internal
bremsstrahlung spectrum predicted by Low’s theorem, but others measured no excess at all. This
work presents for the first time a full Monte Carlo simulation with generated internal bremsstrahlung
photons predicted by Low’s theorem propagated through the detector setup of ALICE 3. One of the
goals of the proposed ALICE 3 experiment is to measure the soft-photon spectrum with the use of
the Forward Conversion Tracker through the tracking of eTe™ conversion pairs in a separate dipole
magnetic field. Through dedicated studies of the (spatial) origin of the various sources of background,
cuts and vetoes are implemented to minimize its impact on the measurement. These studies show
a significance of 5-10 in the regime of 0.5 < kr < 7.5MeV/c for the case where the excess is 4
times the predicted internal bremsstrahlung spectrum. A conical modification of the beam pipe is
suggested to reduce the material budget in front of the FCT and as such the kinematic regime where
the significance exceeds 5 is extended to 0.5 < kp < 10 MeV /c for the case where the excess is 4 times
the predicted internal bremsstrahlung spectrum. In this thesis the theory, previous measurements and
the performance of the proposed Forward Conversion Tracker will be discussed.






KURZFASSUNG

Das Ratsel der Produktionsrate weicher Photonen ist seit vielen Jahren ein ungelostes Problem in
der Hochenergie-Teilchenphysik. In der Vergangenheit wurden Experimente durchgefithrt, um das
Spektrums weicher Photonen von inelastischen m — n Streuprozessen zu messen. Finige dieser
Experimente stellten einen Uberschuss um den Faktor 4-8 im Vergleich zum durch Lows Theorem
vorhergesagten Spektrum der internen Bremsstrahlung fest, wihrend andere keinerlei Uberschuss
messen konnten. In dieser Arbeit wird erstmals eine vollstdndige Monte-Carlo-Simulation prasentiert,
in der intern erzeugte Bremsstrahlungsphotonen, wie sie durch Lows Theorem vorhergesagt werden,
durch den Detektorauftbau von ALICE 3 propagiert werden. Eines der Ziele des vorgeschlagenen AL-
ICE 3-Experiments ist die Messung des Spektrums weicher Photonen mithilfe des Forward Conversion
Trackers, der die ete™ Konversionspaare in einem separaten Dipolmagnetfeld verfolgt. Durch gezielte
Studien zum (rdumlichen) Ursprung der verschiedenen Hintergrundquellen werden Schnitte und Vetos
implementiert, um den Einfluss auf die Messung zu minimieren. Diese Studien zeigen eine Signifikanz
von 5-10 im Bereich von 0.5 < kp < 7.5MeV /¢, fir den Fall, dass der Uberschuss das Vierfache
des vorhergesagten Spektrums der internen Bremsstrahlung betrégt. Eine konische Modifikation des
Strahlrohrs wird vorgeschlagen, um das Materialbudget vor dem FCT zu reduzieren, wodurch der
kinematische Bereich, in dem die Signifikanz den Wert 5 tibersteigt, auf 0.5 < k1 < 10 MeV/c erweit-
ert wird — ebenfalls fiir den Fall eines vierfachen Uberschusses gegeniiber der Vorhersage. In dieser
Arbeit werden die Theorie, frithere Messungen und die Leistungsfahigkeit des vorgeschlagenen Forward
Conversion Trackers diskutiert.
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1 Introduction

Theory and experimental results have yet to reach a satisfying agreement between the prediction and
measurement of the soft-photon spectrum in scattering processes. Since 1979, a multitude of exper-
iments have been conducted in an attempt to measure this soft-photon spectrum, but results varied
significantly. In these scattering processes, soft photons can have many origins, the most dominant of
which are the decay of neutral hadrons and internal bremsstrahlung as a result of accelerating charges.
The soft photon spectrum coming from the decay of neutral hadrons, dominated by 7% — v, has been
widely studied and measured. In 1958, Francis E. Low published a paper [I] which contained a theory
to predict the internal bremsstrahlung spectrum in 2 — 2 processes. Extensions and generalizations
of this theory were made [2H4] and the findings were established in theoretical physics, namely the
infrared structure of gravity and gauge theory to name a few. It is safe to say that Low’s theorem has
firmly established itself in theoretical particle physics. Yet, when the experimental physics community
attempted to measure the soft internal bremsstrahlung spectrum, some measured a significant excess
in terms of a factor 4-8 with respect to the predicted internal bremsstrahlung spectrum, while others
did not measure an excess at all. This came to be known as the ”soft-photon puzzle”. An overview
of the experimental attempts to measure the soft internal bremsstrahlung spectrum is given in Tab.[I]

Most experiments that were conducted measured an excess of a factor 4-8 in terms of the predicted
internal bremsstrahlung spectrum. It must be noted that some measurements did not show a(n)
(significant) excess [5, [6]. The most recent result from the DELPHI collaboration [7] has led many
to believe the origin of the excess is related to QCD interactions, since the measurement showed no
excess in the well-understood, fully QED-predicted production channel of eTe™ — ptpu™.

During the Long Shutdown 4 of the LHC the ALICE collaboration plans to install its proposed next-
generation detector called ALICE3 [8]. This detector will be able to operate at a much higher rate
than its predecessors and some of the defining features will be its large coverage in pseudorapidity,
In| < 4, distance of the first layer to the interaction point, 5 mm, and low material budget, 0.3% for
the first three inner tracking layers. As a part of the plan, the Forward Conversion Tracker (FCT)
is proposed to shine light on the soft-photon puzzle and provide a measurement of the soft internal
bremsstrahlung spectrum at a never seen before collision energy of /s = 14TeV. The FCT and
techniques employed for this study have several competitive edges compared to previous experiments
which will be highlighted in this thesis.

Section [2] will explain the theory behind Low’s theorem and Haissinski’s formula and present two
generators to include the production of internal bremsstrahlung in full Monte Carlo simulations with
the event generator PYTHIA [9]. Sectionwill cover the previous attempts to measure the soft-photon
spectrum and attempt to find some common defining features of the excess they reported. Section
will introduce the proposed ALICE 3 experiment and outline its capabilities. In addition, the inte-
grated luminosity requirements for the measurement of the soft-photon spectrum with the FCT will
be covered. Section [5| will talk about the simulation strategy of the measurement of the soft-photon
spectrum with the FCT and introduce and classify the sources of background. This section also covers
the propagator which is used to perform the simulation of particle propagation through the detector
setup of ALICE 3. The performance of the FCT is then covered in Section [6] In this section, great
care is taken to uncover the differences between the produced background and the signal and the
origin of the different background channels are carefully mapped out. Different ways to minimize the
impact on the measurement are proposed which cover cuts on the geometric differences of the signal
and background. In addition, a modification of the beam pipe is proposed to reduce the material
budget in front of the FCT. Lastly, a Cherenkov detector is proposed to provide an event veto for
events that contain electrons which are known to radiate big amounts of external bremsstrahlung.
Section [7| will cover the uncertainty estimates on the background and discuss the uncertainty on the
material budget from different modules in the detector setup of ALICE 3. Section [§ will show the low
transverse momentum neutral pion reconstruction capabilities of the FCT. In the discussion, Section
[} improvements will be discussed.



Experiment Year ppeam Or /s  Photon kr Ymeas/ Ybrems Reference

mp 1979 10.5 GeV/e  kp < 20 MeV/c 1.25+0.25 [10]
K™p ]
WA27, CERN 1984 70 GeV/c kr < 60 MeV/c 4.0+0.8 [11]
Ttp ]
CERN, EHS, NA22 1991 250 GeV/c  kr < 40 MeV/c 6.4+1.6 [12]
K™p .
CERN, EHS, NA22 1991 250 GeV/c  kr < 40 MeV/c 6.9+1.3 2]
T p kr < 10 MeV/c o
CERN, WA91, OMEGA 1998 280 GeV/e o E, <1Gey) OF14 [13]
p-Be 1993 450 GeV/c  kr < 20 MeV/c <2 Bl

p-Be, p-W 1996 18 GeV/c kr < 50 MeV /¢ < 2.65 6]

TP kr < 20 MeV/c .
CERN, WA9L, OMEGA 1997 280 GeV/e (0.2 < E, < 1GeV) 7815 (4]
TP kr < 20 MeV/c ;
CERN, WA91, OMEGA 2002 280 GeV/e gy E, <1Gev) °>3F10 [13]
bp 2002 450 Gev/e ~Fr<20MeVie g I16]

CERN, WA102, OMEGA
ete™ — n jets

CERN, DELPHI

ete™ — 't~

CERN, DELPHI

(0.2 < E, < 1GeV)
kr < 80 MeV/c
(0.2 < E, < 1GeV)
kr < 80 MeV/c
(0.2 < By < 1GeV)

2006 91 GeV (1/3) 40+£03+1.0 [I7)08]

2008 91 GeV (y/s) ~1 7
Table 1: An overview of the experimental attempts to measure the soft internal bremsstrahlung
spectrum. The excess measured by each experiment in as ratio of the predicted spectrum is given in

the column ” ’Vmeas/’ybrems” .



2 Theory: Low’s theorem

In scattering processes, bremsstrahlung is produced by accelerating initial-, intermediate- and final-
state charged particles. The energy, or more intuitively the wavelength, of the bremsstrahlung is
limited by the lifetime and spatial extent of the emitting source. The lifetime and the spatial extent
of intermediate-state particles in inelastic hadronic interactions are short and are usually estimated
to be At ~ 1fm/c and Ax ~ 1fm, respectively [19]. Photons with a sufficiently long wavelength can
therefore only be emitted by initial- and final-state charged particles. Photons in this energy regime
are referred to as ”soft photons”. The exact wavelength, or energy, that defines the boundary at which
these photons are emitted has sparked many discussions (e.g. [20], [2I]) over the years. Considering
that the wavelength of a 100 MeV photon is about 12 fm, it is thus expected that photons with energies
of less than 10-100 MeV qualify as soft photons for inelastic hadronic interactions. In literature, the
bremsstrahlung produced in inelastic hadronic interactions goes by the names internal bremsstrahlung
and inner-bremsstrahlung. In this thesis, the term internal bremsstrahlung is used.

Low’s theorem predicts the soft internal bremsstrahlung spectrum for particles involved in a m — n
scattering process. In his original paper [I], the author considered 2-to-2 scattering processes plus an
additional photon in the final state. Putting it in very simple terms, the paper relates the production
of soft internal bremsstrahlung photons to the production of initial- and final-state charged particles,
without the need to evaluate what happens at the intermediate state. He talked about the cross
section o, given by the power expansion

G:@+Ul+w;€02+..., (1)
Wk
for which he provided expressions for o¢ (leading power) and o7 (next-to-leading power) where wy, is
the photon energy corresponding to the four-momentum k. This was later generalized for the leading-
power term for m — n scattering processes. A more complete theoretical overview and modern
interpretation of Low’s theorem was recently published [19].

2.1 A short overview of the derivation of the soft-photon theory

In his paper [I], Francis Low obtained his result for spin-0 particles. Burnett and Kroll [2] then
extended this to scattering processes of particles of spin 1/2, and Bell and Van Royen [3] gave the
generalization for particles of arbitrary spin.

Steven Weinberg provided a treatment for the special case of the emission of a single soft photon
in a 1 — 1 transition of a spin-1/2 particle [22] [4],

Qe Py p; 0 0
M(pf7sf7k?)\‘pl7sl) = \/meu(kﬂ)\) m - k - Di Mf’t(pf7sf7pl7s7«) + O(wk) (2)

Here M is the amplitude of emitting a soft photon with momentum k and polarization A from an
accelerating charged particle that goes from the initial state with momentum p; and spin s; to the
final state with momentum py and spin sy due to an interaction. @ is the chargeﬂ of the particle, wy, the
energy of the emitted photon, e;(k, A) the photon polarization four-vector, k the photon momentum
four-vector, My the amplitude of the process of initial-state charged particles going to final-state
charged particles without the emission of a photon plus higher order corrections O(wg). This is
then in complete agreement with the result obtained from classical electrodynamics for soft-photon
emission,

Qe Py Pl
M(py; k, Alpi) = ——=¢€,(k, ) - - (3)
V2w, k “Pf k - pi

2Here, Q; = Qr=Q.
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A comprehensive summary of the derivation for both formulas and their comparison is given in Ref. [19].
The soft factor,

Qe . i p;
k) —— — — 4
\/mﬁu( ’ ) kpf kpz ) ( )

of the Weinberg result does not depend on the particular features of the transition the charged particle
undergoes, nor on its spin dimensions. This result can then be used as a building block in the case
where this transition involves many charged particles, which results in

N; —|—Nf )
M}, = Z TInQn M+ O(w). (5)

TL

In this formula, the amplitude of the transition ¢ — f with the emission of one real soft photon, M }i,
is related to the amplitude of the same transition but without the emission of these photons, M?i,
plus higher order corrections, (’)(wg). The sum runs over all initial- and final-state charged particles
where 7, = +1 for outgoing and 7, = —1 for incoming charged particles. Saying that the sum only
runs over charged particles is stating the obvious since @, is the charge and subsequently 0 for neutral
particles, but this is done to underline that it is the charged particles that are responsible for the
emission of these photons. p,, is the four-momentum of the particle and carries the information about
the acceleration, or transition, the charged particles undergo. €*(k,\) is the photon polarization 4-
vector and carries the information about the photon production. This formula is convenient because
it shows that the non-radiative amplitude, M})i, and the radiative amplitude, M }i, are related through
the so-called soft-photon production factor,

N+Nf )
nwyn 6
NG nZan k:pn (6)

Here it can be seen that the factor arises from the interference of photon production from incoming and
outgoing charged particles. Due to the negligible contribution of intermediate state virtual charged
particles to the soft-photon production cross section, Low’s leading term is tree-level correct. The
amplitude M }l is used to calculate the cross section for the case with one photon in the final state.
Extending this to the case for multiple photons in the final state gives

N, (v, \) N;+Nj
N. T
M = H{ Z mQu }Mﬁ +OWY), (7)
r=1
for low-energy photons with momentum k, and polarization A, with » =1,..., N,.

2.2 Theoretical derivation and observables

This soft-photon spectrum shows some interesting properties, namely the angular distribution and the
number of photons emitted per event, which will be discussed in this section. Eq.[7] can be used to
calculate the soft-photon spectrum, however, it is easier to consider the case where one soft photon is
emitted Eq.[p} and calculate its probability density dI,

ar = W Z |Mfz| = (271_)327% Z (k )\ 6,/ k )\ Z annanmT’Mfz| (8)
A==+1 A==+1 n,m=1

This gives the probability of finding one soft photon of energy wj of the momentum four-vector & in
a volume d>k around k. This is done by taking the absolute square of the leading term, so neglecting
any terms of the order O(wg), and summing over the two possible photon polarizations, A = £1. Later
integrating the result in section will give the desired spectrum with which the expected number
of emitted photons can be calculated.
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2.2.1 Angular distribution

A handful of steps need to be taken to arrive at an expression for the angular distribution of the
soft-photon spectrum. First, it is important to take note of the relations of the particle and photon
four-vectors:
k= (wk, k) = wk(l, ’23),
Pn = (Enapn) = En(lvﬁn)'

The four-vector product of a charged particle with the photon that is emitted then reads

9)

k'pa:WkEa(l_IBa"%)' (10)
The sum over physical photon polarizations can be expressed as
kuk, kuny, + kyny,

AZj;leu(k;,A)e;;(k;,A) Rl rovns i (11)

which is a well-known result from QED, also called the photon completeness relation for free photons.
It should be noted that n, = (1,0). When substituted in Eq. this gives rise to the following terms:

— GuPhpb = — (000, — Py - Pm)

k-n=k"=wy,

kukuphpt, 7
% - (pgz _pn'k)(pgz_pm'k)¢

(12)
Ny ﬁ 7Vn _ 7,
Retlaln — g (), — Py - k),
Hoov ~
kunz'z’)lepnl - p?l(pgn - pm : k)?
After some bookkeeping, the substitution of the photon polarization sum in Eq.[§| reads
* v k "Dy, k - P
S el Nes (b Nkl = o -y — P P, (13)
A=+1 “k
Using the scalar quadruple product
(axb)-(ecxd)=(a-c)b-d)—(a-d)(b-c) (14)
and noting k - k = 1, the following relation can be written
This is then used to rewrite the polarization sum once again to
* v k - Dy k- P 7, 7,
S ek N (e NPty = By P — e 2IE ) g (8 k) (B, < R). (16)

w
A==%1 k

The angular dependence of the soft-photon spectrum now starts to become more obvious. With
3k = w,%dwdek, where Q is the soft-photon solid angle, the probability density now reads

wp (2m)? o I B, k(1 B, k) T

12



where o = e?/(4r). It is now also clear that the so-called dead-cone effect is present in this formula
too through the denominator. To describe the angular distribution of soft photon radiation around a
single charged particle with charge ), mass m and energy FE, the following relations are used

(8 x k) = |k[*|B|? sin 6

1-8-kE=1—|B|cosb (18)

to get

dwk ko |ﬂ|25in 02
wr (27)? (1— Bl cos0)?
In the dead cone, the small-angle radiation is suppressed, 6 < 6y, where 6y = 1/7. To see the shape
of the distribution, some expansions need to be done:

Bl=\1-=1-gz=1-30+...

dI = a@?

| M. (19)

cos@zl—%«92+... (20)
sinf=60+....
In addition, note that
dQ, = sin 0dfd, (21)

and that the integral over ¢ gives rise to a factor 27. Plugging this all in and showing the steps in
between quickly becomes a lengthy expression, so here it is split up by numerator and denominator:

1B2sin 6% = (1 - 63/2)26°,

22
(1—|B|cos)? = 1(6% + 63 — 6%6%/2)*. (22)
Then it is important to note for ultrarelativistic particles 8y < 1 and 6 < 1, such that
0263 < 63,
0260? < 02 + 6% (23)
Plugging this all in finally gives the sought-after angular distribution,
dwk df 403
dl = aQ*— — | MY, (24)

W 2m (92 =+ 9(2))2

To calculate the angle at which the soft-photon spectrum reaches a maximum, the derivation with
respect to 6 is performed,
d 63 B 02 . (303 — 02

max max)
da 00 _ = 0. 25

The maximum is then reached at

Omax = \/§90 = \@/7 (26)

with respect to the ultrarelativistic charged particle.

2.2.2 Photons emitted per event

To calculate the number of photons emitted per event Eq.[§| is again considered. Here the sum over
the photon polarizations, Eq. is inserted. Because of the Ward identity of QED, the terms k,k,,
k,n, and k,n, vanish, leaving —g,,,, which gives

o &k —pn P
dl = —5— > 0uQuim@m T MR 27
7 w2 O G N pa) &)

Here several steps are needed to get to the stage where the invariant yield of internal bremsstrahlung
photons from colliding particles going to n final states for a single event can be easily calculated. First
it is noted that

d*k = widwy, sin dOde, (28)

13



to get

dI N; +Nf
Q
== i n<n'lm m— M 2 2
Toidy ~ o O 3 Qs S S M 2
To have this as a function of pseudorapidityEl, the relation
d
d—Z\ = coshn (30)
is used to get
N; +Nf
dl «
= n<nlim m— M % 2 31
dwydnde — (27)2 cosh2 ngln Qniin@ (K - )(k Pm)’ f| 31
To then write this more compactly,
N;+Ng Dop N;+Ng » 2
_ nlim L , 32
Zmarm (X o) 2
is used to get to
dl D 2
nQn——"— ) |M%)?. 33
dwpdndp (27r cosh2 <Z77 O ¥ > M (33)

Following the steps in Ref. [I9], where the relation between Feynman amplitudes and cross sections
are used, the expression for the number of emitted photons is retrieved,

N 2
dN,Y o Wik / 3 3 < Pn ) dNhadrons
=— d’p;...d nGn 34
dwidndeo (27)2 cosh? 7 P1 PN nz::l @ pn-k) dpy... dspr (39

And then, for a single event the number of photons produced per interval of the energy of the emitted
photon, azimuthal angle and pseudorapidity is given by

Ni+N; 2

d3]\77 Q Wik Pn 1
= — n&n ~ . 35
dwydndg (27)? cosh? 7 ; @ k- pn W (35)

This formula shows some interesting properties, like the 1/wy dependence, where wy, is the energy of
the emitted photon. This dependence follows from

k-p=w(E — |p|cosb). (36)

The 1/wy dependence implies a divergence that caused a great crisis in the infrared regime of physics
were it not for Ref. [23] where it was shown that the total energy radiated is not violated. Another
interesting property is that the production of photons can be entirely attributed to the acceleration of
charged particles. This property can be seen when studying the four-vectors. Through the numerator
and denominator, the energy of the particle drops out, like

5= (e) = (5): 7

The fraction is then only dependent on the velocity of the charged particle since p = g'ym and E = ym.
This reflects the notion that the initial- and final-state particles are considered to gain this velocity
as a result of the interaction, i.e. the transition the particles undergo. Charge between initial- and
final-state particles is conserved in these interactions, but the number of initial-state particles, NN,
and final-state particles, Ny, can be different from each other.

