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by Nicola RUBINI

The Quark-Gluon Plasma (QGP) has been studied extensively by many experiments
in the last decades. One of the first proposed signatures for its existence was the
enhancement of strange and multistrange hadrons, called Strangeness Enhancement
(SE). SE is the enhancement of strange and multistrange production in heavy-ion col-
lisions with respect to pp collisions, where no hot plasma is expected to be formed.
This effect is responsible for the production of an enhancement of the yield of strange
and multistrange hadrons relative to pions and is more pronounced in hadrons car-
rying more strangeness. As is the case for a number of observables previously associ-
ated with heavy-ion collisions, SE is now measured in pp collision events with a high
multiplicity of charged particles in the final state. These new measurements hinting
at high-density QCD phenomena happening in a class of pp collisions paved the
way to a new vision where smaller collision systems such as pp and p—Pb were no
longer regarded as baseline for the heavy-ion physics but rather a new frontier where
precision measurements could be conducted to understand non-perturbative QCD
phenomenology. The ¢ meson is then a probe of choice to study the strangeness
hadronisation mechanisms and to help deepening our knowledge on the nature be-
hind the SE phenomenon. Its hidden strangeness makes its yield only dependent on
strangeness production and its phenomenological description differs significantly
between models, which makes it an invaluable tool in discriminating underlying
physics phenomena. The work reported in this thesis build on these grounds and it
is based on a novel technique to measure the ¢-meson pairs yield in pp collisions.
The measurement of the ¢-meson pairs is not only interesting in its own right, but
also for its possibility to be combined with the inclusive ¢-meson yield. This allows
one to directly asses the second moment (variance) of the statistical distribution of ¢-
meson production, opening the way to new observables to compare to Monte Carlo
predictions such as PYTHIA8 phenomenological model.

In the last chapter an R&D work on SiPMs detectors for the ePIC experiment at
the EIC collider is presented.
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Introduction

The presented manuscript describes the work I performed during my PhD.

The first chapter

The first chapter consist of a general overview of Quantum Chromodynamics (QCD)
and hadron physics at high-energy colliders. It is an introductory overview of gen-
eral concepts of collider physics. This is followed by an excursus on the most recent
results on the Quark-Gluon Plasma. The main focus is on results from the ALICE
Collaboration and on the emergence of QGP-reminiscent effects in small systems. At
last, an introduction on the Lund String Model is carried out.

The second chapter

The second chapter is devoted to a general overview of the ALICE detector. A run-
down of all sub-systems will be done with a brief description of their core concept
and purpose. At last, a review of the most relevant practices for the analysis pre-
sented will be carried out.

The third chapter

The third chapter discusses the details of the analysis for the measurement of the
¢-meson pair production measurement. The description will cover in detail all the
methods and cross-checks that have been performed. A discussion on the results
and Monte Carlo comparisons will be given.

The fourth chapter

The fourth chapter presents the work being carried out on the R&D on Silicon Pho-
tomultipliers (SiPMs) for their use in the dual Ring Cherenkov Imaging (dRICH)
detector at the electron-proton-ion collider experiment (ePIC) at the electron-ion col-
lider (EIC). The chapter also features a small introduction on the physics programme
foreseen for the EIC and on the dRICH project.






Chapter 1

Quantum chromodynamics and
hadron physics

Quantum Chromodynamics (QCD) is the theoretical framework that describes the
strong force, which is one of the four fundamental forces of nature alongside the
electromagnetic, weak, and gravitational interactions. The strong force is respon-
sible for binding protons and neutrons together to form atomic nuclei and holding
quarks and gluons together to form hadrons, such as protons and neutrons. QCD
is a part of the Standard Model of particle physics, which describes the behaviour
of elementary particles and their interactions. A summary of the particles in the
Standard Model is shown in Figure 1.1.

QCD is a non abelian gauge theory based on the colour group SU(3)., the Special
Unitary group in three complex dimensions. Its elements are the set of 3x3 unitary
matrices with determinant one [2]. The theory has 8 degrees of freedom, since there
are 9 linearly independent unitary complex matrices of which one has determinant
-1, corresponding to 8 generators or independent directions in colour space. We
can use the fundamental representation of eight traceless hermitian matrices, using
i, 7,k to refer to their rows and columns and a,b,c,... to refer to the generators
themselves. These generators represent gluons in the colour space and the 3-vectors
they act upon represent quarks in colour space.

The Lagrangian density of QCD is:

i (s j 1 1 a apy
£ = Giiv")(D)igthy — maliglys — 5 Fius F™ (1.1)

where ¥, = (Yyr, Vqa, Vep)? is the quark field and the i index runs through the
colours, v* is the Dirac matrix, indicating the interaction is vectorial in nature and
myg gives the possibility for quarks to be massive, for example through the Higgs
mechanism. F}j, is the gluon strength field with adjoint colour index a and D, is the

covariant derivative in QCD:
(D“)Z’j = éijé?u — Z'gstha (1.2)

ij i
where g5 is the strong coupling (92 = 4mas), Aj, is the gluon field and ¢7; is
proportional to the hermitian traceless Gell-Mann matrices of SU(3) with ¢{; = %)\fj
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Standard Model of Elementary Particles

three generations of matter

interactions | force carriers

(fermions) (bosons)
I Il M
mass = =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
@ '@ | @ . @ |- H
up charm top gluon l higgs
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0
. @ |- @ | @
down strange bottom photon l
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
@ I® |@® || @
electron muon tau Z boson |
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.433 GeV/c?
32 Ve 3 Vu (1 V1 il V\//
eutrino | | neutrino | | neutrino | | W POSON

FIGURE 1.1: Standard model of elementary particles: the 12 fun-

damental fermions and 5 fundamental bosons. Please note that the

masses of certain particles are subject to periodic reevaluation by the

scientific community. The values currently reflected in this graphic

are as of 2019 and may have been adjusted since, please refer to [1]
for latest values.

1.1 Strong Coupling

In first approximation, QCD is scale invariant: going to smaller scales continuously
reproduce the same patterns, in a fashion similar to fractals'. This feature is called
Bjorken scaling [2] and it would hold absolutely true if the QCD coupling constant
was not running. In this simplified framework, the bremsstrahlung jets scaling de-
pends only on dimensionless kinematic quantities such as scattering angles and ra-
tios of energies and a measurement of a 10 GeV jets associated with an ordinary Z
boson could be used as a direct prediction of the rate of 100 GeV jets that would be
produced in association with a 900 GeV Z'2 boson.

On top of this baseline behaviour, there is the running coupling contribution
which is dependent on the absolute scale. The value of the strong coupling is usu-
ally specified by giving its value at the specific reference scale Q* = M% , from which

!A fractal is a geometric shape containing detailed structure at arbitrarily small scales, that have a
strong similarity at any scale

%A hypothetical gauge bosons that arises from extensions of the electroweak symmetry of the Stan-
dard Model. They are named in analogy with the Standard Model W and Z bosons
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we can obtain its value at any other scale by solving equation

1 1
s %) = s M} > ~ > 1.3
(@) = Z)1+bgas(M§)1n%+O(as) boln % (1.3)
lim a,(Q*) =0 lim o,(Q%) =00 A~ 200MeV (1.4)
Q2 —00 Q2—0
0.35 T aaLy T -
i T decay (N°LO) = |
- low Q? cont. (N*LO) =
0.3 B HERA jets (NNLO) = ]
Tt Heavy Quarkonia (NNLO)
I e'e jets/shapes (NNLO+res) F* ]
i \ pp/pp (jets NLO) =
025 T EW precision fit (NLO) +e— ]
- pp (top, NNLO) v -
& I
S o02r -
g i
0.15
0.1
= ay(Mz%) =0.1179 + 0.0009
0.05- el il ol
1 10 100 1000
August 2021 Q [GGV]

FIGURE 1.2: Summary of measurements of o, as a function of the
energy scale Q. The respective degree of QCD perturbation theory
used in the extraction of ¢ is indicated in brackets. Figure taken from

[1].

Asymptotic freedom

What is inferred by Eq. 1.4 and seen in Figure 1.2 is that in the limit of very high en-
ergy the quarks are essentially free. This, in turn, means the perturbative approach
will converge faster in the high energy range with respect to lower energies. Fur-
thermore the jet shape will also vary with different energies.

Confinement

What is inferred by Eq. 1.4 is that the soft processes in QCD are not approachable
by the perturbation theory, at least not completely, because of the high values of
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the coupling. Note that the divergence in the approximation is not reflective of a
real divergence in the coupling itself, but rather of the approximation of it. The
main take-away of this region is that the quarks are strongly bound together and
one needs very high energies to disgregate hadrons.

1.1.1 Hard processes

Hard processes are defined as the ones happening at high energy scales, when Q? >
Agcp, where perturbative Quantum Field Theory (pQFT) can be applied. The start-
ing point is the Matrix Elements that can be calculated to a fixed order (FO) in the
strong coupling o, . The Leading Order (LO) is by now a textbook exercise [3] and
is highly automated by programs such as MadGraph [4].

(A) Rutherford scattering of quarks in (B) Illustration of partonic fluctuations inside a proton beam.
QCD, exemplifying the type of process Figure taken from [5].
that dominates the short-distance inter-
action cross section at hadron colliders.
Figure taken from [2].

FIGURE 1.3

Starting with an example, on can look at the Rutherford scattering of two quarks
via a t-channel gluon exchange (Fig. 1.3a), which is the most occurring process in
hadron collisions. At LO the differential cross-section is:

do 74 ,8%+4?

! f = === _ 1.5
99 7499 = % R (1.5)
where we use the 2 — 2 Mandelstam variables:
§=(p1+p2)? (1.6)
t=(ps—p)? = —§7(17C§s(0)) (1.7)
i = (py—p1)? =~ (1.8)

As was previously stated, this cross section only takes into account the two interact-
ing quarks. Many complications need to be taken into account: real-emission cor-
rections, that can significantly affect the final state topology, loop factors or virtual
corrections, affecting the normalisation of the cross-section, confinement and under-
lying event. These corrections are essentials to connect short-distance physics to the
macro experiment where we have our measurements. In addition to perturbative
calculation, a fundamental tool is factorisation.
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Factorisation

Figure 1.3b gives a broad depiction of what goes on inside a proton in a beam. The
internal structure is complex and time-dependent, with clouds of partons that are
constantly being emitted and absorbed. This being the case, before calculating ma-
trix elements one needs to address the hadronic substructure.

If the hadron is to remain intact, fluctuations within the parton must involve
momentum transfers that lay within the confinement scale. Indeed, high-virtuality
fluctuations are suppressed by powers of:

as A2
|k

(1.9)

with k being the virtuality of the fluctuation and A the confinement scale (= 200 MeV).
This implies most of the fluctuations happen over timescales of ~ 1/A. This is in
spark contrast with respect to the timescale of the perturbative probe, such as the
photon exchanged in the Deep Inelastic Scattering (DIS), which has 1/Q < 1/A. The
different timescale makes it so that the probe sees the hadron fluctuations as frozen
in time, with a characteristic resolution of ~ 1/Q).

This is formalized by the factorization theorem, which expresses the indepen-
dence of long-wavelength (soft) structure from the hard (short-distance) process.
Firstly introduced in the context of DIS, it defines the cross-section as the convo-
lution of a Parton Density Function (PDF), which can be measured, and a Partonic
scattering Cross Section (PCS), which can be calculated using the perturbative ap-
proach. Denoting the fraction of the hadron momentum:

Pi = TiPh (1.10)
Then the lepton-hadron cross section can be written as:
' A6 (i, f, %)
= . 2 li— fALey ¥ fy HE
Oth = Z/O dz; Z/dfbf fipn(@i, pg) du,dd; (1.11)
? f N
PCS

where ¢ runs over all possible parton types in the incoming hadron and f enu-
merates all possible final states with Lorentz-invariant phase space ®;. PDFs, f;/,
are usually unpredictable or hardly predictable by the theory and are inferred from
data with fits over a large sample of data. They are used to describe the hadron
sub-structure. PCSs, dg, are usually truncated at the desired precision, using pertur-
bative QCD. Factorisation Scale (1:%) is an arbitrary parameter defining the energy
range for the two processes. The general hadron-hadron process, we write the fac-
torable cross section as:

dé;
s =3 [ [ des3 [ 4 g ) s ) oS 12
F N’

PD
PCS

1.1.2 Soft processes

Soft process is a term usually referred to all the non-perturbative QCD processes
for which a strict calculation to a certain precision order cannot be done. One then
usually resort to phenomenological models to describe them.
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Parton density function

The parton density function, f;/,(zi, %), represents the effective density of par-
tons of type/flavor ¢, as a function of the momentum fraction z;, when a hadron
of type h is probed at the factorization scale pr. These functions belong to the non-
perturbative regime and are not calculable a priori, even though a perturbative dif-
ferential equation governing their evolution with pr can be obtained. This means
that only the form of the PDFs has to be determined as a function of x at a single
arbitrary scale jip.
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1.2 Phase transition in QCD: The Quark-Gluon Plasma

One of the most relevant discoveries in QCD in the last decades is the existence of
the Quark Gluon Plasma (QGP). This new state of matter is comprised of quarks
and gluons that undergo de-confinement, a phenomenon for which the high energy
density provides enough momentum to the constituents to have high-Q? collisions
and essentially shield them from the strong binding into hadrons. A lot of evidence
and results support the QGP hypothesis and study its characteristics, such as the
temperature, the energy density, the dimension and also its effect on subsequent
hadronisation.

1.2.1 Experimental evidence and characterisation of the QGP

A large plethora of evidence has been recorded by the ALICE collaboration on the
existence and on the properties of the QGP. It is current understanding that the colli-
sion of heavy ions at LHC evolves as show in Figure 1.4, with the creation of the QGP
a small fraction (<1fm/c) of a second after the first interaction of the nuclei. In the
following sections an overview of the state-of-the-art results on the QGP existence
and its characteristic is outlined.

Freeze-out

Hadronisation
QGP formation R

Initial state

Pre-equilibrium

Time: 0 fm/c <1fm/c ~10 fm/c ~1015 fm/c

FIGURE 1.4: The evolution of a heavy-ion collision at LHC energies.
The figure is taken from [6]

1.2.2 Macroscopic quantities and thermodynamics of QGP

We have claimed that the QGP does form in heavy ion collision at high energies. This
occurs if, from lattice QCD theoretical calculations, the energy density exceeds a crit-
ical value of ¢, = 0.42 + 0.06 GeV /fm 3 [7] and the temperature reaches a value of
Tpe = 157 MeV [7], slightly different depending on the calculations. The system then
cools down and confinement kicks in. As in the rapid expansion of the fireball both
the total energy and the entropy are expected to be approximately conserved, we
can infer the quantities we are interested in from the final state with a good approx-
imation. The initial state temperature is related to the final state charged hadrons
multiplicity and the energy density to the transverse energy [6]. A selection based
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on the event centrality can indicate the initial energy concentration which in turn
defines the charged final state multiplicity. The temperature and energy density can
then be studied as a function of centrality. The chemical freeze-out phase is responsi-
ble for hadron production, but photons and leptons are emitted throughout the evo-
lution of the fireball, giving indications on the evolution of the temperature. Lastly
the system size and general properties can be studied by means of femtoscopy® and
particle correlations.

Centrality evaluation

Centrality evaluation is an important tool to determine at least approximately the
impact parameter b. It is usually expressed as percentile of the total hadronic cross-
section, that is 0-5% indicates the 5% of most central events and 90-100% the 10%
of the most peripheral events.

Charged particle density at mid-rapidity

This can be expressed as the charged multiplicity per unit of pseudorapidity d Ve, /dn .
If though this quantity differs significantly from pp to Pb-Pb central events, mea-
surements can be compared by means of a normalisation to actual participants. We
can define Ny, as the number of nucleons in the nuclei that participate in an inelas-
tic interaction (at least once) per collision. Then through (dN,/dn) normalised to
(Npart) /2 a comparison is possible on similar grounds, trivially becoming unity in
the case of a pp collision.

In Figure 1.5 the energy dependent evolution of the normalised charged particle
multiplicty clearly shows a different trend for central nuclei collisions, that points to
a more efficient energy use for hadron production in this system.

Initial energy density determination

To measure the Initial energy density we can make use of the "Bjorken-estimate" [26]:

1 dEr

= —— 1.1
St dy (1.13)

613]'(7')

where dFEr/dy is the transverse energy Et = /p% + m? per unit of rapidity and

St is the transverse size of the interaction region at the proper time 7. From the
charged-particle multiplicity in pseudorapidity and assuming the charged-particle
production in rapidity is a normal distribution, one can also extract a lower bound
for the energy density times the proper time of the collision [23, 27, 28]:

c(r) = g V/1+ a2 (m)dNa,/dy (1.14)
T ftotal

where V1 + a?(m) is the effective transverse mass, and fiya is the fraction of the

charged out of all particles (roughly half) [29]. Here, a is the effective pr /m ratio

extracted as part of the estimate. ALICE results on the energy density can be found

in Figure 1.6.

Sthe technique of measuring short-range two-particle correlations as a function of relative momen-
tum
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Temperature of the system

To measure the temperature of the QGP, one can rely on electromagnetic probes and
heavy quarkonia produced in the initial hard scattering at the early stages of the col-
lision. The quarkonia probe stems from the idea that the bound states produced in
the early collision would propagate in a hot dense medium that would "melt" them,
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resulting in a suppression of their measured yield [32]. Electromagnetic probes are
instead consisting of real and virtual photons, the latter studied by their di-lepton
pair production. The present precision at the ALICE experiment only permits to
study real photons as di-lepton measurements are not yet sensitive to possible ther-
mal signals [33].

The present measurement for the QGP temperature makes us of the R, factor
defined as:

R, = Jinc (1.15)
Ydec

Where 7y, refers to the inclusive photon invariant yield, 4. refers to the decay pho-
ton invariant yield. That is, R, is the excess of photons coming from the collision
that are not produced by any hadron decay. As of the time of writing the consensus
is that low pr photons up to 3 GeV are dominated by thermal production, that ap-
proximately follow an exponential decay as d>N.,, /pr dpr dy oc e PT /7o, Here Tog
represents the measured effective temperature, that needs model calculations taking
into account for the evolution of the QGP medium as well as radial flow blue shift
of photon spectra [34]. This correction has not yet been attempted. For central and
semi-central Pb—Pb collisions, the fits lead to Ty¢ = (304 £ 41) MeV and Ty = (407 +
114) MeV. Further along the spectrum, above 5 GeV the dominant contribution be-
comes prompt photons, i.e. photons coming from the initial hard scatterings. In the
high momentum tail the "jet-photon conversion" phenomenon seems to take over,
becoming the leading contribution.

Figure 1.7a shows a 2-60 excess in the low pt region of direct photons compati-
ble with thermal photons from QGP. This result is interestingly in apparent contrast
with Figure 1.7b that shows the photons do appear to have elliptic flow °. This con-
trast arises from the assumption that the photons are produced in the early stages
of the QGP formation where still little flow is built up in the system. This tension in
data interpretation is called the "direct photon puzzle".

Size and lifetime of the system

Femtoscopy is the main tool that allow us to measure the size and lifetime of the sys-
tem. This technique measures momentum correlations at the kinetic freeze-out for
two or more particles coming from a common source. The essence of the approach
for two particles [43-45] is the equation:

A(k*)

) = N0

(1.16)

where C(k*) is the correlation function, A(k*) is the measured same-event distri-
bution of particle pairs, B(k*) is the measured mixed-event distribution of particle
pairs, N is the normalisation factor, k* is the is the magnitude of the momentum of
each of the particles in their pair rest frame.

This distribution is then fitted with a function that accounts for quantum statis-
tics term for identical particles and a parameterisation which incorporates strong
final-state interactions between the particles [46]. From this function one can cal-
culate the radius of the emitting source, which is not necessarily equal to the total
volume occupied by the system at the freeze-out temperature. This fit is performed

*high energy photons produced from energetic jets during their propagation through the QGP

> Anisotropic flow is quantified by studying the azimuthal distribution of particles emitted in the
plane transverse to the beam direction. This is usually expressed in terms of a Fourier series in the
azimuthal angle ¢. The second Fourier coefficient, v2, is usually referred to as elliptic flow.
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on correlations functions measured along the three axes of the difference between
the particle pair momenta, giving a three-dimentional information about the source.
The results for pions are reported in Figure 1.8a, assuming that they can be an indi-

cation for

the whole system as they constitute 80% of all particles produced.

From the longitudinal radius of the source, the transverse mass and the kinetic
freeze-out temperature one can also infer the decoupling time [47]. This information,
measured again for the pions as a proxy for the whole system, is plotted in Figure

1.8b
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1.2.3 Hadronisation in the QGP

Hadronisation is the process by which the dense hot quark-gluon plasma becomes
a hadron gas. This happens when the quarks and gluons start to experience smaller
momentum transfers and the strong coupling strengthens: the phenomenon of con-
finement sets in. The critical point of energy density for the hadronisation to start
is around 0.75 GeV/fm® according to lattice-QCD calculations [7, 58]. This phe-
nomenon falls under the umbrella of the Soft Processes for which one must resort to
phenomenological models. These models include the statistical hadronisation mod-
els, the recombination model and many others. Most of the available models capture
most of the key features of the hadron formation, despite missing many details.
After the hadronisation occurs, roughly 7-10 fm/c after the initial collision, the
hadrons produced still interact with each other. This happens until the chemical
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freeze-out temperature is reached, after which inelastic collisions no longer happen.

This phase is still characterised by elastic collisions, mostly affecting resonances,
that can undergo two main processes: regeneration and re-scattering, the former en-
hancing and the latter suppressing the measured resonance yields. On top of this
effect, collective flow of particle can continue to build up, influencing all produced
particles. This flow can be measured as a common directional shift of particle mo-
mentum distribution. These effects can persist up to the kinetic freeze-out, where all
interaction stops, after ~ 10 fm/c.

These effects can be observed by measuring the yields of particles produced, dif-
ferentiating by rapidity, momentum and/or azimuthal angle.

Resonances as a probe for the hadronic phase duration

Short- and long-lived resonances provide a useful probe for the measurement of the
hadronic phase dynamics. The hadronic phase is defined as the window of time after
the chemical freeze-out and before the kinetic freeze-out, that is when there are no
loose quarks or gluons, having formed hadrons, and before hadrons stop interact-
ing all together. This window can be of approximately 5-10 fm/c and, depending on
how long it actually last, the resonances measured yields are impacted by two main
phenomena: re-scattering and regeneration. The former refers to the daughter par-
ticles of a decayed resonance elastically interacting with the hadron gas, modifying
its momentum and thus effectively reducing the measured yield, which is relying on
the invariant mass technique. The latter refers to the possibility for two hadron-gas
particles to interact inelastically to form a new resonance, thus effectively enhancing
the measured yield. Figure 1.9 shows a schematic representation of these processes.
There has been no evidence of any effect compromising the shape or width of the
invariant mass peak by these processes.

We can start by analysing a simple scenario of a sudden kinetic freeze-out: the
yield of resonances mainly depends on their proper lifetime, the re-scattering cross
section in the medium and on the time duration of the hadronic phase. Focusing on
the latter we expect it to be longer for larger systems, i.e. central collisions and to
study this phenomenon one can take the ratio of short- and long-lived resonances to
particles with same or similar composition. We will analyse p(770)° (7 = 1.3fm/c,
referred to as p), K*(892)° (7 = 4.16 fm/c, referred to as K*) , A(1520) (7 = 12.6fm/c,
referred to as A), ¢(1020) (7 = 46.3fm/c, referred to as ¢) [1]. We can now make use
of their different interactions with the medium, to study the medium itself. In Figure
1.10a the pr -integrated ratios are shown as a function of (Npart>1/ 3 aty ~ 0, which
is a proxy for the radial extent of the system.

The basic idea behind this analysis is that we expect the ratio of resonances to
similar quark composition particles to be flat, when no re-scattering or regeneration
occurs. To confirm this idea and to get a baseline measurement, we can take the ra-
tio of a resonance with a lifetime greater than the hadronic phase (7 2 20 fm/c) to its
more stable counterpart, like the ¢ meson to kaon shown in Figure 1.10a. The curve
is flat and indeed the resonance reaches the end of the hadronic phase unscathed,
making all the produced yield measurable. Along with it, we can see the behaviour
of resonances with a lifetime in the order of or less than the hadronic phase (7 <
15fm/c), that is all others shown. Here, on the contrary, a suppression is seen with
system size, indicating a dominating re-scattering effect that gets more pronounced
for longer lived hadronic phases.