3Which is more convenient later on
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2.3 Simulating the Low photon spectrum

Eq.[35] makes it easy to calculate the number of photons produced on an event-by-event basis, but it is
also easy to use when integrated with event generators like PYTHIA [9]. PYTHIA does not calculate
the internal bremsstrahlung spectrum when used for event generation. PHOTOS [24], [25] generates
the decay bremsstrahlung spectrum and can be integrated with Monte Carlo (MC) generators like
PYTHIA, but it is not tailored to m — n processes which are considered in this work. To that end
an add-on for PYTHIA was developed, called the ”"Low Photon Generator” (LPG) [26]. Since the
internal bremsstrahlung spectrum can be calculated as a function of the initial- and final-state charged
particles, this is what the LPG does too. It gets passed the stack of event particles from PYTHIA
and based on that calculates the number of soft photons produced. It then generates and adds these
photons to the PYTHIA event stack and they can then be used for further simulation purposes, like
propagation through a detector setup. The LPG can be used standalone with PYTHIA, or in an O?
simulation as an external generator. O? is the reconstruction, calibration and simulation and software

of ALICE [27] which will be covered in Sec.[]

To calculate the expected number of photons emitted in a certain pseudorapidity, azimuthal and
photon energy range, Eq.[35 needs to be integrated over n, ¢ and wy. For the energy of the emitted
photon this can be done analytically, but for n and ¢ it is tricky to do even a numerical integration
due to the nature of the function which is strongly peaked in the [, ¢] range close to the charged
particle. To do a proper numerical integration, the grid density of [, ¢] needs to be fine enough such

z f T EoGey z ok —EoGey
C E,: 50 GeV < 0.03F E,: 50 GeV
0.25 — E, 100 GeV E — E, 100 GeV
o E,: 500 GeV E E,: 500 GeV
r —— E,: 1000 GeV 0.02- —— E,: 1000 GeV
0.2 -
- — 0.01F
015~ . oF AR
- ~o01F
of u
C -0.02-
0.05]- -
3 -0.03
ol v 004t - -
10 10 Grid size 10 10 Grid size
(a) Result of the numerical integration for the ex- (b) The difference in the result of the numerical inte-
pected number of photons for pions of different en- gration for the expected number of photons for pions
ergies as function of the grid size used for the LPG. of different energies for the selected grid size and the
The graph for pions with an energy of £ = 1GeV is largest grid size (5000) used for the LPG. For lower
present, but its value is very close to 0. energies, this difference is very close to 0.

Figure 1

that the value of the peaks are properly accounted for, but not so fine that it significantly slows down
the execution time. To choose a proper grid size, the function is numerically evaluated for pions at
different momenta and grid sizes, as shown in Fig.[la] The difference in the result of the numerical
integration for the expected number of photons between the selected grid size and largest (5000) grid
size, A(N,), is then plotted in Fig. As can be seen, the result of the numerical integration for pions
with an energy up to E = 100 GeV remains constant when a grid size of [n, ¢] = [100, 100] or more
is selected. For pions with an energy E > 100 GeV, the result of the numerical integration starts to
be depended on the grid size, up to a certain grid size where it then remains constant again. As can
be seen in Fig. and the occurrences of pions exceeding p > 100 GeV/c are rare. These figures
show the momentum spectra of the most common final-state charged particles retrieved from doing
PYTHIA simulations of proton-proton collisions at /s = 14 TeV. Even though a grid size of [100, 100]
is probably sufficient, a grid size of [250, 250] was chosen for the simulations performed in this thesis.
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Figure 2: Momentum spectra of the most common charged particles for /s = 14 TeV collisions. The
simulations were carried out with PYTHIA.

Once the number of expected photons for a single event over a certain [n, ¢, F] range is calculated,
(N,), the number of photons emitted is drawn from a Poisson distribution with x4 = (N,). For each
emitted photon, the energy, pseudorapidity and azimuthal angle need to be drawn from the proba-
bility distribution of Eq. For the energy this is straightforward due to the 1/wj dependence. For
n and ¢ this is done through rejection sampling. In order for rejection sampling to work properly a
proposal distribution Y needs to be selected. This is not trivial due to the sharply peaked nature of
the function, but comparing peak values of a coarse grid for multiple simulated events (e.g. [100, 100])
with a fine grid (e.g. [1000,1000]) showed that these values did not differ more than a factor 3 from
each other. A proposal function Y with a uniform probability density of 3 times the peak value of the
grid is then chosen for the event in question and rejection sampling is performed. There were very
few cases in which this difference exceeded a factor 3, but it was found that this did not impact the
accuracy. The transverse momentum spectrum of the internal bremsstrahlung for different regions
in pseudorapidity was simulated and fitted with a a/kr functiorﬁ where a is the free parameter and
shown in Figs. A cross-check with Ref. [28] was performed and it was found that
the LPG agrees well with the results presented therdﬂ Tab. shows the comparison of the value for
a between reported results and results retrieved from the simulations performed in this thesis.

4Since Eq.[35| ~ 1/w, it follows the same relation for kr
5In the presentation, Eq. is mentioned, but a factor 2 was missing because of a typo. In private conversation it
was confirmed that the analytical calculation in the code that performed this did have the correct factorization.
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Figure 3: The internal bremsstrahlung spectrum generated with the LPG for different regions of
pseudorapidity and compared to Ref.[28]. The minimum energy of an emitted photon was set to
1MeV in the LPG which causes the drop of the intensity in the pseudorapdity regions 1 < n < 2 and
1 < n < 2 due to the relation E = kr coshn. The fits regions were defined through this relation.
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Pseudorapidity Reported fit value Simulated fit value

T<n<2 - 0.0192
2<n<3 - 0.0196
3<n<4 0.018 0.0179
3<n<5 0.033 0.0342
4<n<b 0.016 0.0163

46<n<5b 0.006 0.0062
5<n<6 - 0.0116

Table 2: Comparison between the reported fit values of the internal bremsstrahlung spectrum for
various pseudorapidity regions of a previous study versus the values presented in this thesis.

2.3.1 Some simulated events

Figs. [4a]and [4b]show the photon density calculated with the LPG as function of the pseudorapidity and
azimuthal angle of two events generated with PYTHIA. These density plots show the dead cone effect

- i

S

n

Figure 4: Photon density plots simulated with the LPG for two events generated with PYTHIA.
The dead-cone effect and interference patters are visible in these displays. The red dots indicate the
charged particles with an energy £ > 2 GeV.

of the emission angle around charged particles and the interference patterns nicely. Both figures show
a bright circular-like structure that (partially) surrounds a darker spot where the expected photon
density is almost 0. In the case of Fig.[4D] the interference pattern between two charged particles can
be seen as a sort of "bridge” between the two bright spots. Both these figures have a relatively low
charged particle multiplicity to show case these specific structures. If the charged particle multiplicity
becomes higher, it is more difficult to spot the relation between the position of the charged particles
in [n, ¢] and the structures.

2.3.2 Dead cone effect

In the paper by DELPHI [7], the angular distribution of internal bremsstrahlung coming from a muon
with I' = 4.3 x 10? was calculated and plotted. The data from that figure were extracted and are
plotted in this thesis alongside the distribution that is obtained when the LPG is used for a similar
muon in Fig.[5
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Figure 5: Comparison of the angular distribution around a muon with I' = 4.3 x 10? generated with
the LPG (red) and reported by DELPHI (black) [7].

The simulation was done by creating a back-to-back PYTHIA event of two muons with I' = 4.3 x 10?
and forcing the LPG to emit 10% photons in a chosen [, ¢] range around one of the charged particles.
The angle of every photon with respect to the muon in question is then plotted. The distribution is
then scaled with a factor a to match that of DELPHIP} From Eq.[26] the maximum of this distribution
is at Opax = V3 /v =~ 0.004rad, which is in agreement with the distribution retrieved from the LPG.
The shape of both distributions also match nicely, including statistical fluctuations.

2.4 Transverse momentum as qualification of a soft photon

Low’s theorem predicts the soft-photon spectrum as long as the photon that is emitted is low in energy
compared to the particle that emits it. This in and of itself is a rather vague statement, because the
question then arises what ”low energetic” means, and in particular where this cutoff is supposed to
be. Gribov argued in a paper [29] that the kt of the photon also qualifies the emitted photon to be a
soft photon. It is, however, not always clear from previous papers whether this was properly defined
in their analysis. It is suspected that during the analysis this was considered to be ”obvious”, but
reading the papers does not always convey the ”obvious”. In the jet studies of DELPHI [17], this was
made explicitly clear by the fact that they took the jet axis as the direction to which they related the
transverse momentum of the soft photon. To this end, it is important to be clear what is understood
and meant with transverse momentum of the soft photon in this work. The FCT of ALICE 3 will be
placed in the forward direction, namely to cover the pseudorapidity region of 4 < n < 5. Through the
geometric relation of

E = kycoshn (38)

the energy of the photon can be calculated. As 7 increases, kT can stay small as the energy increases,
satisfying Gribov’s argument for the qualification of soft photons and causing the photons to be able
to convert to trackable eTe™ pairs. Again, this would be the transverse momentum of said photon
with respect to the charged particle that emitted it. However, the measurement of the charged particle
that emitted the photon is often a challenge. And for the FCT this is no different. The geometry of
ALICE 3, which will be discussed in detail in coming sections, makes the tracking of charged particles
that are produced in non-diffractive pp collisions extremely difficult in the pseudorapidty region of
4 < n < 5. Simply put, there are no, or almost no, sensitive volumes available between the the primary

SFrom the paper it was unclear over which energy range they integrated to obtain this distribution, so an arbitrary
scaling was chosen
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vertex and the FCT to provide tracking for the charged particles produced in this pseudorapidity
region. In addition, the solenoidal magnetic field bends the tracks of these charged particles, which in
turn destroys the spatial correlation of the photons that travel unaffected by the magnetic field from
the primary vertex to the FCT and the charged particles that emitted them. DELPHI [17] wanted
to solve this by measuring the charged particles in a jet and the photons that were then consequently
emitted as a result of the acceleration of said charged particles. They, like other previous experiments,
also measured an excess of the soft-photon spectrum. For this work, the transverse momentum of the
measured photons is quoted with relation to the beam axis. In this forward regime, the angle between
the soft-photons and the beam axis is very small. Through the relation of the pseudorapidity and the
angle in radians,

6(n) = 2arctane™ ", (39)

the angle between the beam axis for (4) = 37 mrad and for 6(5) = 13mrad. DELPHI [17] considered
a resolution of the angle of the jet axis with respect to the photon to be around 50-60 mrad. This is
partially due to the smearing of the jet axis because its definition of the weighted sum of the monu-
ment of all participating particles. In other fixed target experiments, the soft photon spectrum was
measured at an angle of 20 mrad with respect to the beam axis. They also measured an excess. For
the FCT, these values are very similar.

The spectrum of 7° — 4+ dominates the hadronic decay photon spectrum and also the soft-photon
spectrum coming from inelastic scattering processes at larger k. Since the 7% — ~v decay spectrum
scales as

dN. 2k 1
LNt (40)

dkr M 0 \/m )

also known as the Jacobian Peak, and the internal bremsstrahlung spectrum with ~ 1/kp, there is
a region in low transverse momentum where the internal bremsstrahlung spectrum dominates. The
external bremsstrahlung caused by charged particles[] traversing detector material, which has the same
1/E shape as the internal bremsstrahlung, dominates the internal bremsstrahlung for the setup with
the FCT in ALICE 3. In the next chapters, a strategy will be laid out how to deal with the external
bremsstrahlung spectrum.

2.5 The Haissinski formula

The Haissinski formula is also often used [13], [14], [I5], [16] to predict the soft-photon spectrum. It

reads
Ni—‘er

dN’y [0} 1 3 3 Pn| 2 thadrons
A3k (2m)? wy/ p1 pr( ; @ pn-k) d3p1..d°pn; (41)

where pp| = pn — (- pPn) - 0, pn the charged particle three-momentum vector and n is the photon
unit vector, n = k/|k|. This form was proposed by Haissinski et al. [30] by modifying Low’s lead-
ing power formula and it said to be more stable in use when not all intial- and final-state charged
particles involved in a m — n scattering process can be measured due to detector effects. When
used with Monte Carlo generators where all charged particles involved are known, the outcomes are
said to be in complete agreement. Low’s theorem requires all charged particles involved to be known,
but for Haissinski’s this requirement does not exist. Low’s theorem occasionally and not infrequently
predicts a negative number of predicted photons when the charged particles considered are limited
to a certain range in pseudorapidity. Haissinski’s formula does not suffer from this, but predicts less
photons when the charged particles considered are limited to a certain range in pseudorapidity. This
will be shown in more depth in the next paragraph. Ideally, to test Low’s formula, one would set up
an experiment where all charged particles can be measured, but as stated in the previous subsection,
this is very challenging, if not impossible at ALICE 3. However, predictions about the spectrum in
certain pseudorapidty ranges can still be made by simulating non-diffractive pp collisions, as is done

"mostly electrons
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in this thesis. Haissinski’s formula, unfortunately, also seems a bit impractical to use when even a
part of the charged particles are measured. Perhaps when all charged particles in the pseudorapidty
range of the FCT can be tracked by the IRIS tracker can the Haissinski formula be used, but very
high momentum particles would need to be tracked with the outer tracker, which unfortunately does
not cover the same pseudorapidity region as the FCT. In addition, to extract the momentum of the
particles from their tracks, a way to identify the particles would need to be present.

Using the Haissinski formula instead of Low’s formula in the event generator, the aptly named Haissin-
ski Photon Generator (HPG) is made. In essence, it functions the same as the LPG, but a defining
difference is that it allows the user to select the range of charged particles in 7 to predict the internal
bremsstrahlung spectrum. Comparing the predicted photon density with both generators has satisfy-
ing results, as shown in Fig.[] For Low’s theorem, all charged particles need to be known which is

S S

(a) The photon density plot as simulated with the (b) The photon density plot as simulated with the
LPG according to Low’s theorem. HPG with Haissinski’s formula.

0.6
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(¢) The photon density as predicted by the HPG
subtracted from the photon density predicted by
the LPG.

Figure 6: Comparison plots of the predicted photon density by the LPG and HPG when both are
given full access to all initial- and final-state charged particles involved in the scattering processes.

easily achieved with a MC generator. For Haissinski’s formula, this is not necessary. However, when all
charged particles are used in both formulas, the predicted photon spectra are in complete agreement,
as shown in Fig[6d which shows the the photon density as predicted by the HPG subtracted from the
photon density predicted by the LPG, up to a very high precision. The comparison of the predicted
internal bremsstrahlung spectrum by the LPG and HPG is given in Fig.[7] for the pseudorapidity
range 4 < n < 5. The LPG takes all charged particles produced by the MC generator into account,
i.e. PYTHIA, but the HPG only considers the charged particles produced in the pseudorapidity range
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4 < n < 5. For this figure 100k events were simulated. Fig.[7b| shows that the ratio between the the
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predicted internal bremsstrahlung spectrum of the LPG and HPG is constant. This is an inherent
attribute of these formulas: both predict the number of photons in a certain pseudorapidity range,
but due to incomplete information of all involved charged particles, the Haissinki’s formula predicted
less photons in this pseudorapidity range because it only had access to the charged particles in that

pseudorapidity range.
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3 Previous measurements

Experiments in the past have measured the soft-photon spectrum in the low-kT region as indicated by
Tab.[I] From this table it can be read that the experiments that measured an excess in the soft-photon
spectrum, measured this as a factor 4-8 in terms of the predicted internal bremsstrahlung spectrum.
This table is great for a quick overview, but it does not show the full kinematic regime in which
the experiments were conducted. Some experiments reported findings for multiple kinematic regimes
and some have tighter constraints through the inclusion of the Feynman z. Tabs. [3| and {| show a
slightly more complete overview of the kinematic regime in which the experiments were conducted. In
addition, the reported findings along with their expected signal-to-background ratio, so excluding any
potential measured enhancement of the signal, are also given. Here, the expected signal is the expected
internal bremsstrahlung spectrum and the expected background everything else. The measured signal
is the measured data after the expected background has been subtracted.

Chliapnikov et al. [11] performed a fixed target experiment. They reported that the shape of the
excess matches that of their predicted external bremsstrahlung spectrum in both Feynman x and kp,
the latter of which did not have a distribution present in the paper, but it was mentioned in the text.
In addition, the excess shows a forward-backward asymmetry in the reported Feynman x regime,
extending further into the forward direction than backward. Botterweck et al. [12] then showed the
same forward-backward asymmetry, but for a higher beam energy, for both 7#*p and K*p collisions.
They also reported the shape of the excess to match that of their predicted internal bremsstrahlung
spectrum. Banerjee et al. [13] and Belogianni et al. [I5] continued the trend and they reported that
their excess also matches their predicted internal bremsstrahlung spectrum in shape. Belogianni et
al., however, limited the amount of charged tracks per event to be less than 8 to allow for their pattern
recognition algorithm to work optimally. In a follow-up experiment at higher beam energy, Belogianni
et al. [16] compared their findings of pp collisions to their previous experiment with 7~ p collisions,
Ref. [15]. They made predictions about the differences in the spectra and found that the excess shows
similar features to those predictions. DELPHI [I7] reported the slope of their found excess in k% to
be a good estimation for the slope of their predicted internal hadronic bremsstrahlung. This was,
however, difficult to see for their k1 spectrum, and it was also not reported by them. The similarity in
shape of the excess and predicted internal bremsstrahlung spectrum of most of these reports suggests
that the excess has something to do with the internal bremsstrahlung spectrum, however a reason to
explain the forward-backward asymmetry of early fixed target experiments remains elusive as of yet.

Antos et al. [5], Tincknell et al. [6] and DELPHI [7] reported no noticeable, or an upper limit
to the excess. A few things, however, stick out. Starting with Tincknell et al. where they used barium
fluoride arrays (BAF1 and BAF2) to detect the photons. In front of these BAF1 and BAF2 detectors
were veto counters to select neutral events in the offline analysis by requiring no charged particle fired
the veto counter in front of the corresponding detector. Yet in their analysis they do mention an ex-
pected internal bremsstrahlung spectrum. Photons of such a spectrum, as shown in Sec.[2] are emitted
under a small angle of a charged particle. It is unclear through the rest of the paper what impact the
offline veto has on the internal bremsstrahlung spectrum. DELPHI performed their measurement of
the internal bremsstrahlung spectrum with collisions of ete™ — p* ™, which is considered to be a
very clean QED channel without any influence from QCD. This suggests a dependence of the excess
on QCD, especially since the other experiment done by DELPHI [17], which measured ete™ — n jets,
did measure an excess. Antos et al. did not report a significant excess at all and this result adds to
the puzzle.

Aubert et al. [31], not present in the overview tables, also reported an excess in the photon spectrum
they measured. However, as they reported themselves, the photon energies measured in their report
are higher than those reported in the other experiments that measured an excess in the soft-photon
spectrum. They therefore stated themselves that it is unlikely that the excess has the same origin.
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3.1 Some notes on the extraction of the values
Botterweck et al.

In Ref. [12], results were published for two kinematic regimes for both 7*p and K*p collisions. For the
kinematic regime of kr < 40 MeV/c, no exact value was quoted for the expected background in the
text, nor was a transverse momentum range quoted for the kinematic regime of —0.0001 < z, < 0.008.
It is thus unclear whether the overlap of both is fully compatible. Assuming the expected background
to be of similar value in both kinematic regimes, an estimated range for the signal-to-background ratio
has been given for the kinematic regimes of kp < 40MeV/c in Tab. For the uncertainty on the
~Ymeas/ Ybrems the values for the uncertainty on the measurement of the signal, or excess as it is called in
the paper, were adopted. Unfortunately, no uncertainty was quoted for the prediction of the internal
bremsstrahlung for either kinematic ranges.

Banerjee et al.

In Ref. [13], no exact values for the measured excess were quoted except for the 2.1 % events that were
expected to contain photons, but they measured that 1/6 did. This results in Yimeas/Ybrems = 7.9, the
excess ratio that is quoted in the paper. For the expected signal to expected background ratio, the
figures containing the data were imported in an online tool and the data points extracted, providing
the range as quoted in Tab.[3] Performing this exercise showed that a 7.9 ratio was only to be
retrieved when the kinematic range of kt < 8 MeV /¢ was considered, whereas the paper quoted this
for kr < 10MeV/c. Due to this, the ratio Sexp/Bexp is given in a range.

Antos et al.

In Ref. [5], the quoted Ymeas/Vbrems ratio is given for many values of kr, the uncertainty of which are
not quoted. Like Ref. [19], the value is therefore quoted as < 2 in Tab. No exact values were quoted
in the text of the paper for the expected signal (excess) and background. An attempt was done to
extract the data from the figures present in the paper, but due to the size of the markers and error
bars on the data, the uncertainty introduced in the extraction process was too big to give a meaningful
value for the ratio Sexp/Bexp-

Tincknell et al.

In Ref. [6], integrated values for their (expected) signal and background were not given. Instead, their
results were predominantly presented in graphs for which the uncertainty introduced in an extraction
process was too big to give a meaningful value for the ratio Sexp/Bexp-

Belogianni et al., WA102
In Ref. [16], an upper bound was given for the production of photons from secondary interactions, the
in- and exclusion of which determines the range for the ratio Sexp/Bexp given in Tab.

DELPHI ete™ — n jets

In Ref. [I7], the data uncorrected and corrected for photon detection efficiency were given. These
then determine the range of the ratio Sexp/Bexp given in Tab. The exact value for the expected
background was not quoted, but this was calculated from the values quoted in the text. As such, an
uncertainty on the expected background is not given in Tab.[4]

DELPHI ete™ — ptp~

In Ref. [7], the exact values for the expected background were not quoted, but these were calculated
from the values quoted in the text. As such, uncertainties on the expected background are not given
in Tab.Hl
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4 An introduction to ALICE 3 and the FCT

ALICE 3 is the proposed next-generation detector of the ALICE Collaboration for Run 5 & 6 when
the LHC is in its high-luminosity phase, dubbed the HL-LHC. The installation of said detector is
scheduled to take place during the fourth long shutdown (LS4, 2034-2035). The proposal for ALICE 3
was published in the Letter of Intent (Lol) [8] and the design considerations will be published in
its upcoming Scoping Document (SD) [32]. Its layout, shown in Fig. has been specifically curated
to tackle some extraordinary open problems in physics, as well as improve and/or advance existing
measurements. Advanced silicon detectors will give ALICE 3 its high readout rate, superb pointing

Outer Tracker ALlCE 3

Inner Tracker

TOF

FD

RICH
ECal
Magnet

Absorber

Muon identification
FCT

Figure 8: Prospected layout of the ALICE3 detector as per the SD [32]. A few labels have been
included to convey the general layout, but specific naming of all individual parts has been omitted to
avoid cluttering of the figure. For a more complete overview, refer to Fig.ﬂ

resolution and excellent tracking over a large acceptance. To complement this, it will sport outstand-
ing particle identification over the same acceptance.

To achieve its desired pointing resolution, the first tracking layer must be as close as possible to
the interaction point. ALICE 3 does this by placing its vertex tracker (also nicknamed IRIS because of
its resemblance of an optical diaphragm) inside the beam pipe. The IRIS tracker is composed of three
cylindrical layers bent around the interaction vertex and 3 circular disks on either side. The silicon
pixel sensors with which the tracking is performed are Complementary Metal-Oxide Semiconductor
(CMOS) Monolithic Active Pixel Sensors (or MAPS for short). During beam injection of the LHC,
the aperture required (~ 16 mm) is a lot larger than at stable beams (~ 5mm). The IRIS tracker
takes advantage of that fact by being retractable and when stable beams have been achieved it will
settle in its contracted state. With an aperture of 5mm in the contracted stated it will be ready for
data taking.

The increase in luminosity plays a key role in achieving the prospected physics program of ALICE 3.
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Based on the projections laid out in the Letter of Intent [§], the prospected nucleon-nucleon luminosity
ALICE 3 will provide is more than five times larger than that is available with Pb-Pb collisions of Run
3 & 4 (~ 0.5fb71). Studies, e.g. the operation with lighter ions, are currently being undertaken to
further increase this luminosity. For proton-proton interactions, ALICE 3 is prospected to operate at
an instantaneous luminosity of L = 3 x 10?2 cm™2s™!, or an interaction rate of 24 MHz, corresponding
to the accumulation of 3fb~! per operational year. The cutting edge MAPS will have a data acquisi-
tion rate to match this interaction rate. The pixel sensors of the IRIS tracker will be as thin as 0.1%
of a radiation length Xy to minimize multiple scattering of charged particles passing through them.
They also sport a position resolution of opes ~ 2.5 pm.

While the IRIS tracker takes care of the vertex location and will provide information for track seeding,
the outer tracker will be used to perform the tracking for the vast majority of the charged particles
produced. The outer tracker consists of cylindrical ”barrel” layers and forward disks, all made up of
MAPS, but with a thickness of 1% X and a position resolution of opes ~ 10 um. Together, they will
provide the outer tracker with an acceptance of |n| < 4. A radial projection of the layout of ALICE 3
is depicted in Fig.[9] where the barrel layers are colored cyan and the disks olive green. All the other
components, as well as some of the passive material, have been given their own label.

1.0

— FCT —— fTOF
—— Dipole —— Beam pipe
—— Tracker discs —— FCT RICH
—— Barrel layers FOCAL
| Iris discs — Iris VacV
0.8 RICH —— lIris services
—— fRICH —— Cold plate
—— TOF ---- n=4,5
—— iTOF
0.6 i B
E
3
3 S
0.4
) BN hq—
—=4

0.0

Distance z (m)

Figure 9: A schematic overview of the layout of ALICE 3 as seen from the radial-z point of view. The
FCT (purple) is placed at the A side [33]. The ECAL, magnet, absorbers and muon chambers are
outside of this radial projection. The acceptance in pseudorapidity of the FCT is given by the red,
dotted lines.

Particle identification is performed by the combination of the inner, outer and forward Time-of-Flight
(iTOF, TOF and fTOF respectively) detectors with a time resolution of 20 ps. The TOF will provide
electron/hadron separation of up to 500 MeV /c and 7/ K separation up to 2 GeV/c. To identify parti-
cles below 300 MeV /¢, the iTOF will be used. This is complemented by the Ring-Imaging Cherenkov
(RICH), which consists of the barrel RICH (RICH) and forward RICH (fRICH), to extend the range
for e/m separation up to 2 GeV /¢, and of protons from e, 7, K up to 14 GeV/c. For muons, a dedicated
muon detector after a steel absorber will be installed. A solenoid magnet will provide ALICE 3 with
a magnetic field of 2 T. The FCT will have its own separate dipole magnet. The electromagnetic
calorimeter (ECAL) was proposed in the Lol to extend the particle identification range and a more
in-detail discussion on that topic can be found in the SD [32].
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Figure 10: ALICE 3 Pb-Pb performance. The values for this graph were extracted from the Lol [§].

Fig.[I0] summarizes the performance gain of ALICE3 in Pb-Pb collisions compared to its previous
installments. It shows a significant jump in both the pointing resolution and acceptance multiplied
by the Pb-Pb interaction rate.

4.1 Physics program and detailed layout of ALICE 3

It is of course wonderful to read about its novelties, but the design considerations of ALICE 3 have
been motivated by the exhilarating physics program it will pursue. A list of the major topics is given
below.

e Ultra-soft photons and tests of quantum field theories
e High-precision beauty measurements

e D — D azimuthal correlations

e Multi-charm hadrons, p-wave quarkonia and exotic hadrons
e Azimuthal asymmetry of electromagnetic radiation

e Fluctuation of conserved charges

e Nuclear bound states and hadronic interactions

e Chiral symmetry restoration

e Collectivity in small systems

e High-statistics hadronic physics

e Searches beyond the Standard Model

These physics goals rely on observables which, in their turn, define the requirements of the detector
design. The highlight of this program in this thesis is of course the ultra-soft-photon spectrum, the
measurement of which will be facilitated by the Forward Conversion Tracker (FCT). The FCT and
how it functions within ALICE 3 has its own dedicated section, Section [5l The following paragraphs
will give an overview of a small selection of the major components of the physics program of ALICE 3,
and at the same time motivate the ALICE 3 detector design and its requirements. A more detailed
view on this is available in the Lol [8] and SD [32].
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4.1.1 Multi-charm baryons, p-wave quarkonia and exotic hadrons

ALICE 3 has the goal to establish the connection between the thermalization of charm quarks in the
quark-gluon plasma (QGP) and the formation of hadrons from deconfined quarks. In central Pb-Pb
collisions, many hard scatterings occur which leads to the creation of many c¢ pairs. Some of these
c quarks are subsequently separated from their original partner during thermalization of the QGP.
When hadronization of the QGP occurs, these deconfined quarks can then form a hadron with another
c quark from another hard scattering process. This would lead to the creation of multi-charm baryons
like Qce, Zce, or even Q., and p-wave quarkonia (xc1,2). In addition, ALICE3 wants investigate
the dependence of the production of these multi-heavy-flavor hadrons on the heavy-quark density
that varies with rapidity. To perform these measurements, a method called ”strangeness tracking” is
implemented. In this method, the decay products of these baryons, such as =~ and 2~ hyperons, are
tracked before they decay further. The subsequent decay products of these baryons are then identified
with the particle identification capabilities of ALICE 3 and together with the tracking information the
multi-charm hadrons are reconstructed. The pixel sensors of the outer tracker, consisting of the barrel
layers and forward discs, will have a pixel pitch of ~ 50 um with a corresponding spatial resolution of
opos =~ 10 pum, which allow for accurate tracking of the decay products of the multi-charm baryons.
The pixel sensors of the inner tracker achieve a spatial resolution of 2.5 um and a distance of the first
layer to the primary vertex of 5mm, which allows for precise primary vertex reconstruction.

4.1.2 Chiral symmetry restoration

Chiral symmetry is one of the properties of the QCD Lagrangian in the massless limit, but it is
broken indicated by the mass spectrum of hadrons. Predictions about the impact of chiral symmetry
restoration can be made. At high enough temperatures and pressure, like in the QGP, chiral symmetry
is expected to be restored. In the QCD vacuum, the mass spectrum of chiral partners is modified, like
for the p(770) and the a1(1260). The p(770) and a1(1260) mass spectral functions change with the
temperature of the QGP up to the point when chiral symmetry is restored, at which point the mixing
of p(770) and a1(1260) degenerates occurs. Through the measurement of the p(770) decaying in eTe™
pairs, indirect access is provided to the properties of the al(1260) due to the chiral mixing mechanism.
In practical terms this means that an increase in the thermal spectrum of eTe™ pairs is expected in
the range between the p(770) and ¢(1019). This increase would be in the order of 15%[34], [§]. This
measurement requires a strong electron identification which can be provided by the TOF and RICH,
and in addition electrons need to be tracked with high efficiency, which is done with the IRIS and
outer tracker.

4.1.3 D — D azimuthal correlations

To discriminate between the different regimes of energy loss in the QGP and reveal possible charm
isotropization, ALICE 3 will measure low pt angular D°— DO correlations over a wide rapidity range. In
the transverse plane, c¢ pairs produced from hard scatterings in nucleon-nucleon collisions are back-to-
back. If the medium is fully thermalized, meaning the back-to-back correlation between the produced
pairs is gone, then the expected azimuthal distribution between D° — DO pairs shows no preference and
remains constant. These pairs lose their back-to-back correlation via interactions with the medium.
This is then a measurement of the energy loss in the QGP. To measure forwardly produced pairs, the
pseudorapidity coverage that is needed is large. In comparison, when this measurement is carried out
with the current ALICE setup, the combinatorial background completely overshadows the potential
signal. For ALICE 3, with its increased reconstruction performance and particle identification, the
measurement of DY — DO azimuthal dependence will have high enough precision after the combinatorial
background is subtracted.

4.1.4 Ultra-soft photons and tests of quantum field theories

As laid out in the previous chapters, the origin of the excess in the soft-photon regime is still unknown.
A candidate for the origin of this excess is the understanding of Low’s theorem and the predictions
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Figure 11: A schematic overview of a pair-producing photon incident on a telescope setup similar
to the Forward Conversion Tracker of ALICE3. The blue line represents the beam pipe, and the
magenta lines the disks of the telescope setup. The photon (red dashed line) converts into a electron
(green) /positron(orange) pair. The hits are indicated with yellow crosses on the intersection of the
trajectories of the eTe™ pair on the telescope disks. A fit is then performed on the trajectories of these
particle to extract the momentum and this is then grouped in a V°. The properties of the V° are
then used to reconstruct the incident photon. Technically, in the presence of a dipole magnetic field
the electrons only bend this way (i.e. toward and away from the beam pipe) in the zz plane. This
figure merely serves illustrational purposes of the concept.

that can be made with it. The goal of the FCT is not only to measure the soft-photon spectrum
excess, but extract its quantifying features, i.e. whether it follows a 1/kr relation. In ALICE 3, the
soft-photon spectrum is measured in the forward direction with the FCT in the pseudorapidity range
4 < n < 5. The electron-positron pairs that are created due to the conversion of incident photons are
tracked using the consecutive layers of the FCT. Grouping these tracks together into a so-called ” V07,
its properties are then used to reconstruct the photon that created it. Fig.[11]shows a schematic view
of the reconstruction of an incident pair-producing photon on a telescope setup including a magnetic
field similar to the FCT. In the Lol [§], previous studies of the photon reconstruction efficiency of the
FCT showed that a pointing angle resolution of 0.025 mrad and a transverse momentum resolution of
15 % can be achieved. Since soft-photon production is not limited to accelerating initial- and final-
state particles, background reduction is an important step in this measurement to unveil the specific
properties of the potential excess. A large amount of background is attributed to the formation of
external bremsstrahlung in detector material in front of the FCT. To this end, the material budget
in front of the FCT is kept to a minimum by placing as little other detectors and support material in
front of the FCT as possible. In section [3], the simulation of the FCT is discussed. In section [0] the
performance of the FCT is discussed which includes different strategies to reduce the background. A
setup with a conical beam pipe to reduce the effective material budget is explored in Sec.[6.3]

4.2 Reconstruction with ALICE 3

The interaction rate at which ALICE 3 will operate equates to 24 MHz, as outlined in the Lol [§].
Since the bunches travel at the speed of light, the number of orbits per second is ¢/27km ~ 11000/s.
At an interaction rate of 24 MHz, this means that there will be 24 MHz/11kHz ~ 2180 collisions
per orbit. By construction, 3564 bunch crossing happen per LHC orbit, this would mean that the
average in-bunch pile-up equates p =~ 2180/3564 ~ 0.61. However, the number quoted in the Lol for
i~ 1.2. This is due the fact that the LHC never operates with all bunches populated with protons,
so even if a bunch crossing would occur of a "bunch” that is not populated, or rather a ”gap”, no
collisions would occur. The filling scheme of the LHC defines the amount of bunches per beam. In
the LHC, there are two beams that run in opposite direction which collide at interaction points, 1P2
for ALICE. The more realistic scenario is that of a representative fill of Run 3 which had ~ 1840
proton-proton collisions per orbit of the LHC. To achieve the desired interaction rate, the in-bunch
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Figure 12: Figures taken from Ref. [35].

pile-up would then be p ~ 2180/1840 ~ 1.18, which is much closer to the quoted 1.2 in the Lol. To
then actually acquire data on these collisions, one LHC orbit needs to be sliced into readout frames
(ROFs). Each bunch is separated from the next by 25 ns in time. Assuming a 500 ns ROF, the baseline
for ALICE 3 [32], this means there are 500/25 = 20 bunch crossings per ROF. In one beam, populated
bunches are packed closely together in a so-called train, of which there are multiple per injection.
In-between trains there is a gap of unpopulated bunches which causes a significant portion of the
ROFs to record zero collisions. For a particular fill of Run 3 the frequency of the number of collisions
per ROF was recorded, see Fig.[12al Based on this a short sampling simulation was performed. To
get the probability for n collisions to happen in a single ROF, ROFs with n collisions based on the
frequency of occurrence in the fill were simulated. Sampling each collision by a Poisson distribution
with p & 1.18, the probability for n collisions to happen in a single ROF is given in Fig. Ref. [35].
In this figure, the probability to have 0 collisions in one ROF is a lot higher than having n collisions
where n # 0. This is due to the fact that ROF's are tied to the orbit of the LHC, which means that
some ROFs can fall in "gaps” between trains due to the filling scheme. The global reconstruction
which makes use of the information of the primary vertex location, provided by the tracker, and the
time of flight of the particles, provided by the TOF, then disentangles the information in one ROF to
enable analysis on an event-by-event basis.

4.3 Integrated luminosity requirement for the FCT

Initial studies showed a pointing angle resolution of 0.025 rad for photons with the FCT is possible [§].
Charged particles, however, due to their interactions with the material and the bending of their tracks
in the magnetic field, are more tricky to trace back to their respective primary vertex if the amount of
events in one readout frame exceeds 1. The presence of more than 1 event in a ROF complicates the
applicability of certain cuts to reduce the background which will be made more concrete in the rest
of the thesis. Crudely said, without a detector to provides timestamps for charged particles like the
TOF and RICH, additional events in the same ROF effectively function as pileup. For ALICE 3, as
given in Fig.[I2] the probability for n events occurring in a single ROF is highest at n = 13, but not
zero at n = 1. The probability of a single event in a given ROF P ~ 0.015, or 1.5% of all the readout
frames.

In order to calculate how many collisions need to be recorded to achieve similar statistics as will
be presented in this thesis, 10M, the following equation needs to be solved

1 1 1

NEvents = R X P X P X NEvents for acc. stat.s (42)
@ cov. Phot. conv. Meas. Vg

where Ngyents 18 the number of events required that are available for single event-by-event analysis,
Ry cov. the ratio of the azimuthal coverage, Pppot. conv. the probability of a photon to convert in the
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FCT, Pueas. v, the probability that an ete™ pair of a converted photon can be reconstructed with
the FCT and Ngyents for acc. stat. the number of events required for acceptable statistics. This is often
expressed as the integrated luminosity, Liyt, given by

___pp, non-dif
NEvents = OEvents X Ling, (43)

~dif . . . . ..
gﬁ;ﬂ?tosn " is the cross section for recorded non-diffractive proton-proton collisions. ALICE 3

plans to record Liy. a3 = 3fb~! of pp collisions per operational year under the assumption that every
ROF independent of the number of collisions that occur inside of it can be reconstructed. Fig.[I2]
shows the probability of n collisions occurring in a single ROF. The contribution to the total amount
of integrated luminosity per operational year for ROFs with n collisions is given in Fig.[I3] For the
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Figure 13: The contribution to the total amount of integrated luminosity per operational year of
ALICE 3 for ROF's with n collisions (left). The ratio of the aforementioned contribution (right).

calculation of the number of diffractive collisions that need to occur, Neyents, the values will be given
in this thesis. Rg cov. is 1 for circular disks, but less for square layers, see @} For simplicity, this is
assumed to be 1/2, but in actuality this will be slightly lower. The probability for a photon to convert
in the first two layers of the FCT is given by 7/9x/Xy, so this is ~ 0.016 since the first two layers
have 2% of a radiation length as material budget. The probability to measure an ete™ pair of a
converted photon that can be reconstructed with the FCT depends on the geometry of the FCT, the
energy of the converted photon and the strength of the dipole magnetic field. It is assumed that 10%
of the converted photons can be reconstructed for this calculation. In this thesis, for the ”Default
ALICE 3” simulation set, see 5], 10M events were simulated, so to achieve similar statistics as presented
in this thesis, Ngvents for acc. stat. = 10M. Plugging this all in gives Ngyents ~ 1.25 x 100 events. For a
center-of-mass energy of /s = 13 TeV, CMS reported [36] a cross section for inelastic pp interactions,
ooy =T71.26+£0.06 (stat.) £0.47 (sys.) £2.09 (lum.) £2.72 (ext.) mb, comparable to what ATLAS
reported [37]. The fraction of non-diffractive events of the proton-proton collisions at LHC energies is
roughly 75-80% and for /5 = 14 TeV, PYTHIA [9] reports this as o224 — 57 17 mb which was
also used in the simulations of this thesis. This then gives a corresponding integrated luminosity of
Lyt ~ 220 nb~!. The integrated luminosity recorded Lint. n—1 ~ 3.5 pb_1 when only the ROFs with
n = 1 are considered, as shown in Fig.[I3al Since this measurement does not require any special beam
time, it is expected that this can be achieved during Run 5. However, to increase the statistics for this
measurement, a dedicated low-luminosity run could be requested. This would also greatly simplify
the analysis process since it eliminates the requirement to check all recorded ROF's of all fills for those
that only contain 1 collision. No research has gone into the feasibility of performing a measurement
where there are two collisions present in a single ROF, but if it is, this would reduce the operation
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time by a factor 2 or more. The single event-by-event analysis is a requirement when a ePID detector
is included in the setup or when the distance to the closest charged particle is required as a cut on
the background, but this restriction can be loosened when these things are not required.

34



5 Simulation of the measurement of the soft-photon spectrum with
the FCT

The Forward Conversion Tracker of ALICE 3 measures the soft-photon spectrum via the tracking of
ete™ conversion pairs in a dipole magnetic field with a strength of By = 0.25T. These pairs are
tracked by 11 circular disks positioned around the beam pipe equipped with MAPS. The inner radius,
outer radius, z-position and thickness of the individual disks is given in Tab.[5] The radii of the disks
cover the pseudorapidity region of 4 < n < 5.

Bosit Nt
Inner Radius Outer radius osition ateria

Disk (cm) (cm) z thickness
(cm) %Xo
0 5 17 442 1.0
1 5 17 444 1.0
2 5 17 446 1.0
3 5 17 448 1.0
4 5 17 450 1.0
5 5 17 452 1.0
6 5 17 460 1.0
7 5 18 470 1.0
8 5 18 480 1.0
9 5 19 490 1.0
10 5 19 500 1.0

Table 5: The inner radius, outer radius, z-position and thickness of the disks of the Forward Conversion
Tracker in ALICE 3.

The spacing of the first 6 layers of the FCT is close together so even low-energetic e™e™ pairs, which
equates to small bending radii, can be tracked. For more energetic pairs, the later layers are more
spaced out. Since the vast majority of the contribution to the momentum of incoming photons in
this pseudorapidity region comes from p,, a dipole magnet with a magnetic field in the ¢ direction
was chosen. Charged particles in a magnetic field in the g direction bend in the xz-plane, giving the
FCT the opportunity to track very forward photons. A tracked ete™ pair together forms a so-called
V0 where its name comes from the resemblance of the shape of the tracks of the pair with the letter
”V” and the 0 comes from the fact that it finds its origin through a neutral particle which do not
leave tracks, e.g. through the decay of a neutral particle or the conversion of a photon. Through the
properties of the tracks and the V?, the photon is reconstructed.

Earlier studies on the tracking and reconstruction efficiency of the FCT, presented in the Lol [§],
showed that a pointing angle resolution of 0.025 mrad and a transverse momentum resolution of 15 %
can be achieved. These numbers are taken as estimates of the results presented there and are used for
the results in this thesis.

5.1 Simulation strategy

The simulations in this thesis were performed with the ALICE O? software [27], which stands for
online-offline computing system. It contains the code for the reconstruction, calibration and simulation
for the ALICE experiment used for Run 3 and 4. In addition, it is under development for Run 5
and 6, for which it contains the current ALICE 3 detector design based on the upcoming Scoping
Document [32]. O? performs its simulations in multiple steps, a schematic overview of which is given
in Fig.[14] First, the event generator, e.g. PYTHIA [9] or FLUKA [38, [39], generates an event. The
so-called particle stack that contains the generated particles then gets passed to the propagator, e.g.
GEANT3 or GEANT4 [40H42]. The propagator propagates the particles through the detector setup
and calculates which material interactions take place. In addition, it also takes care of the magnetic
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field present in the setup. The particles then leave so-called hits in user-defined sensitive volumes
which generally contain the particle type, momentum of the particle that passed through, position on
the sensitive volume and energy deposited by the particle in the particular volume. Based on these
hits the digitization step occurs which simulates the actual detector response. The digitizer is usually
a custom piece of code and highly detector specific, whereas the generator and propagator can more
or less be tweaked by configuration parameters. The output of the digitizer is then used for track &
vertex reconstruction and particle identification after which events can be analyzed. The analysis is
performed with O2Physics [27]. It is being studied to have parts of this workflow be performed by A
Common Tracking Software Project (ACTS) [43], predominantly the vertex and track reconstruction.
The usage of ACTS for the FCT is discussed in more detail in Section Specific details of the
simulation settings used for this thesis can be found in Sec.[5.2}

Event Propagator Digitizer
generator

\
-
7N

Figure 14: A schematic overview of a simulation workflow of high energy particle collisions with a
detector setup to read out the data. The events are generated by the event generator, then propagated
through the detector setup with the propagator which simulates material interactions and finally the
detector response is done by the digitizer. An example of a digitization process is represented in this
figure by an incident charged particle on a grid of MAPS (red cross). The propagator calculates the
energy deposited in the material and the digitizer translates this in a cluster of pixels that registered
a binary readout through the simulation of charge sharing.