Assuming that regeneration effect is negligible in re-scaterring dominated reso-
nances such as p, K* and A we can use an exponential fit to measure the hadronic
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phase lifetime. Defining the hadronic phase as the timespan between chemical and
kinetic freeze-out (7yin — Tchem) ONe can devise an exponential law such as ryi, =
I'ehem X € (Tkin~Tchem)/Tres[59], where 1y, is the ratio of resonance-to-stable-counterpart
at the kinetic freeze-out, re,em is the same ratio at the chemical freezeout (reference
is taken from pp collisions results), 7res the proper lifetime of the resonance. The re-
sults of this calculation are reported in Figure 1.10b. A significant difference in the
hadron phase duration can be seen from a resonance to another, with longer lived A
experiencing a longer phase. This effect might be due to our approximation of negli-
gible regeneration contribution. If regeneration is present, then we can suppose the
measurement is sensitive to the timespan between the kinematic freeze-out and a
delayed chemical freeze-out. The delayed chemical freeze-out would be defined as
the average time of resonance formation, which would be influenced by later regen-
eration.

These last considerations, together with femtoscopy results suggesting [60, 61] a
delay of 1.0 to 2.1fm/c for the kaons, highlight how the picture described above is
still too naive to account for the full picture and more research is required.

Resonances in the hadronic phase Background
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FIGURE 1.9: Schematic representation of the possible processes affect-
ing the resonances measured yield. The resonances may be enhanced
if the dominating effect is the regeneration, where inelastic random
collisions generate new resonances, or suppressed if the dominating
effect is the re-scattering, where at least one of the daughter particles
elastically interact with the gas, losing the kinematic correlation to the
other(s) daughter(s), making the invariant mass method unavailable
to measure their yield.

Light-flavour hadron yields

Light flavour hadrons (made up of u-, d- and s-quarks) yields, light nuclei and
hyper-nuclei, together with their anti-matter counterparts cover a large majority of
the produced particles in high energy collisions. Their yields, measured by the AL-
ICE collaboration at mid-rapidity, are reported is Figure 1.11 for Pb-Pb collisions at
V/SNN = 2.76 TeV. All the measurements are in good agreement with a statistical
hadronisation model (SHM) picture, as can be seen by the comparison with thermal
models such as THERMUS [73, 74], SHARE [75-78], Thermal-FIST [79, 80], and GSI-
Heidelberg [81-83]. In a large fraction of the models the baryochemical potential has
been set to zero as there is no evidence of asymmetry in matter-anti-matter produc-
tion at LHC within uncertainties.
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FIGURE 1.10: Error bars and boxes represent the statistical and the
total systematic uncertainty, respectively. The figure is taken from [6]

One of the less accurate predictions are protons, clearly showing an anomalously
low measured yield, up to 25% lower than the expected yield. This has been called
the "proton-yield anomaly". The causes of such a discrepancy are being investi-
gated, although no definitive answer has been found. Some models could better
predict their yield at the cost of increasing the chemical equilibrium temperature to
165 MeV [84].

From global fits a consistent chemical freeze-out temperature of Tchem ~ 156 MeV
is found, with a =~ 1.5% uncertainty. This values agrees with lattice QCD calculations
that provide an estimate of the pseudo-critical point temperature of around Tp. ~
156-158 MeV [7, 85] for the transition from the QGP to the hadron gas. The two
quantities agree as the Tp. is the phase where multi-particle interactions are domi-
nant, whereas the Tpem should be dominated by two-particle interactions and parti-
cles decay. This little interaction means the system fails to stay in equilibrium as the
temperature drops, signaling the approaching hadronisation phase of the QGP. This
value is a plateau that is reached when the /sy is above 20 GeV, whereas before
we see a decrease in temperature proportional to the centre of mass energy.

The second important factor that can be measured through the global fit is the
volume of the fireball for one unity of rapidity at the chemical freeze-out. Here mod-
els are much less in accordance: SHARE, Thermal-FIST, and GSI-Heidelberg report
a volume of 4500 fm® whereas THERMUS gives a significantly larger number as it
comprises an excluded-volume (Van-der-Waals like) correction [86].

Light-flavour particle spectra and ratios

The transverse momentum spectra of (anti-)pions, (anti-)kaons and (anti-)protons
are shown in Figure 1.12, alongside the ratios of (anti-)protons to (anti-)pions (p/)
and of (anti-)protons to ¢ mesons (p/¢). The spectra are shown in central, peripheral
Pb-Pb collisions and in pp collisions; a hardening of the spectra can be seen in the
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most central events.

Examining the p/7 ratio, we notice a bump structure having a maximum of about
0.8 in the mid-momentum region, from roughly 1.5 to 8.0 MeV. This phenomenon
can be explained in terms of collective motion, where heavier particles are more
boosted in momentum, and in terms of recombination being the dominant process.
It is worth noting that the effect concerns a small fraction of pions (= 1.5%) and pro-
tons (= 7-20%), meaning the dependence on centrality of the pr -integrated yield
is mild. In fact the integrated yield only drops by 20% from head-on to peripheral
collisions, suggesting the effect is mainly due to a re-distribution of hadrons in their
transverse momentum spectrum [69, 83, 92, 93].

Further on, looking at the p/¢ ratio, a greater insight can be gained. The proton
and ¢-meson masses are very similar, but with very different quark content. Their
ratio in the low-pt region (< 6 GeV/c) is mildly dependent for central events, as
pointed out by the dark red curve, and show a more significant dependence for pe-
ripheral and small collision systems. This can be explained in the hydrodynamical
picture [94, 95] by the fact the mass of the hadron is the main driver in the determi-
nation of the transverse momentum distributions. Going into smaller and smaller
systems this behaviour is lost and a sharper dependence on momentum of the ra-
tio is observed. In the high-pt region the vacuum-like fragmentation picture takes
up a more significant fraction of particle production in all cases, explaining why the
results are compatible with each other for all systems [96].
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Strangeness enhancement in heavy-ion collisions

Strangeness enhancement was the first proposed signature of the QGP [97, 98] in the
1980s. The basic idea behind this phenomenon is that the hot and dense medium
would favour the strange quark production, as it has relatively low mass its pro-
duction is possibile via gluon splitting in thermal bath. As the strange quarks are
produced, an equilibrium is reached as annihilation processes begin to balance the
production.

One of the first and clear signature of strangeness enhancement, and conse-
quently QGP formation, in heavy-ion collisions was reported by the NA35 Collab-
oration in July 1995 1.13. The ratio of A/p is reported as ~ 1.4, with a fourfold
increase with respect to smaller collision systems. The WA85 and WA94 focused on
(anti-)hyperon ratios, measuring =/ A, shown in Figure 1.14. These results showed
the hierarchy of the enhancement with the strangeness content.

As seen in the preceding sections, the start of LHC and ALICE in particular was

a time of great advancement in the field. In one of the first reviews from the collab-

oration, in 2013, a summary of the then state-of-the-art findings on the strangeness
enhancement is shown in Figure 1.15.

Turning to the present day, strange particles are still of particular interest.

As can be seen in Figure 1.11 the various SHM models tend to underestimate the

data points. One proposed solution is to set different hadronisation temperatures

for strange quarks with respect to up and down quarks, based on lattice calcula-

tions the formers deconfinement temperature is slightly larger. This in turn im-

plies a hierarchy in the hadronisation temperatures, having strange quarks with a
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200 GeV [99]. Figure taken from [98].
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FIGURE 1.15: ALICE, RHIC and SPS results on Strangeness enhance-
ment. Figure taken from [71].

10 —15 MeV higher characteristic temperature [101, 102]. This difference in tempera-
ture decreases with decreasing available energy, i.e. with increasing baryo-chemical
potential. It is worth noting that not all the necessary correction have been yet ap-
plied to this approach, leaving some room for improvements to the theoretical pre-
dictions.

The production yields of strange and multi-strange particles at mid-rapidity in
heavy-ion collisions are in general adequately described by the full-equilibrium SHM
model which corresponds to the grand-canonical ensemble. For smaller collisions
such as pp, the relative abundance of strange hadrons is instead treated with a
canonical ensemble, introducing a correlation volume parameter to account for lo-
cal conservation of the quantum number [103]. This approach then describes a
strangeness suppression rather than an enhancement and explains the transition in
terms of a passage from a canonical to a grand-canonical system. This description
still falls short to an accurate prediction, as will be discussed in 1.3.

1.2.4 Partonic interactions in the QGP

This section focuses on some of the so-called hard probes for the existence of the
QGP. That is, the interaction of particles produced in high-Q? initial collisions that
are thus far from the equilibrium of the QGP. These particles undergo propagation
in the QGP, giving rise to the possibility of using them as proxy to study in-medium
interactions.

One of the most common ways to characterise this effect is the nuclear modifica-

tion factor:
1 dNaa(pr)/dpr
TAA> dUpp(PT)/dPT

Raa(pr) = < (1.17)
where (Tpa) is the average nuclear overlap function, which is obtained dividing
the average collisions number by the inelastic nucleon-nucleon cross section. The
numerator of the second fraction then refers to the pr -differential yield of a given
particle and the denominator is the production cross section in pp collision. Then,
we have a way to directly compare the production in A-A to the one in pp , rescaled
by the average number of binary nucleon-nucleon collisions in the A—-A system.
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Heavy-quark diffusion

The study of heavy-quarkonia produced in the early stages of the collision can help
us understand how they interact with the hot medium. Figure 1.16 shows the evo-
lution with pr of the Raa and v, of prompt D-mesons in central and semi-central
collisions. These results are consistent with previous results from both ALICE and
CMS [104-108]. In the low- and mid-region of the pr spectra the dominant process is
expected to be the collisional interaction, which is consistent with the many models
displayed based on quark transport in hydrodynamical expanding QGP.

< o T T T T T n
< 1.8 >0.35F
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FIGURE 1.16: (right) D-meson production in Pb-Pb collisions at

VNN = 5.02 TeV [109, 110]. (Left) Raa in 0-10% collisions;

(right) v2 in 30-50% collisions. Shown model calculations imple-

ment charm-quark transport in a hydrodynamically expanding QGP

are: TAMU [111], LIDO [112], POWLANG [113-115], PHSD [116],

MC@sHQ [117], Catania , LBT [118, 119], LGR [120], and DAB-MOD
[121]. The figure is taken from [6]

Jet quenching

The phenomenon of jet quenching is the study of how the jets produced in the early
stages of the collisions are modified after they traverse the hot QGP medium.

One of the most straightforward measurements that can be performed to assess
this is the energy loss. Radiative energy loss is the expected dominant effect, re-
sponsible for the suppression of inclusive particle production in the high-pr region,
dominated by jets. An example of this effect is shown in Figure 1.17 via the afore-
mentioned Raa (Equation 1.17). It is clear by this picture that a relatively consistent
result with the pp baseline (within 10%) is achieved for the p-Pb system, whereas
going into Pb—Pb we see a suppression in high-pt region (above 2 GeV/c) of about
20% already in peripheral collisions (70-80% ). For most central collisions (0-5% ) we
see a suppression of up to 85%.

This suppression is considered related to the energy loss for jets in the hot QGP
medium. Other results can help have a clearer picture, such as shape and deflection.

1.2.5 Deconfinement in the QGP

Heavy quarkonia states of charmonium (c¢) and bottomonium (bb) have been stud-
ied extensively since their discovery, a recent overview can be found in [123].
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FIGURE 1.17: Raa modification factor measured for p—Pb and cen-
tral, peripheral Pb-Pb collisions. The figure is taken from [122].

The basic idea behind the interaction of quarkonia and QGP lies within the screen-
ing of colour charge in the deconfined medium, leading to a "melting" of the bound
state [32]. Then, a connection from the quarkonia suppression to the temperature
of the deconfined phase can be made [124]. The basic principle is that the binding
energy, spanning from a few MeV to 1 GeV, directly correlates to a dissociation tem-
perature: in this picture analysing which states dissociate provides an estimate of
the temperature created in the system. The temperature in heavy-ion collisions can
in principle be varied by selecting on centrality.

The above considerations are strictly true for a static picture, with more complex
interplay and effects arising in a more dynamic picture of production and evolution
of quarkonia in a fireball. For example, indications of a regeneration effect have been
measured together with an anisotropic suppression [125-130].

Charmonium

One of the main results on J/¢ suppression is shown in Figure 1.18a, where the
Raa factor as a function of charged multiplicity is measured. The latter can be con-
sidered a good proxy for collision centrality when considering the same system and
energy. For different collision systems it is related to the initial energy density [26].
The measurements for the J/¢ go down to 0 GeV /¢, but a selection is performed to
reject J /1 coming from photo-production. The prominent result extracted from this
is the onset of a regeneration effect for high multiplicity events at LHC, which are
not seen in previous results.

In Figure 1.18b a rapidity dependent study from ALICE is shown. The two ra-
pidity regions considered are |y| < 0.9and4 < y < 2.5 from measured J/v in the
ete” and p"p~ channels respectively in central Pb—Pb collisions. The suppression
effect does not seem to depend on the rapidity in the high pr limit, whereas a signif-
icant suppression in forward production with respect to central yield is highlighted
in the low-pr region. Here, regeneration is indicated to be the main effect for this
discrepancy. It is worth noting that the high-pr limit reproduces the earlier findings
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on Raa for charged hadrons. This picture is compatible with parton energy loss as
a significant effect.
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Bottonomium

A remarkable result that was discovered at LHC is that the bottonomium R 4 indicates
a strong suppression already in semi-peripheral collisions, as shown in Figure 1.19,
in a hierarchy dictated by their binding energies [124]. Generally, all models have
an adequate description of the data points, although the large uncertainty may be
covering possible discrepancies. TAMU is shown also with a small regeneration
component, whereas all other models do not foresee such an effect. A large part of
the bottonomium production in pp (30-50% ) comes from feed-down contributions,
which might point toward a suppression derived from the strong suppression of the
excited states [137-139].
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FIGURE 1.19: Raa as a function of the average number of partici-
pating nucleons ((Npay) ) for T(1S). Error bars and boxes represent
the statistical and the total systematic uncertainty, respectively. Data
is form [140], models are form [141-145], the two lines representing
lower and upper limits of uncertainties. The figure is taken from [6].
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1.3 High density QCD effects in small systems

The start of the last decade saw the widespread belief that pp and p-Pb collisions
systems were to be regarded as some kind of baseline for heavy-ion collisions physics.
This belief was thrown off by an ever increasing amount of evidence of high-density
QCD phenomena in small collision systems. This can be seen in the historical ex-
cursus in Section 1.2.3. The data collected by the LHC even shows a number of
pp collisions reach the multiplicities of peripheral Pb—Pb collisions. QGP reminis-
cent effects were found in this small system such as Strangeness Enhancement [63]
and a double-ridge extended in pseudo-rapidity [146-149]. Then the question that
arise from this is if the QGP is really forming in these collisions or not. If it is indeed
creating, what mechanisms are responsible for providing sufficient energy density
to produce it. The search for a better understanding of the reasons leading to these
results has been since one of the main focus of the ALICE collaboration.

The results are mainly differential in multiplicity, with a selection performed sim-
ilarly to what was done for centralities in Pb—Pb collisions; more information can be
found in [150]. The event classification is a very important tool to disentangle the
effects measured in the data and although most of the currently published results
are using multiplicity, many new ways to characterise events are being explored as
means to leverage different aspects of the collision dynamic. This is all part of the ef-
fort to shed a brighter light onto the new phenomena that emerge and to understand
their origin. For example, the similar multiplicities seen for peripheral heavy-ion
collisions and high-multiplicity pp collisions might be similar "on the surface" but
coming from wildly different environments, energy densities, processes, etc.

1.3.1 Strangeness enhancement in small systems

A large plethora of results have been published by ALICE through the years in
a large selection of systems (pp, p-Pb, Pb-Pb, Xe—Xe ) and energies (/sxy =
2.76 TeV, 5.02TeV, 7TeV, 13TeV). An overview summary of such results can be
found in Figure 1.20.

One striking observation is that all particles have an enhancement of produc-
tion as a function of final state charged multiplicity in pp and p-Pb up to a plateau
measured in Pb—Pb . More so is the case for strange particles, that show a behaviour
known as strangeness enhancement: this phenomenon see a more exacerbated surge
in particle yield for the strange sector with respect to the other non-strange mesons
and baryons. The effect can be seen in the left panel of Figure 1.20 and it does, in
fact, seem to be only driven by the final-state multiplicity, rather than on system size
or beam energy.

Keeping in mind Figure 1.20 and turning our attention to Figure 1.21 a focus
on strange particles is shown. Here one can notice how particles containing more
strangeness are more enhanced than particles containing less strange content (See,
for example, =-baryons with respect to KY). A special case has to be made about
the ¢-meson, as it is a bound state ss: this makes the meson a probe of choice to
understand the underlying mechanism of strangeness production and specifically
for strangeness enhancement. As can be seen by the two model predictions shown
in Figure 1.21a one can notice how the baseline tune (Monash 2013 and THERMUS
SCE) both describe a rather flat behaviour, that have been adjusted with following
updates to the models to better describe the published measurements. In the case of
the Pythia model, rope hadronisation came into play, which is the topic of Section
1.4, whereas the Thermal model introduced a new factor s, introducing local exact
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conservation of three conserved charges, allowing for a possibility of strangeness
undersaturation [79, 151]. These results and subsequent additions show how impor-
tant the ¢-meson and in general the measurements of strangeness both in small and
large collision system is to constrain theoretical models. These new findings perpe-
trated the novel idea to consider pp and p-Pb collisions as focus of renewed interest
rather than an environment for baseline measurements for heavy-ion physics.

Turning our attention to Figure 1.21b one can notice that the enhancement of the
¢ meson can be assessed to be between 1 and 2 units of strangeness. This was partic-
ularly surprising in the Thermal description, where the strangeness suppression is
expected to depend directly on the strangeness quantum number, which presumes
the ¢ meson to behave as an S = 0 particle (hidden strangeness). In fact, also for
Thermal-FIST s CSM [79, 151], the prediction is still rather constant in multiplicity,
with an enhancement for low multiplicities, in complete contrast with data points
trends.

1.3.2 New proposed event classifiers

In an effort to provide a new way to explore high-multiplicity pp collisions, where
similar behaviours to p—Pb and Pb-Pb collisions have been measured, a new event
classifier has been devised. The basic idea is that the investigation of such similari-
ties pushes toward the selection of high-multiplicity events, which skews the results
toward events characterised by an abundance of jets and hard processes. Here, one
wishes to then disentangle, among this class of events, which are closer to be hard-
processes dominated and which are more keen on being soft-processes dominated.
Among many others, we can see spherocity [158], transverse activity Rt [159] and
effective energy [160].

Transverse activity

In Figure 1.22 a schematic representations of the basic idea of the classifier is shown.
The transverse activity classifier (R ) takes the ratio of the primary charged-particle
multiplicity in the transverse region (/N1) obtained event-by-event to the average
value ((N1)) [161, 162]. It is defined as

N

Ry = ) (1.18)

The transverse region is defined taking the azimuthal difference of the incoming
particle with respect to the leading particle, which is defined as the one having the
highest pr in the event.

In the small system context this new classifier can then help understand the
properties of events with lower or higher contributions from the Underlying Event
(UE). One can compare the results for low-UE events to the ete™ collision data (jet-
universality) or to the high-UE to test the observation of non-trivial soft QCD dy-
namics [162-164]. This approach has also been used by ALICE in pp collisions at
Vs = 13 TeV [159].

Figure 1.23 shows the comparison of the Ry differential results from pp and
Pb-Pb data, highlighting how the low-UE dominated environment of Pb-Pb collisions
have a feeble dependence on the Rt selection, whereas the pp data show a strong
autocorrelation with the Rt selection. This new method is an example of how novel
techniques are being developed and employed on ALICE data to uncover new ways
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FIGURE 1.20: Data is taken from [62-66, 68, 152-155]. All yields
shown are measured at mid-rapidity, shown as a function of the event
average multiplicity at mid-pseudorapidity. The error bars show
the statistical uncertainty, whereas the empty and dark-shaded boxes
show the total systematic uncertainty and the contribution uncorre-
lated across multiplicity bins, respectively. The figure is taken from

[6].

to deepen our understanding of these new phenomena of high-density QCD in small
systems.

Spherocity

In Figure 1.24 a schematic representations of the basic idea of the classifier is shown.
The spherocity classifier (Sp) evaluates the level of "jettiness" of the event, defining
UE-dominated events as opposed to jet-dominated events. It is defined as:

2 ~ A
pr=1 _ T . (Mf
Sy 1 rr%m N (1.19)
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FIGURE 1.22: Schematic representation of the transverse activity clas-
sifier regions. The figure is taken from [165]

where pr refers to the pt vector on the transverse plane, is a unit vector scanning the
whole azimuthal angle, Ny is the total number of tracks in the event. pr =1 refers
to the unweighted spherocity, meaning only the p direction in the transverse plane
is considered. This new classifier come with a number of caveats that are extensively
spoken of in [158].

In a similar fashion to the Rt selection, the goal is to select UE-derived physics
from jet-derived physics. The main difference is that the Rt selection is on the
transverse activity, with no requirement on the jet component, whereas the spheroc-
ity selects events based on the overall "shape" of the event.

The new results from ALICE show some very surprising behaviours such as the
one shown in Figure 1.25. The pr -integrated yield of the ¢ meson as a function of
spherocity show a behaviour more similar to the non-strange hadrons rather than
the strange ones. Another striking effect is that even though the PYTHIA models do
not accurately predict the ¢-meson yield and give significantly different predictions,
the shown double ratios are consistent with model predictions, which are similar.
This is an instance of what was discussed in the previous section, when a new classi-
fier can shine a new light onto a phenomena, by highlighting mechanisms that were
previously unaccessible and show how models behave in a more thorough compar-
ison.
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FIGURE 1.23: Top panels show the pr spectra of charged particles
differentiated in different Rt regions as reported in Figure. Middle
panels show the ratio of the spectra to the Rt integrated spectra. The
boxes and bars represent the systematic and statistical uncertainties,
respectively. Bottom panels show the ratio of the spectra to model
predictions. Data points are compared to PYTHIAS [156] and EPOS-
LHC [166]. The shaded area represents the sum in quadrature of the
systematic and statistical uncertainties. The figure and data is taken
from [165] for both pp at /s = 5 TeV and Pb-Pb at /syxy =5 TeV.
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sifier regions. The figure is taken from [158]

1.4 The Lund String Model

The Lund String Fragmentation Model [156] is based on a simple concept: the strong
force creates a string between two quarks, that can eventually break generating new

quarks on the loose ends.

The basic idea is that the linear strong potential between quarks will eventually
store enough energy to produce a pair of ¢q if initial quarks are provided with suffi-
cient energy. Their interaction can be modelled by a string between them, and their
motion as a back-and-forth along their connecting axis. In this simple terms, the
further they drift apart, the more energy will be stored in the string, if the energy is
high enough a new pair of ¢qg will be produced. That is the creation of ¢g and the
subsequent creation of two strings is energetically favourable. This kind of approach
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can be made with a parametrisation of the strong potential as:

Vocp(r) ~ —2% 4 (1.20)
3r
Where k ~ 1 GeV /fm and 7 is the distance between a quark and an antiquark, o is
the strong coupling constant. One can see that kr is the dominant term.

As an example, if the oscillating quarks are @d, a ss string breaking will result
in the production of two kaons, if the string breaks twice and a double s5 breaking
occurs, two kaons and a ¢ meson are produced. In the case where the string breaks
with a triple s5 breaking, two kaons and two ¢-mesons are produced.

The key to this phenomenological approach is the assumption of jet universal-
ity, the idea that the fundamental hadronisation process is unchanged from e*e™
to pp collisions. Tuning on the "clean" events at LEP, the model is able to describe
a large variety of events as a direct consequence of the assumption that the string
tension, responsible for the string flavour-breaking probabilities, is constant.

The fragmentation, illustrated in Figure 1.26, is a process where all breaks are

FIGURE 1.26: Hadron formation in a ¢g system. The blue, red and
green dots represent the "early", "middle" and "late" definitions of
hadron production points, respectively

causally disconnected, giving the possibility to arbitrarily calculate the probability
of fragmenting left to right or right to left:

1 _ a
fz) = N =2 b (1.21)
z
The equation above is referred to as the Lund symmetric fragmentation function,
and is the only production mechanism for light quarks. a and b are parameters that
can be tuned, z is the momentum fraction taken by the string end fragmenting, /N
is a normalisation constant, m is the mass of the fragmenting hadron. After the
fragmentation, the quarks escape the strong field by tunnelling effects. These effects
are responsible for the suppression of heavy quarks by this mechanism, as the tunnel
probability is given by:
2 2

m21i>§]:/7r Prob(m?, p7) — exp( - WTL> = exp( - T)exp( - 72?) (1.22)

Where m is the quark mass and pr is its transverse momentum (with respect to the
string). The result is a mass ordering in tunnel probability as vt : dd ~ 1 : 1, meaning
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the tunnel probability of a u quark is approximately equal to the one of a d quark.
Conversely, u : ss~1:03anduu:cc~1: 10~ where the last comparison show
how the strong suppression effectively prohibits the production of heavy quarks in
this process.