For the simulation of the soft-photon spectrum the Low Photon Generator (LPG), as described in
Sec. is included in the O? workflow. The LPG acts after the Generator has generated the particle
collision and then calculates the soft-photon spectrum and adds the photons to the particle stack
which then gets handed to the propagator.

5.1.1 Experimental setup

For this thesis, the simulations were predominantly carried out by O2?. Although O? contains all
the subdetectors of ALICE3 as given in Fig.[§| only a subset of these modules was activated for
these simulations. The motivation for the exclusion of the solenoid magnet, ECAL, absorber and
muon chambers is to speed up the simulation process. These modules are at such a big radius that
they have no influence on the soft-photon spectrum that reaches the FCT. The Forward Calorimeter
(FOCAL), the dipole for the FCT and FCT Ring Imaging Cherenkov detector (FCT RICH) that are
present in the figure, were also not present in the simulation. The dipole magnet and FOCAL are at
positions, e.g. behind the FCT, where they do not influence the soft-photon spectrum. The inclusion
of a RICH detector behind the FCT, the FCT RICH, which was done with a separate simulation,
is discussed in Sec.[6.5] Even though both magnets were absent in the simulation, it is only their
material that was missing. The magnetic field during the propagation step was still present which can
be set through O?. Later, it will be discussed that the dominant source of background comes from
external bremsstrahlung made in material in front of the FCT. To better illustrate the modules that
contribute to the material budget, a zoom-in of the setup is given in Fig.

All the modules in O? at the date of writing are represented by a more-or-less simplified geometric
version of their final design, but the material budget, which is the important factor for accurate
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Figure 15: Schematic radial projection of ALICE 3 zoomed in to show just that which contributes to
the material budget in front of the FCT.

propagation of the particles through the setup, is given accurately. The geometric parameters of most
of these modules present in this figure are given in Tab.[6] O

The beam pipe is split in three sections: the A-side, the primary vacuum vessel and the C-side. At
all points, the thickness of the beam pipe is 0.8 mm and it is entirely machined out of beryllium. The
primary vacuum vessel, with a half length of 38 cm centered at the origin (z = 0), has an inner radius
of 5.6 cm and houses the IRIS vacuum vessel, which in turn contains the IRIS tracker. The beam pipe
sections at the A and C sides connect to the primary vacuum vessel on either side and have an inner
radius of 1.8 cm and 5.6 cm, respectively. The inner radius of the C side beam pipe section is larger
to house the majority of the services needed for the IRIS tracker (e.g. cables for data and power,
the rotational mechanism, support structures, etc.). Since the IRIS tracker is retractable it sports a
modular design divided in four equally sized modules which are allowed to rotate/move in order to
settle in their closed position around the interaction point. To provide structural integrity to these
modules needed for rotation and to prevent the contamination of the beam pipe vacuum through the
outgassing of the detector parts, these modules are placed in a secondary vacuum provided by the
so-called petal cases. These petal cases, together with their three petal barrel layer sections, six petal
disk sections and the cold plate section are displayed in Fig.[I6] which showcases the in- and outside
of the petal cases.

The left figure, Fig.[I6a), shows the IRIS tracker in its contracted or closed state. For each of the four
petal cases, different modules have been deactivated in the viewer allowing for a look inside. For the
top left petal case all modules are active, but only the petal case itself, which provides the secondary
vacuum for the instruments inside, is visible. Going in the clockwise direction, the petal case for the
next quadrant has been deactivated in the viewer and the front three petal case disk sections and cold
plate are visible. For the next quadrant, the petal disk sections have been deactivated so the petal
barrel layer sections along with the cold plate are visible. In the last quadrant only the cold plate is
visible. The figure on the right shows the IRIS tracker in the open state, and again, some modules
have been deactivated in the viewer allowing for a look inside. Fig.[I7] shows the radial projection of
the IRIS tracker in its contracted or closed state, whereas Fig.[I§ shows the radial projection of the
IRIS tracker in its retracted or open state.
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Inner Radius Outer radius Position Material
Layer

(cm) (cm) K thickness
A Side C Side (cm) (%Xo)
0 0.5 0.5 2.5 26 0.1
1 0.5 0.5 2.5 30 0.1
2 0.5 0.5 2.5 34 0.1
3 5.0 7.0 35 7 1.0
4 5.0 7.0 35 100 1.0
5) 5.0 7.0 35 122 1.0
6 5.0 7.0 68 150 1.0
7 5.0 7.0 68 180 1.0
8 5.0 7.0 68 220 1.0
9 5.0 7.0 68 260 1.0
10 5.0 7.0 68 300 1.0
11 5.0 7.0 68 350 1.0

Table 6: Geometric specifications of the outer tracker disks.

Length Radius Material

Layer Az (r) thickness
(m)  (em)  (%Xo)
0 50 0.5 0.1
1 50 1.2 0.1
2 50 2.5 0.1
3 124 7 1.0
4 124 9 1.0
) 124 12 1.0
6 124 20 1.0
7 124 30 1.0
8 258 45 1.0
9 258 60 1.0
10 258 80 1.0

Table 7: Geometric specifications of the barrel tracker layers.

Inner TOF  Outer TOF Forward TOF disks

Radius (m) 0.19 0.85 0.15 to 1.0

z range (m) -0.62 to 0.62  -3.5to0 3.5 £3.70

Acceptance In| < 1.9 In| <2 2<n <4
Material thickness (%Xo) 1to3 1to3 1to3

Table 8: Geometric specifications of the TOF, iTOF and fTOF.

Barrel RICH Forward RICH disks

Radius (m) 0.9 to 1.2 0.15 to 1.15
z range (m) -3.5 to 3.5 3.75 < |z] < 4.15
Acceptance In| <2 2<|n <4

Material thickness (%Xj)

Table 9: Geometric specifications of the RICH and fRICH.
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Figure 16: The geometric representation of the IRIS tracker in O2.
of the petal cases have been activated to showcase all its parts.
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Figure 17: Radial projection of the IRIS in the contracted/closed position.
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Figure 18: Radial projection of the IRIS in the retracted/open position.

5.2 Simulation settings and generation of datasets

For this thesis, five simulations with different layouts of ALICE 3 were carried out with O?. For these
simulations, the following parameters were used:

Listing 1: Command line prompt to run the simualtions with O2.

export ALICE3_SIM_FIELD=0N
export ALICE3_MAGFIELD_MACRO=$magFieldPath

02-sim --detectorList ALICE3 -m "FCT TRK FT3 A3IP TF3 RCH"
-j ${NWORKERS} -n ${SIGEVENTS} -g external --configKeyValues
"GeneratorExternal.fileName=$LPGMacroPath;
GeneratorExternal.funcName=GeneratorLow ();
FCTBase.configFile=$fctConfig" --configFile $o02simConfig

Since O? can perform simulations for both ALICE 2 and 2.1, as well as ALICE 3, the ”—detectorList”
flag allows the user to select which detector lists to select their modules fromﬂ The specifier ”-m”
allows the user to select which modules to activate. In O?, modules sometimes have different names
than what is used in the Lol or SD. The ”TRK” contains the barrel layers as well the IRIS tracker.
The "FT3” contains the outer tracker disks. ”A3IP” takes care of the beam pipe and the TOFs
and RICH’s are activated by "TF3” and "RCH”, respectively. ”-g” selects the generator and setting
this to ”external” allows for the activation of an external generator. Then the LPG is selected as an
external generator and, together with PYTHIA, generates the events. The generator can be specified
with ”-€”, but since that flag is not present the default generator, GEANT4, was used. For the FCT,
the geometry of the disks can be provided through a .cfg file, and the settings for the generator,
i.e. PYTHIA, get passed through the 02simConfig file. An additional flag ” TRKBase.irisOpen=true”
allows to set the IRIS tracker in its retracted, or open position. The settings for PYTHIA, the LPG,
GEANT4 and the magnetic field in O? are given in Tab. In O? a custom magnetic field is set
through the two ”export” lines in bash where the range of applicability is specified in an external .C
file.

_m’

8 A combination is possible to make a hybrid detector. This is useful to perform simulations with the current magnet
activated in addition to the one of ALICE3 since the current magnet will not be removed from the cavern for the
installation of ALICE 3 due to the high costs of the operation.
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] PYTHIA settings Value Low Photon Generator ‘ Value
Version 8.311 7 range [3,5.5]
Beams:idA 2212 Number of 7 bins 250
Beams:idB 2212 ¢ range [0, 27]
Beams:eCM 14000. # GeV Number of ¢ bins 250
Soft QCD:nonDiffractive on Energy range [0.001, 1] GeV
ParticleDecays:limitTau0)  on Number of energy bins 1000
ParticleDecays:tau0Max 10. Photon status 201
Random:setSeed on
Magnetic field settings ‘ Value GEANTY settings Value
Region 1 Version geant4-11-02
Field strength [Bz, By, Bz] [0., 2.5, 0.] # kGauss | Hadron physics list FTFP_BERT_EMV
z range [440,500] # cm EMoption 1
r range [0,50] # cm
Region 2
Field strength [B,, By, B.] [0., 0., 20] # kGauss
Range (r, 2) Outside region 1

Table 10: Simulation settings for PYTHIA, LPG, GEANT4 and the magnetic field in O%. The LPG
sets the 7status” of produced photons to 201, which is a flag used in PYTHIA to signal that these
come from user-defined processes. The range of region 2 of the magnetic field is defined such that it
applies whenever a particle is outside region 1.

Setting Name  p eult ALICE3 TRIS Opened Window 1 Window 2 Window 3
Number of events 107 5-10° 2.5-10° 2.5-10° 2.5-10°
IRIS position Closed Open Closed Closed Closed
Window activated  No No Yes Yes Yes
Window length - - 150 cm 200 cm 250 cm

Table 11: Differences in simulation settings for the five simulations carried out for this thesis.

The differences for the five simulations can be viewed in Tab.[11l The code of O? was modified such
that the sensitive volumes of the FCT also record photons and not only charged particles.

The simulation set ”Default ALICE 3” was executed with the setup for ALICE 3 as described in this
and previous chapters. The simulation set "IRIS Opened” has the same properties, except that the
IRIS tracker is in the opened/retracted position. For the sets "Window x” the beam pipe in O? was

modified to include a conical section in order to reduce the effective material budget in front of the
FCT. This will be explored more in Sec.[6.3]

5.3 Material budget

It is of critical importance to implement the material budget of the ALICE 3 detector properly for
the simulations with the FCT since many sources of background find their origin through material
interactions. This is especially so for external bremsstrahlung which is the biggest source of background
in the low kr regime and entirely dependent on the material budget in front of the FCT. A big
contribution to the background also originates from hadronic interactions with the material. To this
end it is important to understand which parts of the ALICE 3 detector contribute the most. The
material budget in terms of radiation lengths as function of pseudorapity is presented in Fig.[19]

Zooming in on the layout of ALICE 3 in Fig.[9 to display just that which contributes to the material
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Figure 19: The material budget as function of the pseudorapidity of ALICE3 as per the ”Default
ALICE 3” simulation set. The material budget is counted by performing a scan of the geometric setup
used for the simulations. The material budget is averaged over the azimuthal range of [0, 27].

budget in front of the FCT is done in Fig.[15] The main contribution to the material budget comes
from the beam pipe (red) which increases as the psuedorapidity increases due to the shallower angle
under which the particles are incident on the beam pipe. The effective path length, d., through the
material can be calculated through the geometric relation

de = dcoshn, (44)

where d is the thickness of the beam pipe, 0.8 mm of beryllium, and 7 is the pseudorapidity representing
the incident angle of the particle on the beam pipe. Beryllium has a radiation length of 35.28 cm [44]
and at 77 = 4 this gives a material budget contribution of ~ 6.2%. Inside the beam pipe there is a
vacuum, and as such, the amount of air a particle travels through before reaching the FCTﬂ decreases
at higher pseudorapidity. It is roughly equal to 1% at n = 4. At this n, particles pass through 4
sensitive volumes of the IRIS tracker: one barrel layer and three disks, which all have a thickness of
0.1% of a radiation length, but the barrel layer contributes the most through its effective material.
The sensitive volumes of the IRIS tracker total a contribution of 2.8%. The petal cases have a wall
thickness of 0.15 mm, but since they have radial walls as well, see Fig.[I6], the material budget depends
on the azimuthal angle of emission of the particle. As such, the contribution of the petal cases is
averaged over the azimuthal range from [0, 27| giving a contribution of ~ 4%. The particles traverse
the disks of the outer tracker too, which contribute 1%X /X each, for a total of 6%. Then there is the
final contribution at n = 4 from aerogel, argon and silicon, which are materials present in the fRICH,
totaling to a contribution of ~ 3%. Summing this all up gives the material budget of X/ Xy ~ 0.23 at
n =4.

9That is, the z position of the first layer of the FCT
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5.4 Classification of the background

To extract a possible excess on top of the predicted soft-photon spectrum in the acceptance of the
FCT, the background and its sources need to be understood. In this thesis, the soft-photon production
channels are grouped in seven different categories:

e Internal bremsstrahlung
e Hadronic decays and direct v’s

e External bremsstrahlung

Secondary interactions/decays

Hadronic inelastic interaction

Positron annihilation (in flight)
e Other sources

This grouping is based on the production process of the photon and where in the simulation workflow
these photons were produced. A schematic overview of the different ways such photons can be pro-
duced, together with their grouping, is given in Fig.[20] Each group has their own dedicated paragraph
below, except for internal bremsstrahlung which was discussed in chapter [2l The photon spectrum to
then arrive at the FCT for the simulation set ”Default ALICE 3” is given in Fig.[21]

Photon

production Grouping
Active Passive C h anne I S
material material
------------------------------------------ Internal bremsstrahlung } Internal bremsstrahlung

cenealennssmanasnmaamanansssresse= Neutral hadron (e.g. 1)

} Hadronic decay and direct y's
.......................................... Direct Y

e N y from arbitrary source

. _ External bremsstrahlung
e from arbitrary source

Hadron (e.g. T or n) } Secondary interactions/decays
Hadron (e.g. or n) } Hadronic inelastic interaction
Yovoeeeaniat Positron et } Positron annihilation (in flight)

Figure 20: Grouping of the soft-photon sources based on their production channels.
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Figure 21: The photon spectrum to arrive at the FCT of ALICE 3. No cuts were applied to reduce
the background. The different colors of the histograms indicate the different sources of background
and signal.

The corresponding fraction per channel of the total spectrum is given in Fig.[22] In the lower kt region
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Figure 22: The fractions per photon channel of the total spectrum.

of the histogram, the contribution of external bremsstrahlung to the spectrum is largest, but this is
overtaken by secondary interactions/decays at kt ~ 5.4MeV/c showing the importance of a good
strategy to suppress the influence of both on the measurement. Earlier studies of the measurement of
the soft-photon spectrum with the FCT in ALICE 3 hinted at similar issues, Ref. [45].
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5.4.1 Hadronic decays and direct 7’s

Through hadronization in a non-diffractive proton-proton collision, neutral hadrons like 7°’s and 7’s
are produced which then decay into photons, or any other production channel that contains a photon.
Neutral hadrons by far dominate the contribution to this spectrum, but a decay from a charged hadron
where the end product includes a photon is not impossible. Direct photons are produced through initial
parton scattering, e.g. ¢+ g — g+ v or ¢ + ¢ — v+ g. Their contribution is negligible, but they are
included for completeness. Both channels are handled by PYTHIA.

5.4.2 External bremsstrahlung

External bremsstrahlung is formed when a charged particle passes through material and radiates a
photon. In practice, however, electrons are the dominant source that emit photons produced via
external bremsstrahlung. These electrons can have various origins, but most are produced through
conversions of photonﬂ to ete” in material in front of the FCT. In Fig. two production chan-
nels are grouped together in ”External bremsstrahlung”, but they are actually the same. This is to
highlight that, even though spuriously produced electrons exist, most of the electronﬂ are created
through photon conversion.

Before particles produced in a proton-proton collision get the chance to interact with any material in
the detector setup, the dominant source of photon production is the decay of 7% — ~+. These pho-
tons interact with material were eTe™ pairs are produced and these electrons then radiate a photon.
With the method described in Ref. [19], the aforementioned photon spectrum can be calculated. To
understand how they came up with their method, the starting point is Eq. (34.30) from the Review
of Particle Physics by the Particle Data Group [44]. The number of photons produced by an electron
traveling a distance z < X in the infrared limit (small y = wy/E) is given by

de:ff(4_4+L%)%4fC17 (15)
dwk X() ka 3k E2 3 Xo Wi

where X is the radiation length (g cm™2) and y = wy,/E the fraction of the electron’s energy trans-
ferred to the radiated photon. The approximation can be made because the electrons and positrons
from photon conversions have large enough energies due to the forward boost. Rewriting this in terms
of the photon transverse momentum k7 gives

dNy _ éii (46)
dkt 3 Xokt’
through the trigonometric relation
dwy, B
—— =coshn, wg = krcoshn. (47)
dkt

The eTe™ pair-production cross section in the complete-screening limit valid at high energies is given
in Eq. (34.32) [44],
7 A

_ ! 48
T XNy (48)

where A is the atomic mass (g mol™!) and N4 the Avogadro number (mol™!). As such, the interaction
probability P is given by
Ny 7 x 7 x
P == = — = — _— = 7,‘7’ 49
= ooz = lpor = gpi = g o (49)
where py is the number density of scattering centers, p the density of the material and X, the radiation
length in cm. This means that a photon converts in passive material with a probability of 7/9z/X.

That can have any origin
HThat then radiate a photon
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Figure 23: The transverse momentum spectrum of the external bremsstrahlung caused by decay
photons for the pseudorapidity range 4 < n < 5.

The pseudorapidity density for decay photons is represented by ngecay /dn. Putting this all together
gives the transverse momentum spectrum for external bremsstrahlung caused by decay photons.

dNext. brems 28 deecay 2 1
S Ll () R (50)
dkrdn 27 dn Xo kt

In proton-proton collisions at /s = 7TeV, ngecay/dn ~ 4 which is approximately independent
from 7, Ref. [46]. According to Ref. [47], the charged particle multiplicity was found to scale with
dg—;h x s1932) Due to the isospin symmetry of 7% and 7%, the neutral pion multiplicity is expected
to behave the same way. Since the biggest contribution by far to the decay photon spectrum comes
from the channel 7° — 77, ngecay /dn is assumed to scale the same way too. For 7 mesons, which
deliver the second most dominant contribution to the decay photon spectrum, the story is a little
more complicated, but the multiplicity is assumed to scale the same way as described above. Thus,
at /s = 14 TeV, deyiecay/dn ~ 4.6. This, together with the material budget shown in Fig. allows
for the calculation of the transverse momentum spectrum of the external bremsstrahlung caused by
decay photons in the pseudorapidity range 4 < n < 5, which is done in Fig.23] In the figure, the
spectrum given by the calculation (blue) is compared to what is retrieved from the simulation (red).
The simulated spectrum is retrieved from the full external bremsstrahlung spectrum of Fig.[2I] by only
requesting the photons that match the criteria of being created through external bremsstrahlung from
electrons that were created by pair-production through decay photons. The full list of criteria in the
form of a decision tree is given in Fig.24] Following the decision tree from the top, for every external
bremsstrahlungs photon it is asked whether electrons or other charged particles emitted them. From
those electrons it is requested which production process created them, and subsequently if this was
through a photorﬂ Of those photons it is then requested whether they were created through the
decay of a 7 or 7 meson which has an angle of emission in the region 4 < n < 5. As a last step, it
is then requested that this 7° or 5 found its origin in the primary vertex. At the end, 57.7% of the
external bremsstrahlung created finds its origin through this particular channel.

12Pair production is not limited to photons only. Direct production of electron positron pairs has been observed in
colliding pion-proton experiments [4§]. 0? uses this terminology to classify these production channels which is adopted
in this thesis.
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Figure 24: Decision tree to uncover external bremsstrahlung produced as a result of the decay of
primary 7¥ following the recipe presented in Ref. [19].
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5.4.3 Secondary interactions/decays

The naming of the group ”secondary interactions/decays” reflects the process in which these photons
are produced, namely the decay of secondaries that are formed through interactions of highly energetic
hadrons with material in front of the detector. An example retrieved from the simulation where a
neutron with an energy of 51 GeV was incident on some material is given in the following:

n+M — 7t 275 47° 2y 4p 2n ' KT 2%° 1000020040 (51)

where M stands for the material the neutron interacted with and 1000020040 is the pdg [44] code
of a specific (hyper)nucleus. The hadrons that are created in these processes then decay through a
channel where at least one photon is produced. The contribution to the soft-photon spectrum from
these processes is entirely handled by GEANT4.

5.4.4 Hadronic inelastic interaction

This process has a lot in common with ”secondary interactions/decays”, but the difference is that
the photons in this group are produced as a direct result of the hadron interacting with the material
instead of requiring a decay of a hadron (i.e. a ”secondary”). Again, the contribution to the soft-
photon spectrum from these processes is entirely handled by GEANTA4.