Colour reconnection

Colour reconnection is a way to rearrange the colour charges before the hadronisa-
tion phase starts. The process considers the leading colours strings and evaluates
possible different colour configurations based on physical constraints.

Firstly, the string should be colour compatible as per the SU(3) colour rules from

QCD. As an example, looking at Figure 1.27(a), this means that the left configuration
has only a 1/9 chance to transform in the right configuration based purely on colour
considerations. Secondly, the causal contact between strings is tested in a simple
space-time picture. Lastly, a string-length measure is used () to decide if the trans-
formation is actually favourable [167]. This measure roughly estimates how many
hadrons will be produced by the string breakup [168].
Figure 1.27(a-b) shows the two possibile configurations for two colour dipoles. Fig-
ure 1.27(a) represents the picture (Colour dipole swing) where both dipoles exchange
their colour connected partons, with a colour-related probability of 1/9. Figure
1.27(b) shows the case for the creation of a Junction. In this case a new string piece is
created connecting the two quarks quarks to the two anti-quarks on opposed ends.
Even though the probability of simple colour considerations enhances to 1/3, the
A-measure reduction is not very significant, so the configuration is likely to be sup-
pressed. Figure 1.27(c) shows a new addition of a Three dipoles connection. The
colour dependent probability is of 1/27 and the result is two independent string
systems of a (anti-)junction [168].
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FIGURE 1.27: Two dipoles and three dipoles CR possibilities. For two

dipoles, they can either have (a) a simple reconnection (a.k.a. a swing)

or (b) a formation of a connected junction and anti-junction system.

Three dipoles can form (c) disconnected junction and anti-junction
systems. The figure is taken from [168]
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Colour ropes

Colour ropes are formed from the interaction of colour charges in a limited area
in transverse space acting coherently, assuming the total system is a colour singlet.
Lattice calculation show that in such a situation if the endpoints charges correspond
to a specific SU(3) multiplet, the tension of the rope is different than the string one
[157].

To evaluate the differences introduced by this complication we can see its effects
on the parameters a and b, and on new parameters we will introduce to quantify
modifications.

~ ns

k—k=hk

:p»—)ﬁ:pl/h @:g’p—)g:dﬁ(£>l/h (1.23)

Ny d ng af

Where n, 1y 4,14, nq are respectively the number of s quarks, u,d quarks, di-
quarks and quarks produced by the string; k is the string tension and h its enhance-
ment with respect to nominal value, «, 5 are di-quark production parameters.

The most interesting in the strangeness enhancement picture is p, the suppres-
sion of s quark production with respect to u, d quarks. To get visually a sense of how
a change in the string tension could affect these parameters we can turn to Figure
1.28.
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FIGURE 1.28: Effective parameters of the string model as a func-
tion of effective string tension. The parameters p and & control the
strangeness content and baryonic content respectively, a and b are re-
lated to multiplicity. A modified string tension has a sizeable effect
on p and £ in particular. The range of h shown is much larger than
relevant for pp collisions, which typically have h < 1.5. Larger values
of h are, however, relevant for heavy ion collisions. The values of the
parameters for h = 1 comes from a tune to LEP data.

This enhancement of string tension affects the final state multiplicity with a sup-
pression of ~ 5% in high multiplicity pp collisions, and up to 15 — 20% in heavy-ion
collisions. It should be noted that in pp collisions the enhancement is in the order of
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h = 1.5 and this value grows for heavy-ion collisions; h = 1 is the standard string
tuned on the LEP data.
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Chapter 2

A Large Ion Collider Experiment

A Large Ion Collider Experiment (ALICE) is an experiment at CERN!, located at
the interaction point 2 on the Large Hadron Collider (LHC) ring (Figure 2.1). The
ALICE Collaboration aims to study the Quark Gluon Plasma (QGP), a state where
quarks and gluons are no longer confined inside hadrons. This condition is thought
to be the one in which the early universe was a few microseconds after the Big Bang
[169]. We are currently in the middle of the Run3 data-taking campaign, started
in March 2022, following Runl and Run2 campaigns achieving a large plethora of
groundbreaking results. One of the most intriguing being the emergence of QGP-
like effects in smaller systems such as pp (proton-proton) and p-Pb (proton-lead).
[63]. In the following sections a brief description of ALICE sub-detectors and their
performance is carried out. In particular, a focus is put on the sub-systems and
general techniques most used by the presented analysis.

The CERN accelerator complex
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FIGURE 2.1: Overview of the CERN accelerator complex in February
2022. Figure taken from [170].
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2.1 ALICE Sub-systems

The ALICE detector is a complex feat of engineering, combining many sub-systems
each dedicated to a specific task. Its final goal is to describe the event final state in
the most precise terms possible. The main areas of focus are Particle Identification
(PID), tracking, i.e. a complete account of particle trajectories, and event related in-
formation such as multiplicity, centrality, event plane and many others.

The experiment develops in two directions: a cylindrical structure around the
beam pipe, centred at the nominal interaction point, and a forward component (Fig.
2.2). Overall the experiment weighs around 10kt, occupying a volume of 16 x
16x26 m®. The cylindrical structure starts, from the beam pipe outward, with a lay-
ered structure of sub-detectors covering the full azimuthal angle as a core multipur-
pose detection system. On top of this core structure, more region focused detec-
tors are positioned, covering only partially the transverse surface; these are usually
aimed at dedicated physics. In addition to this central coverage, the detector also
develops in the forward region. This is where the majority of detectors dedicated
to event characterisation are situated, together with muon dedicated detection sys-
tems. Forward sub-systems are dedicated event luminosity, pile-up, effective energy
measurements.

More specifically, Figure 2.3 shows how the central barrel is built. Starting from
the beam pipe, we find:

1. Core central detectors covering the full azimuthal angle (Figure 2.3 and 2.2):

(a) Inner Tracking System (ITS ) devoted to measuring the vertex position
and particle tracking

(b) Time Projection Chamber (TPC ) devoted to particle tracking and identi-
fication

(c) Transition Radiation Detector (TRD ) devoted to electron particle identi-
fication

(d) Time Of Flight (TOF ) devoted to hadrons and electrons particle identifi-
cation

2. External detectors with partial azimuthal coverage (Figure 2.3 and 2.2):

(a) ElectroMagnetic Calorimeter (EMCal) devoted to electrons, photons iden-
tification and jets reconstruction

(b) Photons Spectrometer (PHOS) devoted to photons identification and jets
reconstruction

(c) High-Momentum Particle Identification Detector (HMPID) devoted to hadrons
identification in high-pr region and jets reconstruction

3. Forward detectors (Figure 2.2):

(a) Forward Muon Spectrometer (FMS) devoted to muon tracking and iden-
tification

(b) TO, VO, Forward Multiplicity Detector (FMD), Photon Multiplicity Detec-
tor (PMD), Zero Degree Calorimeters (ZDCs ) devoted to triggers, multi-
plicity and centrality estimation, luminosity measurements.

All the core central barrel detectors are embedded in the L3 solenoid magnet which
has maximum field of 0.5T. The Muon Spectrometer has its own dipole magnet,
generating a field integral of B = 3T m. The magnetic field is used to curve charged
particles and provide information on their momentum and charge.
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FIGURE 2.2: The ALICE detector schematic illustration in Run 1 and
Run 2.

2.1.1 Inner Tracking System (ITS)

The Inner Tracking System serves the purpose of finding the primary vertex with a
resolution below 100 pm, together with secondary vertices from long-lived decays.
Moreover, in Run 1 and 2 the ITS detector provided PID for charged particles below
200 MeV, this is no longer the case in Run 3 where the detector was upgraded: the
PID capability was lost in favour of a significant improvement in timing and po-
sition measurement. It also provides tracking for tracks outside the TPC coverage
and improving momentum and angle resolution of the tracks that are matched in
the TPC .

The detector consists in 6 layers of coaxial cylinders, completely wrapping the
beam pipe, covering the pseudo-rapidity range || < 0.9 for all vertices within +
5.3 cm of the nominal interaction point (Figure 2.3). The two inner layers consists of
Silicon Pixel Detectors (SPD) and are situated at ~ 6 cm from the interaction point,
with the innermost being as close to the interaction point as engineeringly possible.
The two outer layers consists of Silicon Strip Detectors (SSD) and are situated at ~
40 cm from the interaction point, as close to the TPC as engineeringly possible. The
two intermediate layers consists of Silicon Drift Detectors (SDD) and are situated at
~ 25 cm from the interaction point. The z-axis coverage increases going further from
the beam pipe, to uphold the pseudo-rapidity coverage, from ~ 14 cm to ~ 50 cm.
The inner layers have a wider coverage up to |n| < 1.98 to provide continuous mul-
tiplicity measurement with the Forward Multiplicity Detector (FMD). The four outer
layers are equipped with analogue readout to provide PID for very low momentum
particles through the measurement of energy loss in silicon. A schematic view of the
ITS for Runl & 2 is shown in Figure 2.4.

The very low-momentum particles are affected by multiple scattering effects,
which can interfere with tracking and vertexing measurements. In an effort to re-
duce to a minimum the impact of the detector contribution, as little material as pos-
sible has been put in the active region of the detector. Overall, a little less than 8% of
a radiation length [171].
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(A) ITS for the Run 1 and 2 campaigns. (B) ITS for the Run 3 and 4 campaigns.

FIGURE 2.4: ITS for the Run 1, 2, 3 and 4 campaigns.
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FIGURE 2.5: The TPC position inside the ALICE experiment, high-
lighted in red.

ITS Upgrade for Run 3 and 4 The new ITS for Run 3 & 4 has been designed to
record Pb—Pb (lead-lead) data-taking at 50 kHz to increase the minimum-bias sample
of a factor one hundred with respect to the data taken up to date, increase vertexing
capabilities while maintaining low pr PID capabilities.

These new goals are achieved through a number of factors:

1. Improving the impact parameter of a factor ~ 4, thanks to three main changes:

(@) The first layer of the detector has been brought closer to the interaction
region, from 3.9 cm to 2.3 cm.

(b) The material budget has been decreased in the inner layers from 1.14% to
0.35% of a radiation length.

(c) The pixel size has been reduced from 50 pm x 425 pm to 29.24 pm x 26.88 pm.

2. The increased granularity of the detector will grant the tracking efficiency and
the pr resolution in low momenta tracks.

3. The readout rate will increase one hundred fold in Pb-Pb and two hundred
fold in pp .

The main component for the new detector is the ALPIDE chip, a Monolithic Active
Pixel Sensor (MAPS). The detector consists of 7 layers from ~ 2.3cm to ~ 40cm,
covering in the z-axis from ~ 27cm to ~ 150 cm providing a |n| < 1.22 coverage
[172].

2.1.2 Time Projection Chamber (TPC)

The Time Projection Chamber is the main tracking system for ALICE. It has a good
momentum resolution in a very wide range, from 0.1 GeV /c up to 100 GeV /c. More-
over it provides particle identification via energy loss in the gas volume.

The detector wraps around the ITS, filled with a gas mixture of Ne-Coy (90-10)
and is highlighted in Figure 2.3. It covers the || < 0.9 pseudo-rapidity range for
tracks matching outer detectors, i.e. traveling along the full radial dimension. The
coverage increases up to || < 1.5 for tracks travelling a third of the radial dimension
of the detector. Its active volume spans from ~ 800 cm to ~ 2500 cm, =~ 500 cm along
the beam axis amounting to ~ 90 m? of active volume. In this volume a large electric
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FIGURE 2.6: The TRD position inside the ALICE experiment, high-
lighted in red.

tield is applied and ionisation produced by a charged particle is drifted up to 250 cm,
half the TPC dimension, on either side of the central electrode. The then drifting
charge finally hits a multi-wire proportional chambers on the end-caps, where the
signal is read analogously to provide energy loss measurement and position of hit
for tracking.

One of the most common distortion effects comes with the high multiplicity en-
vironment of Pb-Pb collisions. At such high-occupancy particle hits are very close
together and may be difficult to discriminate. For these situations, other central
barrel signals are combined to correct this effect. Moreover many concurrent ionisa-
tions may create local clusters of charge that may distort the electric field. This effect
causes local electrical fields and subsequent drifts that may shift the position of fi-
nal hits on the readout pads and the distortions have to be corrected offline. These
effects increase the TPC energy loss resolution from 5% to 7% from pp collisions to
Pb-Pb collisions [173].

TPC Upgrade for Run3 and 4 The new TPC for Run 3 and 4 has been designed to
withstand the new data-taking rate of 50 kHz, a sixteen fold increase from the previ-
ous 3 kHz trigger limitation. The previous limit was due to the gating grid, used to
collect ions from the amplification region and prevent them from drifting back into
the drift volume, where they would lead to substantial space-charge distortions of
the drift field.

The high interaction rate defines the need to operate in continuous mode, miti-
gating the space-charge distortions to a maximum of 2% fractional ion back-flow. To
achieve this, the upgraded TPC has replaced the multi-wire proportional chamber
readout and now makes use of the Gas Electron Multiplier (GEM) detectors for the
read-out planes. GEM detectors are Micro-Pattern Gas Detectors (MPGD), and thus
have an intrinsically low ion back flow and their use will make the gating grid super-
fluous for the ion leakage control in the drift volume, thus allowing for a continuous
data acquisition [174].
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FIGURE 2.7: The TOF position inside the ALICE experiment, high-
lighted in red.

2.1.3 Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) main purpose is electron identification via
the pion hypothesis rejection above 1 GeV /¢, the upper limit of the TPC PID capa-
bilities for electrons. Hits on the TRD are also used to improve tracking for particles
matched to ITS -TPC tracks.

The TRD is positioned outside TPC outer layer (Figure 2.3). The principle of op-
eration of the TRD is the Transition Radiation (TR), an Electro-Magnetic radiation
released as the result of a charge speeding through a separation plane between two
materials having different dielectric constants. For the radiation to be detected the
particle relativistic v factor should be about 1000, making it harder for any parti-
cle except for e* to reach this threshold. The detector structure alternates foils of
polypropylene fibre mats of 3.2 cm and Rohacell foam sheets? of 0.8 cm to use as ra-
diator. A multi-wire proportional chamber (MWPC) preceded by a drift region with
a Xenon based gas mixture is positioned after the radiator to detect the TR generated
by the incoming particle. A total of six layers are positioned.

2.1.4 Time of Flight Detector (TOF)

The Time of Flight detector (TOF) main purpose is to provide PID for charged parti-
cles at intermediate momenta, from ~ 600 MeV /c to =~ 5 GeV /c. Hits on the TOF are
also used to improve tracking for particles matched to ITS -TPC tracks. Moreover
the TOF can also provide timing for the event and triggers for cosmic events and
Ultra Peripheral Collisions (UPCs).

The TOF detector is layered on the outer bound of the TRD (Figure 2.3). The in-
ner layer stands at ~ 370 cm and the outer layer at ~ 400 cm providing coverage at
In| < 0.9. It is made of 1593 glass Multi-gap Resistive Plate Chamber (MRPC) strip
detectors, each with a sensitive area of 7.4x120 cm for a total active area of 141 m?.
Each MRPC is segmented into 96 readout pads of area 2.5x 3.5 cm?, for a total of over
150,000 channels [173].

The detector has an excellent efficiency of ~ 99%. Combined with the geomet-
rical acceptance and the tracking capabilities of ALICE the overall TOF efficiency
is ~ 80% for p—Pb collisions.In Pb-Pb collisions, in the centrality range 0-70% the

?a closed-cell rigid foam based on polymethacrylimide (PMI) chemistry



44 Chapter 2. A Large Ion Collider Experiment

FIGURE 2.8: The HMPID position inside the ALICE experiment, high-
lighted in red.

overall TOF resolution is 80 ps for pions with a momentum around 1 GeV/c.

The TOF also provides timing information on the single track, using the TO sig-
nal as a start. The timing information is key, as every improvement of the time of
flight resolution extends the momentum range where the separation power between
species is acceptable (usually 3 or 5 o). The event timing from the TOF is performed
using a combination of all arrival times of the tracks, minimising the x? for every
mass hypothesis. This process is performed if at least three particles reach the TOF ;
if over 30 reach it the resolution on the event timing can be as low as 30 ps. This
method proves useful when the TO start signal is missing, if neither are available a
standard time is used [175].

2.1.5 High-Momentum Particle Identification Detector (HMPID)

The High-Momentum Particle Identification Detector principle of operation is based
on proximity focusing Ring Imaging Cherenkov (RICH), using CgFy4 (n ~ 1.28) as
a radiator. The proximity focusing means that the cone of light is projected onto a
photosensitive surface from a thin radiator, after a small gap, called the proximity
gap, whereas in the focusing configuration the radiation is reflected by spherical mir-
rors. The radiation photons are detected using a Multi Wire Proportional Chamber
(MWPC) with a Csl thin layer deposited onto its pad cathodes [176]. The detector
provides a 30 separation power for 7*/K* up to pr = 3GeV/c and for K*/p up
to pr = 5 GeV/c. The PID process requires information on the track extrapolated in
the central barrel. When coupled with the other central barrel detectors, the HMPID
has been used to extend the measurement of the transverse momentum distribu-
tions for 7 in the range 1.5GeV/c < pr < 4GeV /¢, for p in the range 1.5 GeV/c <
pr < 6 GeV /¢, for deuteron in the range 3 GeV /c < p1 < 8 GeV /c for the most central
Pb-Pb collisions. The track matching efficiency with the TPC is roughly 5%, mostly
due to the acceptance of roughly 5%.

2.1.6 Photon Spectrometer (PHOS)

The Photon Spectrometer (PHOS) is one of the two electromagnetic calorimeters of
ALICE. Its main design goal is to measure spectra, collective flow and correlations
of thermal and prompt direct photons, together with that of neutral mesons via their
decay into photon pairs [177].
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FIGURE 2.9: The PHOS position inside the ALICE experiment, high-
lighted in red.
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FIGURE 2.10: The EMCal position inside the ALICE experiment,
highlighted in red.

The detector is a single arm, high-resolution electromagnetic calorimeter that
identifies and measures electrons and photons in a wide range of transverse mo-
mentum. Currently it can cover from 100 MeV /c to 100 GeV /c at mid-rapidity and
can provide a trigger for large energy deposits. TRD and TOF are designed to have
an opening in front of the PHOS detector to provide a window with reduced mate-
rial budget, below 0.2 X,. The detector itself is divided into four modules located at
a distance of 460 cm from the interaction point. It covers a 6 m? area, spanning 70°
in azimuthal angle and a quarter of pseudorapidity unit || < 0.125. The detection
unit is a 22 x 22 x 180 mm? of lead-tungstate crystal, PbWO, coupled to 5x5 mm?
Hamamatsu Avalanche Photo Detectors (APDs). The detector is operated at -25°C
to enhance the light yield.

2.1.7 ElectroMagnetic Calorimeter (EMCal)

The Electromagnetic Calorimeter (EMCal) is the second electromagnetic calorimeter
of ALICE. The main design goal of the EMCal is to measure the electrons from the
heavy-flavoured hadrons decay, electromagnetic components for jets and spectra of
direct photons and neutral mesons. Moreover, it provides a dedicated trigger for jets
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FIGURE 2.11: The FMS position inside the ALICE experiment, high-
lighted in red.

[178].

Structurally the EMCal is a sampling calorimeter with lead (Pb) as a stopper and
a scintillator as active material, that transfers produced light in a wave-length shift-
ing fibres. As seen in Fig. 2.3 the detector covers two different ranges in azimuthal
angle, at a distance of 4.5m from the beam pipe. The detector is divided in Super-
modules and the installation had different phases, the last of which happened in
2014 with the addition of the Di-Jet Calorimeter (DCal) located opposite of the EM-
Cal, which consists of Supermodules 12-19. The building block of the detector is
a module composed of an optically isolated 2x2 matrix of towers, each covering a
span of An x Ay ~ 0.0143 x 0.0143. The orientation of towers is such that the in-
cident angle with respect to a line originating from the interaction point is less than
2°in An and 5° in Ap. The layers in the towers are made of 76 foils of Pb ~1.44 mm
thick and 77 foils of scintillator ~1.76 mm thick. Once canalised into the wavelength
shifter fibres the light is collected in 5x5 mm? Hamamatsu Avalanche Photo Detec-
tors (APDs).

2.1.8 Forward Muon Spectrometer

The main purpose of the Forward Muon Spectrometer is the study of quarkonia and
low-mass vector meson production through their decays in p*p~ [179].

The detector starts with a block of absorber made of concrete and carbon, to
minimise multiple scattering and energy loss, filtering all particles except muons,
to clean the signal. The detector, positioned in the forward region, is also subject
to possible background from the beam pipe, which is coated in tungsten, lead and
stainless steel to shield it, either for particles emitted in the collision or showers pro-
duced in the shield. After the shield there are 5 stations of high-granularity tracking
systems, each station having 2 detection planes of multi-wire proportional chambers
with segmented cathode plane, called cathode pad chambers, providing a resolution
greater than 100 mm. The 5 stations are set-up to be 2 before, 2 after, and 1 inside a
dipole magnet, positioned about 7m from the interaction vertex, generating an in-
tegrated field of B = 3 T'm. After the tracking system, another filter block is placed
followed by 4 Resistive Plate Chambers (RPC), divided in two stations, forming the
Trigger system for the decay of heavy quark resonances. In fact the second filter is
to stop low momentum muons coming from lighter particle decays.
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(B) Placement of the VO

(C) Placement of the ZDC

FIGURE 2.12: Placement of some of the forward detectors

2.1.9 Other Forward Detectors

The other forward detectors are devoted to determine general information on the
event, such as luminosity, centrality for heavy-ion collisions, timing of the interac-
tion to be used by the TOF and many others. A graphic visualisation of some of their
locations is made in Figure 2.12.

Vo

The detector consists in scintillators counters, divided in two groups: VOA and VOC .
The two detectors are set as close to the beam pipe as possibile, wrapping it, one
closer to the nominal interaction point at a distance of 90cm (VOC) and the other
outside the central barrel, at a distance of 340 cm (VOA) in the opposite direction.
They both have the same dimensions but given they are located asymmetrically
from the interaction point they cover different pseudo-rapidity ranges: VOA cov-
ers 2.8 < n < 5.1, whilst VOC covers —3.7 < n < —1.7.

Their main purpose is to evaluate the multiplicity of the event to generate a trig-
ger on pp and heavy-ion collisions, in the latter giving information on the centrality
of the event. During normal operations the detectors are run in AND mode and
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provide multiple triggers, most notably the Minimum Bias Trigger (MB) and the
Multiplicity Trigger (MT).

TO

The detector consists in Cherenkov counters coupled with photomultipliers, divided
in two groups: TOA and TOC. The two detectors are set as close to the beam pipe as
possibile, one in proximity of the nominal interaction point at a distance of 72.2 cm
(TOC) and the other outside the central barrel, at a distance of 375 cm (TOA) in the
opposite direction. They both have the same dimensions, covering a little less than
40 cm? transversally to the beam pipes, but given they are located asymmetrically
from the interaction point they cover different pseudo-rapidity ranges: TOA covers
4.61 < n < 4.92, whilst TOC covers —3.28 < n < —2.97.

Their goal is to give timing information on the event, setting the ¢y, the real
time of collision, for the TOF detector with a precision of ~20 ps for heavy-ion col-
lisions and ~40 ps for pp collisions [175]. Their efficiency is 40% for minimum bias
pp collisions, combining a 50% and 59% single efficiency, that escalates to roughly
100% for central heavy-ion collisions thanks to the high multiplicity.

FMD

The Forward Multiplicity Detector is a silicon strip detector with 51,200 strips ar-
ranged in 5 rings, covering the range 3.4 < 7 < 5.1. It is placed around the beam
pipe at small angles to extend the charged particle acceptance of ALICE into the
forward regions, not covered by the central barrel detectors.

PMD

The Photon Multiplicity Detector is a Particle shower detector which measures the
multiplicity and spatial distribution of photons produced in the collisions. It utilises
as a first layer a veto detector to reject charged particles. Photons on the other hand
pass through a converter, initiating an electromagnetic shower in a second detec-
tor layer where they produce large signals on several cells of its sensitive volume.
Hadrons on the other hand normally affect only one cell and produce a signal rep-
resenting minimum-ionizing particles.

ZDC

The ZDCs are calorimeters which detect the energy of the spectator nucleons, i.e.
the nucleons that do not interact in the heavy-ion collision, in order to determine the
overlap region of the two colliding nuclei. It is composed of four calorimeters, two
to detect protons (ZP) and two to detect neutrons (ZN). They are located 115 m away
from the interaction point on both sides, along the beam line. The ZN is placed at
zero degree with respect to the LHC beam axis, between the two beam pipes. The
ZP is positioned externally to the outgoing beam pipe. The spectator protons are
separated from the ion beams by means of the dipole magnet D1. The ZDCs are
"spaghetti calorimeters", made by a stack of heavy metal plates grooved to allocate
a matrix of quartz fibres. Their principle of operation is based on the detection of
Cherenkov light produced by the charged particles of the shower in the fibers.
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2110 Triggers

The triggers in ALICE are managed by the Central Trigger Processor (CTP) every
machine cycle (=25ns). The decision is taken based upon the detector signals and
information about the LHC bunch filling scheme. The bunch crossing mask informs
the CTP about whether bunches are coming from the positive z side, the negative z
side, both or neither. A list of all available triggers are listed in [150].

The main triggers used are the Minimum Bias class, and their requirements are:

MBor signals in VO and SPD
MBand signals in VOA and VOC
MBZ MB and signals in both ZDCs
SPI n hits in SPD
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FIGURE 2.13: Event reconstruction flow. [150]

2.2 Central Barrel Tracking

Tracking is the process by which tracks and vertices (primary and secondary) are
reconstructed to be used as particle trajectories with physically relevant attributes
such as charge, momentum, etc. Firstly, data from detectors are separately clustered,
associating positions, signal amplitudes, signal times, etc., and their associated er-
rofrs.

2.2.1 Preliminary Interaction Vertex

Preliminary vertex finding uses the first two layers (SPD) of ITS: the two clusters in
the layers are joint in tracklets, that are used as seeds that point toward a candidate,
the candidate with most convergent tracklets is taken as preliminary vertex.

Presently pp collisions present the challenge of pile-up. For every bunch-crossing
at the LHC, more than one pp collision could happen and thus the reconstruction
needs to find all the primary vertices and assign them the tracks originating from
them. The first method to do this is to loop through tracklets and try to assign them
to found primary vertices until all track candidates have been associated to a vertex
candidate. The second method, used when low-multiplicity prevents a satisfactory
precision in vertex resolution, is to scan the z-coordinate of the points of closest ap-
proach (PCA) to look for a maximum.

2.2.2 Track reconstruction

The mechanism follows an inward-outward-inward scheme. The first step starts
at the outer boundary of the TPC volume, where tracks are expected to be more
resolved. In the TPC there are 159 tangential pad rows, giving a track the theoret-
ical ability to leave as many clusters. The track seeds are first generated with two
TPC clusters and the vertex, then three TPC clusters. The mechanism then propa-
gates inward, adding to the track the cluster most suitable (i.e. most in trajectory)
or none if the available ones are too far away (there is a cut on the distance from the
track a cluster can have), not requiring a cluster must be uniquely used in a track.
This makes it possible that the same track be reconstructed more than once: this
problem is solved by an algorithm that checks overlap of tracks (25% to 50% same
clusters used) and sort them by quality, discarding all but the the first. Only those
tracks that have at least 20 clusters (out of maximum 159 possible) and that miss
no more than 50% of the clusters expected for a given track position are accepted,
passing these cuts mean the tracks are propagated further to the ITS . In this stage a
tirst PID is performed based on the specific energy loss and a mass is provisionally
assigned to the track.
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FIGURE 2.14: TPC track finding efficiency for primary particles in
pp and Pb-Pb collisions (simulation). The efficiency does not depend
on the detector occupancy. [150]

Continuing in the ITS, the propagation of the TPC tracks are used as seeds, up-
dated at each layer with all clusters within a proximity range, saving each new fit
as a new seed. If the track misses an expected hit on a layer, it is penalised on the
X2, (the reduced x?) used to determine the track goodness. Once all the seeds have
been found, a procedure similar to that performed on the TPC is carried-out, firstly
constraining on the preliminary vertex, secondly losing this requirement. All the
candiate tracks are sorted for quality, discarding all but the first, except when two
different tracks share a cluster. In this case a resolution of this conflict is performed
by searching for good alternatives among other candidates, if the conflict can’t be
resolved, the tracks are flagged as possibly mismatched. The final tracks are added
to the TPC tracks in the reconstructed event. The efficiency of prolongation in the
ITS for a track depends on the number of hits it has on the ITS itself: if only one hit
is recorded an already very good ~80% efficiency is achieved, whereas if two hits
are present, the efficiency is even closer to unity at ~95%. This efficiency slightly
worsen in Pb—Pb collisions, as can be seen in Figure 2.15

One aspect to consider is the fall of reconstruction efficiency in the TPC for low
transverse momentum (Fig. 2.14). The cut-off value is around 200 MeV /¢ for pions
and 400 MeV/c for protons, and is caused by energy loss and multiple scattering in
the detector material. This means a standalone ITS search for tracks is performed
with those clusters not used to prolungate TPC tracks and account for these missing
particles. The seeds are made using the vertex and the first three layers clusters,
propagated in a similar fashion as for the TPC prolongation track searching. This
procedure is able to find tracks down low to 80 MeV/c.

Once the ITS propagation is finished, all tracks are propagated up to their PCS
to the preliminary vertex. From there the tracks are refitted using a Kalman filter in
the outward direction using the clusters it was assigned. During this outward path
all track properties are updated at each step, such as track length integral and time
of flight expected for each particle species for use in the TOF detector for PID. The
tracks are then propagated out of the TPC to the TOF , TRD , EMCal, PHOS, HMPID
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FIGURE 2.15: ITS-TPC matching efficiency vs. pr for data and Monte
Carlo for pp (left) and Pb-Pb (right) collisions [150].

and an attempt to match tracklets is made. These extensions are not used to update
track information but are stored for PID purposes. Subsequently a new fit procedure
is made starting from the outer radius of the TPC , determining the track’s position,
direction, inverse curvature, and ITS associated covariance matrix. This ends the
procedure to find the tracks coming from the primary vertex. To suppress the pres-
ence of secondary tracks a cut on the distance of closest approach (DCA) of the track
to the interaction vertex is made. This cut improves the already good primary tracks
identification efficiency: taking the case of central Pb-Pb ad /sxy = 2.76 TeV not
asking for a tight DCA results in an approximate 93% primary tracks in the sample,
whereas the tight DCA requirement improves purity to as high as 98%, as shown in
Figure 2.16.

The resolution of the measured momentum of a given particle is extracted form
the covariance matrix of the track. As mentioned before, tracks can be reconstructed
using the TPC standalone or combining it to the ITS . Track momentum resolution
is expressed as the resolution on the inverse transverse momentum, related as:

o

ﬁ = pTO'1/pT (2.1)
The performance of the ALICE apparatus in terms of inverse transverse momentum
in various configurations is shown in Figure 2.17. A clear improvement is provided
by constraining the tracks to the vertex, and to extend the TPC tracks to the ITS . On
top of this, a deterioration of ~ 10 — 15% should be expected in central heavy ions
collisions due to cluster overlap and fake clusters in tracks. Even thought the best
configuration comprehend the ITS measurements, ITS acceptance has been reduced
of about 25% for the years 2010/11 due to the unavailability of certain areas of the
two innermost layers. A good approximation to its performance is provided by
the TPC standalone constraining to the vertex up to 10 GeV /¢, with a significant
worsening at higher momenta.

2.2.3 Final primary and secondary vertices finding

The final vertex is found using fully reconstructed tracks in TPC and ITS , making
a first elimination process to exclude outliers and weighting the track contributions
to further prevent smearing from any remaining outliers. If the event has low mul-
tiplicity the nominal vertex position is added to the fit.



2.2. Central Barrel Tracking

53

fraction of particles from primary vertex

08}

0.6

I

Ll gt T e B G
+ . _707 4
i , N e S ———
i £00000000970=77C ¢ ]

09 e WC:: -

LA L e L B B B

ALICE Monte Carlo ]
Pb-Pb M=2.76 TeV 7
centrality 0-5% i
nl<0.8

® strict DCA cuts
¢ loose DCA cuts

0.5 s

"2 3 4 5 6 7 8 9 10
prc(GeV/c)

FIGURE 2.16: Fraction of reconstructed tracks coming from the pri-
mary interaction vertex. Two sets of cuts on the track distance of
closest approach (dp) to the primary vertex are shown: "loose" with
|do,»| <3cm, do oy < 3 cm and "strict” with |dy .| <2 cm, dg 4y < (0.0182

+0.0350 GeV /¢ pr ) cm.[150]

L L L

TT T T [T T T T [T T T T[T T T T T T T T[T T T T [ TTTT

"> 00161= ALICE =
~ - —
> - p-Pb, \Syy =5.02 TeV, Inl<0.8 .
© 0.014— —]
S  m TPC standalone tracks 7
= 0.012/— © TPC tracks constrained to vertex T
¥ [ O TPC+TS combined tracks 7
- TPC+ITS constrained to vertex *
0.01— —
- L
0.008 — - 2 Sl =
B — S Shtae
L - .-I-'.".' _._...-:': = _
0.006 f--u--m-u-u-u-u-0-8 PGt —
N P = ]
- - o .
0.004 - ++:!::;_ g 7
N PPC o ]
0.002 [ o o5 .
O .__I-I 11 I L1l | L1l I L1l I L1l | L 111 I L1l I L1l I L1l I 111 I_
0O 01 02 03 04 05 06 07 08 09 1
1/p. ((GeV/c) ™)
FIGURE 2.17: The pr resolution for standalone TPC and ITS -

TPC matched tracks with and without constraint to the ver-
tex. The vertex constrain significantly improves the resolution of
TPC standalone tracks. For ITS -TPC tracks, it has no effect (green

and blue squares overlap).[150]



54 Chapter 2. A Large Ion Collider Experiment

/

P i,/ "~/ bea '
Palrl(,/ V i 2 ITSO |TS1 |TS2

prim |

FIGURE 2.18: Secondary vertex reconstruction principle, with K% and
E~ decays shown as an example. For clarity, the decay points were
placed between the first two ITS layers (radii are not to scale). The
solid lines represent the reconstructed charged particle tracks, extrap-
olated to the secondary vertex candidates. Extrapolations to the pri-
mary vertex and auxiliary vectors are shown with dashed lines. [150]

After the primary vertex is pinned to final position and all possible tracks are
found, the search for secondary vertices starts. Secondary vertices are the spatial
points were short-lived particles decay producing either a deflection (kink) in the
ongoing track (decay in one charged and neutral particles), a split in the ongoing
track into multiple tracks (decay in two or more charged particles and, eventually,
neutral particles) or the appearance of multiple tracks (decay of a neutral particle
into charged ones). Firstly a pool of possible decay product tracks is determined
requiring a DCA to the vertex over a threshold (0.5 mm in pp and 1 mm in Pb-Pb ).
These tracks are then combined in the search of secondary vertices candidates (V0),
which consists of pairs of unlike-sign tracks, relying on their mutual PCA. VO0s are
the secondary vertices that come from the decay of a neutral particle into charged
ones. This starting set of candidates is then subjected to multiple cuts: (a) The dis-
tance between the tracks and the VO candidate must be below 1.5cm; (b) PCA is
requested to be closer to the interaction vertex than the innermost hit of either of the
two tracks; (c) Taking as ¢ the angle between the straight line connecting the VO to
the Vertex and the total momentum of the two candidate tracks ?pair, cos(#) must
be over 0.9. This last requirement is relaxed if the candidate has a momentum below
1.5 GeV/c. A schematic illustration of secondary vertices search is shown in Figure
2.18.
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2.3 Particle Identification (PID) in ALICE

The ALICE experiment, despite having a strong focus on heavy-ion collisions physics,
is a general purpose experiment: this means that along with specific goals of study-
ing established phenomena there is the will to explore previously unaccessible areas
of high-energy physics, both in pp , p—Pb and Pb-Pb collisions. This wide range of
goals requires an excellent capability of reconstructing the full event and most of all,
assign a particle species to each track: that is the goal of the particle identification.
To this end a wide range of detectors are devoted to various degree to the PID effort,
a brief graphical summary is shown in Figure 2.19.

The PID is also of special interest for the presented analysis. The measurement
will in fact heavily rely on kaon identification from the TOF and TPC detectors.

2.3.1 Charged Particles Identification

Most of our current technology is based on the understanding of electromagnetic
interactions and phenomena, thus giving a somewhat privileged status to charged
particles. Because of this status, a number of possible ways to detect charged parti-
cles have been developed and perfected over the years and the ALICE experiment
is an instance where almost every possible identification method is employed.

The three main particle identification methods employed in ALICE are based on
the measurement of energy loss through ionisation (ITS , TPC ), time of flight (TOF )
and Cherenkov Radiation emission (HMPID) and each of these specialises in a cer-
tain range of momentum and particle species.

Energy Loss

The method is based on the measurement of ionisation energy loss in a given medium.
It can take many forms, in ALICE is notably ionisation in a gas mixture (TPC ) and
in silicon (ITS).

The basic principle is that a charged particle traversing a medium will ionise
the material atoms, freeing an electron that can later be collected. The amount of
electrons generated and the detector resolution is directly connected to the first ion-
isation energy, which is the energy that is required to be lost to ionise a material
atom. The detector usually makes then use of high voltages to generate strong elec-
tric fields that drift the freed electrons onto instrumentation that can collect them,
generating a change in voltage. The change in voltage is then recorded and consti-
tute the signal.

The reference value for how much energy is lost by a given particle species with
a given momentum in a given medium is calculated with the Bethe-Bloch equation
of ionisation energy loss:

dE 2 9 . 2022,.2 o)
4B 477Nergmeca% (m % g <;>> 22)

dx
Where r.,m. are the electron classical radius and mass, c is the light speed, IV, is the
mean electron density in the medium, 53,7 are the relativistic factors of the particle,
z is the particle charge, I is the mean excitation energy of the medium, 6(v) is a
high energy correction. For the sake of simplicity and convenience, ALICE uses a
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FIGURE 2.19: Particle Identification momentum ranges for various
detectors
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different parametrisation:

P 1
16 = go (P = 87 = in(Py = 550)) 2.3)
where P _5 are fit parameters and /3, 7 the relativistic factors.

The idea is that the energy loss throughout the central barrel and specifically
within the detector itself, in high-energy collisions, is negligible with respect to the
particle energy. This is a reasonable assumption as the whole detector was designed
and is upgraded according to a principle of minimum interaction: the material in
the way of the particle is limited to the extent of the bare minimum for an efficient
detection. Thus, the particle 3+ is unchanged and all measurements of energy loss
should converge onto a single value for the 8 prediction through the Bethe-Bloch
equation. An advantage of this approach is also that the multiple-scattering effect
and subsequent corrections are too at the bare minimum.

The energy loss given in Eq. 2.2 expresses the energy lost in a unit length: once
the 3 of the track has been measured, combining it to the energy loss will determine
the most probable particle species. The curves shown in Figure 2.20 are those of a
typical energy loss for single charge particles in the ITS and TPC . Despite being a
very powerful tool for low momenta particles, as can be seen by the very clear sep-
arations in Fig. 2.20, the high momentum region presents more constraints. Indeed
one can see that the relativistic rise, that is when the energy loss rises logarithmically
over a certain threshold, makes the curves of different particles particularly similar.
As can be inferred by Equation the ionisation depends both on the particle and on
the medium. This effect is more pronounced for solid detectors such as the ITS , but
less strict for gaseous detectors such as the TPC . This difference is evident in their
energy loss measurements in Figure 2.20. The ITS has little room for separation over
a few GeV /¢, whilst the TPC can still achieve a good separation in the tens of GeV /¢,
see Fig. 2.19b.

ITS In the ITS only the outer four layers are able to provide information about
energy loss. The cluster charge is normalised to the track length found from the final
track fit parameters, to retrieve a value of dE/dx for each layer. These measurements
are then combined: if all four layers are available a mean of the lowest two values
is performed, if three layers are available a weighted mean of the lowest (weight 1)
and second lowest (weight 1/2) is performed, called truncated mean. A plot of the
results of this process is shown in Figure 2.20a.

TPC In the TPC a large variety of physical properties are measured: momentum,
charge, energy loss. In the low momentum range, up to 1 GeV/c, the PID can be
performed on a track-by-track basis, whereas above that multi-gaussian fits can still
statistically separate particles with long tracks (over 130 samples) and with the trun-
cated mean method the dE/dx peak is a gaussian shape. The dE/dx precision is
roughly ~ 5% (pp ) to = 6.5% (central Pb—Pb ) and this points to a reliable PID up to
~ 20 GeV/c. The main limitation is the statistical precision, giving way to possible
future improvements that could expand the 20 GeV /¢ limit to ~ 50 GeV /c. A plot of
the results of this process are plotted in Figure 2.20b
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FIGURE 2.20: Particle Identification by energy loss in TPC and ITS

Time of Flight

This method of particle identification is based on the measurement of the particle
velocity.

The basic principle is that, if the knowledge about the momentum is available,
the particle mass can be recovered measuring its velocity. This in turn can be mea-
sured knowing the track length and the time of flight. The relativistic momentum
can be expressed as p = mf~, then the mass becomes:

P
- (2.4)

where p is the momentum, 5 and ~y are the relativistic factors.

m =

TOF Detector

A plot of the measured /3 from TOF as a function of momentum is shown in Figure
2.21, where the separation power can be appreciated. The majority of the back-
ground comes from mismatching of tracks to TOF hits in the high multiplicity envi-
ronment of Pb—Pb collisions, telling it is not related to the detector performance but
rather to the track density. In fact for tracks above 1 GeV /cin central Pb—Pb collisions
the TOF pad occupancy is ~ 6.7%, which in turns produces a mismatch fraction of
~ 6.7%.

Cherenkov Light

This method of particle identification is based on a threshold phenomenon of light
emission in a medium.

The Cherenkov phenomenon happens when charged particles travel through a medium

at velocities above the light speed in the medium itself: the result is a characteristic
light emission in a specific direction. The emission happens with a typical distribu-
tion centred around a certain angle , defining a characteristic cone of light, related
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FIGURE 2.21: Distribution of 3 as measured by the TOF detector
as a function of momentum for particles reaching the TOF in
Pb-Pb interactions. The figure is taken from [150].

by the speed of the particle () and the refractive index of the medium (n) by:

1

cos(0) = e (2.5)
The goal of the detector is then to determine the angle § and combine it with the
(known by construction) refractive index to find the particle speed. In the Ring
Imaging Cherenkov this is made by having the particle cross a layer of medium and
then collecting the resulting photons on a photodetection plane, placed at a given
distance. The collected photons positions on the plane are then measured and a fit
is performed to calculate the circle radius. The radius is then combined with the
distance from the radiator to the screen to determine the angle 6.

HMPID

The detector is a collection of 7 identical proximity-focusing RICH modules, with
a refractive index for the radiator of n ~ 1.289 at 175nm. The PID is performed
track-by-track. The detector help in the PID effort is strongly suppressed by the
geometrical acceptance: the matching ratio to the TPC tracks is roughly 5%, which
is consistent with the acceptance of 5%.

A plot of the measured cherenkov angle of the HMPID as a function of momen-
tum is shown in Figure 2.22.
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Chapter 3

Measurement of the ¢-meson pair
production

This chapter illustrates the methodology, the careful cross-checks and the results of
the analysis performed for the measurement of the ¢-meson pair production. In
addition, an overview of the future prospects will be discussed with ideas for novel
ways this measurement could help us improve our understanding of strangeness
production in high-energy collisions and the hadronisation process.
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3.1 Physics Motivation

Section 1 describes at length the numerous characteristics and results published
about the QGP. One of the most interesting recent results consists in the emergence
of high-density QCD reminiscent signals in small systems, most notably the discov-
ery of Strangeness Enhancement in pp collisions [63].

These results point to a gradual enhancement as a function of multiplicity, rather
than a threshold effect from pp to Pb—Pb collisions. Indeed relative yield of strange
particles evolves as a function of the final state charged-particle multiplicity, which
increases from pp to p—Pb and to Pb—Pb . This trend hints at some gradually onset-
ting phenomena which could be interpreted as the initial creation of a small droplets
of QGP gradually becoming the thermalised QGP fireball that forms in heavy-ions
collisions. These new possibile interpretations helped steering considerable efforts
that led to the observation of other QGP reminiscent phenomena in small systems
such as the ones discussed in Section 1.3.

The discussion in section 1.3.1 also revealed how the conversation quickly shifted
to finding new ways to extract more information from available data and at that a
popular way is to elaborate new event classifiers. The presented analysis is a step
forward towards a more in depth characterisation of the production of strange par-
ticles and the understanding of the phenomenon of strangeness enhancement alto-
gether. The path taken here is to extract more information about the particle pro-
duction in each event, rather than extract a more general information in differently
classified events. The new approach can then potentially be combined with new ex-
citing classifiers to maximise the insight we can get from the data available to us.

In this context, the ¢ meson is a probe of choice: it is a bound state of s§ quarks,
which makes it strongly dependent on the strangeness production of the event.
Moreover, it is a widely studied particle with already many results on its production,
correlations with other particles and other physical quantities. It also has the ad-
vantage to be described quite differently among phenomenological models, which
bestows it a critical advantage in model discrimination and tuning. A more detailed
description will be given in section 3.11.
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3.2 Data sample

The presented analysis uses both data from the LHC Run 1 (2009-2013) for pp collisions
at /s = 7 TeV and Run 2 (2015-2018) for pp collisions at /s = 5.02 TeV. The event
selection was performed using the Minimum Bias trigger for the inclusive analysis
and the INEL>0 for the final state charged multiplicity analysis. The minimum bias
trigger requires a signal on the VOA and on the VOC. The INEL>0 requires at least
one charged particle in || < 0.5

After the trigger selection, a further selection on the vertex is performed. Two
types of vertices can be used as selected vertex: SPD vertex, measured from the SPD
tracklets, and tracking vertex, measured by extrapolating all reconstructed (primary)
tracks in the interaction region to a single common origin. The following selections
and cuts have been applied:

1. If the SPD vertex has not been reconstructed, the event is discarded. The SPD
vertex is considered as the vertex candidate.

2. If the tracking vertex is available.

(a) The tracking vertex is considered as the vertex candidate.

(b) If the z coordinate of the two vertices are more than 0.5 cm apart, the event
is discared.

3. If the vertex candidate z coordinate is farther than 10 cm from the nominal
interaction point, the event is discarded.

4. The event is required to have a full DAQ reconstruction
5. The event should not be flagged as pile-up

After the selection is applied roughly 281 millions events are considered in pp collisions
at /s = 7 TeV and 1.764 billions in pp collisions at /s = 5.02 TeV.

The Monte Carlo productions used for the efficiency calculations make use of
the the PYTHIA generator [156, 180], PYTHIA®6 for the /s = 7 TeV dataset and
PHYTHIAS.2 for the /s = 5.02 TeV dataset.
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3.3 Track Selection

In ALICE the ¢ meson is mainly reconstructed via invariant mass of leptons, in
the forward and central region, and kaons, in the central region. Considering the
branching ratios of these decays, about 1% for the former and 50% for the latter, the
kaon decay channel was chosen. The main target of our selection effort is then pri-
mary charged kaons. First a quality cut is performed to have a pool of good primary
tracks to use in the analysis, secondly a particle identification cut is applied in order
to select those tracks that are compatible with the kaon hypotesis.

3.3.1 Track quality selection

First we review the quality cuts to identify primary tracks. We make use of the
standard cuts for primary particles in ALICE®:

1. A minimum number of rows crossed in the TPC (N, Tpc > 70)
A maximum x? per cluster in the TPC (x4po < 4)

Reject kink daughters

Require ITS refits?

Require TPC refits

Minimum number of clusters in SPD: 1

lzy—DCA| < 0.0182 + 0.0350/pr %! cm (7-0 cut)

A maximum 2 per TPC -constrained Global fit (X%G 7 < 36)

Y ® N o Aok L DN

|z=—DCA| < 2cm.
10. A maximum x? per cluster in the ITS (x%7¢ < 36)

Where z—DCA is the component of the Distance of Closest Approach (DCA) of the
track parallel to the beam pipe and xy—DCA is the perpendicular component. Al-
though the standard cuts are used, the cuts a re-implemented in the analysis to pro-
vide full control for systematic uncertainty evaluation. In addition to these selections
we add a cut in 7, pr for the kaons and rapidity for the ¢-meson candidate:

1. charge of kaon candidate equal to 1

2. pr of kaon candidate larger than 0.15 GeV (pr > 0.15 GeV)

3. n of kaon candidate in range [-0.8,0.8] (|n| < 0.8)

4. Reconstructed ¢ candidate in rapidity range [-0.5,0.5] (jy| < 0.5)

The first two are a requirement to select candidates within optimal detector accep-
tance and avoid distortions effect on the acceptance edges, the second one is a phys-
ical cut as the measurement is performed at mid-rapidity.