5.4.5 Other sources

This channel is to group all other sources together that do not contribute significantly to the soft-
photon spectrum. These include, but are not limited to electron & positron nuclear interactions and
miscellaneous hadronic interactions (that are not inelastic). These production channels were taken
into account in the simulation, but their contributions were found to be so minimal that their exclusion
has no visible effect on the results presented in this thesis.

5.5 Uncertainty on the background and background subtraction strategy

Fig.[21] shows that the dominant contributions to the total photon spectrum come from external
bremsstrahlung and secondary interactions/decays which are both caused by in-material interactions
of particles. The combined contribution from these two spectra are roughly a factor =~ 30 higher than
the signal, the internal bremsstrahlung. Sec.[6] will focus on the performance of the FCT and show
ways how to reduce this background by implementing various cuts. In that section it is assumed that
the uncertainty on the background is 5%, which will be argued in Sec.[7] To unveil the signal from
the soft-photon spectrum, a background subtraction is performed, and thus it is assumed that the
uncertainty on the background translates to the uncertainty on the spectrum after the background
is subtracted, such that og = 0.05B, where .S is the signal and B the background. The significance
of this measurement is then expressed as sig. = % = ﬁ. The significance will be presented for
the case with the internal bremsstrahlung spectrum as predicted by Low’s theorem, but also for the
case when an enhancement is present as a factor of 4 w.r.t. the predicted internal bremsstrahlung

spectrum, as was measured by a lot of experiment in the past, see Sec.[3]

5.6 ACTS and its use for ALICE 3

In its reconstruction workflow called Athena [49], ATLAS has incorporated the use of ACTS [43],
which stands for A Common Tracking Software. ACTS promises to provide a detector-independent
toolkit for (charged) particle track reconstruction in high energy physics experiments. The basic idea
of ACTS is that the user can provide their detector geometry, of which ACTS then takes the material
budget and maps this on the sensitive volumes which register the particles. By doing this a much
simpler stepping algorithm for tracking can be used since only a few volumes have to be traversed,
drastically speeding up the computation time. Tracking is then performed through the application of
for example a Kalman Filter after which the vertices are reconstructed. Since these algorithms are all
present in ACTS, the idea is that the user sets up a workflow in ACTS to perform the whole tracking
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of the detector setup. Below, a summary of the workflow of ACTS is laid out and how it could be
applied to the FCT. A more complete overview of ACTS can be found in Ref. [50].

Particle generation

Much like simulations in O?, the first step is done through the simulation of an event. This can be
done through e.g. PYTHIA or a so-called particle gunﬁ This is convenient as the LPG works with
PYTHIA, ensuring the presence of internal bremsstrahlung photons.

Detector simulation

To perform the propagation of particles through the detector setup, ACTS can either employ GEANT4
or FATRAS, where FATRAS is an ACTS implementation for fast track simulation through a detector
setup. In this step, the full, detailed detector geometry is used and hits are recorded in the sensitive
volumes (e.g. a pixel sensor). In O?, the ALICE 3 detector geometry is provided in ROOT geometry
in a .root file. To use this in ACTS it has to be translated to either a .gdml format for GEANT4 or
a format that FATRAS accepts. A magnetic field can then be set by the user and ACTS allows the
user to specify multiple regions each with their own magnetic field.

Digitization

The digitization of recorded hits in a detector simulate the physical response of the detector and
introduces efficiencies, uncertainties and clusterization to name a few detector effects. For digitization,
the user has roughly four options which increase in complexity but also increase the accuracy of the

simulation. In this stage, it is also possible to let ACTS analyze the data retrieved from a real detector
through something called a ”SourceLink”.

e 1) Smear the hit position. Through the smearing of the positions of the hits according to
the spatial resolution of the sensitive volume, the performance of the detector is approximated.

e 2) Put the hits in a grid. Along with the smearing introduced according to the spatial
resolution of the sensitive volumes, the hits are placed in a grid. In this grid, since the readout is
binary, no two hits can occupy the same cell. This more accurately incorporates the multiplicity
dependence of the tracking.

e 3) Basic clusterization. Along with the binary readout of the grid, clusterization of a hit
is approximated based on the track length of the particle through the sensor. A clusterization
algorithm can then be used to find and identify clusters.

e 4) Custom digitization. Since the digitization is highly detector dependent, ACTS presents
itself as ”detector agnostic”, meaning it knows nothing of the detector apriori and this has to be
set by the user since the user knows best how their detector behaves. Among some other things,
the user has to set their own

— Digitization
— Cluster finding
— Charge sharing between neighbouring pixels

— Alignment that aligns the detector geometry to the actual placement of the sensitive vol-
umes in the real world.

— SourceLink that translates the data provided by the user of their own experiment to some-
thing that ACTS can read (i.e. hits on sensitive volumes).

13Which just "shoots” a list of particles through the detector setup specified by the user
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For the FCT, the spatial resolution is dictated by the MAPS usedE] and results in a spatial resolution
of opes =~ 10 um. Through this, a digitization on level 2 should be relatively easy to achieve since
the MAPS are highly geometric. After cluserization algorithms have been developed based on the
particular features of the MAPS, an extrapolation to level 3 seems feasible.

Seeding of tracks

To setup the track finding algorithm, first ”seeds” have to be made from the hits from which a track
can be formed@ A seed consists of 3 hits in a group from which a track can be developed. The
criteria for three hits to form a seed can vary, but a specific example is the use of a Hough transform
where each space point is transformed into a line and the intersection of the space points of a single
track are in a common area, allowing the algorithm to thus form the seeds. To do this, ACTS makes
a couple assumptions, two of which would need some additional logic for the FCT. ACTS assumes
the magnetic field of the detector setup to be in the z—direction[’ﬂ The FCT, however, sports a dipole
magnet with a magnetic field in the y-direction. To accommodate for this, a simple transformation of
the coordinate axis for the hits is required. In addition, ACTS assumes the tracks to originate from
the primary vertex, or origin. For the FCT, which is in the forward direction and that assumes the
origin of the particles it wants to track happen in the first couple of disks, this requires a dedicated
study. For other telescope experiments, like NA60+ [51], it is reported that this was successfully
implemented, but the performance of this is not actively studied by the ACTS developers and thus
users, including those studying the performance of the FCT, have to find their own implementation.

Track finding and fitting

In a particle collision experiment track densities are high and computational power is limited. Track
finding, through the use of a Kalman filter, is a computationally expensive operation, but ACTS
tackles this through the usage of a Combinatorial Kalman Filter (CKF) and its smart way of mapping
passive material. The sensitive volumes in the detector setup are enveloped in so-called approach
layers. A representative layer is then formed containing the mapping recipe to represent the material
budget in a simplified way, i.e. solely on the representative layer. This material map is retrieved from
the performing geantino scans with GEANT4. Doing this, ACTS significantly reduces computational
times by requiring a less complicated step sequencing for the CKF. Starting from the seed, the CKF
evolves the track by considering the hits at each sensitive surface that is encounter, branching the
x? fit and selecting the best track candidates. Since refitting of a found track will be done anyway,
smoothing in this stage can be dropped to save computation time.

Since the goal of the FCT is to track low energy electrons, a CKF is not the optimal choice for
track finding and fitting. As a CKF through the Kalman formalism performs well for Gaussian un-
certainties, it will not perform well for the tracking of electrons, especially those of low-momentum.
The energy-loss through bremsstrahlung for electrons in matter is highly non-Gaussian and follows a
Bethe-Heitler distribution instead. Through a so-called Gaussian Sum Filter (GSF), the Kalman-Filter
is extended to handle non-Gaussian uncertainties by modeling the track as Gaussian mixture approx-
imating the Bethe-Heitler distribution. Ref. [52] presents the performance of tracking with ACTS for
electrons with a transverse momentum distribution of 500 MeV to 100 GeV and a uniform distribution
in || < 3, but this is momentum range is still outside that of the FCT, which aims to track electrons
with momenta below 500 MeV. Additional studies are therefore foreseen in this regime.

Ambiguity resolution

Track finding, due to its combinatorial nature, is often plagued by a significant contamination of
duplicate fake track candidates. After all, one seed can only sprout one track. In order to minimize
this contamination, an ambiguity resolution algorithm is implemented based on a scoring function that

4
Msame as the outer tracker

5or sprouted to keep the terminology in the same theme
6 much like the solenoidal fields present in ALICE, ATLAS and CMS
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evaluates individual track candidates through its track parameters. The remaining track candidates
are fitted again in a final precision fit to extract the parameter estimates. These tracks are then used
for reconstruction.

Vertex reconstruction

The final step is to reconstruct the primary vertex of a collision. ACTS has a primary vertex finder,
but not a secondary vertex finder, or even a V° finder. This is because the inclusion of a secondary
vertex finder has not aligned with the primary focus of the ACTS developers yet, but studies are on
the way to include it. This complicates track reconstruction for the FCT, since ideally, it would want
to benefit from the V? finding and consequent photon reconstruction that follows from it to relate the
photon to the primary vertex, the origin of the internal bremsstrahlung.

5.6.1 ACTS summary for the FCT

As it stands at the time of writing, ACTS needs to be equipped with custom code to allow either for
secondary vertex reconstruction, or the vertex to be reconstructible at a point in space that is not the
primary vertex. The study of the implementation of a GSF to lower energetic regions is also needed to
ensure good performance for the track finding. Despite its current shortcomings, ACTS is a promising
toolkit for the FCT since it already incorporates much of what is needed to perform tracking. In
addition, the digitization scheme for the FCT needs to be developed, but since the MAPS that are
used are the same as for the outer tracker disks of ALICE 3, the FCT is expected to be able to piggy
back on the results of the study for the outer tracker disks.

o1



6 Performance of the FCT for the measurement of the soft-photon
spectrum

To measure the soft-photon spectrum produced in non-diffractive proton-proton collisions, the only
photons of interest are those that actually originate from the primary vertex, yet, as was shown in
Fig.[21] the hadronic decay, external bremsstrahlung and secondary decay spectra completely outshine
the internal bremsstrahlung spectrum. The external bremsstrahlung spectrum is about a factor 30
higher than the internal bremsstrahlung spectrum, and, annoyingly enough, also shares the 1/kp
relation for the shape of its distribution. In order to reduce the background, multiple strategies can
be applied that make use of the differences between the photons from the sources of background. This
chapter will discuss the use of a cut on the pointing angle, a geometric cut that relies on the distance
of a reconstructed photon to the closest charged particle track in the FCT, a veto that excludes events
containing an electron in the acceptance of the FCT and a layout of ALICE 3 with a conical window
in the beam pipe to reduce the material budget. The goal is to perform a background subtraction to
isolate the internal bremsstrahlung, the effectiveness of which is of course defined by the uncertainty
on the background.

6.1 Pointing angle cut

The pointing angle is defined by the angle between the momentum vector of the particle and the vector
of the position of the particle at which it was measured in the detector starting at the primary vertex.
If a particle originates from the primary vertex, its momentum and position vector point in the same
direction, giving an angle of 0 rad between the two of them. This is extremely useful for photons, since
their trajectory through the detector is straight because it is unaffected by the solenoidal magnetic field
of ALICE 3. This is in contrast to charged particles whose tracks are bent in the presence of a magnetic
field. Consider a photon that finds it origin through some interaction of a particle with material in
front of the FCT. This process can be either external bremsstrahlung, a hadronic inelastic interaction
or the decay of a secondary particle which was created through a hadronic interaction with material
or the annihilation of positrons in flight. For example for external bremsstrahlung, electrons are by
far the dominant particles to emit a photon. Since electrons are charged, their trajectories are bent by
the magnetic field, and in addition, they scatter when they traverse material, which also alters their
trajectory. That, in combination with the way electrons are produced, predominantly from photon
pair-conversions to ete™ and the angle between the emitted pair being non-zero, cause the pointing
angle to be non-zero of a large portion of the external bremsstrahlung photons. However, since the
FCT is in the forward direction, most of the momentum of particles produced in the acceptance of
the FCT is in the z component which is unaffected by the solenoidal field along that axis. This causes
electron to not bend as much as they would in the centra]E] region, and thus the pointing angle is
smaller. This causes the external bremsstrahlung spectrum to be persistent, although significantly
reduced, even after the application of a cut on the pointing angle. As discussed in previous chapters,
the achievable pointing angle resolution is 0.025 rad based on tracking studies published in the Lol
[8]. The photon spectrum shown in Fig. is the soft-photon spectrum to arrive at the FCT after the
application of a cut on the pointing angle. As can be seen in the figure, the external bremsstrahlung
spectrum is reduced by roughly one third, the secondary interactions/decays spectrum is significantly
reduced as well and the background coming from hadronic inelastic interactions is as good as gone.
The corresponding fraction per channel of the total spectrum is given in Fig.26] This figure clearly
shows the impact of the cut on the pointing angle on the reduction of the secondary interactions/decays
photon channel when compared to the spectrum when the cut on the pointing angle is not applied,
see Fig.22] The corresponding significance and signal-to-background ratio of this spectra is given in

Fig.[27]
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Figure 25: The photon spectrum at the FCT after the application of a cut on the pointing angle.
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Figure 27: The significance assuming a 5% uncertainty on the background after subtraction of the
background from the data is shown in the left figure. The red line shows the case that an enhancement
of a factor 4 of the internal bremsstrahlung is indeed present, the blue line shows the case when the
enhancement is not the present. The figure on the right shows the expected signal-to-background ratio
when no enhancement is present.

6.2 Cut on the distance to the closest charged particle

To reduce the background further a cut based on the distance of a photon in the FCT to the closest
charged particle in the same disk is applied. This distance is defined by

d= \/(a”v = x9)* + (yy — ¥g)*, (52)

where (2y)- is the position of the reconstructed photon on the disk of the FCT and (xy), the position
of the charged particle track closest to that photon on the same disk. From now on, the distance
of a photon to the closest charged particle is referred to as d.;,. The advantage of this cut is that
the momentum of the charged particle does not need to be reconstructed, rather only a track needs
to be associated to it. The distribution of the distance of photons from different sources to the
closest charged particle on the first disk of the FCT is given in Fig.28] What can be seen is that the
distribution for external bremsstrahlung is strongly peaked where d., is close to 0, so a cut on this
value to exclude those photons that satisfy d.; < a proves beneficial. It must be noted that the values
in the bin where d., = 34 cm of the figure are not a strange artifact. Rather, since the diameter of the
first disk of the FCT is 34 cm, those events that did not contain a charged particle but did contain
a photon (effectively rendering d., to be undefined) where placed there. Since no cut was placed to
exclude them, they are there to complete the spectrum. To figure out the optimal value a to place
the cut on d.g, the ratio of cut external and internal bremsstrahlung as function of the cut d.q < a is
given in Fig.[29] The integrated significance over k7 as a result of this cut is given on the right in the
same figure.

The integrated significance continuously rises as the cut on d.; becomes stricter, but as seen in the
figure on the left, the amount of the internal bremsstrahlung that is cut rises quickly too. To avoid
the regime where statistical fluctuations dominate, the cut on d, is limited to 5cm. To figure out
why this cut is effective, it is useful to observe the same photon spectra as function of their origin of
creation in z, see Fig.[30]
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Figure 28: The spectrum of the distance of photons from different sources to the closest charged
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Figure 30: The photon spectrum to arrive at the FCT as function of the photon origin in z for the
spectrum before the cut (top left), the spectrum that is excluded as a result of the cut d.; < 2cm (top
right) and the remaining spectrum after the cut d.; < 2cm (bottom) for the different sources of soft
photons.

What this shows is that the cut on d., is especially effective to reduce the external bremsstrahlung that
is created close to the FCT in z. An interesting observation is that the geometry structure of ALICE 3
can be retrieved from these figures. To name a few structures, the ”dip” of the external bremsstrahlung
spectrum can be related to the radial wall of the beam pipe at ~ 37cm and the disks of the outer
tracker are clearly visible as sharp peaks at their respective z position. The external bremsstrahlung
that is created closer to the interaction point (z = 0) is also cut significantly, but there the correlation
between the distance to the FCT and d., is not as strong due to multiple scattering, the presence of
the solenoidal magnetic field and separation of the charged particle and its emitted photon due to the
initial angle between them and the distance traveled. The photon spectrum after the application of
the cut d.y < 2cm is given in Fig.. The corresponding fraction per channel of the total spectrum
is given in Fig.[32l As a result of this cut, the increase of the fraction internal bremsstrahlung of
the total spectrum is clearly visible. Again assuming an uncertainty on the background of 5%, the
significance is shown in Fig.[33]on the left. The signal-to-background ratio is shown in the same figure
on the right.
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Figure 31: Photon spectrum after the application of the cut on the distance to the closest charged
particle d.q < 2 cm.
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Figure 33: The significance assuming a 5% uncertainty on the background after subtraction of the
background from the data is shown in the figure on the left. The red line shows the case that an
enhancement of a factor 4 of the internal bremsstrahlung is indeed present, the blue line shows the
case when the enhancement is not the present. The figure on the right shows the expected signal-to-
background ratio when no enhancement is present.

6.3 Window in the beam pipe

After the cut on d.4, there is still a large amount of background left as can be seen in Fig. To further
reduce this, it is important to understand the origin of the background. The dominating contribution
is still external bremsstrahlung formed by electrons passing through material in front of the FCT. To
that end, the contribution in percentages of the total amount of photons of the spectra in Fig.[3]]
except hadronic decays and internal bremsstrahlung, as function of their spatial origin is shown in
Fig.[34 What becomes clear is that the beam pipe, and especially the part in the pseudorapidty
region of the FCT (4 < n < 5) is the main source of the remaining photons. This motivates a different
shape of the beam pipe in order to reduce the effective material budget in front of the FCT. Because
the primary vacuum vessel has a significant larger radius than the other part of the beam pipe at the
A-side, a conical shape to increase the angle of incidence of traversing particles is a logical choice. This
conical shape is referred to as the window. Fig.[35] shows the layout of ALICE 3 with the inclusion of
such a window. In this design, the window has a length of 150 cm and with this setup the third set is
simulated, see Tab.[I1] There is a gap of about half a centimeter between the window and the first disk
of the outer tracker. This means that the support structures of the outer tracker disks close to that
point have to be made with stricter restrictions than the others, but the benefit for the measurement
with the FCT is significant. With the inclusion of the window in the design of ALICE 3, the material
budget in front of the FCT is consequentially reduced, as can be seen in Fig.|36| when compared to
the setup with a straight beam pipe as seen in Fig.[19|
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with a window in the beam pipe of the ALICE 3 setup.

After the application of the pointing angle cut and the cut on d.; < 2cm, the photon spectrum to
arrive at the FCT for this layout is given in Fig.[37] The corresponding fraction per channel of the total
spectrum is given in Fig.[38] As the external bremsstrahlung gets reduced further, the contribution of
hadronic decays and direct 7’s starts to become more and more visible in the region kt > 7MeV/c.
For this setup with the window in the beam pipe, the contribution in percentages of the total amount
of photons of the spectra in Fig.[37] except hadronic decays and internal bremsstrahlung, as function
of their spatial origin is shown in Fig.[39] Comparing the contributions for the setups with and without
a window in the beam pipe, the percentage of the photon spectrum coming from the section of the
beam pipe that is in the pseudorapidty range 4 < n < 5, it is significantly reduced. The contribu-
tion from IRIS tracker is now dominant and this clearly shows the two biggest sources of external
bremsstrahlung and secondary decays.

Again assuming an uncertainty on the background of 5%, the significance is shown in Fig.[0] on
the left. The signal-to-background ratio is shown in the same figure on the right.

Simulations with a window in the beam pipe that is of length 200 and 250 cm were also performed.
However, in these cases the window cuts through the first disk of the tracker instead of barely passing
under it. For these setups, a reduction in the size of the first disk of the tracker in the order of up
to 1cm is required which might impact the physics program of ALICE 3. The photon spectra along
with the significance and signal-to-background ratio for these simulations are given in the Appendix,

Figs.[62
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Figure 37: Photon spectrum to arrive at the FCT as function of the photon kt with a cut on the
pointing angle and distance to the closest charged particle d.; < 2cm. The layout of ALICE 3 contains
a window in the beam pipe with a length of 150 cm.
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Figure 38: The fraction per channel of the total photon spectrum for the setup with a window in the
beam pipe.
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Figure 39: The contribution in percentages of the total amount of photons of the spectrum in Fig.
as function of their spatial origin for the setup of ALICE 3 with a window in the beam pipe.
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Figure 40: The significance assuming a 5% uncertainty on the background after subtraction of the
background from the data for the setup with a conical window in the beam pipe of ALICE 3 is shown
in the figure on the left. The red line shows the case that an enhancement of a factor 4 of the internal
bremsstrahlung is indeed present, the blue line shows the case when the enhancement is not the
present. The figure on the right shows the expected signal-to-background ratio when no enhancement

is present.
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6.4 Ideal ete” event veto

A defining difference between internal and external bremsstrahlung is that most of the external
bremsstrahlung is created through electrons that radiate photons, whereas internal bremsstrahlung
is mostly emitted by charged hadrons. This is mainly due to the fact that there are not many final
state electrons created in a pp collision and final state charged hadrons are not as likely to radiate
bremsstrahlung when interacting with material. Since the emission angle of bremsstrahlung is small,
the responsible charged particle will end up in the spacial vicinity of the photon it emitted in the ab-
sence of a magnetic field. The solenoidal magnetic field of the ALICE 3 detector with a strength of 2T
in the 2-direction causes charged particles to bend in the zy-plane, but this is not a big influence, since
in the forward direction the main component of the momentum of a charged particle is p,. Therefore
the photons and charged particle that created it, either through external or internal bremsstrahlung,
will both end up in the acceptance of the FCT, assuming they are not destroyed or stopped through
some interaction with the material in front. One could then ask if this could motivate the inclusion
of the study to exactly figure out which final state charged hadron radiated a soft photon, but since
ALICE 3 has little to no tracking capabilities in front of the FCT in the same acceptance, this would
prove exceedingly hard. However, the aforementioned relation between photons and their producing
charged particles motivates the use of an offline veto on events that contain an electron in the accep-
tance of the FCT, also studied in Ref. [45]. In similar fashion, DELPHI excluded jets with identified
electrons to suppress external bremsstrahlung [I7]. For this section, an ideal particle identification is
assumed to explore the potential performance of such a veto. A more realistic approach is taken in
the next section, Sec.[6.5]

6.4.1 Experimental setup

For this approach it is assumed that a single event-by-event analysis with the FCT is possible, i.e. that
ALICE 3 records enough ROFs which only contain 1 collision. Considerations about the feasibility
of a single event-by-event analysis are given in Sec.[d.3] The dataset for this analysis is the ”Default
ALICE 3” as described in Sec.[5.2] To perform the veto, the identification of the particles that reach the
last layer of the FCT are requested per event and if any of the particles is identified as an electron, the
corresponding event is vetoed. It must be noted that the FCT measures photons through the tracking
of ete™ conversion pairs, and the events containing such a pair are therefore also vetoed through this
method, but this does not necessarily introduce a problem through the following reasoning. In this
section the focus lies on photon spectrum to arrive at the FCT. Since the first couple of layers of the
FCT will function as conversion layers for the photons, it is reasonable to assume that the efficiency
for the identification of a V° will be good. Electrons that are part of a V% would have to be excluded
from the spatially isolated, single track electrons that the reasoning for this veto is based on. The
actual conversion probability of a photon in the FCT is small, and as such, vetoing events that contain
a converted photon did not worsen the result of this section significantly.