We resort to the cuts implemented in DPG Track Filterbit 5 that incorporates the
GetStandardITSTPCTrackCuts2010 () selection on the tracks.
ZA special refit in uncalibrated coordinates improves the track model entropy encoding [181]


https://twiki.cern.ch/twiki/bin/viewauth/ALICE/AliDPGtoolsFilteringCuts#Run_flag_1000_AddTrackCutsLHC10b
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3.3.2 PID Selection

Once the primary tracks are selected, we proceed to the particle identification us-
ing the TPC and TOF detectors, respectively measuring the energy loss and the time
of flight of the particle. The selection is made using the o of the detector det,
this quantity represents the difference between the measured signal (S9°') and the
expected signal for a given mass hypothesis (S:.};), normalised to the detector reso-

part
lution (oget(part)):

Sdet _ SeXp
det part
no = — 3.1
part Tdet (part) ( )
STPC _ SeXp
TPC kaons
no = — =AU 3.2
kaons OTPC (kaons) ( )
STOF _ SeXP
TOF kaons
no = ——faons 3.3
kaons OTOF (kaons) ( )

It reflects the detector confidence for a given track being compatible with a given
mass hypotesis. The selections used in the analysis are:

1. If the track does not match a TOF hit:

TPC
kaons

|no | < 3.0selection on TPC signal is performed (this is called TPC standalone)

2. If the track matches a TOF hit:

TPC

e.] < 5.0 selection on TPC signal is performed

o
and

|nJTOF | < 3.0 selection on TOF signal (this is called TOF veto).

kaons

During the analysis quality checks, the presence of unexpected imperfections in the
TPC calibration was discovered. The imperfection concerned the very low momen-
tum region and was consistent with a shift of the expected value, effectively moving
the mean of the distribution of up to -4 (from the expected 0), in the < 0.28 GeV /¢
region, as can be seen in Figure 3.1b.

This unexpected behaviour would have heavily affected the low momentum
measurements, as the standard cut would require to consider only tracks with the
TPC standalone cut® [noFS | < 3.0, guaranteeing the exclusion of good kaons can-
didates. Moreover, moving our attention to Figure 3.1, the unexpected nature of this
imperfection shows how the reconstruction efficiency x acceptance, driven by the
Monte Carlo reconstruction, would underestimate the kaons loss. This altogether
would affect considerably the low momentum PID selection performance.

To avoid the underestimation and signal rejection, the TPC selection is widened
to IJE§§IS| < 7.0 for tracks having a pr < 0.28 GeV. Given this is an already wide
selection, that involves a very small fraction of tracks, it will not be concerned by
variations made to evaluate the systematic uncertainty. A more clear visualisation

of the issue can be seen in Figure 3.5 middle-right panel.

3TOF contribution on PID start to be relevant at ~ 0.8 GeV/c
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FIGURE 3.1: Unexpected imperfection in TPC PID predictions for
kaons in pp collision at /s = 7 TeV.

3.3.3 Quality Assurance

To ensure a correct selection and a reliable reproduction of the data by the Monte
Carlo simulation we can take a look at various distributions in both datasets. All
distributions are intended after all quality and PID cuts, and represents the tracks
used in the analysis. For the kinematic quantities pseudorapidity (n) and azimuthal
angle (), the tracks are compared taking into account their electric charge, com-
paring positive and negative tracks separately. Figure 3.2 show such comparisons,
highlighting how the Monte Carlo correctly reproduces data and how the track sign
is not affecting the reproducibility goodness. The 7 distribution also provides a
check on the track cut of |n| < 0.8 working properly. For the DCA distributions,
the tracks are compared separating by their charge. The pr distributions are exam-
ined for the pr -dependent zy-DCA cut and inclusively for the inclusive z-DCA cut.
Figure 3.3 shows the distributions, compared to the Monte Carlo, which provides
again a way to check the goodness of the Monte Carlo to reproduce data. Together
with that, the pr distribution is reported for data only and compared instead to the
nominal cuts performed. The distributions also provide a check on the z—DCA cut
of |z=—=DCA| < 2cm is working properly together with the xy—DCA pt -dependent
cut. For the PID selection, multiple checks are done as in Figures 3.4-3.5. First (Top
panel), the signal from all tracks is recorded to check the resulting distribution in
momentum is as expected. Then the signal from the kaons selected only is superim-
posed to check the selection is done properly both in TOF and TPC . Then (Central
panel), the distribution for all tracks in NoPE! is plotted with a line depicting the
cuts performed in the analysis to check we are correctly selecting the kaons. Lastly
(Lower panel), we check the Monte Carlo simulation correctly reproduce the data by
comparing the integral (f,,,) within a no window (N,,,) normalised to the integral
that falls within 50 (N5,).
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1D Analysis 2D Analysis

Bin Min Max | Bin Min Max || Bin Min Max
1 04 0.6 11 1.6 1.8 1 04 09
2 06 07 |12 18 20 2 0.9 1.2
3 0.7 08 13 20 24 3 1.2 1.4
4 0.8 09 14 24 28 4 14 1.7
5 0.9 1.0 15 28 32 5 1.7 20
6 1.0 1.1 16 32 3.6 6 20 25
7 1.1 1.2 17 3.6 4.0 7 25 40
8 1.2 1.3 18 4.0 5.0 8 40 80
9 1.3 14 | 19 50 6.0

10 14 1.6 19 6.0 8.0

TABLE 3.1: The pr bins used in the analysis, all values are in GeV /¢

3.4 Signal Extraction

The raw yield of the ¢(1020) is measured via the invariant-mass reconstruction tech-
nique in the decay channel ¢ — K~K™. The yield of the ¢(1020) pair is measured
via a generalisation of the invariant-mass reconstruction technique in the same de-
cay channel. The data samples used for the analysis are discussed in Section 3.2., the
list of bins are listed in Table 3.1.

3.4.1 Extraction of ¢ meson

Charged kaons used in the analysis are requested to pass the selections on track
and PID as described in sections 3.3 and 3.3.2. The invariant mass of the candi-
date is taken combining the quadri-momentum of selected tracks, after they are as-
signed the reference mass for charged kaons 493.677 MeV /c?[1]. The rapidity of the
¢-meson candidate is requested to be within |y| < 0.5. For each event, all unlike
sign pairs of kaons are used, generating a distribution with the signal on top of a
combinatorial background.

For reasons that will become clear in the next section, we do not make use of the
background subtraction technique. Instead the signal extraction is done through a
2-component fit, one to model the signal and one to model the background:

ftotal(mKi ) - Asigfsig (mKi ) + Abkgfbkg (mKi ) (3.4)
where my+ is the invariant mass of two opposite-sign kaon candidates.
Signal Component The signal component is modelled through a Voigtian func-

tion. This function is the convolution of the non-relativistic Breit-Wigner fpw(x;m,I")
and a Gaussian fgaus(X; i, 0):

fGaus(mKi) = 0'¢\1/%e( QGi ) (3.5)
_ 1 Ly
Fon (i) = o e~ me)? 1 (027 e
+oo
fsig(mKi) = fvc (mKi ) = fGaus (mKi — Mg+ )fBW(mKi )dei (3.7)

—00
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where I'y is the ¢-meson width, my is the ¢-meson mass, o is the invariant mass
resolution.

Background Component The background component is modelled through a Ce-
bysév polynomial of third degree:

foxg(my+) = [1 + e (mKi) + ¢ (2mf<i — 1) + c3 (4mf’<i — 3mK:l:):| (3.8)

where ¢; represent the power coefficient for the polynomial.

Integral Signal Loss The developed fit procedure has been designed to only return
the number of ¢ mesons within the fit range. For this reason one has to correct
to be able to obtain the total number of produced ¢ mesons, which are produced
with invariant masses from the low mass limit to infinity. The low mass limit is
0.995GeV/c? and is the physical limit equivalent to the mass of the two daughter
kaons produced at rest.. To recover the missing yield we use the width and mean
from the fit to build a Breit-Wigner and use the Voigtian from the fit to integrate them
from the low mass limit to infinity and compare this number to the integral over the
measured range.

f0+9<;<>5 few(mg=; g, my)

1.065
Jo.oos ew(myc+; T, my)

Funiss = ~ 0.974 (3.9)

or, alternatively

_l’_
fo 9055 Sva(mg; Ty, my, 04)

Jmiss = ~ 0.974 (3.10)
Joons Jve(muc; T, my, )
Then, the corrected raw count is given as
S
N = —— (3.11)
fmiss

Where S is the signal resulting from the fit.

This correction is performed for each pr bin, simultaneously with the signal ex-
traction itself. The standard correction is calculated using the Voigtian approach.
The Breit-Wigner calculation is used as a cross-check.

3.4.2 Extraction of p-meson pair

The 2D invariant mass extraction starts with the histogram filling. First, a pool of
possible ¢-meson candidates (a suitable K~ K pair) is created, the candidates are
then paired if they share no kaon. For example, if the first ¢-meson candidate is
made from the kaons labeled 4 (positive) and 7 (negative) it will not be coupled to
the pair made from the kaons labeled 6 (positive) and 7 (negative), as it would not
be physical to have to assign the same kaon track as the daughter of two different
phi meson decays. We use all combinations of kaon pairs, so for an event having
kaons 1,2 (positive) and 3,4 (negative) we will use { [1; 3] [2; 4] }, { [2; 3] [1; 4] }. Other
combinations are forbidden by the above argument.

We now have a list of p-meson pairs that can be used to fill the invariant mass his-
togram. Care has to be taken to avoid double counting the ¢-meson pairs when fill-
ing the histogram. For this reason, we introduced an arbitrary ordering in pr for the
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FIGURE 3.6: Example of the Fit results used to extract the yield of ¢

mesons in pr bin [1.0,1.1] GeV (top) and [6.0,8.0] GeV. Highlighted in

solid dark blue is the model, in dashed light blue the background and

in solid red the signal. On the left is the pp collision at /s = 5.02 TeV,
on the right is the pp collision at \/s = 7 TeV
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FIGURE 3.7: BW loss correction factor evaluated using the Voigtian
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¢-meson candidates. Histogram filling is performed exclusively using pairs (¢1,¢2)
when pr1 < pr2, then the first member of the pair will define the z-coordinate and
the second the y-coordinate. The pair will then be used to fill once the differential
histograms corresponding to the chosen pr bin combination. For example, for the
pr bins 2.0-2.5 and 4.0-8.0, [(2.0-2.5),(4.0-8.0)] w3ill be filled but not the opposite (but
equivalent) [(4.0-8.0),(2.0-2.5)]. This ordering can be done on the basis of the 2D
spectrum symmetry for opposite permutations of pr bins. In fact it is easy to imag-
ine that such ordering will leave half the spectrum unpopulated. As a consequence,
only a fit on the upper half and diagonal of the spectrum is performed, assigning the
results and errors to the conjugate bins.

Once the invariant-mass distribution is made, a procedure similar to the one dis-
cussed for the single ¢ meson is performed. A function is used to fit the distribution
in order to extract the signal content. In this section, for the sake of clarity, the in-
variant masses of the paired ¢-mesons will be referred to as my ;, where i is an index
in [1,2]. We can start by developing the product of two invariant-mass distributions
as a function of the two invariant masses:

Fotat(m06,1) frotat(m,2) = fig(mg,1) + fokg (M) | foig(mio.2) + feg(mg) | (312)

= fsig(Mg 1) feig (Mg, 2)+ (3.13)
+ fokg(Mg,1) fsig (Mg 2) + fsig(My,1) fokg (Mg 2)
+ fokg (Me,1) fokg (Mg 2)

(3.14)

Signal description The signal distribution can be modelled as:

fs%lg)(m¢,17 m¢72) = fsig(m¢,1)fsig(m¢,2) (315)

and only takes into account the component of Equation 3.13 that combines signal
functions from both 1D models.
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Background description The background distribution can be modelled as:

fogMp1,mga) = Capfeig(me1) forg(Mp2) + (3.16)
+  Chos fokg(Mg,1) fsig(Mg 2) + (3.17)
+ Cbb fokg(Mp,1) fokg (M 2)

and takes into account all the components of Equation 3.13 that combines at least
one background function from either 1D model. Cy;,, Ch,s and Cyp, are normalisation
constants constrained to be positive for all terms.

Full model description From the above results we can define:

fomi (M1, My 2) = AZD f30(my 1, mg0) + fiy (Mg 1, my ) (3.18)
as the full model function that is ultimately used to fit the invariant-mass distribu-
tion. It is worth noting that in the fit procedure not all parameters are free, as will be
explained in the next paragraph.

Shape Evaluation The fitting function (Eq. 3.18) is a complex multi-parameter
model which has three parameters for each single signal function (mg,I'y, 04) and
five for each background function (c;). On top of that, we must consider the four
normalisation constants Agg, Csb, Cbs, Cop. This last addition brings the total free
parameters to 16. However, a 2-dimensional fit is already a complicated endeavour
and the large number of free parameters could result in non-converging results or
large uncertainties. The results are then improved by constraining the parameters
defining the shape of the background and signal shape mg, 4, 04, ¢;. The normali-
sation constants are, of course, not constrainable a priori and their evaluation is the
result of the fitting effort. Our goal is then to constrain the parameters listed above.

Firstly, we can see that the combinatorial background is dependent on the trans-
verse momentum interval we are examining, as can be appreciated in Figure 3.6. Itis,
in fact, a combination of unrelated kaons (with possible contaminations of other par-
ticles) that can have random or non-trivial correlations among them and an identical
behaviour in the full pt range is hardly possible. The implications of this observa-
tion are that we need to have a pr dependent approach to measure the background
parameters to assign their values and constrain them in the 2D fit.

Secondly, we turn our attention to the signal functions. Of the three parame-
ters, only oy, the detector invariant-mass resolution, is pr dependent and its value
is fixed based on Monte Carlo studies that will be explained in section 3.5.3. The
mass and width of the ¢ meson are not expected to be sensitive to the measurement
pr range. Nevertheless, detector effects slightly shift the centre of the invariant mass
peak, effectively shifting the ¢-meson mass. For this reason, the width is fixed in all
fits, 1D or 2D, and the mass is a free parameter.

In this scenario, we managed to fix four parameters (I'y 1, 'y 2, 04,1, 0¢2), We
know that four need to be free (Agig, Csb, Chs, Cpb) so we now need a way to con-
strain the remaining ones: this is done through a pre-fitting procedure that ought to
be a function of the candidate pr . All 2D invariant mass histograms are filled with
combinations of ¢-meson candidates in two given pr ranges. We can then consider
the invariant mass distribution of all $-meson candidates in one given pr range and
fit it according to the fiota model. The fit results will yield values for all the missing
parameters (my, ¢;). These values can be used in the 2D fit as constants.
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This procedure allows one to obtain the shapes of the ¢-meson and of the back-
ground invariant mass distribution, hence leaving only the normalisation of the dis-
tributions as free parameters in the 2D invariant mass fit. A summary of the standard
parameter values used is given in Table 3.3.
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FIGURE 3.8: Example of the Fit results used to extract the yield of
¢-meson pairs in pr bin [1.2;1.4][1.4;,1.7] GeV/c. Highlighted in solid
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ground components and in solid red the signal. Each columns repre-
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Vs =TTeV.
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3.5 Simulation

A number of corrections have been carried out using the simulated dataset an-
chored* to the data used in this analysis. In particular, we used a general purpose
Monte Carlo based on the PYTHIA [156, 180] event generator, using the GEANT3
[182] software to simulate particle transport in the experiment and interaction with
the materials of the detector.

3.5.1 Efficiency x Acceptance

The Efficiency x Acceptance (¢) correction factor is pr dependent and has been de-

fined as:
NT’€C

Ngen
N"*¢ the number of reconstructed ¢ mesons after applying all track selection and
particle identification cuts. Moreover it is required that the reconstructed rapidity is
|Yrec| < 0.5. N9¢™ is the number of ¢ mesons that are generated in the Monte Carlo
decaying in K™K™, of all the events that pass the quality cuts. Moreover it is re-
quired that the rapidity of the meson is |ygen| < 0.5.

The 1D efficiency measured in the simulation can be seen in Figures 3.9-3.10.
A check on the dependence of the efficiency on the multiplicity classes is also per-
formed shown in Figures 3.11-3.12. The uncertainty in ¢(p) is calculated using the
Binomial statistics approach described in [183]. The standard deviation in an effi-
ciency € = k/n, where the numerator k is a subset of the denominator n, is

e(pr) = (3.19)

sz =€) (3.20)
n

The statistical uncertainty o. is added in quadrature with the statistical uncertainty

of the uncorrected ¢ yield to give the total statistical uncertainty of the corrected ¢

yield. Its contribution is of similar magnitude with respect to the uncertainty from

the signal extraction.

This efficiency can be trivially generalised for the ¢-meson pair analysis. The
numerator now requires that both ¢ mesons are reconstructed in mid-rapidity af-
ter applying all track selection and particle identification cuts, and the denominator
represents the ¢-meson pair participants both decay in K" K*. As we make no fur-
ther assumption or requirement on the ¢-meson pair than we would on two sepa-
rate ¢ mesons, we do not expect any (anti-)correlation effects, nor we expected this
efficiency to be any different than the square of the single ¢ meson. With this as-
sumption in mind, we can define the ¢-meson pair efficiency x acceptance as:

e(pr1,pr2) = e(pT1)e(pr2) (3.21)

where pr; represents the transverse momentum of the i-component of the pair. A
comparison between the efficiency measured in the simulation (Eq. 3.19) generalised
to the 2D case and the one derived from the 1D efficiency (Eq. 3.21) can be seen in
Figure 3.13, 3.14. The two methods are equivalent within uncertainties, validating

*Anchored productions are done considering all the features of the detector at the time of data
taking. It is used to calculate acceptance and efficiency as it reproduces closely the recorded detector
behaviour, for example taking into account possible temporary dead zones or different gas mixtures.
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our previous assumption, with the latter greatly improving the uncertainty propa-
gated to the spectrum. For this reason, Eq. 3.21 is used as the efficiency correction
for the 2D transverse momentum spectrum.

For the multiplicity analysis a similar assumption is made, for which the effi-
ciency and acceptance correction should be independent of the multiplicity selec-
tion. The multiplicity selection indicates the event sample to analyse: this does not
affect the acceptance and is not expected to have a significant impact on the detec-
tors efficiency. A comparison to validate this assumption can be found in Figure ??,
where all the curves are compatible within uncertainty. The inclusive correction is
taken as default as it significantly improves the uncertainty propagated to the spec-
tra. Its contribution is slightly more than an order of magnitude lower with respect
to the uncertainty from the signal extraction.
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FIGURE 3.9: Efficiency x acceptance as a function of transverse mo-
mentum. The colours represent different periods of anchored Monte
Carlo production as a test of homogeneity among productions.
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3.5.2 Signal Loss

The Signal Loss correction (fs1) takes into account the amount of ¢ mesons or ¢-
meson pairs lost due to the trigger selection, which selects only a part of the to-
tal inelastic interactions. In this section, all quantities are considered with a vertex
within |v,| < 10cm. Furthermore, we are only considering ¢ mesons decaying in
K~ K" generated at mid-rapidity |ygen| < 0.5.

To understand the impact of the trigger selection, we devise the ratio:

Nyen*

~ger (3.22)

fsr(pr) =
We already defined N9“" as the number of ¢ mesons that are generated in the Monte
Carlo in events passing the quality cuts. N9“"* is then the number of ¢ mesons that
are generated in the Monte Carlo in all events.

The fs is expected to be zero when no correction is present and greater than
zero if a correction is needed. The correction is essentially the inverse of the trigger
efficiency for ¢ mesons minus 1.

Figures 3.15-3.16 shows the signal loss correction for the 1D analysis whereas
Figures 3.17-3.18 shows the Signal Loss correction for the 2D analysis. A comparison
with 2D signal loss reconstruction from the 1D analysis, in a similar fashion to what
was done in Eq. 3.21, is also shown. The estimation of signal lost, about 0.5-1% is
low compared to the systematic uncertainty in the same low-p bins, of about 5-10%
(Figg. 3.15-3.16-3.25). That being the case the correction is not considered.
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FIGURE 3.18: Signal loss as a function of transverse momentum. The
colours represent different periods of anchored Monte Carlo produc-

tion as a test of homogeneity among productions.
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3.5.3 Mass resolution

A useful measurement that can be performed using the Monte Carlo reconstruction
is the mass resolution. This quantity can be extracted from the distribution Am =
Mypec — Mgen, Where mye. is the mass of the reconstructed ¢-meson and mge, is the
mass of the generated ¢-meson, and from the invariant-mass distribution of mye..
An example of such distributions can be seen in Figure 3.20.

These two distributions provide a number of ways to measure the mass resolu-
tion so as to fix this parameter in the signal extraction procedure. The three methods
that will be considered in this analysis are:

o, The resolution is extracted fitting a Voigtian function to the invariant mass
distribution in the Monte Carlo dataset, fixing mass and width.®

o. The resolution is taken as the RMS of the mass difference distribution trun-
cated at 30

o7 The resolution is taken as the o of the Gauss fit of the difference distribution
truncated at 20

The results for these three methods are shown in Figure 3.20. The (o.) will be used as
the default value, the others are used to evaluate the uncertainty on the resolution.
The relative deviation of the variations can be seen in the bottom part of figure 3.20.
Given the deviations are roughly constant on average and this behaviour is seen for
both the low and high estimation we can take a constant 10% systematic error for
the resolution, as a conservative approach.

5The width and mass are fixed to the value of a fit on the generated invariant mass. Moreover the
mass is shifted through the pr bins using the mean of the rec-true histogram.
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FIGURE 3.19: The invariant mass resolution measurement methods.
(top) gaussian fit in all considered ranges, (middle) RMS within all
considered ranges, (bottom) fit on (simulated) reconstructed invari-
ant mass. pp collision at /s = 5.02 TeV.
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3.6 Normalisation

After the signal extraction with the invariant mass technique we have now pt spectra
for both ¢ mesons and ¢-meson pairs. On top of the mentioned Acceptance x Ef-
ficiency (g) correction a number of other factors go into calculating the corrected
spectra.

3.6.1 Inclusive analysis

The corrections applied to the pt spectra for the 1D (Eq. 3.23) and for the 2D (Eq.
3.24) analysis are:

dprdy  AprAye(pr)BR Neys '
dNS Taw 1
b . o EtrgEvix (324)

dpridprady  Apr1Apr2Ay e(pri, pro)BR? Neys

Ngﬁa(ﬁ;’) How many ¢ mesons (pairs) are found from the invariant mass fit, corrected
for the integral signal loss (Sec. 3.4.1).

pr() pr (relative to the i-component of the pair)
Apr(;) pr bin width (relative to the i-component of the pair)
Ay Rapidity bin width, in mid-rapidity is 1 (-0.5 < y < 0.5).
¢ Efficiency x Acceptance correction (Sec. 3.5).
BR Branching ratio for the ¢ =K~ K*decay (BR =49.2 + 0.5 %) [1].
eug Trigger Efficiency [184~186]

Vs =TTeV ey = 852753 %
Vs =5.02TeV eyg = 75.7 £ 1.5%

evix Ratio between the number of triggered events not flagged as pileup and with
complete DAQ and the number of events for which a good vertex was found,
without the cut on the vertex position.

Nevs Number of events after all selections.

3.6.2 Multiplicity analysis

The corrections applied to the pt spectra for the 1D (Eq. 3.25) and for the 2D (Eq.
3.26) analysis are:

dN2 Nraw 1
¢ _ __¢ EVOM (3.25)
dprdy  AprAy e(pr)BR Neys|vom
dNS raw
o0 _ ¢¢ L VoM (3.26)

dpridpredy  ApriApraAy e(pri, pr2)BR? Nevslvom

evom Number of events in the VOM class.
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Nevs|vom Efficiency of event selection in the VOM class 6,

All others are defined above.

5The selection in VOM takes the signal amplitude in the VOA and VOC and divides the events in
percentiles, where the 0-1% are the 1% most central (high-multiplicity in pp ) events and the 99-100%
are the 1% most peripheral (low-multiplicity in pp ) events
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3.7 Signal Extrapolation

After the signal extraction procedure (Sec. 3.4) and subsequent corrections (Sec. 3.5
- 3.6) we are left with incomplete spectra for both ¢ meson and ¢-meson pairs: the
measurement is performed in the pt range [0.40,8.0] GeV /c for both.