6.4.2 Results

The photon spectrum to reach the FCT by vetoing all the events that contain an electron in the
acceptance of the FCT is given in Fig.[dl] The significance, again assuming an uncertainty on the
background is 5%, together with the signal-to-background ratio are given in Fig.|42 The gain in
significance and signal-to-background ratio clearly motivate the inclusion of a particle identification
detector that can provide a way to facilitate such a veto.
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Figure 41: The photon spectrum to reach the event by vetoing all the events that contain an electron
in the acceptance of the FCT.
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Figure 42: The significance assuming a 5% uncertainty on the background after subtraction of the
background from the data where events containing an ee™ are vetoed is shown in the figure on the
left. The red line shows the case that an enhancement of a factor 4 of the internal bremsstrahlung is
indeed present, the blue line shows the case when the enhancement is not the present. The figure on
the right shows the expected signal-to-background ratio when no enhancement is present.
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6.5 Cherenkov detector for ePID for ete vent veto

A more realistic approach for particle identification would be the inclusion of a Cherenkov detector
either before or behind the FCT. In this section, the design and performance of such a detector is
discussed. The simulation set ”Default ALICE 3” is used for this section. To quantify the performance
the Cherenkov detector behind the FCT needs to achieve, the momentum spectrum of the charged
particles to arrive at the FCT is requested from the simulation and plotted in Fig.[d3] To clarify,
any of these electrons has a probability to emit an external bremsstrahlung photon in the momentum
range in which the FCT is sensitive.
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Figure 43: The charged particle momentum spectrum to arrive at the FCT.

The multiplicity of electrons to arrive at the FCT drops significantly as momentum increases. The
ability to identify electrons with a momentum of up to ~ 15 GeV/c will therefore act as a loose guide-
line.

In a transparent medium, the angle 6., at which a photon is radiated from a charged particle through
the process known as Cherenkov radiation is given by
O = — (53)
cosb., = —
ch n,B
where n is the refraction index of the medium and 3 the ratio v/c of the particle. The RICH and bRICH
of ALICE 3 [32] will have a n = 1.03 to provide, together with the TOF's, an electron/pion separation
up to 2GeV/c through the reconstruction of the radiation angle together with a measurement of the
momentum of the charged particle. This, however, is not sufficient when the momentum spectrum of
the electrons to arrive at the FCT is considered.
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In Fig. the spectrum is replotted to show the cumulative fraction (0-1) of electrons as function of
their momentum.
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Figure 44: Cumulative momentum spectrum of electrons to arrive at the FCT. The momentum thresh-
olds for different gasses for pions are indicated with a red line giving the theoretical distinguishing
power between electrons and other charged particles based on the presence of photons.

Since the particle identification only has to provide a way to tell electrons apart from other charged
particles, a shortcut is taken with respect to traditional RICH detectors where ring reconstruction is
used to reconstruct the angle of emission of the photons with respect to the charged particle. Instead,
the mere presence of radiated photons together with the momentum of the charged particle can be
used to tell electrons apart from others. The theoretical maximum amount of electrons that can be
identified with this principle through the usage of different gases is illustrated in the aforementioned
figure. The momentum at which a charged particle starts to radiate photons, called the threshold
momentum in this thesis, is achieved by setting 6., = 0, to get Sy, = 1/n which leads to

m

N/ Rk (54)

Pth =

where m is the mass of the charged particle. Gases are chosen for their low refractive index, whereas
solids, even aerogel, have a relatively high refractive index.
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The Cherenkov angle for different charged particles in both aerogel with n = 1.003 and different gases
is given in Fig.[45]
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Figure 45: Cherenkov angle as function of momentum for different charged particles in different
mediums.

This figure serves to indicate the angular resolution that is required to be achieved for ring recon-
struction if aerogel is used as a radiator. The method of identifying electrons based on the presence of
photons makes a transparent gas a natural choice. Ring reconstruction when gas is used as a radiator,
however, is far from trivial and requires the usage of spherical focusing mirrors. Frank-Tamm theory,

a 2

Nprod = —Z°L / sin® Oend ., (55)
hc Ex

predicts the number of photons radiated (Nproq) in the emitted photon energy range [E1, E»] when

a charged particle with charge Z passes through a medium with refractive index n for a length L

67



in meters. In this formula, the § is hidden in the Cherenkov angle 6.,. «, h and c are the fine
structure constant, the reduced Planck constant and the speed of light, respectively. The gases that
are considered, with their respective refractive index, momentum threshold for electrons & pions and
the average number of photons radiated by an electron at 5 = 1 per meter through said medium for

visible light are given in Tab.[12]

ﬁi?é?{?&?i?ﬁlposition Refractive index (n = 1) | pes . Pr th. [<?gg,> 7/03]l nm
ﬁgzii dependent 3 % 1073 7MeV/c | 1.8 GeV/c | 3.3x102
gjﬁ;"rbume 14 % 1073 10 MeV/e | 2.6 GeV/e | 1.5x102
g?:ﬂuomethane 8 x 10~ 13 MeV/c | 3.5 GeV/e | 88
g‘;taﬂuormethane 5 % 10~ 16 MeV/c | 4.4 GeV/e | 55

gfgfon dioxide 45 % 1074 17 MeV/c | 4.7 GeV/c | 50

Egon 6.3 x 1077 46 MeV/c | 12.4 GeV/e | 6.9

ﬁghum 3.6 x 1077 60 MeV/c | 16.4 GeV/c | 4.0
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Table 12: The refractive index of aerogel is based on the lower end of refractive indices of commercially
available aerogel [53]. The gases are assumed to be at atmospheric pressure.




In Fig.[46] the average number of photons produced within the visible spectrum for different kinds of
charged particles per meter are plotted as function of the momentum for the aerogel and a variety of
gases.
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Figure 46: Number of photons produced in the visible spectrum for different charged particles per
meter through different mediums as function of the particle momentum.
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A side-view of a particle traveling through a medium whilst radiating photons at a Cherenkov angle
0., along its track, as well as the photons arriving at a plane where the detections of said photons
could take place, is given in Fig.[A7] Due to the low amount of photons produced per meter of gas
compared to solid media like aerogel, ring reconstruction is possible when focusing mirrors are used
to retrieve the ring structure. In the case of a gas, a ”blob” of photons arrives at a photon detection
plane, as can be seen in the top-view of the figure.
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Figure 47: A charged particle (red) travels through a transparent gas and emits photons (green) along
its track.

Later, it will be shown that focusing mirrors are needed to provide both ring reconstruction to increase
the performance and to prevent significant irradiation to the silicon photon multipliers (SiPM). The
shortcut based on the presence of photons is used to serve as a baseline of what can be achieved with
a Cherenkov detector.

6.5.1 Experimental setup

To provide the parameters to distinguish electrons from charged particles, the FCT will be used to
determine the momentum of the charged particle and a grid of SiPMs will be used to count the number
of radiated photons that are incident on the detection plane. A schematic overview of a Cherenkov
detector behind the FCT is given in Fig.[4§ The Cherenkov detector consists of a radiation chamber
filled with a transparent gas, helium in this case, and a plane with SiPMs to detect incident photons.
In the figure, a charged particle is incident on the FCT and when it arrives in the radiation chamber,
photons are emitted along the length of its track. The charged particle also creates photons when
interacting with the material of the FCT, but these photons are outside of the sensitive range of the
SiPMs and are therefore not counted as background. The SiPMs simulated were of the size ranging
from 3mm x 3mm. To count the number of photons a charged particle emits, a circlﬂ is drawn
around the position of the charged particle on the photon detection plane and the number of photons
inside is counted. A schematic overview of this is given in Fig.[49] In the figure, a charged particle
(blue) is incident on a grid of SiPMs. Photons are emitted along the track of the particle (green) and
end up in a cell of the grid. Both charged particles and photons have a chance to create a ”hit” in
the SiPM (purple). Around the position of the charged particle in the grid a circle is drawn (red)
which indicates the so-called ”check area”, and all the hits from SiPMs within that range are counted.
SiPMs are noisy and have a chance to create a hit even though there was no photon detected. This is
called a dark count (black), and the rate at which this happens is called the dark count rate (DCR)

8Technically, this should be an ellipse, but a circle is a good approximation
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Figure 48: Schematic overview of a Cherenkov detector behind the FCT. An incident charged particle
(red) radiates photons (green) in the Helium gas chamber.

Figure 49: A schematic overview of the detection principle of a gas Cherenkov detector with SiPMs
to detect photons.
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which is given in MHz/mm. MHz/mm is a high order of magnitude, but SiPMs used in high radiation
environments like at a LHC experiment get heavily irradiated and their DCR increases significantly.
In the figure, 5 hits are counted within the check area.

6.5.2 Silicon photon multipliers (SiPMs)

The SiPMs simulated in this thesis are the Hamamatsu S13360-3050CS & S13360-3075CS [54] and
FBK [55]. These SiPMs are sensitive to (near-) visible lighf™”} but their sensitivity is not uniform. In
Fig.[50] the detection probability as function of the wavelength is given for the Hamamatsu S13360-
3050CS. This detection efficiency is achieved at a low overvoltage where the probability of crosstalk
is in the order of a few percent. The sensitive area of a SiPM comes with a fill factor (FF) which
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Figure 50: Photon detection efficiency of the Hamamatsu S13360-3050CS [54].

expresses the ratio of photosensitive area to total detector area. In addition, SiPMs have a casing
which surrounds the photosensitive area for protection. For these studies, it is assumed that a smart
placing of these individual modules reduces the influence of the dead zone between the photosensitive
areas induced by this casing to be negligible. A study on the expected DCR of LHC-environment
irradiated SiPMs is done in the scoping document [32]. Tab.[13| gives an overview of the parameters
of the SiPMs simulated in this study.

SiPM Wavelength sensitive range (nm) | DCR (MHz/mm) | Fill factor | Side length (mm)
Hamamatsu

3050CS [54] (895, 274] 1 0.74 3

Hamamatsu

307508 g | (298 27 1 0.82 3

FBK 3V [55] | [700, 284] 0.7 0.82 3

Table 13: Specific parameter values for different SiPMs.

19Visible light ranges from [380, 700] nm.
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6.5.3 The simulation

To simulate the performance of the aforementioned setup, for each event, the charged particles that
arrive at the last layer of the FCT are requested. For each charged particle, the following steps are
performed:

e Calculate the expected number of photons emitted in the sensitive range of the SiPM with
Frank-Tamm theory, <N'y>-

e Randomly draw the number of emitted photons from a Poisson distribution with p = <N7>.

e Calculate the position where the charged particle will end up on the SiPM grid and in which
SiPM.

Then, for each photon
e Randomly draw its energy from a 1/)\? distribution.

e Randomly select the azimuthal angle between [0, 27] and calculate its direction by rotating it
around the charged particle using the Rodrigues’ rotation@ [56], [57].

e Randomly place the starting position of the photon on the track of the charged particle.

e Calculate the position where the photon will end up on the SiPM grid and in which SiPM.
For each photon or charged particle that ends up on the SiPM grid in a specific SiPM

e [f it is a charged particle, check if it is in the active area of the SiPM based on the fill factor.

— If yes: A hit was registered in that SiPM.
— If no: No hit was registered in that SiPM.

e [f it is a photon, check if this photon is in the active area of the SiPM based on the fill factor.

— If yes: Randomly decide whether the photon registered a hit in that SiPM based on the
photon detection efficiency of the SiPM.

— If no: No hit was registered in that SiPM.
Then, for each charged particle,

e Calculate the radius of the check area around the charged particle based on the radiator length
L, such that rcpeck area = L tan (0 ).

e Count the number of SiPMs that registered a hit either from a photon or the charged particle.
This is Nyits-

e Account for overlapping hits in SiPMs and reduce N5 accordingly. The SiPMs are used with a
binary readout, so a SiPM can only detect one hit even if there are multiple photons or charged
particles are present in the same SiPM.

e Count the number of SiPMs inside the check area.

e Subtract from that the number of SiPMs that already registered a hit as result from a photon
or charged particle to get Ngipm.

e Based on the ROF, the DCR and the photosensitive area of the SiPM, calculate the expected
number of SiPMs that would register a dark count, <NDC> = Ngipm X DCR x ROF x Agipm.

e Randomly draw the number of dark counts from a Poisson distribution with u = <NDC>.

e Add this to Nuits. To sum up, NHits = NDetected photons 1 Nbark Counts + NDetected charged particles-
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Electron hypothesis
decision table

Nuits < NHits th.
Nuits = NHits th.

P < Dth. = D > DPth. =

Table 14: Electron hypothesis decision table

A decision based on the number of hits registered in the check area of each charged particle and the
momentum of the charged particle is made. The decision table is given in Tab.[I4 Each event is
vetoed based on whether that event contains an electron based on the decision table. Along with the
SiPMs that come with their own parameters, summarized in Tab.[I3]and the medium of the Cherenkov
detector, these other parameters are varied:

e The radiator length L of the Cherenkov detector. This was allowed to vary between 1 and 2
meters due to space restrictions induced by the FOCAL.

e The read-out-frame (ROF). Either 2 (ideal scenario) or 20 ns (worst case scenario).

e The threshold number of hits that are needed inside the check area of a charged particle for this
charged particle to be guessed an electron, Nyits th. -

6.5.4 Optimization of the radiator length

To get an idea what the optimal radiator length of such a Cherenkov detector would look like, a rough
optimization can be done. The idea is to optimize the difference in number of expected photons that
get detected and the expected number of dark counts that get detected. This way, the distinguishing
power of whether a charged particle is an electron based on the number of hits is expected to grow. To
come to this optimization, it is first needed to consider the average number of photons produced when
a charged particle traverses through a transparent medium which is given by Frank-Tamm theoryb5}
which can be written down as <N7> = Fr x L, where L is the radiator length. The photon detection
efficiency (PDE) of a SiPM is a function of the wavelength of the incident photon. The photons are
emitted with a wavelength that is drawn from the probability density function (PDF) 1/A2. So, the
average photon detection efficiency (APDE)E| of a photon drawn from that PDF would be

S (PDF x PDE)

APDE =
S PDF

(56)

Since SiPMs have a photosensitive area defined by their fill factor (FF), the effective PDE would be
EPDE = FF x APDE. So, the expected number of detected photons is

(Nypet.) = Fr x EPDE x L = aL. (57)
The expected number of dark counts per SiPM per ROF is
<NDC/SiPM> = DCR x ROF x Agipm- (58)
The expected number of detected dark counts is
(Npc pet.) = Nsipm X (Npe/sipum)s (59)

where Ngipy is the number of SiPMs in a check area around a charged particle. The number of SiPMs
per check area is given by Ngipy = Ac/Asipm, where A¢ is the check area given by Wrg. The check

20Not to be confused with the Euler-Rodrigues formula for 3D rotation.
Zlwhich is a number through the sum
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radius, r¢, in its turn can be written as L tan 6.,. This then allows the expected number of dark counts
in a check area to be rewritten as

wL? tan? 0,

N =
< DC Det.> Asipat

{Npcsipm) = bL?. (60)
Then writing the aforementioned relations as the number of signal counts (f(L)) after subtraction of
the expected background (bL?) from the expected number of signal photons (aL) gives

f(L) = aL — bL>. (61)

To optimize the number of signal counts after the expected background subtraction to enhance the
distinguishing power, the maximum of this formula is computed by taking the derivative and setting

the result to 0, which gives
a

2b°
Of course, there is the term that depends on the charged particle as well, which would introduce
a term —c in the equation, but since this does not depend on L, the derivative remains the same.
Writing the equation fully out again for the terms a and b, and integrating over the energy range of
the photon from Frank-Tamm theory, gives

(62)

L_ 0 _ @ (Ey2 — Ey1) x EPDE sin? 0,

- 63
2b herw DCR x ROF tanZ 6., (63)

where all terms are either constants, or depend on the SiPMs specific, except for the Cherenkov angle
0., but sin? 6, /tan? 64, ~ 1 when 64, < 1, which is the case for these charged particles. In this
optimization scheme, the effect of photons and dark counts occupying the same SiPM is not taken
into account, but as will be shown below, the scheme is still effective.
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6.5.5 Comparing the calculation and simulation

Tab.[15] shows the parameters for which the Cherenkov detector setup was simulated, making 36 sets

in total.

Simulation settings

Hamamatsa 3050es Sim Sim2 Sim3 Sim4 Sim5 Sim 6
Gas He He He He He

Radiator length 1m 1m 18m 18m 1m

Photon hit threshold 2 3 2 3 2

Read out frame 2 ns 2 ns 2 ns 2 ns 20 ns
Eﬁiﬁ;ﬁ;?&%ﬁ Sim1 Sim2 Sim3 Sim4 Sim5 Sim 6
Gas He He He He He He
Radiator length 1m 1m 245m 245m 245m 1m
Photon hit threshold 2 3 2 3 6 2
Read out frame 2 ns 2 ns 2 ns 2 ns 2 ns 20 ns
]?];n;lgijon settings gin1 Sim2 Sim3 Sim4 Sim5 Sim 6
Gas He He He He He He
Radiator length 1m 1m 298 m 298m 298m 1m
Photon hit threshold 2 3 2 3 7 2
Read out frame 2 ns 2 ns 2 ns 2 ns 2 ns 20 ns
E?g;ﬁ;i;?g;&ii Sim1 Sim2 Sim3 Sim4 Sim5

Gas Ne Ne Ne Ne Ne

Radiator length 1m 1m 18m 18m 1m

Photon hit threshold 2 3 3 4 2

Read out frame 2 ns 2 ns 2 ns 2 ns 20 ns
E?g;?;;z;‘;tg:;i Sim1 Sim2 Sim3 Sim4 Sim5 Sim 6
Gas Ne Ne Ne Ne Ne Ne
Radiator length 1m 1lm 245m 245m 245m 245 m
Photon hit threshold 2 3 7 8 9 10
Read out frame 2 ns 2 ns 2 ns 2 ns 2 ns 2 ns
i;nélgson Settings gim1 Sim2 Sim3 Sim4 Sim5 Sim 6
Gas Ne Ne Ne Ne Ne Ne
Radiator length 1m 1m 298 m 298 m 298m 0.298 m
Photon hit threshold 2 3 8 9 10 10
Read out frame 2 ns 2 ns 2 ns 2 ns 2 ns 20 ns

Table 15: Simulation settings for the use of different SiPMs, gases and radiator length of the FCT

RICH.

In Tab.[16] some of the values discussed in the previous sections are calculated based on the input
parameters and compared to the values retrieved from the simulations for three sets. The calculated
values of a Cherenkov detector with a radiator length of 1 m is compared to the case when the radiator
length is optimized according to the scheme as described in the previous section. The best performing
two cases, in terms of significance and amount of signal remaining, for helium and neon are presented
here. The performance of these sets will be discussed below as well. The results for these sets, i.e. the
photon spectrum after the application of the veto and the significance, is presented in Sec.[6.5.6]
What becomes clear is that the number of photons detected per electron for which its momentu

221n this paragraph, the momentum of any particle discussed satisfies this criteria unless specified otherwise.

76



Simulation setting | 3050cs He 3075cs He 3075cs Ne
Value Sim 1 Sim 4 Sim 4
For electrons that satisfy
Pr th. > P > De th.
N, emitted 8.1 8.1 19.8 19.8 | 36.0 36.0
N, detected
(no overlap)
Ratio of photons detected
(no overlap)
Number of photons detected

Calc. Sim. | Calc. Sim. | Calc. Sim.

1.6 - 5.3 - 9.9 -

0.196 0.196 | 0.266 0.266 | 0.273 0.273

(including overlap) ) 13 i 45 i 8.4
Ratio of photons within check area - 0.95 - 0.97 - 0.97
Check area (mm?) 220 220 1319 1319 | 2374 2374
Ng;pM in check area 24.4 23.1 147 134 264 255
Npc in check area 0.44 0.38 | 2.64 2.33 | 4.7 4.4
Ratio of detected electrons 0.74 0.69 | 0.82 0.57 | 0.82 0.49
NHits 2.8 2.2 8.7 7.4 15.1 13.2

For charged particles that satisfy
Pr th. > P > Pe th.

Npc in check area 0.44 043 | 2.64 2.60 | 4.7 4.7

Ratio of detected

charged particles

Nits 1.2 1.2 3.5 3.4 5.5 5.5

Calc. Sim. | Calc. Sim. | Calc. Sim.