To have a full measurement of the yields, i.e. integrated over the full pt range,
we must extrapolate in the low and high pr region. The extrapolation procedure is
performed by fitting the full available spectrum with a given function and then inte-
grating the function in the low-pt ([0.0,0.4] GeV /c). The high-pr ([8.00,+00] GeV /c)
contribution is negligible.

The presented analysis makes use of the Lévy-Tsallis function [187]. This func-
tion has been extensively used within the ALICE Collaboration [59, 65, 67, 155, 185,
188-190] and previously at RHIC [191]. The functional form describes the shape
of the exponential spectra at low transverse momentum and the power law distri-
butions at large pr with an inverse slope parameter 7' and an exponent parameter
n.

dNgy (n—1)(n—2) (1+mT—m)—n

dy nT(nT + m(n — 2))pT nT (3.27)

f Lévy =
m is the ¢-meson mass.

mr is the ¢-meson transverse mass, defined as |/m? + p?r.

T,n are the inverse slope parameter and the exponent parameter respectively
dN,/dy is the differential yield in rapidity unit.

In Table 3.2 a summary of the extrapolated yields for the inclusive ¢ meson and ¢-
meson pair for the pp at /s = 7 TeV is reported. The 1D analysis has approximately
14% of extrapolated yield, whereas the 2D case increases this fraction to 20%. In the
pp at+/s = 5.02 TeV inclusive and multiplicity dependent analysis the extrapolation
fraction is comparable.

3.7.1 Uncertainty estimation

The uncertainty estimation of the extrapolated quantities consists in calculating the
portion of uncertainty determined by the statistical or systematical fluctuations of
data points. To this end, we resort to a numerical approach rather than a theoret-
ical one. The spectrum is first considered with only the statistical (systematical)
uncertainty. After, we generate a random value for each point, following a normal
distribution with the point value as average and the point uncertainty as standard
deviation. Every datapoint is then independently shifted by the calculated offset.
The systematical (statistical) uncertainty is then combined for every point, meaning
the spectrum now has the full uncertainty (square sum of statistical and systemat-
ical uncertainty). Now, the spectrum is ready for the extrapolation to be repeated.
This mechanism is repeated a number of times (in this analysis 500 times) until the
histogram containing the results of all repetitions of this procedure can now be used
to assign the statistical (systematical) uncertainty to the extrapolated quantity.

There is an additional systematic uncertainty to apply on the measured extrapo-
lated yield. In fact the choice of the Lévy-Tsallis function is arbitrary, and so a set of
different functions is used to extrapolate the yield and used as a systematic uncer-
tainty. Moreover, the fit range changes the extrapolated yield value, so different fit
ranges are also considered.
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The functions used for the systematic evaluation are taken from a pool of com-

monly used extrapolation functions [152]:

Lévy-Tsallis function fitted from 0.4 GeV/cup to 1.5, 2.0 and 4.0 GeV /¢

dN, (n—1)(n—2)
dy nT(nT +m(n —2

mr — m>_”

))pT(l + o

f Lévy —
Mr-Exponential fitted from 0.4 GeV /cup to 1.5, 2.0 and 4.0 GeV /¢

m—mg
et

Boltzmann fitted from 0.4 GeV/cup to 1.5,2.0 and 4.0 GeV /¢

dN, exp (m}mT>
fBoltz = d prmrt 2
Y T<2T +2mT + m2)

Bose-Einstein fitted from 0.4 GeV/c up to 1.5, 2.0 and 4.0 GeV /¢

_dNg P (%) -1
fo-E = q pTeXp (%) _1

The extrapolation uncertainty evaluation is shown in Figure 3.22.

3.7.2 Average transverse momentum

Average transverse momentum (pt) of the spectra is calculated as follows:

(3.28)

(3.29)

(3.30)

(3.31)

1. The (pt) of the un-measured region is calculated thorugh the chosen extrapo-

lation function:

=]

A4 A
04 1

0
F= [f(pr)dpr (pT>‘0 .= F/f(pT)ppoT
.0 0.0

(=]

(3.32)

where f is the function used for the extrapolation process, and pr is the aver-

age transverse momentum.

2. The (pr) of the measured region is calculate through a weighted mean over

the histogram bins:

bins 8.0 bins

=Y HOWG) )] = 1D HOWEHCG)
i=1 i=

=1

(3.33)

where i runs on all bins, H(i) is the i-bin content, W (i) is the i-bin width, C(i)

is the i-bin center.
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FIGURE 3.21: Schematic representation of the extrapolation method-
ology for the 2D ¢-meson pair pt spectrum.

3. The (pr) of the two regions are averaged together, with the corresponding
weight:
_ Flom)foo + Kpr)lo:s

3.7.3 Extrapolation of ¢-meson yield

The extrapolation for the ¢-meson yield is performed by fitting the full spectrum
with a Lévy-Tsallis function and then integrating the function in the low-pr ([0.0,0.4]
GeV/c).

3.7.4 Extrapolation of ¢-meson pairs yield

The extrapolation for the ¢-meson pair spectrum is performed by slicing the 2-
Dimensional pt -spectrum in each pr bin along one of the axes. These conditional
spectra represent the pr spectrum of a ¢ meson produced with another ¢ meson
with a given pt . One of these spectra is highlighted in the upper part of Fig. 3.21.
Then the extrapolated yield measured in all these conditional spectra is combined
to build a conditional spectrum for down to 0 pt ¢-mesons pairs, this is labeled as
the first extrapolation. One can then see that, given the symmetry of the yield, the
only range missing is the down to 0 pr point for both ¢-mesons, in our analysis
[0.0,0.4,0.0,0.4] GeV /c. This is measured extrapolating the spectrum composed from
the extrapolations of the measured yield.
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FIGURE 3.22: Summary of the extrapolation process uncertainty eval-
uation for the 1D spectrum. Statistical point fluctuations (top 2 rows),
systematical point fluctuations (center 2 rows) and extrapolation sys-
tematics (bottom 2 rows). In each set of histograms there is the cumu-
lative fits performed (top left) with a focus on low (top center) and
high (top right) pr regions and ratio to data (bottom left) with varia-
tions for yield (bottom center) and mean pr (bottom right).
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‘ pr,, ‘ dNgy/dy (x103) ‘ dNext/dy (x103) ‘ Fraction
1D | Full 32.121 4.465 13.9%
[0.0,0.4] | 0.958 0.128 13.4%
[0.4,0.9] | 1.839 0.210 11.4%
[0.9;1.2] | 1.573 0.197 12.5%
[1.2;,1.4] | 1.066 0.130 12.2%

2D | [1.4,1.7] | 1.070 0.141 13.2%
[1.7,2.0] | 0.706 0.090 12.8%
[2.0,2.5] | 0.414 0.047 11.3%
[2.5;4.0] | 0.140 0.013 9.3%
[4.0;8.0] | 0.016 0.001 8.5%

Full 1.450 0.295 20.3%

TABLE 3.2: Summary of extrapolation fractions for each spectrum for
the pp /s =7 TeV.

3.8 Systematical uncertainties

Various classes of systematic uncertainties related to the presented measurement
have been considered and are explained in details in the following sections. The
classes that have been considered are:

1. Signal Extraction

PID Selection

Global Tracking Efficiency
Analysis Cuts

Material Budget
Hadronic Interaction

Branching Ratio

© N S O ke »DN

Signal Extrapolation

3.8.1 Uncertainty classes
Signal extraction, PID selection, track cuts

The signal extraction systematic represents the uncertainty related to the signal and
background estimation of the fit on the invariant mass distributions. The PID selec-
tion systematic represents the uncertainty related to the PID selection performed to
identify tracks as charged kaons. Track cuts systematic represents the error due to
the quality cuts applied to the track.

The evaluation process for the systematic uncertainty is to repeat the full anal-
ysis on the different datasets (or fit parameters for the signal extraction case) and
determine the extent by which the results differ from the standard case. The list of
standard cuts, parameters and their variations for systematic checks are reported in
Tables 3.3, 3.4 and 3.5.
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Default ‘ Shorthand ‘ Variation

Fit Range [ 0.998 - 1.065 ] RA | [0.996 - 1.059 ]

RB | [ 0.996 - 1.062 ]

RC | [0.996 - 1.065 ]

RD | [ 0.996 - 1.068 ]

RE | [0.996-1.071 ]

RF | [0.998 - 1.059 ]

RG | [0.998 -1.062 ]

RH | [ 0.998 - 1.068 ]

RI | [0.998 -1.071]

RJ | [ 1.000 - 1.059 ]

RK | [ 1.000 - 1.062 ]

RL | [ 1.000 - 1.065 ]

RM | [ 1.000 - 1.068 ]

RN | [1.000 - 1.071 ]

¢-meson Mass Free ‘ N/A ‘ Free
¢$-meson Width Fixed 4.249 MeV[1] | WDT | Free
Mass Resolution Fixed RSH Fixed +10%
RSL Fixed —10%

Background shape 3°ebyv DG2 2°ebyv
DG4 4°ebyv

2D Background shape Fixed | BKG Free

TABLE 3.3: List of all Standard Fit conditions with the variations used
to establish the systematic uncertainty with their shorthand notation.
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Default | Shorthand ‘ Variation

Stand alone TPC 30kaons PID1 +10%
PID2 —10%

Vetoed TPC 50 kaons PID3 +10%
PID4 —10%

TOF veto 30kaons PID5 +10%
PID6 —10%

TABLE 3.4: List of all Standard PID selections with the variation used
to establish the systematic uncertainty

Global Tracking Efficiency, Branching Ratio and Normalisation

The global tracking efficiency represents the uncertainty on the TPC-ITS efficiency
of track matching. It is listed as 4% per track in various publications for Run 1 data
[64]. The uncertainty is evaluated as an overall 8% for the 1D spectrum and yield
and as 16% for the 2D spectra and yield, as it is considered a normalisation uncer-
tainty, that is coherently moving all points up or down by its magnitude. For the
Run 2 data a pr -dependent uncertainty is considered from previous analyses and is
treated similarly to the material budget and hadronic interaction classes. Branching
ratio is treated in a similar way;, listed as 1% [1], and normalisation uncertainties are
reported in 3.6.

The following discussion on the uncertainty is based on the pp collisions at /s =
7 TeV dataset, but it is extended to the pp collisions at /s = 5.02 TeV dataset, and
will make use of the notation introduced in Section 3.10.

(Y4) The uncertainty is assigned directly to the yield:
8% for tracking, 1% for Branching Ratio, fg:?% for Normalisation.

(Ygp) The uncertainty is assigned directly to the yield:
16% for tracking, 2% for Branching Ratio, Jjg:g% for Normalisation.

(Yge)/(Yy) Several contributions cancel in the ratio: The tracking uncertainty over- (under-
)estimate the particle yield. As the effect is the same at the numerator and de-
nominator, the numerator 8% contribution is canceled out in the fraction. The
assigned value is then the 8% left as per the denominator.

An equivalent argument can be made for the branching ratio, the assigned
value is then 1%.

The normalisation is treated in the same fashion, canceling out completely as
it corrects equally the numerator and denominator

Y Y,;)2 The elision above hold true again for this ratio, the considered uncertainties
folo @ g
are: Jjg:g’% for normalisation.
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Default ‘ Shorthand ‘ Variation

Maximum DCA, 2 TRK1 0.2

2 TRK2 1.0

Maximum DCA, 7o 0.0182+0.0350/pt:" | TRK3 | 4o

V2| 10 cm ‘ TRK4 ‘ 8cm

Minimum TPC clusters 70 TRK5 80
70 TRK6 100

Maximum x%p per Cluster 4 TRK7 3
4 TRKS 5

Maximum x%p in Global Constrained 36 TRK9 32
36 TRK10 40

Maximum x%p per Cluster 4 TRK11 3
4 TRK12 5

TPC and ITS refit Required | N/A | Required

Reject Kink Daughter

Required |

N/A ‘ Required

1 Cluster in SPD

Required |

N/A ‘ Required

TABLE 3.5: List of all Standard Track Cuts conditions with the varia-
tion used to establish the systematic uncertainty
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04,74 The interplay of uncertainties for derived quantities is more complex. Here a
numerical approach is taken, where the values of the yields are shifted coher-
ently or not depending on the source, and the corresponding parameters are
calculated with the new values. The RMS of the resulting distribution is taken
as the related uncertainty.

Material Budget & Hadronic Interaction

Material budget systematic class represents how accurately we know the position
and extent of material in the ALICE detector, whereas the hadronic interaction class
represents how good the simulation of the interaction with the material of the detec-
tor is. Both these classes of uncertainty are negligible for the pp collision at /s =
7 TeV dataset [184, 185]. In this dataset the tracking (8-16%) and normalisation
(f;:g;ﬁ) uncertainty are such that relatively small corrections (2-6%) are completely
overshadowed and negligible. The pp collision at /s = 5.02 TeV dataset instead
take the pr -dependent values in [192].

The reported uncertainty is for kaons. The procedure to find the corresponding
uncertainty for the ¢-meson and for the ¢-meson pair is to take advantage of a Monte
Carlo production. The decay products of the ¢ meson(s) are singularly assigned the
uncertainty based on their pt . Then, the uncertainties of all daughters are linearly
summed to provide the uncertainty associated to the starting ¢ meson(s). A profile
histogram is then filled with a statistically significant number of decays to average
the uncertainties for all possible decay kinematics. The resulting histogram is then
taken as uncertainty to assign to the data points.

Regarding the procedure proposed in Section 3.8.3, as there is but one source
of uncertainty, the histogram obtained by the process above is used to produce a
number of fake sources. In a procedure reminiscent of the extrapolation uncertainty
handling (refer to Section 3.7), the true data spectrum is randomised point-by-point
based on the uncertainty under scrutiny. The new spectra are then treated as an
independent source of systematics.

Signal Extrapolation

The discussion on the signal extrapolation is done in Section 3.7.

3.8.2 Uncertainty evaluation

Each class is made of a number of sources that will be evaluated as possible system-
atically relevant variations. To discriminate sources as systematically relevant or not,
a Barlow check is performed (see next section). Then, all classes will be scrutinised
for possible correlations or anti-correlations for inclusive yields or their combina-
tions.

Barlow Check

The Barlow check is a test designed to discriminate a statistical fluctuation from a
systematic variation. After repeating the full analysis with a systematic variation
a number of times with as many different results, let us call them y; &+ 0;, one can
compare them to the default measurement y. & 0. defining the Barlow error as:

Ac; = /|o? — 02| (3.35)

(2 C
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FIGURE 3.23: Example of a rejected Barlow parameter distribution

(left) and an accepted Barlow parameter distribution (right) for the

signal extraction systematic evaluation for the pp at /s = 5.02 TeV
dataset. (see Table 3.3)

Using this error one can then define a Barlow parameter n; defined as:

n; = Ay; _ yi — vl (3.36)

o — a2l /lo? - a2

This parameter defines the fluctuation as within statistical uncertainty if n; < 1,
systematical otherwise. For each systematical variation the Barlow check is applied
and a histogram is filled with the Barlow parameter n; of all pr bins. Then the source
is scrutinised to determine whether it is a systematically significant variation. To
discard the source as a systematical significant contribution the distribution we find
should satisfy at least 3 of the following requirements:

|| < 0.80 Mean of the distribution
o < 1.30 Standard deviation of the distribution
A1, > 55% Area within +1o
Ao, > 75% Area within +20

For each pr bin a histogram is filled with all the sources deemed systematical and
the uncertainty is considered as the sum of the RMS and absolute value of the mean.

Inclusive yields, derived quantities uncertainties and mean pr

The system described in Section 3.8.2 is working when evaluating the single bin un-
certainty. This approach does not take into consideration the possible bin-by-bin
correlations of the systematic classes. To this goal, a further study has been per-
formed to determine the impact of such correlations on the total uncertainty.

The study consists in evaluating the yields for each variation source in each class
if they pass the Barlow Check and are deemed systematical. Then a procedure sim-
ilar to the one of the single pt bin is performed: the ratio between the standard
analysis quantity and the variation source quantity is evaluated, then the mean and
RMS are assigned as overall systematical uncertainty:

Qstp — QvAR (3.37)
Qstp
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FIGURE 3.24: Example of a uncertainty propagation against calcula-
tion as described in Section 3.8.2 for the signal extraction systematic
evaluation for the pp at /s = 5.02 TeV dataset. (see Table 3.3)

where Qstp is the standard measurement for quantity @, Qvagr is the variation mea-
surement for quantity Q.

The requirement for the passing of the Barlow check is performed separately on
the 1D analysis and on the 2D analysis: for each, when a source is considered system-
atical it is used in this overall evaluation. When the quantity is measured combining
the yields the requirement is that at least one of the two yields is systematically sig-
nificant, then both are used to calculate QQyar. The Barlow check is also performed
separately for the conditional (pr ).

3.8.3 Total uncertainty

The total systematical uncertainty is given as the square sum of all systematic uncer-
tainties. In the case of the spectra this operation is done in a bin-by-bin fashion. This
means that all the uncertainties measured for each pr bin are added quadratically.
The results can be seen in Fig. 3.25, for the pp collision at \/s = 7 TeV dataset a
normalisation uncertainty of i’gggﬁ must be added.

For the yields and derived quantities (refer to Section 3.10) the calculated system-
atical uncertainties are assigned and the total systematic uncertainty is the square
sum of all classes.

The full systematic uncertainty for the yields and for the derived quantities can
be seen in Fig. 3.25.
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FIGURE 3.25: (top) final systematical uncertainties on the inclusive ¢

meson pr sepctrum, (bottom) uncertainty on the final derived quan-

tities (refer to Section 3.10). On the left is the pp collision at /s =

5.02 TeV, on the right is the pp collision at /s = 7 TeV. The negative

values for the normalisation uncertainty in the /s = 7 TeV dataset is

due to its asymmetric nature and shows the percentage of value over
and below the central value of reference.
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3.9 Consistency check

A consistency check have been carried out in an attempt to consolidate the analysis
and the result. We refer to yields and derived quantities as discussed in section 3.10.

3.9.1 Volume fluctuation effect

The multiplicity selection on the VOM could lead to a bias called volume fluctuation
[193, 194]. The problem comes from the experience in Pb-Pb collisions, where the
selection of too large centrality bins could skew results because of borders effects in
the selection. The effect is mitigated by selecting finer multiplicity bins, so the anal-
ysis is repeated in smaller VOM intervals. A reference on the intervals used can be
found in Figure 3.27.

The first check was carried out on the anchored PYTHIAS dataset analysing the
distribution of the ¢ mesons produced in narrow (1%) and large (10%) multiplicity
bins. The RMS of the distributions were then measured for both binning alternatives
and the narrow bins were averaged, weighted by their events contributors, to com-
pare to the large bins. This is shown in Figure 3.26a.

The second check was performed on data. The pp at /s = 5.02 TeV was used,
measuring the yields in finer bins of VOM multiplicity. The 4 was chosen as a ref-
erence for the results as it is the most sensitive to the volume effect. The results are
shown in Figure 3.26b.

Both these checks provide a clear indication that the volume effect is not an inter-
ference to our measurement, as all the shown results are compatible within statistical
uncertainty.
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3.10 Deducing the ¢»-meson production variance and new pa-
rameter v,
The measurement to the ¢-meson pair yield makes it possible to study the ¢-meson

production probability distribution in a new way. If we take a look at the definition
of the inclusive productions:

dn,
Yy) = T; (3.38)
= <n1¢—|—2n2¢+3n3¢+...>
dn,
Yos) = =g* (3.39)

= <n2¢+3n3¢+6n4¢+...>

— (k =k
(Yig) = Z<Z>nk¢zzz‘(l€—z)|nk¢ (3.40)

k=0 =0

where dNy/dy and dNy,/dy are the pr -integrated yields of the ¢ meson and ¢-
meson pairs respectively, n;, is the probability of producing i ¢ mesons in a given
event. The last equation is a generalisation of the pr -integrated yield of an arbitrary
¢-meson n-tuple.

We can now turn our attention to the ¢-meson production probability distribu-
tion, and how the above defined quantities relate to the mean and variance of the
distribution. It is straightforward to see that (Y) represents the mean, whereas the
variance needs a bit more thought:

p=Yg) 0% =(Y5)—(Yy)’ (3:41)

To calculate the variance we are missing <Y§5> Nevertheless, this factor can be
derived by a combination of our measured yield:

(Ypp) = k(k; 1)nk¢ (3.42)
k=0
= %Z(l& — k)N (3.43)
k=0
Ypo) = (Y3~ 3{¥o) (3.44)

Therefore, from Equation 3.44, we can infer:
(Y2) = 2(Ye) + (Yo) (3.45)
Then, the distribution variance can be expressed as:
o’ = (Y3) —(Y)? (3.46)
= (20as) + (Vo)) = (¥5)? (3.47)
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If we wish to compare our results to a poissonian distribution, we can make use
of the knowledge that in this distribution the mean and variance are equal. Then,
their ratio minus one will be a parameter that can indicate if the production is pois-
sonian (the parameter will take the value zero) or enhanced (the parameter will take
positive values) or suppressed (the parameter will take negative values) with respect
to this hypothesis. Following through with our idea we can see that:

— -1

7

R

N 1 (3.48)
2(Yge) | (Yo)®
) +1 N 1 (3.49)
2(Ygg)
) (Yg) (3.50)
2(Ygp)
o ) (3.51)

A second way to compare our results to a poissonian distribution is possible. We
can start by rephrasing Eq. 3.44, after we can use the equalities in Eq. 3.41:

(Yoo)

5 (2 = 000+ 00?) (352
%(035 ~ o+ 13) (3.53)

At this point, reminding that variance and mean are equal in the poissonian, we can

calculate the ratio:

(Yoo) _ 3008 — 1o+ 1) (3.54)
(Yg)? 15
2 2
1,031 1 m
= (28— (3.55)
Ho Mo Ko b 13
1,1 1 1
— —_ — — — 1 = — .
> </~L¢ ot )=>3 (3.56)
_ (Yoe)
Ry = 'y (3.57)

So our new parameter Ry will be 1/2 for poissonian-distributed productions and

else if not.
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3.11 Results

In this section the final results of the analysis will be discussed. The plots will make
use of the conditional classes outlined in Figure 3.27.

Differential classes Conditional pT classes
Numeral pw (GeV/c)
Multiplicity classes 9,
VOM Class Numeral ( chh/dﬂ >lr|I<0.5 I [0.00 - 0.40]
0-5% [+11 15.48 I [0.40 - 0.90]
5-15% 1+1V 11.24 I [0.90 - 1.20]
15-30% V+VI 8.23 \Y% [1.20 - 1.40]
30-50% VIV 5.73 v [1.40 - 1.70]
50-100% IX+X 2.99 vi [1.70 - 2.00]
\1 [2.00 - 2.50]
VI [2.50 - 4.00]
IX [4.00 - 8.00]

FIGURE 3.27: Reference tables for differential classes.

3.11.1 The ¢-meson conditional spectra and average transverse momen-
tum

The ¢ meson conditional spectra for both pp collision at \/s = 7 TeV and at /s =
5.02 TeV inclusive analysis is shown in Figure 3.28. The shown spectra are sym-
metric, so that every bin (e.g. bin (2,4)) has the same value and uncertainty as the
conjugate (e.g. bin (4,2)).

The results presented show a similar behaviour for both measured energies, as
can be seen by the comparison of Figg. 3.28a-3.28b. The pr -differential conditional
production of ¢ mesons show a hardening of the spectrum proportional to the pr of
the associated produced ¢-meson. Indeed, the higher the pt of the associated ¢-
meson, the harder the spectrum is. This is consistent with the average transverse
momentum results shown in Figure 3.29 for both datasets. These results need further
investigation, but hint at the possibility of a correlated production: (high-)low-pt ¢
mesons are produced together with (high-)low-pt ¢ mesons. A number of processes
might be responsible for this behaviour, notably jet-production. The production of
jets is expected to be dominated by colour strings, where the ¢-meson correlated
production is expected to be higher. In this scenario then the results would suggest
a relevant jet-component for the ¢-meson pair production.

The multiplicity dependent results do not have a high enough precision to draw
any conclusion about the conditional spectra average transverse momentum evolu-
tion in multiplicity.
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3.11.2 The ¢ meson production probability results and comparison with
Monte Carlo generators

The ¢ meson and ¢-meson pair production are presented in Figure 3.30. The re-
sults for the inclusive ¢ meson production exhibit an approximately linear increase
with increasing (dNep/dn)|, <05, this is a known behaviour [65]. The results for
the inclusive ¢-meson pair production hint at a quadratic increase with increasing
(dNen/dn) |y <0.5, this is a novel observation. The Figure shows the PYTHIAS predic-
tions for the Monash 2013 tune [195] and the Monash tune with the addition of the
Rope model [157] (refer to Section 1.4). It is worth noting that the predictions for
both agree with the data as far as the multiplicity dependence is considered (both
reproduce the linear and quadratic behaviour), but fail to reproduce the amount of
¢ mesons measured (both under predict the measured yield).

- ALICE o i
[ ¢ - K'K,ly|<05 -
0.1 © pp. Vs=5.02Tev — 0¥ O ]

- O pp, (s=7.00Tev — v, 0x10) |« -
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FIGURE 3.30: Yields of ¢ meson and ¢-meson pairs as a function of
multiplicity. pp collision at /s = 7 TeV and pp collision at /s =
5.02 TeV
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Turning our attention to the production probability characterisation (refer to Sec-
tion 3.10), we refer to Figure 3.31, where the newly introduced v, (red points and
line) and R, (green points and line) are shown as a function of final state charged
multiplicity. Here the dashed lines signal the poissonian limit for both parameters.

Ry shows a decreasing trend from low to high multiplicity events. This suggests
that low multiplicity events have a larger excess with respect to the poissonian ex-
pectation. Both the PYTHIA tunes predictions show a similar behaviour and agree
with the data points, although it should be noted that the uncertainties at play are
quite large and might hide discrepancies.

74 shows a rather constant behaviour with (dNey/d”n)|,<0.5, which is again in
agreement with both the PYTHIA tunes predictions. It shows an ~ 3.5% deviation
from a poissonian, for correlated production.

q) _I ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I I_
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FIGURE 3.31: Values of 74 and Ry as a function of multiplicity.
pp collision at v/s = 7 TeV and pp collision at /s = 5.02 TeV
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These preliminary results suggest that the production of the ¢ meson is indeed
enhanced with respect to the thermal production, which is associated with a poisso-
nian distribution. In fact the excess exhibited by the PYTHIA predictions is expected
in the Lund string picture. One can visualise this with the help of a naive approxi-
mation, shown in figure 3.32.

The thermal model describes a single source with a sea of de-confined quarks,
where the probability of producing a pair of ¢ meson (pg;frmal) is the square of the
probability of producing a single ¢ meson (pifi™ = (pl™!)?).

In the Lund string model, a somewhat more complicated picture is described.
The probability of producing a single ¢ meson (pgu“d) depends on the square of the
probability of the string to break into an s3 pair (pss), which results in p{;und x pgg.
If another ss breaking occurs, then the probability of having two ¢ mesons (pé;gnd)
Lund

becomes pi"® oc p> (blue sketch). Of course there is also the possibility of having

two strings, in which case the probability goes as in the Thermal picture pé;gnd x

p = (pi;“nd)2 (orange sketch). Then we can expect that the low multiplicity selec-
tion is more sensitive to events with less strings, where the enhanced production is
dominant, and the high multiplicity "drowns" this enhancement by having multiple

sources.

@ S o /
@ ¢ meson ~ = @ =

2 N
N

FIGURE 3.32: Schematical sketch for a naive picture for ¢-meson pro-
duction in the Lund string model.

3.11.3 Final thoughts and explored extensions

The author would like to stress the fact that the model predictions form the PYTHIA
model, despite predicting quite different yields, are almost undistinguishable when
compared with the production probability characterisation parameters v, and Ry,
and most of all they fully agree to data within uncertainties. This is a very promis-
ing result that indicates that the novel approaches being put forward can have an
impact in understanding the underlying mechanisms of hadronisation and can have
an impact in model discrimination. This is in fact something reminiscent of the sphe-
rocity analysis (refer to 1.3.2), where the ¢ meson was poorly reproduced by PYTHIA
based models when the yields were examined, but surprisingly predicted quite well
the double ratios shown in Figure 1.25.

The downside of this measurement is the amount of data necessary to perform
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it with a satisfactory uncertainty. Indeed Run 1 data only allowed for the inclusive
measurement to be performed and Run 2 data allowed for a limited differentiation.
In this context the Run 3 data, which is greatly expanding the available data sam-
ple, is a very exciting opportunity to use the presented methods in combination to
different event classifiers and to improve the now substantial uncertainty.

Explored extensions

As the pp collisions at /s = 5.02 TeV had enough statistics to allow for differenti-
ation, a pilot study has been performed to understand the correlated production of
the ¢-meson pairs. A first attempt was performed by requiring the azimuthal angle
difference between the candidates to be in a certain range. The results are shown in
Figure 3.33, together with another pilot study of this novel measurement sensitiv-
ity to the string tension in the PYTHIA framework. The tension has been modified
using the equations reported in the Rope model (ropes effectively modify the string

tension), following the equation: .
k = hk (3.58)

where h represents the proportionality factor for which the string tension £ has been
scaled to the new effective string strength k. The pilot study was stopped to
wait for the Run 3 wider dataset as the uncertainties were too large to draw any
meaningful conclusions.
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FIGURE 3.33: Yield of ¢-meson pairs as a function of their azimuthal
angle difference.
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Chapter 4

Characterisation of SiPMs for the

dRICH detector of the ePIC
experiment at EIC

The Bologna ePIC group main effort is the characterisation of Silicon PhotoMultipli-
ers (5iPMs) for single-photon applications in moderate radiation environment. The
group also studies approaches to mitigate the radiation damage, most notably the
use of high-temperature annealing cycles as a way to keep the dark count rates un-
der control. These studies are aimed at the development of the dual-radiator Ring
Imaging Cherenkov (dRICH) detector for the future electron-Proton/Ion Collider
experiment (ePIC) at the Electron-Ion Collider (EIC).
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4.1 Physics at EIC

The Electron-Ion Collider main goal is the investigation of the Quantum Chromody-
namics via the Deep Inelastic Scattering (DIS). As a general purpose detector, many
aspects will be investigated [196].

4.1.1 Global properties and parton structure of hadrons
Nucleon spin

Nucleon spin and mass are among the most important characteristics for any hadron.
The spin of a nucleon can be decomposed as [197]:

5= 3 D80 + AG() + Lo(k) + Ly(w) @)

where we have the quark (gluon) contribution AY. (AG) and their orbital angular
momenta L, (Lgy). Each term of this equation depends on the re-normalisation scale
i, where scale dependence drops out upon summing over all contributions. Previ-
ously it was generally thought that the AX was the main contributor, whilst it has
been uncovered in the 1980s that is not the case [198]. It is now established that
only 25% of the proton spin is carried by quarks and a non-zero contribution of
gluons[199, 200]. These numbers though have large uncertainties and EIC will step
in, as these depend on the helicity parton distribution function, tackled by foreseen
measurements. Presently the measured region span above 0.01 x, but EIC will not
only extend this down to 10~4, but it will also put constraints on angular momenta
for both quark and gluons [196].

Nucleon mass

As the atom mass is almost exactly the sum of its constituents, electrons and nucle-
ons, the mass of a nucleus is approximately the sum of its nucleons, protons and
neutrons. Surprisingly, the mass of the proton is no longer in line with the sum of
its valence quarks, that make up around a mere 1% of the total mass. While in a
full QCD analysis the quark mass contribution to the nucleon mass is larger, stud-
ies show that the Higgs mechanism can only explain a small fraction of the nucleon
mass. The bulk can be attributed to contributions from quark and gluon kinetic and
potential energies. EIC will provide novel insights on the nucleons mass in QCD by
means of quarkonium production close to the production threshold [196].

4.1.2 Multi-dimensional imaging of nucleons, nuclei and mesons
Imaging in position space: form factors and generalised parton distributions

Form factors and generalised parton distributions are fundamental tools to under-
stand the structure of the strongly interacting system. Elastic electron scattering is
a way to measure the electromagnetic form factors, the Dirac form factors F7 and
the Pauli form factor F5. They are a linear combination of the electric and magnetic
form factors and depend on the squared energy transfer to the target. In a nucleus
they can be interpreted as the charge and magnetisation distributions whereas for
the nucleon this interpretation is less clear due to relativistic corrections.
Generalised Parton Distributions (GPDs), which generalise the concept of ordi-
nary PDFs [201], appear in the QCD description of hard exclusive processes like
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deep-virtual Compton scattering (DVCS) and meson production [202, 203]. The
information they encapsulate is very precious as it carries information on the or-
bital angular momentum of partons as well as the distribution of pressure and shear
forces inside a hadron [196].

Imaging in momentum space: transverse momentum dependent parton distribu-
tions

Transverse momentum dependent parton distributions are a more descriptive ad-
dition to traditional PDFs which only provide 1-dimensional images of the internal
structure of hadrons. That is longitudinal information, whereas transverse momen-
tum dependent parton distributions (TMDs) provide information about the distri-
bution transverse to the hard process flow. The 8 gluon and 8 quark TMDs then
provide a 3D image of the hadron in the transverse momentum space for a spin-1/2
hadron [204-207].

The inclusive DIS integrate over the TMDs contribution, so different processes
must be explored to measure them. A starting point can be found in semi-inclusive
DIS. It must be stressed that TMDs can also be studied via different final states in
electron-nucleon collisions with di-hadrons or jets and, for instance, in reactions that
are not lepton-induced such as the Drell-Yan process. The fact that TMDs can be
measured via a large number of reactions adds to their significance [196].

4.1.3 The nucleus: a laboratory for QCD
Physics of non-linear colour fields and gluon saturation

The physics of non-linear colour fields and gluon saturation becomes relevant when
we tackle DIS in hadronic collisions at high energy. The projectile interacts with a
number of stacked nucleons, probing very strong colour fields at high energy and
possibly leading to to the effect of saturation know as Colour Glass Condensate
(CGC) [208]. This is a consequence of the rapid grow of gluon density in hadrons for
low x collisions. Gluons are responsible for the vast majority of particle production
in these type of collisions, as well as for the rise of the total cross-section. Scrutiny of
non-linear gluon dynamics can help improve our insight into the strong interaction
[196].

Nuclear PDFs

Nuclear PDFs (nPDFs) describe the behaviour of bound partons in the nucleus. They
are assumed to be universal and are used in high energy experiments in the factorisa-
tion of the cross section in the same fashion as the PDFs are [209]. This knowledge is
necessary to deepen our understanding of perturbative QCD in a nuclear medium
and to better interpret the results from all collider experiments. They also prove
useful in the understanding of QGP as its characterisation necessitates a thorough
separation of initial and final state effects, which relies on nPDFs for electron-ion col-
lisions. Moreover neutrino scattering experiments on nuclei require a very precise
knowledge of nPDFs which in turn provide an impact on global proton PDFs.
Differences of PDFs and nPDFs are well established from deep-inelastic lepton-
nucleus scattering data. These observations clearly argue with the naive picture of
the nucleus as the simple superposition of its constituents and are in need of nuclear
effects for a precise description. There are three effects in the x spectrum: shadow-
ing in the low (x < 0.1) region, anti-shadowing in the mid (0.1 < x < 0.3) region and
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EMC! in the high x region (x > 0.3) [211-213].

The understanding of these modification effects is a question actively pursued
both in experiment and theory. There is a general idea on physical processes con-
tributing to these effects that are dependent on the x-region under scrutiny, however
no consensus has been reached on their exact nature. The dependency on nuclear
size, impact parameter, x for these effects come from fits to the existing data and
are not derived from first principle calculations. In spark contrast with the available
free-proton PDFs, nPDFs are lacking a broad kinematic coverage and beam species
in the available data. In this context the EIC will help widen this dataset [196].

Particle propagation through matter and transport properties of nuclei

Particle propagation through matter and transport properties of nuclei will be an-
other focus of the EIC. In addition to further the knowledge on nPDFs, the modifi-
cation of partons traversing both hot and cold nuclear matter will be under study.
The energy loss is expected in both hot (QGP) and cold QCD matter through gluon
radiation and collisional scattering losses. Specifically, the detector proposal has
strong reconstruction capabilities that can help reduce significantly the role of nPDFs
modifications in the measurements, making them almost only sensitive to final state
effects. The jets undergoing medium effects are subject to a broadening of the trans-
verse profile that is sensitive to the gluon radiation and its angular dependence [196].

4.1.4 Understanding hadronisation
Parton fragmentation

Parton fragmentation is part of many current models through the factorisation the-
orem: the perturbative component of the cross section is calculated using stat-of-the-
art theoretical calculation programs such as MadGraph, whereas the non-perturbative
component is encoded in the so-called fragmentation function (FF). The latter de-
scribe how the parton transforms to the colour-neutral hadron that is then detected
in our experiments. These FFs will greatly benefit from the high luminosity measure-
ments that are foreseen at EIC that will include light-meson fragmentation, polari-
sation fragmentation studies and di-hadron fragmentation. Moreover the EIC will
also have the advantage of colliding many different species of nuclei enabling the
study of FFs in the nuclear medium and is set to provide the cleanest understanding
yet from QCD of the energy loss of energetic partons traversing a nuclear medium,
as measured via reconstructed leading jets [196].

Jets and their sub-structure

Jets and their sub-structure will be an important tool at the EIC. Jets help deep
scrutiny of hadronisation process through, among others, jet substructure that of-
fers the possibility to study both the process of fragmentation, or parton radiation
patterns, and hadronisation, or the formation of the parton shower into bound state
hadrons. The jets will make possible the measurement of transverse-momentum FFs
both polarised and unpolarised. Moreover heavy-flavoured tagging in electron-ion
collisions will help provide useful measurements in parton-nuclear-medium interac-
tions that could be sensitive to both fragmentation and hadronisation modifications.

IThis effect was first observed in 1983 at CERN by the European Muon Collaboration [210], hence
the name "EMC effect". It is the observed x-dependence of the PDFs and nPDFs ratio in disagreement
with existing theoretical predictions.
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The relatively low momenta of reconstructed jets could also help the jet splitting
function measurements [196].

Production mechanism for quarkonia

Production mechanism for quarkonia are in a unique position to give insights on
both perturbative and non-perturbative hadronisation, with the addition of in-nuclear-
matter hadronisation for nuclear beam configurations [196].
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4.2 PID with the dRICH at EIC

The physics goals of the EIC detector needs to cover a large area of momentum and
pseudorapidity, of which a third will be covered by the dual-radiator Ring Imaging
Cherenkov (dRICH), that takes advantages of two radiators with different refraction
indices to cover a large momentum range from ~ 2 GeV/c to ~ 50GeV/c in 7/K
separation at 30 (Figure 4.1). The dRICH solution is compact and cost effective,
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FIGURE 4.1: (left) overview of ePIC detector and (right) dRICH PID
coverage

having a combination of gas (C2F¢) and aerogel with refractive indices of ~ 1.0008
and =~ 1.02 respectively. For the light readout, a surface of ~ 3 m? will be paved with
3x3mm? sensors for a total of roughly 300k channel that must provide single-photon
detection inside a high intensity magnetic field of around 1T. The sensors will be
placed outside the detector acceptance, six spherical mirrors will convey the light
emitted by the particles traversing the radiators onto the photodetector surface, as
shown in Figg. 4.2a-4.2b [214].

For this purpose, SiPMs are an excellent choice as they provide many of the
specifications required: they are sensitive to single photons, they are insensitive to
magnetic fields and can provide excellent timing (Section 4.3). The main drawback
will be the medium radiation impact expected where the photosensors are located
(Figure 4.7) will be a challenge as the SiPMs will need recursive treatment to recover
at least partially their performance after damage.
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(A) Simulation of a 7 (light blue) emitting cherenkov (B) Visualisation of the dRICH structure
light in the dRICH prototype, highlighted in bright
green are the light rays that are reflected by the mir-

rors (dark blue) onto the photosensors (red)

FIGURE 4.2: dRICH structure and simulated ray-tracing of cherenkov
radiation.

4.3 Silicon PhotoMultipliers

Silicon Photomultipliers (5iPMs) are part of the fast growing group of silicon detec-
tors. SiPMs can absorb incoming photons by exciting an electron to the conduction
band. The absorption efficiency and depth depends on the incoming ray characteris-
tics such as wavelength, of which a wide range is absorbed within a few 10 um [215].
They are praised for their many advantages over conventional photo detectors such
as excellent timing [216-219], compact design and single photon detection efficiency.
Moreover they are insensitive to magnetic fields [220], which makes them a fitting
choice for the application in high energy physics experiments.

Their main drawback is their radiation sensitivity [215]: we can define the rece-
vied fluence of equivalent to 1-MeV/ cm? neutron as Leq - Then a low dose would
be less than ~ 10'%n., , a moderate does would be ~ 10!!n., and a high does would
be above =~ 1012[1001 . As an indication of the effects of radiation damage, one can
consider that a fluence of ~ 1097 !n,, can already compromise the ability of single
photon counting at room temperature of the SiPM [215]. This is due to the increase
of the Dark Count Rate (DCR, see section ) background that can disrupt the baseline
in medium and high fluencies. One of the most promising ways the DCR can be
reduced after radiation damage is the annealing procedure [221, 222].

4.3.1 Principle of operation

The silicon photodiode is based on a p-n junction, that is a volume of silicon that has
been doped with atoms that provide electron donors (n) and a volume that has been
doped with atoms that provides electron receivers (p) (Figure 4.3). Doping is the in-
tentional introduction of impurities into an intrinsic semiconductor for the purpose
of modulating its electrical, optical and structural properties. The doped material is
referred to as an extrinsic semiconductor. The level of doping is considered light or
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low (heavy or high) when in the order of one dopant atom for 100 million (10 thou-
sands) silicon atoms.
Typical dopants for silicon are [223]:

¢ p-donors, typically elements with 5 valence electrons

— Phosphorus (P)
— Arsenic (As)
— Antimony (Sb)

¢ n-donors, with one less valence electron

— Boron (B)
— Aluminum (Al)
- Gallium (Ga)

- Indium (In)

Both n-doped and p-doped silicons are still neutral when separated, when they are
joined together electrons and holes cross the junction via thermal diffusion. Elec-
trons leaving the n-doped area are accepted in the p-doped region and will leave the
donors behind as uncovered positive space charges. A positive space charge acts on
the electrons that moved to the p-region and, thus creating a potential. The move-
ment stops when the energy required for thermal diffusion becomes smaller than the
space charge potential that has evolved between the two regions. Right at the junc-
tion between the two doped areas, a region free of mobile charge carriers is formed.
It is called depletion region [223]. Whenever a photon is absorbed, a hole-electron
pair is formed in the silicon: if a reverse bias is applied the now created holes (elec-
trons) will move toward the anode (cathode) and this results in the creation of a net
flow of current.

In the case of the SiPMS, the photodiode is put in a sufficiently high field to re-
sult in Geiger discharge upon photon absorption, thus the photodiode is a Single
Photon Avalanche Diode (SPAD). The voltage required to reach this regime is called
the breakdown voltage (Vi,q). The Geiger discharge is a phenomenon in which the
electron gains sufficient kinetic energy from the high electric field to produce sec-
ondary ionisation that in turn produces secondary ionisation and so on, generating
an avalanche of electrons (holes). This avalanche forces the silicon to the point of
being conductive, effectively amplifying the initial pair into a macroscopic flow of
current which is the signal. To restore the SiPM ability to detect a photon, the current
is halted by the mean of a quenching resistor (Rq) made in polysilicon or aluminium
connected to the SPAD. This limits the current drawn and lowers the breakdown
voltage seen by the diode, eventually applying a voltage below the Vy,q4, effectively
switching it off. After the quench, the effective voltage applied rises back to the
nominal applied value, making the SPAD ready to detect a new incoming photon.
It is worth noting that this single SPAD cannot discriminate how many photons are
responsible for initiating the avalanche.

The lack of proportionality is overcome by integrating large arrays of indepen-
dent SPAD connected in parallel into a sensor, each with their own quench resistor,
referred to as microcells. Now, the single SPAD firing will let current flow until fully
quenched and lastly recover the nominal voltage, ready to be fired again: in this pro-
cess all other microcells stay ready to fire in parallel. A usual SiPM has between a
hundred and several thousands microcells that together contribute to the full signal.
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FIGURE 4.3: A PN junction in thermal equilibrium with zero bias
voltage applied. Electron and hole concentrations are reported re-
spectively with blue and red lines. Gray regions are charge neutral.
Light red zone is positively charged. Light blue zone is negatively
charged. Under the junction, plots for the charge density, the electric
field and the voltage are reported. Note that the image depicts the
red depletion region in the N-doped material going deeper (with a
greater area) than the blue depletion region in the P-doped material,
which is explained by a higher N-doped density. Figure taken from
[224].
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FIGURE 4.4: Figures taken from [225]

Combined they give a quasi-analog output that carries information on the incoming
photon flux. Information is quantised in the characteristic signal (example in Figure
4.4a) and in the integrated charge plot, the so-called finger plot (example in Figure
4.4b).

Defining characteristics of the SiPM are the dynamic range and linearity. The
dynamic range is defined as the optical signal range over which the sensor provides
a useful output. The sensor has a linear response at lower photon fluxes, but as the
number of incident photons increases the sensor output becomes non-linear. This
deviation from linearity is linked to the total number of microcells in the sensor:
more microcells result in a larger dynamic range. Therefore, for a given sensor size,
smaller microcells will result in a larger dynamic range than larger microcells. A
general rule of thumb to maintain an approximately linear response, is to match the
maximum expected power to 70% of the SiPM range.

Another characteristic of SiPMs is the so-called fill factor. The fill factor refers
to the percentage of surface area that is sensitive and able to detect light. This is
derived by the need to isolate microcells both electrically and optically. Then these
boundaries are not sensitive to incoming light, reducing acceptance. Fill factor can
go up to 80% for larger cell sizes, with smaller cells having a lower fill factor that can
go as low as 25%.

Despite the many advantages, they also have two main drawbacks that are es-
pecially of concern in high energy physics applications. Due to the nature of the
microcell, being a carefully crafted layer of silicon with a target doping concentra-
tion, incoming non-ionising radiation make displacements in the lattice that will
result in disruptions of the energy levels of the electrons. This makes these devices
particularly susceptible to radiation damage. This will be the topic of sec. 4.3.4. On
top of that, being highly sensitive detectors they suffer from high level of noise at
room temperature.

4.3.2 Performance parameters

The SiPMs can be characterised with a few main components that describe most of
their behaviour. By measuring these quantities one can fully characterise the sensor
and understand its response to light signals.
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Breakdown voltage and overvoltage

The breakdown voltage is the voltage necessary to allow Geiger avalanches in the
silicon. Strictly related is the overvoltage (Vover), how much voltage is applied (Viias)
above this breakdown threshold (Voyver = Viias - Vba). Finding the Breakdown Volt-
age has its challenges as it relies on finding the start of the steep increase in current
as a function of the applied voltage. This is done in a current-voltage plot (I-V) and
can be performed in many ways [226]. The optimal value of operation for the over-
voltage is given in the datasheet for the detector and is usually around 10-15% of the
Vb4, but no more than 4-5V.

The V3,4 is sensitive to temperature, usually shifting linearly by a few tens of mV
per °C. Temperature also affects dark current, so a measurement at a higher tem-
perature or in a light filled environment could yield a better result, as the increase
after the Vyq is steeper and more accurately measurable. The radiation damage,
on the contrary, has been proven not to affect the breakdown voltage below ~ 10!2
nNeq threshold [215].

Gain

The gain (G) is defined as the amount of charge created by each detected photon and
is the same for all microcells. The gain of the microcell, hence of the sensor, is de-
fined as the ratio of the charge integrated in the signal waveform and the elementary
charge. This can be measured knowing the microcell capacitance, the applied Vyer
and the elementary charge as follows:

_ C x Vover
q

G (4.2)

Gain can also be measured by using the quantised signal (Figure 4.4a). We have seen
how the signal is quantised from one to n photons detected. Then, the difference
between a single photon peak and a two-photon peak will give the charge integrated
on the single microcell.

At constant overvoltage, that is correcting for the shift in breakdown voltage due
to temperature, the Gain does not depend on the temperature. The Gain also does
not depend on the radiation level received up to medium-level radiation of ~ 10!
neq [215].

Photon Detection Efficiency (PDE)

The photon detection efficiency refers to the probability of a photon to be detected
when hitting the sensor surface. The first factor that comes into play is the fill factor,
defining the geometrical acceptance. The second effect that needs to be taken into
account is the quantum efficiency, defined as the probability for a photon to gener-
ate an electron-hole pair. The quantum efficiency depends on the light wavelength,
different SiPMs are used for different applications depending on the spectrum of
the expected light. Electrons are more efficient at producing an avalanche, so the
overall chance of detecting the photon is higher if the e™-hole is produced in the
p-layer. This is because the electron then needs to travel a longer distance, enhanc-
ing its probability of producing an avalanche. It is then straightforward that n-on-p
sensors are more sensitive to longer wavelengths (longer mean free path) and p-on-
n sensors are more sensitive to shorter wavelengths (shorter mean free path) [225].
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The Photon Detection Efficiency does not depend on the temperature. The PDE also
does not depend on the radiation level received up to medium-level radiation.