0.74 0.74 | 0.82 0.82 | 0.82 0.82

Table 16: Comparison between the calculation of certain values and the average as retrieved from the
simulation.

satisfies pr th. > P > Pe th. i less in the simulation. This is caused by a number of effects which will
be discussed now. Since the SiPMs are arranged in a grid, the check area only considers a SiPM to
be within the check area if its center lies within the check area. This was done to minimize the effect
of dark counts of SiPMs for which only a small percentage of the total area lies within the check area.
This causes some photons that were emitted within the check area and technically detected by a SiPM
to not count towards the total Nyiis. Additionally, a circular check area is not the right shape since
the charged particles are incident on the SiPM grid with a (small) angle. This causes the ratio of
photons to be within the check area to range from =~ 0.93-0.97. Photons can occupy the same SiPM
and since photons can be emitted with equal probability along the track of the electron, the likelihood
that a bin is occupied by more than one photon increases closer to the center of the check area. These
contributions all cause the number of detected photons in the simulation (so including overlap) to be
less than what is predicted through the calculation. The ratio of detected photons if there was no
binary readout of the SiPMs (so no overlap) is the same for the simulation as what is calculated. In
the simulation, the number of photons detected, charged particles that cause a SiPM to report a hit
and number of dark counts that is detected are dependent on the order in which they are simulated.
In a real scenario, these numbers all together form the number of total hits detected and cannot be
distinguished from each other as can be done in the simulation due to the binary read out of the SiPM.
In this simulation, the order of simulation was as follows

e Generate photons
e Detect photons and save N, detected.

e Emit charged particle and check if it would occupy a SiPM that is already occupied by a photon.
Count the ”"detected” charged particle and treat it as a ”photon” hit in the SiPM grid.

e From the number of SiPMs within the check area, subtract those that already detected a hit
(i.e. N, detected) and randomly select which of the remaining SiPMs register a dark count.
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Had the order been different, the numbers would have varied, but the total number of hits, Ngjts,
would have remained the same. In the simulation, a charged particle caused the SiPM to read out a
hit if the charged particle was within the active area of the SiPM, which is equal to 1 — F'F. Charged
particles (not electrons), due to the fact that they do not emit photons in this momentum range, do
not suffer from the overlap of photons and the charged particle ending up in the same SiPM, which
can be seen in the table by the fact that the calculated ratio of ”detected charged particles” is equal
to the one simulated. For electrons, however, since they do emit photons in this momentum range,
this overlap reduces the ratio of ”detected electrons”. An alternative explanation for this ratio is "the
ratio of electrons/charged particles” that caused a binary read out of the SiPM. Since the generation
of dark counts is last, the number of SiPMs that have not detected a photon yet are used to generate
the number of dark counts. This causes the value in the table to be less than what is expected based
on the number of SiPMs in a check area. For the simulations with a radiator length optimized based
on the scheme described above, the difference in number of hits caused by photons and dark counts &
the charged particle is larger than when a detector of 1 m was used, which increases the distinguishing
power between electrons and charged particles. Since the values retrieved from the simulation are sim-
ilar to those from the calculation, it is expected that the radiator length is close to its optimum and
consequently further optimization through a scheme that incorporates the overlap of hits as discussed
above will only yield minor improvements.

Comparing the ratio of vetoed events to the number of events that satisfy the veto in Tab.[17] i.e.
the events that should be vetoed had the detector been perfect, it becomes clear that a strict veto is
applied for these events. This is, however, necessary considering only &~ 10% of the events should be
accepted.

Simulation setting

Performance parameter 3050cs He | 3075cs He | 3075cs Ne
P Sim 1 Sim 4 Sim 4
Formula Description
Nvetoed /NEvents Ratio of vetoed events 0.942 0.981 0.935
Ratio of events that
Nsa. veto/Nivents satisfy veto criteria 0.904 0.904 0.904
Ratio of correctl
NCor. vetoed/NSat. veto vetoed events Y 0.983 0.999 0.994
Ratio of correctl
NCor. acc./(Nevents - NSat. veto) accepted events Y 0.444 0.188 0.291
Ratio of incorrectl
Nlncor‘ vetoed/NVetoed vetoed events g 0.057 0.080 0.040
Ratio of incorrectly
Nincor. ace./NAccepted accepted cvents 0.265 0.049 0.090
For electrons that satisfy
Pz th. > P > De th.
Ratio of correctly
NCor. guessed/NElectrons guessed electrons 0.691 0.959 0.937
Ratio of incorrectl
NIncor. guessed/NElectrons guessed electrons Y 0.309 0.041 0.063
For charged particles that satisfy
Pr th. > P > De th.
Ratio of correctly
NCor. guessed/NCharged particles guessed charged part. 0.723 0.313 0.819
Ratio of incorrectly
Nlncor‘ guessed/NCharged particles guessed charged part. 0.277 0.687 0.181

Table 17: Performance parameters for 3 highlighted Cherenkov detector simulations.
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The 3075cs He Sim 4 settings applied the strictest veto, accepting only 2% of the events. It correctly
vetoed 99.9% of the events that should be vetoed and in doing so, it retained 18.8% of the events that
should be accepted. Its strictness is also reflected in the ratio of electrons it guesses correctly and the
ratio of charged particles it mistakes for electrons. This results in the ratio of incorrectly accepted
events to be 4.9% being rather low, or in other words, ~ 1/20 events is an incorrectly accepted event.
This set is much better in guessing electrons than the set with the radiator length of 1 m and in doing
so retains relatively pure data post veto. In comparison, the data purity for the simulation setting
of 3075¢cs Ne Sim 4 is lower, but the amount of events retained post veto is a factor ~ 3.4 higher.
Even though this set is better at recognizing charged particles, it takes a hit in electron identification,
resulting in a less pure data set; ~ 1/11 events is an incorrectly accepted event. From this table it
becomes clear that the optimization scheme as described in the previous section provides the detector
with greater distinguishing power and increases the purity of the data post veto significantly. Sec.
shows the photon spectra and significance for these simulation settings, but the Appendix shows the
full list of spectra from which a few more trends can be extracted with respect to the simulation
settings. These will also be discussed in Sec.[6.5.6]

6.5.6 Results

Fig.[51] shows a selection of the spectra (left column) and significance (right column) from the simula-
tions with the Cherenkov detector behind the FCT.
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Figure 51: Photon spectrum after the eTe™ event veto with a Cherenkov detector behind the FCT
for a small selection of the simulation parameters (left column). Significance (right column) assuming
5% uncertainty on the background.

Due to the purity of the events in Fig.[fId the significance is the most promising for these simu-
lation settings, but due to the low acceptance rate of events, the impact of statistical fluctuations
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is also much higher for these number of simulated events. Following the conclusion reached from
the previous section, the purity of the events is lower in Fig.[f1e] but the amount of events retained
is considerably higher. Like in previous sections the uncertainty on the background is assumed to
be 5%. In these figures, the spectrum from ”Other sources” (blue) includes that of ”positron anni-
hilation” and ”hadronic inelastic interactions” since they contribute negligibly to the whole spectrum.

Figs. @ and in the Appendix (Sec. show the full list of all spectra retrieved from the
simulations of the Cherenkov detector done with the settings as described in Tab.[I5]

6.5.7 Considerations - A Ring Imaging Cherenkov detector

The DCR of the SiPMs used for the simulations in this thesis was in the order of 1 MHz, which is a lot
compared to the reported value by Hamamatsu [54] and FBK [55]. These are the estimates for opera-
tion in the high radiation zone that is the ALICE 3 experiment. In a high radiation zone, these SiPMs
become irradiated, causing their DCR to drastically increase. The values used in this thesis come
from the upcoming Scoping Document [32]. These values were estimated for the RICH and fRICH,
but since the FCT will be operational in the more forward pseudorapidity range of 4 < n < 5, the
SiPM that would be used for the FCT RICH would experience a higher radiation dosage causing the
values for the DCR to be underestimated. To mitigate this, focusing mirrors could be used to reflect
and focus the Cherenkov radiation away from the pseudorapidity range of the FCT and onto a grid
of SiPMs that is positioned in the radiation zone of the fRICH. An example of a design can be found
when looking at the dual-radiator Ring Imaging Cherenkov detector (dRICH) [58] of the proposed
Electron-Ion Collider (EIC) [59] at Brookhaven National Lab in the US. Fig.[52| shows the dRICH
design of the EIC. As the name suggests, the dual-RICH makes use of two media to create Cherenkov

Gas Spherical Mirror _ 7~ Hit.on detector

Aerogel

Photon impact
.. on mirror(s)

Figure 52: Design of the dRICH of the EIC. Figure taken from Ref. [58].

radiation: Aerogel and CoFg gas with n = 1.02 and n = 1.00085, respectivelﬂ to achieve the elec-
tron/hadron separation needed for its physics program. In this design, the photo sensors are located
outside of the acceptance of the dRICH. The spherical mirrors focus the Cherenkov radiation onto
the photo sensors and through this focusing, ring reconstruction becomes available again. However,
the design and optimization of the detector was, as reported in Ref. [60], a daunting task. Through
the use of a Al-driven optimization based on Bayesian Optimization (BO), a parameter space with 8
parameters and O(10%2) possibilitieﬂ was explored to optimize the PID capabilities of the detector.
Even considering a design for the FCT where spherical mirrors are included, but ring reconstruction

23Some presentations mention n = 1.0008 for the gas.
?4Based on the tolerances of Tab. 1 reported in Ref. [60].
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is not possible, the spherical mirrors would focus the Cherenkov radiation on a smaller photo sensitive
surface than what is currently used for the FCT. If the same amount of photons are radiated on a
smaller photo sensitive surface, the contribution of dark counts goes down as shown in the previous
sections, which in turn enhances the distinguishing power between electrons and hadrons. Through
this fact alone, the performance of the FCT RICH is expected to increase, or at the very least stay
the same as reported in the previous section if focusing mirrors are incorporated in the design.

If, however, similar PID capabilities of the dRICH can be achieved with the FCT RICH, the per-
formance of the eTe™ event veto is expected to increase significantly. The dRICH is reported to
achieve electron/hadron separation up to ~ 18 GeV/c with at least 30, see Ref. [59], which is more
than sufficient for the purposes of the FCT.
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7 Background uncertainty estimation

The determination of the uncertainty on the background is of vital importance to the measurements
presented in this thesis, a first step towards the estimation of which will be covered in this section.

7.1 External bremsstrahlung and secondary interactions/decays

ALICE 1 [61H63] estimated the systematic uncertainty of photon spectrum measurements related to
the material budget to be 4.5% [62, 64]. This was done by comparing the reconstructed number of
photon conversions normalized to the number of charged particles between Monte Carlo (MC) simu-
lations and the real data. To this end, precise knowledge of the material budget is key to reducing
the aforementioned uncertainty. In ALICE 3 for the FCT, the dominant contribution to the material
budget comes from the beam pipe, see Fig.[I9] The beam pipe is also the dominant source of external
bremsstrahlung and secondary decays/interactions, 47%, as shown in Fig. The beam pipe will be
a regular, symmetric structure that can be accurately resembled by a cylinder with a certain thickness
of a certain material, 0.8 mm of beryllium as assumed in this thesis. In the production process, it can
be weighed and x-ray scanned to give a precise estimation of the uncertainty of its material budget.
The welding of the beam pipe in the places where it needs to be connected to other structures in-
creases the material budget slightly, but this can also be scanned. The contribution of the uncertainty
on the material budget of the beam pipe is thus expected to be small compared to the rest of the
structures in front of the FCT. The second most contributing structure to the material budget is the
IRIS tracker, and consequently it is the second most biggest source of external bremsstrahlung and
secondary decays/interactions, 18%. Unfortunately, the same precision for the material budget is not
expected for the IRIS tracker since it consists of many components (disks, petal cases, cold plate,
services, etc.) which makes the whole structure asymmetric. In addition, as is often the case in (big)
experiments, the exact placement of each service component does not get communicated equally well
to the whole collaboration. The uncertainty of the material budget is therefore expected to be much
bigger of the IRIS tracker than of the beam pipe. Fortunately, ALICE 3 has the advantage that the
IRIS tracker is retractable and in the retracted state, as can be seen in Fig.[18] no material of the IRIS
tracker is expected in the pseudorapidty range of 4 < 1 < 5. This claim is strengthened by the fact
that the aperture of the beam pipe is required to be 16 mm at beam injection, and unless the wish
is to create a fixed target experiment, no parts of the services of the IRIS tracker will be inside this
radius when the IRIS tracker is in the retracted state. This retractability can be exploited to perform
measurements of the photon spectrum when the IRIS tracker is in the retracted state and when it is
in the contracted state. These spectra and the difference of these spectra can then be compared to
spectra and difference retrieved from MC simulations to isolate the contribution of the IRIS tracker
to the photon spectra. The aforementioned spectra and the difference in spectra retrieved from the
MC simulations performed for this thesis, simulation sets ”Default ALICE3” and ”"IRIS Opened”,
are given in Fig.[53] A cut on the pointing angle was not applied for these spectra as it is unknown
what the primary vertex position resolution of the IRIS tracker is when it is in the retracted position.
Fig.[19) shows that the outer tracker disks contribute a similar amount to the material budget as the
IRIS tracker, however, with the inclusion of the cut on the pointing angle and the cut on the distance
to the closest charged particle, Fig.[34] the fraction of photons that are mistaken to come from the
primary vertex is not 1:1 related to its contribution to the material budget. The uncertainty on the
material budget of the outer tracker is therefore also expected to be of lesser importance to the un-
certainty on the measured photon spectrum. Assuming similar results for the FCT to Ref. [62] [64], an
uncertainty of 5% on the external bremsstrahlung and secondary interactions/decays spectra could be
achieved. Considering the beam pipe will be a very regular piece of material and a measurement of
the contribution of the IRIS tracker to the photon spectrum can be made thanks to its retractability,
it might be possible to reduce the uncertainty on these channels, but more studies are required.

In Ref. [65], the ALICE Collaboration managed to bring the estimated systematic uncertainty re-

lated to the material budget of ALICE 1 down to 2.5%. They claim their methods to be generic and
applicable to any experiment in similar fashion. Taking inspiration from their methods, the idea to
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Figure 53: The photon spectrum to arrive at the FCT when the IRIS tracker is in the retracted
position (left). The difference in the photon spectrum to arrive at the FCT between the IRIS in the
contracted and retracted position (right).

reconstruct 7’s coming from secondary vertices could shine light on the material structures of the
ALICE 3 geometries. As will be shown in Sec. reconstructing low pr 7°’s coming from the primary
vertex is possible, but the question is whether the position resolution of the FCT is good enough
to accurately reconstruct the position of secondary 7%’s created through material interactions in for
example the TRIS tracker. As external bremsstrahlung is dominant, the fraction of combinatorial
background could be much higher than what is presented in 8| for the reconstruction of the invariant
mass of primary 7%’s.

7.2 Hadronic decays and direct 7’s

The hadronic decays and direct 4’s spectrum is dominated by the decay of neutral pions, 70 — 7.
To estimate the uncertainty on this spectrum, three strategies are laid out in this section.

Measure the 7° spectrum with the FCT

In Sec. it will be shown that the 7° spectrum in the low pr region can be measured. In the decay
channel of 7% — 77, two photons are produced and since both need to be measured, the uncertainty on
the background (external bremsstrahlung and secondary decays/interactions) induced by the material
budget would enter twice in the uncertainty of measuring the photon spectrum from the decays of
70’s. Assuming that the systematic uncertainty related to the material budget for the measurement of
the photon spectrum is 5%, the resulting uncertainty on the photon spectrum from primary 7° decay
would be 10%. As argued in the previous section, it could be possible to reduce this uncertainty and
consequently reduce the uncertainty on the photon spectrum from primary 7%’s.

Tune PYTHIA to the 7% spectrum

Utilizing the capabilities of the other detectors of ALICE 3, the 7% spectrum will be measured in the
pseudorapidty region of || < 4 and the RICH, bRICH, TOF, fTOF and iTOF can provide particle
identification for these charged pions. Due to the isospin symmetry, the number of charged pions that
is produced in inelastic collisions is similar to halﬁ of the number of neutral pions produced. Using a
PYTHIA simulation the measured and predicted spectra can be related. Performing an extrapolation
to the pseudorapidty region of the FCT, the 7° spectrum could be predicted as well as the uncertainty
on its contribution to the soft-photon spectrum through the decay to 2 photons.

BN 4+ ~N,.— ~Nyo
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Extrapolate the higher pr 7 decay spectrum to lower regions

In the lower kpr region of the photon-spectrum to arrive at the FCT, the external bremsstrahlung
spectrum dominates as shown countless of times in this thesis. To still get a value for the uncertainty on
the hadronic decays and direct ’s channel an extrapolation of the neutral pion transverse momentum
spectrum, dN o /dpr, could be performed through a measurement of this spectrum at higher pp. As
will be shown in Sec.[8] the simulations performed in this thesis show that the FCT could measure the
transverse momentum spectrum of the 7%’s in the region where pp > 10-20 MeV /c. This could then
be used to predict the neutral pion decay spectrum. Comparing the measured data of the photon
spectrum with the predicted neutral pion decay spectrum in the transverse momentum regime where
the hadronic decays and direct +’s channel starts to dominate the photon spectrum allows for a similar
scaling of the predicted hadronic decay spectrum in the desired lower transverse momentum regime.
The hadronic decays and direct ¥’s channel is dominated by the decays of 7 — v+ and other sources
are expected to not contribute much. Fig.[54shows the transverse momentum photon spectrum in the
kr < 100 MeV/c region. These figures show that the hadronic decays and direct +’s channel starts
to dominate the photon spectrum to arrive at the FCT at kp = 10-15MeV /¢, depending on the cuts
that are implemented. In the Lol [§], studies were performed for the momentum resolution up to
500 MeV /c. In the transverse momentum range of 10 < kp < 20 MeV/c in the pseudorapidity region
of 4 < 7 < 5 the momentum of the photons ranges from 270 < k£ < 1500 MeV /c. As discussed in
Sec.[p.6] a Gaussian Sum Filter (GSF) is a promising method for low-momentum electron tracking.
Ref. [52] presents good performance of electron tracking with ACTS with a transverse momentum
distribution of 500 MeV/c to 100 GeV/c and therefore similar performance is expected for the FCT
when a GSF is used for tracking in the lower transverse momentum regime.

2 2
T« 10 EALICE 3 s udy ——— Hadronic decays and direct y's :'« 10 EALICE 3 s udy ——— Hadronic decays and direct y's
L Fpp,/s =14 Tev ——— Secondary interactions/decays L Fpp,/s =14 Tev ——— Secondary interactions/decays
> 10 EFET-4<n<5 External bremsstrahlung > 10 EFET 4 < <5 External bremsstrahlung
% FE,>50MeV ~ ——— Internal bremsstrahlung g FE,>50Mev ~ ——— Internal bremsstrahlung
= = ——— Positron annihilation = r ——— Positron annihilation
= - 1e
X E X E
° : o E
Z 107t Z 107
o E © E
s r sl T s T P P
= 1072 e T S 102 e R
~ ~ f e e oS
S S
10_3§ H%Hl 10-3§
10™ ELH - 107 I
E ™ E o
10—5“......7‘ﬁﬂmuHHHHHHHHHHHH 10—5“..mmuuuHHHHHHHHHHHH
0O 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
k; (MeV/c) k; (MeV/c)
(a) Pointing angle cut applied. (b) Pointing angle cut and cut on the distance to the

closest charged particle, d.q < 2cm applied.

Figure 54: The transverse momentum photon spectrum in the kp < 100 MeV/c region.
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8 Neutral pion reconstruction with the FCT

Due to the FCT’s capabilities to measure low kt photons in an acceptance unlike any other detector
of ALICE 3, the FCT provides an unique opportunity to measure the 70 invariant mass spectrum
through the channel 7° — v and the transverse momentum spectrum down to low pp. This is not
only interesting to map out the uncertainty on the hadronic decay background as described in Sec.[7}
but it also offers insights into some unique physics cases. In a recent paper a quantification of the
excess of low transverse momentum pions was given when compared to fluid dynamics models for var-
ious heavy-ion collision systems at different LHC energies [66]. Measuring low transverse momentum
pions remains an experimental challenge, but the proposed ALICE 3 detector will provide a new way
to measure particles below pr < 100 MeV /c. Some of the potential sources of the excess of these low
pr pions are given in the paragraphs below. In Sec.[8.1]it will be shown that the the reconstruction
of low pr neutral pions works well for proton-proton collisions with the FCT. It is therefore most
likely to be feasible in peripheral heavy-ion collisions and it might as well work in central heavy-ion
collisions because of the significant difference in signal-to-background ratio of a measurement of the
internal bremsstrahlung compared to the decay photon spectrum from neutral pions. In addition, the
following sources of excess of low transverse momentum neutral pions that are postulated to exist in
heavy-ion collisions were also searched for in hadron-hadron collisions, but not yet at a center-of-mass
energy of \/s = 14 TeV, and thus a clear motivation exists to pursue this measurement with the FCT
in the pseudorapidty range of 4 < n < 5.

According to Ref. [67], most of the hydrodynamic calculations used to successfully reproduce har-
monic flow coefficients in the QGP, experience difficulties to predict the very low transverse momenta
spectrum of pions. They postulate a possible onset of Bose-Einstein condensation at LHC energies
which would increase the 7° yield in lead-lead collisions in the very low transverse momentum regime,
pr < 200 MeV /¢, compared to the full equilibrium model.

In the quark-gluon plasma (QGP), where chiral symmetry is restored at high temperatures, chiral
condensates can form and potentially become disoriented where they are chirally rotated from their
usual orientation in isospin space. The details of the formation of these regions are outside of the
scope of this thesis, but two scenarios are highlighted as examples: the baked Alaska model [68] where
a cooler interior in the QGP is isolated by a rapidly expanding shell of hot partons and through phase
transition dynamics [69], [T0] where the cooling of the QGP might cause the chiral field to settle in
a non-equilibrium configuration as the system expands. These disoriented chiral condensates (DCC)
are postulated regions of misaligned chiral symmetry breaking and their decay could lead to coherent
emission of pions with an anomalous ratio of neutral to charged pions [71] in the low pr region [72],
amplifying the isospin asymmetry. The scenario where low pr neutral pions dominate an event, called
anti-Centauro [73] [74], would also be an interesting venue for the FCT to explore. An overview of
the theoretical and experimental status can be found in [75].
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8.1 Reconstruction results

Fig. shows the reconstructed transverse momentum, pr, as function of the rapidity of the 7%’s where
a clear hotspot can be seen for pr < 1GeV/c. For this figure, the dataset ”Default ALICE 3" was
used. The 7%’s were requested to have both of their photons in the FCT.
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Figure 55: The transverse momentum of the 7¥ as function of its rapidity.
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Fig. shows the 70 invariant mass spectrum as function of its transverse momentum. The recipe of
cuts and modification of the geometry of ALICE 3, as described in Sec.[6] have been applied to this
spectrum as well to reduce the amount of photons before they were used to construct the spectrum. The
photons were smeared before they were used to reconstruct the 7° mass spectrum. The corresponding
significances are given in Fig.[57}
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Figure 56: The 7¥ mass spectrum including the application of cuts on the spectrum and the ALICE 3
geometry including a window in the beam pipe. The 7% mass spectrum (blue) is the true 7° mass
spectrum without contamination of other sources. The other spectrum (red) shows the 7° mass
spectrum including the combinatorial background.
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Figure 57: The corresponding significances of the 7° invariant mass spectra in Fig.

What must be noted is the difference in number of events simulated to make these histograms. For
the ”Default ALICE 3”, 10M events were simulated. For the ”Window 1” simulation set, 2.5M events
were simulated. This causes the ratio S/v/S + B to be a factor 2 lower for the simulation set ” Window
17. Taking this into account, the peak of the significance of Fig.[57d] would then appropriately be at
90, which is higher than the 80 reported for Fig.57b] Considering the figures with the significances
and that low momentum photon reconstruction is the region where the FCT is most sensitive, the
question then becomes how low in transverse momentum the FCT can reach for the measurement of
the 7¥ transverse momentum spectrum. Zooming in on the region of pt < 200 MeV /c reveals just
that in Fig.[58 The zoom in on these significances reveal that a significance of 5 is possible for the
measurement of the 70 transverse momentum in the range of 15-20 MeV/c and above.
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Figure 58: Zoom in on the significances of the 7¥ transverse momentum spectra in Fig. for pr <

200 MeV/c.

The acceptance for neutral pions as function of the pp is shown in Fig.[f9] The acceptance is the
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Figure 59: The acceptance of the FCT for 7%’s in the rapidity range 4 < y < 5 as function of their pr.

ratio of number of 7%’s with both photons in the FCT and the number of 7%’s emitted in the rapidity
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range of the FCT. For the number of 7%s emitted in the range of the FCT a PYTHIA simulation
with 1M events was performed and the number of 7°’s in the rapidity region 4 < y < 5 recorded. For
the number of 7%’s with both photons in the FCT, the dataset ”Default ALICE 3” was used and all
70’s with both their photons in the FCT in the same rapidity region were recorded. As can be seen,
the material budget of ALICE3 and the angle of emission between the two photons of a 7° have a
significant impact on the acceptance. This acceptance ratio can then we used to scale the data to
retrieve the actual production of 7%’s in pp collisions.

The ALICE Collaboration measured the 7° transverse momentum spectrum in the range of 0.2 <
pr < 200 GeV/c at mid-rapidity (|y| < 0.8) for pp collisions at /s = 13 TeV. Figs. show that the
FCT could measure the transverse momentum spectrum of 7%’s in the pseudorapidity range 4 < y < 5
above a significance of 5 for pr > 10-20 MeV /¢ for pp collisions at /s = 14 TeV.
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9 Discussion

9.1 How to improve the signal-to-background ratio?

As shown in this thesis, the material budget in front of the FCT, as given in Fig.[19] causes the
dominant background of external bremsstrahlung and secondary interactions/decays. In the scoping
document of ALICE 3 [32] and the Letter of Intent [§] it is quoted that the pseudorapidity coverage
of the outer tracker disks should only extend up to n < 4, however, as shown in Fig.[9] these disks
extend down to a much larger pseudorapidty range. As of writing, no studies have been undertaken
which make use of this part of the outer tracker disks. Therefore the suggestion made in this thesis is
to limit the outer tracker disks to their quoted pseudorapidity range in the SD and Lol to reduce the
material budget in front of the FCT by 0.06 in X/Xj.

9.2 Alternative shape for the FCT

The disks of the FCT as simulated in this thesis are circular, however, a circular shape as sensitive
volume is difficult to produce. Therefore, such a circular shape needs to be tiled by modules that carry
the chip and sensor structures, which themselves are square. Covering a circle in rectangular/square
shapes to approach the circular sensitive volume structure will also be done for the outer track disks.
In a sense, these circular disks need to be squared, but then in the literal sense and not in the figure
of speech where it means to do something impossible. The modules that carry these chips and sensors
will from now on be referred to as sensor modules. These sensor modules come in a variety of shapes
and sizes, but the ones under consideration, as will be laid out in the upcoming Scoping document
[32], are 1cm x 1em, 1em X 3em, 2em X 3em and 2cm X 6cem in size, with 1em x 1cm being the
least likely size to be actually produced in the end. Since the outer radius of the outer tracker disks
is much larger than the FCT, it is in essence a lot easier to cover the circular shape with these sizes
of modules and at the same time achieve a high coverage with sensor volumes of the total area of the
disk. For the FCT, which has disks with an outer radius that is much smaller, covering the circle
with these particular module sizes is bound to leave gaps in the coverage, reducing the total coverage
significantly. This is a challenge as the coverage of the sensors directly influences the acceptance of
the FCT. Two solutions to this problem exist, but one has a much larger benefit than the other.
The first solution would be to introduce regions where sensors overlap to increase the coverage, but
this increases the prospected material budget of the individual layers and cause multiple scattering to
have more of an effect on the transverse momentum resolution of tracked electrons and consequently
reconstructed photons. The second solution would be to make the disks square or rectangular. Tiling
a square with square sensor modules increases the maximum coverage achievable significantly and
does not require overlap of these sensor modules. The square layerﬂ could then be placed above the
beam pipe, instead of around it, which additionally removes the requirement of them having a hole in
the middle of it. A sketch of a possible layout of these layers is given in Fig.[60] These square layers

Figure 60: Schematic sketch of rectangular layers (dark blue) of the FCT above the beam pipe (light
blue cylinder).

20they are not disks anymore

92



Circular disks Rectangular layers
Layer Inner Radius Outer radius  Area | Height Width Area
(cm) (cm) (ecm?) | (ecm)  (em) (cm?)
0 5 17 830 17 48.8 830
1 5 17 830 17 48.8 830
2 5 17 830 17 48.8 830
3 5 17 830 17 48.8 830
4 5 17 830 17 48.8 830
5 5 17 830 17 48.8 830
6 5 17 830 17 48.8 830
7 5 18 940 18 52.2 940
8 5 18 940 18 52.2 940
9 5 19 1060 19 55.8 1060
10 5 19 1060 19 55.8 1060

Table 18: Comparison of the dimensions of circular to square layers of the FCT.

could then have the same area of sensitive volume, leaving the amount of sensors required unchanged.
To keep the coverage in pseudorapitiy the same, the height of these layers would remain the same as
the outer radius of the circular disks, which would allow the width of the layers to be increased. This
is expected to increase the tracking capabilities of ete™ pairs. When a photon is created through a
collision of protons at the coordinates close to (0,0,0), the produced photon coming from the vertex
has a momentum p and the eTe™ conversion pair in the FCT will bend in the zz-plane through the
presence of the dipole magnetic field, but the particles will still have a momentum component in the
y—direction that is unaffected by the presence of the magnetic field. This component, however, is
small compared to the p, component of the momentum and therefore the electrons are not expected
to cover great distances in the y—direction in comparison to the distances covered in the xy—plan,
meaning that the width of the rectangular layer is more important to increase the acceptance of the
detector than the height. Tab.[I§| gives a comparison of the dimensions of these square layers with
respect to the circular layers following these principles. The position in z and thickness of these layers
remains the same. This would mean that the azimuthal coverage of the setup with rectangular layers
is reduced compared to that of the one with circular disks, but it is believed this will be made up by
the gain in acceptance of the FCT, i.e. how many of the photons that are incident on the FCT can
actually be reconstructed.

9.3 IRIS tracker services; additional material in front of the FCT

The IRIS tracker of ALICE 3 is represented in O? as described in Sec.. This is not the final layout
as services like data links, cables and others are missing. The services are mostly expected to run on
top of the petal cases of the IRIS tracker and some inside where they are not in the pseudorapidty
range of the FCT, but some will also be on the side of the petal cases, as can be seen by the slate blue
geometric shape that partially encapsulates the petal cases in Fig.[I7] Then there are the mechanical
components which both keep the petal cases in place and allow for rotation and movement to settle the
IRIS tracker in the retracted or contracted state. At the time of writing, much is unknown about these
services which will probably be explained in more detail in the planned technical design report (TDR)
for ALICE 3 that is supposed to be published in 2026 /2027 according to the planning of the Lol [§]. As
the design of the IRIS tracker still changes frequently, so do the placement of the service components
and the amount needed. Therefore, in this thesis there is no attempt made to calculate the material
budget of these components, but it is definitely expected to increase the material budget in front of
the FCT. It is therefore important to consider an alternative design of ALICE 3 that incorporates a
window in the beam pipe and/or that has no parts of the outer tracker disks in the pseudorapidty
range of the FCT to keep the material budget in front of the FCT at an acceptable level.
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9.4 Using Haissinski’s formula to predict the internal bremsstrahlung spectrum
at the FCT

The big advantage of Haissinski’s formula is that not every charged particle that is produced in an
m — n scattering process has to enter the formula to predict the internal bremsstrahlung spectrum.
Sec.[2.5] showed the level of agreement between the internal bremsstrahlung spectrum as predicted by
Low’s theorem and Haissinski’s adaptation. Fig.[2]showed the charged particle spectrum as function of
the momentum as predicted by PYTHIA. This clearly showed that the dominant multiplicity is that
of the charged pions. Fig.[43] then showed the charged particle spectrum to arrive at the FCT where
the multiplicity of electrons showed an increase due to the fact that they were copiously created in
the material in front of the FCT, but the charged pion spectrum remained dominant. To predict the
internal bremsstrahlung spectrum by ways of measuring the momentum of the charged particles to
arrive at the FCT requires particle identification, which is not present for the FCT if the FCT RICH
is not present. To that end and considering the dominance of the charged pion multiplicity, every
charged particle could be assumed to be a pion, which would make momentum extraction possible.
Since the low momentum charged particles contribute less to the internal bremsstrahlung spectrum,
a cut on the momentum could be placed to exclude most low momentum electrons, e.g. p < 1GeV/c.
As stipulated in Sec.[2.4] when charged particles arrive at the FCT, the spatial correlation between the
charged particle that emitted the internal bremsstrahlung photon and the photon will be destroyed due
to the presence of the magnetic field. Since the 7 or pt of the charged particle enters in the Haissinski
formula, the question remains how well the internal bremsstrahlung spectrum can be predicted based
on the charged particle (read: charged pion) momentum spectrum measured with the FCT. Through
MC simulations, the charged particle multiplicity can be predicted and through a measurement the
acceptance can then be calculated and thus a correction factor as function of the transverse momentum
can be established. However, the question remains how many charged particles that were created
outside of the pseudorapidity range of the FCT enter the FCT due to the presence of the magnetic
field. In similar fashion, this can be established by comparing the measurement with the simulations
performed with O2. A investigative study to this end could be interesting.

9.5 Perform the soft-photon spectrum measurement with the IRIS in the open
position

An obvious reduction in the material budget would be to perform the measurement of the internal
bremsstrahlung spectrum with the IRIS tracker in the retracted position. The cut on the pointing
angle, as shown in Sec.[6.1] is very effective to reduce the contribution from the secondary interac-
tions/decays to the total soft-photon spectrum. When the IRIS is in the contracted position, the
position resolution of the primary vertex is expected to be of negligible contribution to the pointing
angle resolution provided by the FCT. However, it is unknown if this remains to be the case when
the IRIS tracker is in the retracted position since no tracking studies have been undertaken for this
scenario at the time of writing. In the future, if this were done, it would be interesting to see if such
a measurement would be possible because the benefits in reduction of the external bremsstrahlung as
shown in Fig.[53b| are clear.

9.6 A dedicated detector to measure the soft-photon spectrum

The Forward Conversion Tracker faces experimental difficulties within ALICE 3, the impact of which
are explored in this thesis. Despite the measurements that claim the existence of an excess in the
soft-photon spectrum a factor 4-8 times the predicted internal bremsstrahlung spectrum, the physics
community is still divided about its existence, and equally so about a theoretical explanation. In
this section, the acquired knowledge of experimental challenges for the FCT through this work is
summarized to aid a proposal for a dedicated soft-photon detector (SPD). The SPD would be optimized
to detect the soft-photon spectrum from hadron-hadron collisions with a significantly increased signal-
to-background ratio compared to the FCT. Fig.[6I]shows the radial projection of the SPD at a forward
focused tracking experiment (FFTE). The SPD is heavily inspired by ALICE 3 and the FCT and like
the FCT it would track and reconstruct ete™ conversion pairs in the forward direction in a dipole
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Figure 61: Radial projection of the soft-photon detector at the forward focused tracking experiment.
The red lines indicate the psuedorapidity range of the soft-photon detector.

magnetic field to grant access to high energetic, but low-pr photons. Optimizations are proposed to
mitigate the challenges the FCT is facing, namely a conical beam pipe to have a low material budget,
but also the absence of a solenoidal magnetic field to allow for charged particle reconstruction in the
forward direction akin to the FCT, 4 < n < 5. Two tracking layers inside the beam pipe reconstruct
the position of the primary vertex which are asymmetric in z such that there is no contribution from
its vacuum vessel or services to the material budget in front of the SPD. The defining feature is the
conical beam pipe tracker envelope (BPE tracker) that provides an event veto based on electrons
produced in the beam pipe material. The BPE tracker has two layers: one inside the conical beam
pipe section (BPE L1), and one outside (BPE L2). Photons originating from decay processes produce
a lot of electrons through conversions in the beam pipe. These electrons then produce external
bremsstrahlung photons. Photons are neutral particles and do not leave a hit in the tracker layers,
but charged particles do. In the case of the absence of a hit in BPE L1, but a presence of a hit in
BPE L2, the presence of a neutral particle producing a charged particle through an interaction in the
beam pipe material can be inferred and the event can be vetoed. If both layers register a hit that
points to the primary vertex the presence of a primary charged particle can be inferred. The electron
multiplicity in proton-proton collisions is very low in comparison to other charged particles and as such
the event does not need to be vetoed if the presence of a charged particle can be established through
the presence of a hit in both layers. The SPD would be a fair distance away from the interaction point
such that the dipole has little influence on the tracking inside the beam pipe and for the tracking with
the BPE. To reduce the contribution from air to the material budget in front of the SPD, a balloon
with a low density gas is placed in between the SPD and the conical section in the beam pipe. This
measurement would best be conducted at a lower center-of-mass energy for hadron-hadron collisions
than at ALICE 3 to reduce the charged particle multiplicity and make tracking easier, but perhaps
novel tracker layers could still deal with this at higher center-of-mass energies, or higher charged
particle multiplicities as seen in heavy-ion collisions.
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10 Conclusion

This thesis presents a novel internal bremsstrahlung generator (LPG) based on Low’s theorem which
is used to provide a first time full Monte Carlo simulation with generated internal bremsstrahlung pho-
tons propagated through the detector setup of ALICE 3. The LPG was compared to predictions made
in previous studies and found to be in satisfying agreement. In addition, the robustness of Haissinski’s
formula was investigated compared to Low’s theorem and it was found that Low’s theorem is unstable
when it has incomplete access to all initial- and final-state charged particles involved in a m — n
scattering process. Haissinski’s formula was shown to predict the internal bremsstrahlung spectrum
with incomplete access of all charged particles involved, but predicted less soft-photons than Low’s
theorem that had access to all charged particles involved. By nature of the two formulas, the ratio
between the two predictions is constant and thus can be used for scaling purposes if the acceptance of a
detector is known to measure the soft-photon spectrum as function of the measured charged particles.

ALICE 3 will operate at a never seen before center-of-mass energy of /s = 14 TeV which is a huge
jump in energy for the measurement of the internal bremsstrahlung spectrum as compared to pre-
viously conducted experiments that attempted this measurement. Great care was taken to map out
the (spatial) origin of the different sources of background and multiple strategies were introduced to
limit the impact of the background on the measurement after subtraction of the background from the
data. A modification of the ALICE 3 setup in terms of a conical section in the beam pipe referred to
as a "window” is discussed and it was shown to greatly improve the signal-to-background ratio. In
addition, the inclusion of a Cherenkov detector to provide an event veto based on the presence of elec-
trons is discussed. It was found that the inclusion of such a detector has the potential to improve the
measurement, but additional studies are needed concerning the feasibility of the inclusion of focusing
mirrors to provide ring reconstruction.

The uncertainty on the background originating from material interactions is estimated to be 5%
by considering the contribution of the individual modules of ALICE 3 to the material budget. The
precise machining of the beam pipe and the retractability of the IRIS tracker provide strong argu-
ments that the impact of the uncertainty of material budget on the measurement of the soft-photon
spectrum will be under control. In addition, three techniques are proposed to estimate the uncertainty
on the photon spectrum that finds its origin in hadronic decays. With simulations it is shown that
the 70 transverse momentum spectrum can be measured in the pseudorapidity range of 4 < y < 5
for pr > 20 MeV/c above a significance of 5 for pp collisions, which is an order of magnitude lower
in pp than what ALICE achieved so far. It is likely that the FCT can perform this measurement in
peripheral heavy-ion collisions and it might as well do this in central heavy-ion collisions.

The performance of the FCT for the measurement of the internal bremsstrahlung for the four sce-
narios discussed in this thesis is presented in Tab.[I19] The table presents the significance and signal-
to-background ratio for different values for both the case the internal bremsstrahlung spectrum is
unenhanced, or enhanced by a factor 4 as was measured by previous experiments. This table shows
the impact of the inclusion of a conical beam pipe to measure the unenhanced internal bremsstrahlung
spectrum and has good signal-to-background ratio to boot. Without such a conical section in the beam
pipe, a signal-to-background ratio of 0.1 is still desirable as background subtraction techniques tend
to improve over time. In the case the internal bremsstrahlung spectrum is indeed enhanced, the FCT
is in a good position to measure this, even without a conical beam pipe. However, with a conical beam
pipe, a stronger upper limit on the magnitude of a possible excess can be given.

The integrated luminosity requirement for the measurements presented in this thesis is calculated
to be 220nb~! and ALICE 3 is expected to record 3.5 pb™! of collisions with readout frames that only
contain 1 collision, satisfying the conditions for the FCT. Nevertheless, a dedicated low-luminosity
run is recommended to achieve higher statistics and simplify the analysis process.
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Scenario Significance Unenhanced Enhanced (factor 4)
kr (MeV/c) | S/B kr (MeV/c) | S/B
Cut on pointing angle >3 - - 0.5 <kr<8 0.15-0.18
> 0.7 0.5 <kpr <10 0.03-0.045 | 0.5 < kr <10 0.12-0.18
Cut on pointing angle | > 5 - - 0.5 <kp <75 0.24-0.48
and distance to closest | > 4 - - 05<kr<95 0.2-048
charged particle > 2 0.5 <kr<?2 0.09-0.12 | 0.5 <k <10 0.18-0.48
>5 0.5<kr <1 0.25-0.3 0.5 <kpr<10 0.24-1.2
Conical beam pipe >4 0.5<kr <15 0.19-0.3 0.5 <kr<10 0.24-1.2
section plus cuts >3 05 <kr<3 0.16-0.3 05 <kpr<10 0.24-1.2
> 2 05<kr<6 0.1-0.3 05 <kr <10 0.24-1.2
RICH behind FCT >5 0.5<kr <5 0.2-1 05<kr<10 044
>4 0.5 <kr <6 0.2-1 0.5 <kr<10 044

Table 19: Summary of the results in this thesis for the four presented scenarios to reduce the back-
ground for the measurement of the soft-photon spectrum.

Track reconstruction is the next step for the FCT. This was not explored in this thesis to a great
detail, but the gaussian sum filter mentioned in Sec.[5.6] is promising. Increasing the pointing angle
resolution should help to increase the signal-to-background ratio by a few percentile points. Increas-
ing the ratio of reconstructable tracks will loosen the integrated luminosity requirement for the FCT.
Although 15% in momentum resolution can be considered high, it did not have a great impact on
the results presented in this thesis. Therefore, a comparable momentum resolution is deemed to be
sufficient. A RICH behind the FCT is an interesting venue to explore further based on the results
presented in this thesis, but the experimental challenges are significant. Tracking and a conical beam
pipe are much more achievable goals in the near future. If the enhancement in the soft-photon spec-
trum is still present despite all the investigation done into the background sources for the measurement
of the internal bremsstrahlung spectrum with the FCT, a dedicated soft-photon detector with strong
soft-photon reconstruction capabilities is be proposed that improves the signal-to-background ratio
further by reducing the material budget in front of it significantly and ideally incorporates a veto for
events containing eTe™ pairs originating from material interactions.
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Figure 63: Photon spectra of all FCT RICH simulations (part 1/3).
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Figure 64: Photon spectra of all FCT RICH simulations (part 2/3).
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Figure 65: Photon spectra of all FCT RICH simulations (part 3/3).
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