4.3.3 Main sources of noise
Dark Count Rate (DCR)

Dark Count Rate (DCR) is the production of signals that are not derived by incident
photons. These signals are indistinguishable from photon induced signals, posing
as a significant noise source for single photons detections. They are mainly due to
thermal production of electrons and holes in the sensitive volume of the detector
and their main drivers are overvoltage, active area and temperature.

This effect is usually quoted as a frequency of false hits (Hz) or frequency per
unit area (Hz/mm?) and can be measured with a simple counting system setting a
threshold at roughly half the peak of single photon signal. The measurement should
be performed in a dark environment to exclude light detection contributions to the
DCR. It is directly related to Dark Current, which is the charge integrated result of
DCR.

At constant overvoltage the DCR shows a strong dependence on temperature,
roughly doubling per each 5-10 °C increase. DCR increase is also the main drawback
of radiation damage, possibly dealing with frequency increased of several orders of
magnitude in irradiated sensors [215].

Optical cross-talk

Optical cross-talk is a phenomenon by which the firing of a microcell also generates
a signal in a neighbouring cell. This, for example, can come from the emission of a
photon by an accelerated carrier in the primary avalanche. The photons emitted are
in the near infrared region (NIR) which gives them roughly an emission rate of 10~°
NIR photons per electron crossing the junction. After being emitted, the photons
can either generate an avalache in an adjacent microcell right away (a) or be reflect
in the window (b) or in the silicon substrate (c) as shown in Figure 4.5a

In general by cross-talk it is intended the probability of an avalanche firing a sec-
ond microcell and can result in two, three or even more cells firing simultaneously.
This effect can be measured analysing the signals of the SiPM in complete darkness,
where all signals are thermally produced and no 2-photons signals are expected. In
this setting, a threshold scan can be performed and a plot with plateaus will show
when there is a crossing between photon peaks. By measuring the rates of single
and 2-photons once can derive the cross-talk probability [215].

Afterpulsing

Afterpulsing is a phenomenon by which the carrier can be trapped in a silicon de-
fect, delaying its drift to the cathode (anode) up to a few ns. When the carriers are
released they have a small probability of generating a new avalanche: if the delay is
short it occurs during the recovery time of the microcell and tends to have negligi-
ble impact as the microcell is not fully charged, if the delay is longer it can impact
measurements, especially if the rate is high.

This effect can be measured analysing the time difference distribution of consec-
utive DCR signals.
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FIGURE 4.5: Figures taken from [215]

4.3.4 Radiation damage

Silicon Photomultipliers rely on carefully crafted doping of silicon and engineer-
ing of silicon and insulating layers and thus are particularly sensitive to radiation
that disrupts the silicon lattice, introduces defects or distorts doping. The two main
categories of radiation damage are Bulk damage due to Non Ionizing Energy Loss
(NIEL), and surface damage due to Ionizing Energy Loss (IEL) [215].

NIEL Damage

NIEL Damage primarily comes from high energy particles such as protons, photons
and neutrons which can displace a silicon atom from their lattice site creating de-
fects and leaving gaps. The minimum energy for such an effect is = 25¢V and the
first displaced atom is referred to as the Primary Knock-on Atom (PKA). When the
PKA energy is above ~ 1keV it can displace in turn additional atoms, forming clus-
ters of defects, and if the energy is above ~ 12 keV multiple-cluster defects can be
form. A simple hypothesis for the description of the damage is that the radiation
damage is proportional to the non-ionizing energy loss of the penetrating particles
(radiation) and this energy loss is again proportional to the energy used to dislocate
lattice atoms (displacement energy). This of course does not take into account many
other possible effects such as annealing, atom transformation, etc. but it is accurate
enough for practical purposes. However, different effects (leakage current, doping
concentration, charge collection efficiency) require different NIEL coefficients to de-
scribe their scaling as a function of fluence. The damage functions for various parti-
cle types and energies are discussed in [227]. It provides a hardness factor k for each
particle type, allowing to compare the damage efficiency of radiation sources with
different particles and energy spectra ®(E).

The main effect of the radiation damage is the creation of energy levels that in-
terferes with the proper working of the sensor. On a new sensor, the energy gap
between valence and conduction band is ~ 1.12eV (Eg), depending on what energy
levels the damage introduces, a variety of effects may arise (Figure 4.6a):
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FIGURE 4.6: Figures taken from [215]

* Increase of leakage current comes from the introduction of levels roughly half-
way through the bands (Eg/2 ~ 0.56 eV) that facilitates the thermal excitation
of carriers.

¢ Decrease of signal comes from levels closer to the bands which traps the car-
riers. If the trapping is not close enough to the bands, the de-trapping time can
be long enough for the carrier not to contribute to the signal. Moreover this
late de-trapping increases afterpulsing.

¢ Change of effective doping energy Depending on their occupation, defect
states contribute to the effective doping, and thus to the electric field in the
amplification region. The occupation depends on the density of free charge
carriers, on the dark current, and on the distance of the defect state from the
band gap. In addition, the radiation removes dopant atoms by nuclear interac-
tions. These effects have an impact on the depletion region and the breakdown
voltage.

IEL Damage

The ionisation damage in the sensors is mainly limited to window defects. Photons
under 300 keV are below the bulk damage threshold and provide only surface dam-
age [228].

The introduction of window defects can generate surface currents below the
breakdown voltage, that might reach the amplification region contributing to DCR,
depending on the sensor configuration.
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FIGURE 4.7: Pythia simulation of e-p events to evaluate the radia-
tion fluence in the ePIC detector with highlighted the position of the
dRICH sensors.

4.4 Characterisation of radiation damage and recovery through
annealing of SiPMs in a dRICH prototype

The efforts of the EIC group in Bologna are devoted to the study of the radiation
damage in SiPMs and their usability for Cherenkov imaging application up to flu-
ences of 101 ng .

Figure 4.7 show the expected fluence in the ePIC detector per each fb™! of lumi-
nosity, which highlights a moderately irradiated emplacement for the dRICH light
sensors. The average expected radiation is ~ 4-10° neq fb™!, with a maximum of
~ 106 Neq fb~!. If we consider a safety factor 10, the maximum fluence becomes ~
107 neq b1, The luminosity requirements for the key physics goals is 10fb™! per
each configuration of energy and polarisation, which translates in an expected ~ 10°
neq radiation that the sensors need to withstand. Including in the forecast the re-
quirements for the nucleon imaging programme the expected fluence is increased of
another factor 10 to ~ 10'° n,, to integrate a total of 100 fb™! of data. Lastly, if one
considers the expected 10-12 years of operation, a grand total of 1000 fb™! of data is
expected, meaning a lifetime total of ~ 10'! n., , which is the goal.

Considering the number of channels, the performance limit that is required for a
fruitful datataking is 300 kHz/mm?, which corresponds to 10 hits of noise per sector
in a 500 ps window. This target can be achieved through a number of ways by which
the DCR can be reduced, such as temperature, timing and annealing procedures.

Figure 4.8 shows how the performance of a SiPM sensor could degrade if no
intervention is done, if recurrent online annealing is performed and if a recurrent
online annealing is followed by a more aggressive oven annealing off-site.
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4.4.1 Tested sensors

A list of tested sensors can be found in Table ??. Custom carriers boards have been
designed to host the SiPMs under test, arranged in a matrix of 4x8 of 3x3 mm? sen-
sors (Figure 4.12a). The board was carefully designed to withstand annealing and
irradiation procedures for the tests together with having a form factor that is usable
for imaging in beam tests. All boards were carrying two types of sensors as reported
in Table ??, the boards provided by Fondazione Bruno Kessler (FBK) carried 4x6
sensors due to the size of the sensors” window. The HAMA1, HAMA?2, FBK, SENSL
boards have been used in the 2021 and 2022 campaigns, after the preliminary results
of these R&D efforts, the HAMA3 boards have been designed for the 2023 campaign.

A number of boards have been irradiated to different levels of radiation fluence.

4.4.2 Characterisation and annealing at SiLab

A new facility has been set-up in Bologna by the local branch of National Institute
for Nuclear Physics (INFN), called the Silicon Laboratory (SiLab), where researchers
working on Silicon detectors can work together to build a common know-how and
exchange results.

In the context of this newborn facility, through the years a number of instrumen-
tations and equipments have been adopted to build a fully operational laboratory
that can swiftly and reliably characterise SiPMs, together with multiple annealing
stations. We presently can anneal boards in three ways.
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FIGURE 4.9: Characterisation stations inside the climatic chamber.

(Left) The DCR setup with ALCOR chip readout (Right) the I-V setup
with a multiplexer attached to a Keithley multimeter.

Characterisation at SiLab

Characterisation at SiLab is performed in a climatic chamber with controlled tem-
perature and humidity levels. The chamber is continuously flowed with dry air that
has a dew point of 203 K (—70 °C) to avoid humidity to frost on the electronics when
operating in sub-zero temperatures. Inside the chamber four parallel stations are
present, two for DCR measurements and two for I-V measurements, which are the
two main ways we use to characterise the sensors. A photo of such setup can be seen
in Figure 4.9

DCR measurements are taken with a full functioning readout chain relying on
the ALCOR ASIC chip [229] that is programmed and read by a Xilinx Kintex-7 FPGA
KC705 evaluation board controlled by a Linux PC.

I-V measurements are taken with a multiplexer attached to a Keithley 2450
source meter. All of the measurements are fully automated by bash scripts on a
Linux PC dedicated to DAQ procedures. The automation includes temperature
changes, measurements and QA plots sent at all steps via e-mail to all operators.

Characterisation on the go

Characterisation on the go is performed by the so-called AirBox (Figure 4.10), a pro-
totype relying on external dry air supply to avoid frost at subzero temperatures. The
temperature control is provided by a humidity and temperature sensor in the box,
together with a temperature sensor on the SiPMs to control the operational temper-
ature and dew point. Peltier cells provide local temperature drops down to ~243 K
(=—30°C) depending on external temperature. This solution was devised to involve
other institutes willing to participate in the characterisation efforts without necessar-
ily investing large amounts of money, the box costing under 1’000€.


https://www.xilinx.com/products/boards-and-kits/ek-k7-kc705-g.html
https://www.xilinx.com/products/boards-and-kits/ek-k7-kc705-g.html
https://www.tek.com/en/datasheet/smu-2400-graphical-sourcemeter/model-2450-touchscreen-source-measure-unit-smu-instrument
https://www.tek.com/en/datasheet/smu-2400-graphical-sourcemeter/model-2450-touchscreen-source-measure-unit-smu-instrument
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Air-cooled
Peltier module

FIGURE 4.10: Schematics and photos of the AirBox on-the-go charac-
terisation device.

Oven annealing

Oven annealing is performed by placing boards in a timed oven. This is the most
invasive procedure as it requires long periods of time (=~ days, weeks) and thermal-
isation time (= 1 day) at the end of the cycle.

Forward annealing

Forward annealing is taking advantage of the thermal power dissipation by large
currents flowing in the sensor while in forward mode, when the sensor essentially
behaves as a diode in series with the parallel of the quenching resistor. By the means
of a thermal camera® we control the power delivered to attain a stable temperature,
by the mean of a PID® system.

Reverse annealing

Reverse annealing is performed essentially switching the sensors on, delivering a
voltage above the V},4 and shining a bright light onto the SiPMs to have a large cur-
rent flow. This essentially does a similar effect as the forward case. The temperature
is also monitored by a FLIR thermal camera to avoid drifts that may severely dam-
age the sensor. The temperature monitor is of utmost importance as above 200°C
the sensor and soldering could get compromised.

Online and Offline annealing

Online and Offline annealing are the two technique that are under investigation.
Online annealing is performed without unmounting the sensors from the detector.
Offline annealing is more effective but requires the sensors to be unplugged from
the detector.

*In the stable configuration we are using a FLIR A400
3Proportional—Integral—DeriVative controller


https://www.flircameras.com/index.php?_route_=a400-smart-sensor.htm
https://en.wikipedia.org/wiki/Proportional\T1\quotesinglbase ��integral\T1\quotesinglbase ��derivative_controller
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(A) SiPM boards undergoing Forward/Reverse (B) SiPM boards on the annealing system, on the
annealing as seen by the thermal camera. left the forward setup and on the right the reverse
setup.

FIGURE 4.11: Forward/Reverse annealing setup as seen by an ob-
server and by the thermal camera.
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(A) SiPM custom carrier board (B) Schematic representation of the levels
of irradiation of one board for the 2021
campaign.

FIGURE 4.12

4.4.3 Irradiation at TIFPA and LNL

Irradiation campaigs have been undertaken at Trento Institute for Fundamental Physics
and Applications (TIFPA) for proton damage and at Legnaro National Laboratories
(LNL) for neutron damage research.

4.4.4 2021 Campaign: analysis of different irradiation levels and light re-
sponse

The first campaign of irradiation took place at the TIFPA facility. The main objective
was to have a first look at the radiation damage on the selected sensors: HAMALI,
HAMAZ2, FBK, SENSL. These were mounted on carriers such as the one shown in
Fig. 4.12a and irradiated as shown in 4.12b.


https://www.tifpa.infn.it
https://www.tifpa.infn.it
https://www.lnl.infn.it/en/
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ID \ Name \ Target curve Description
Linear Intercept of linear fit
01 fithi I to the baseline and linear fit to
itting . .
the exponential rise
Parabolic Intercept of linear fit
02 fithi I to the baseline and parabolic fit to
itting . .
the exponential rise
Exponential Intercept of linear fit
03 P; . I to the baseline and (x — zo) fit to
itting . .
the exponential rise
Intercept of linear fit
04 Tangent In (I) to the baseline and linear fit to
the exponential rise
Relative d r Take the
1 derivative ()=~ i
dv I curve maximum
Inverse 1 - .
12 relative i In (1) . l Fit hnfearly the rise and measure
derivative dv T the intercept with the z-axis
Second d2 Take the
21 derivative In (T) i
42V curve maximum
Second d3 Take the
31 derivative In (T) i
BV curve maximum
Intercept of linear fit
101 Tangent DCR to the baseline and linear fit to
the exponential rise

TABLE 4.1: List of V4 measurement methods implemented in the
analysis code. Expanded from the methods listed in [230].

Characterisation of radiation damage

The characterisation consisted in measuring IV curves and DCR with the ALCOR
chip, but the process was more tedious as the automation was not yet available in the
SiLab. The first results were aimed at understanding how to treat the data, namely
to start measuring basic quantities such as V4. We then developed a number of
ways to measure the breakdown voltage, such as the ones listed in Table 4.1, mainly
taken from [230]. From now on the methods are going to referred to by their ID.

The first set of sensors that were analysed were the FBK. An example of the anal-
ysed IV-curves can be seen in Figure 4.13. The V,q was measured using the method
03 for all sensors. Each board had 8 sensors at the same level of irradiation, with
4 of the same kind. In this case we have 4 FBK NUV-HD-CHK sensors and 4 FBK
NUV-HD-RH (See Tab. ??).

First we examine the effect of the radiation on the V4. As we have seen so far,
this is a crucial quantity for the correct operation of the sensors in the experiment. In
fact, the overvoltage largely defines the detector response to light. It is thus not ideal
that the Vy,q could change as a result of the radiation damage. To this end and anal-
ysis of the breakdown voltage as a function of irradiation levels is shown in Figure
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FIGURE 4.13: IV-curves of one FBK NUV-HD-CHK sensor as brand
new (black), irradiated (green) and after subsequent annealing (red).
The level of irradiation is reported on the figure.
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FIGURE 4.14: Measured V4 of the FBK-HD-CHK sensors as a func-
tion of the radiation delivered. Error bars represent the RMS of the
sample.

4.14. The general trend is that irradiation and annealing do not seem to consistently
affect the Vy4. It is worth noting that the y-scale is very limited, spanning 1.6 V in
total, so the fluctuations are all within 0.4 V, consistent with the RMS of new sensors
in the most spread case scenarios reported here (See new sensors of 10® ne, and 10*°
Neq ). This result is consistent with state-of-the-art knowledge [215].

After we have established the stability of Vi,q4 with radiation, we can take a look
at the background noise levels, together with the potential recovery with the oven
annealing technique. Figure 4.15 shows the dark current measured as a function of
the radiation received by the sensor. The measurements were performed at a fixed
overvoltage of Vovwer =3V and at a fixed temperature of T = —30°C. This was our
first promising result of a significant performance recovery by the means of the an-
nealing technique.

Afterward, a broader study was performed on all sensors with a more aggressive
annealing. The results are shown in Figure 4.16. We can see that the softer (a little
less time at a lower temperature) annealing shown in Figure 4.15 recovers halfway
between a factor 10 and a factor 100, whereas a more aggressive annealing shown in
Figure 4.16 recovers a factor 100 in dark current.

Characterisation of light response

A second line of R&D was the development of a testing station for the sensor light
response. A first attempt was done at the start of 2022 by analysing the HAMA1
(See Tab. ??) boards. This was also the subject of a bachelor degree thesis, where a
more detailed description is given [231]. The setup schematics is shown in Figure
4.17. The setup was based on a green LED light of ~ 1 mm? pulsed by a custom
function generator, set to send impulses at a given frequency. Then, the sensor rate
was measured when the LED was off (Rate off) and when it was on (Rate on). The
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FIGURE 4.15: Measured current ratio to brand new sensor of the FBK-

HD-CHK/RH sensors as a function of the radiation delivered. Error

bars represent the statistical uncertainty. The measurements are taken

at T = —30°C. The annealing was done at 100 °C for 24h and then at
125°C for 168h.
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FIGURE 4.17: Schematic representation of the light test setup. The
left carrier has 4 sensors that are devoted to calibration, the right sen-
sor has a full board and is the Device Under Test (DUT). Limitations
on the available instrumentation of the time made the A and B rows
unaccessibles. The protocol for the measurement starts at the refer-
ence sensor Al to evaluate any possible systematic variations. Then,
it proceeds to move to the first reachable sensor, C1. Afterwards all
the row is measured, before stopping back to the reference Al and
start again on the next row, E. The measurements go every two rows
as each alternate row is mounted with one or another of the 2 sensors
mounted on the board.

difference of (Rate on - off) is then taking as a proxy for the light detection efficiency,
when normalised to the pulser set frequency (100 kHz).

Figure 4.18 shown on top the stability measurements performed at the start of
2022. The measurements were repeated in different days to test the system stabil-
ity. In the bottom panel the measurements of light detection pseudo-efficiency are
reported for the HAMA1 sensors. The setup, although preliminary, was already
showing promising results of stable and consistent measurements.

4.4.5 2022 Campaign: test of repeated and new online annealing, calibra-
tion of ALCOR fine tune

The second campaign of irradiation took place at the TIFPA facility. The main ob-
jective was to study more accurately the power of annealing recovery of sensor per-
formance towards possible applications of in-situ annealing in the final experiment.
New ways to anneal were tested, such as the online annealing in forward current.
The selected sensors were HAMA1, HAMA?2, FBK, SENSL.

Characterisation of repeated annealing

The main topic for the 2022 campaign was to understand the effects of alternated
irradiation and annealing cycles. To this end, a series of irradiation shots (10% n )
were performed at TIFPA with proton beams, alternated with annealing cycles in
oven of 150h at 150 °C. The results are shown in Figure 4.19.

The first result was that the damage is not fully recovered. We remind that the
oven annealing represents, up to the time of writing, the most effective recovery,
likely setting an absolute lower bound for the background reduction. The anneal-
ing restores up to 97% of the performance when considering the new detector with
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FIGURE 4.19: The performance degradation and recovery of the HPK
513360-3050VS in each cycle of alternating irradiation and annealing.

respect to the first irradiation session. This ~ 15 kHz residual background build-up
can be appreciated in Figure 4.19.

Characterisation of online annealing

The online annealing test consisted in an alternating pattern similar to the one de-
scribed in Section 4.4.5. The sensors where first irradiated with a 2 x 10% Neq , then
it was subjected to 1800 s annealing using the online procedure. In the online proce-
dure the sensor was forward biased gradually until the temperature reached 175 °C.
We reached around 10V with a 100 mA for a total of about 1 W power delivered.
The cycle was repeated 5 times to integrate the same level of radiation, 10° Neq as the
reference annealed sensor.

The results shown on the left of Figure 4.20 are that the recovery achieved is of a
factor 10, that is an order of magnitude less than the oven annealing could achieve
(Figure 4.16). Nevertheless this is a very promising result, as damage recovery is
not the only aspect we are interested in: despite having less leverage for recovery,
online annealing provides an approach that in principle does not require the sensors
to be unmounted from the experiment. As a consequence of this very useful feature,
the in situ approach also has the possibility to be performed with a high frequency
during the EIC accelerator machine down time.

ALCOR fine tune calibration

This topic was also the subject of a master thesis, a more detailed description of the
procedure and analysis can be found in [232]. The ALCOR chip used for the read-
out of the SiPMs works with a clock frequency of 320 MHz. To achieve a resolution
smaller than the clock cycle (~ 3 ns), an analog interpolation system is implemented.
Every TDC has a fine tune information that needs calibration to become a clock phase,
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FIGURE 4.20: (left) monitoring of the sensor temperature during the
online annealing procedure, (right) results of the repeated online an-
nealing and irradiation alternation.

which can be converted in a fine correction for the hit time.

The reference time system is composed of two plastic scintillators read by two
32-sensors 4x8 matrices. The reference time signal requires all 64 sensors firing si-
multaneously, and the time average for the two scintillators is computed. The two
trigger times are then compared and are valid if they fall within a 5 ns window. The
final reference time is then taken as the average of the trigger times.

The first step is the calculation of the phase, performed via a formula that is given
by ALCOR experts:

IF = max(fine) — min(fine) (4.3)

CUT — min(fine) 42— max(fine) (4.4)

(4.5)

b {ﬁne < CUT (fine — min(fine))/IF
phase =

fine > CUT (fine — min(fine))/IF — 1

Then, the phase is subtracted to the hit time once it is converted to ns. This procedure
is applied to all sensors read by ALCOR and was developed to analyse the data from
the 2022 test beam. In Figure 4.21 top panel the min and max for a single TDC is
measured by fitting the TDC fine distribution. The fit is highlighted in red, a custom
function was used to account for border effects:

N (2 ] o (52

where N is a normalisation factor, min (max) is the distribution lower (higher) bound
for values of fine, oyin (0max) is the width of the rising (falling) region for the curve.
This first step improved the single hit time resolution down to (= 50 ps).
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timing TDCs, after calibration. Figures taken from [232].

In an attempt to enhance the timing resolution of the system, a second calibra-
tion was performed on the readout of the timing sensors. The correction involved
the synchronisation of all timing TDCs. The idea is that within the circuitry some
delays arise, for example, from different length of connections. The delays are then
a nuisance that smear the overall time resolution for the timing system. To get rid
of the smearing, a recursive calibration is devised: the difference between the cali-
brated time of the single timing TDC and of the calibrated reference time is calcu-
lated for all hits, for all TDCs. This is shown in Figure 4.21 bottom left panel. The
mean of the distributions are then taken as offset(?) parameters and are added to the

new calibrated phase (phaseg) )) as:

phaseg ) = phase — offset(®) (4.7)
independent of the fine value. The first correction then affects the value of the refer-
ence time itself, as we are correcting the timing TDCs, so it is re-calculated and the
new values for offset(!) are summed to the phase:
phasegﬂ) = phaseg) — offset(+1) (4.8)

The effect of this procedure can be appreciated in Figure 4.21 bottom right panel. The
offset calibration yielded, if any, an improvement that could not be appreciated with
the current statistical uncertainty. Further investigation is required to understand
the full picture.

The overall timing resolution measured was =~ 125 ps for the timing system and
~ 500 ps for the imaging system [232].
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4.4.6 2023 Campaign & ongoing activities: proton energy scan, neutron
damage, laser timing

The third campaign of irradiation took place at the TIFPA facility (proton irradia-
tion) and Legnaro National Laboratories (neutron irradiation). The main objective
was to study the radiation damage of neutrons compared to proton and to deepen
our understanding of proton damage through a variety of different approaches of
both irradiation and annealing procedures. On the irradiation side, a proton scan in
energy was performed to understand the radiation damage as a function of incom-
ing particle energy. On the annealing side different types of annealing and different
times of exposure were analysed.

A comprehensive list of all available boards in the current campaign is listed in
Table 4.2 together with its intended purpose.

Fraction of damage

The fraction of damage (fq) is a quantity devised to represent the damage recovery
of an arbitrary sensor. The quantity relates to the sensor performance: the degrada-
tion after an arbitrary level of irradiation and recovery after an arbitrary annealing
procedure. It is defined as:

T (Vi) — T (Vi)

fd (Vblas) - (iI‘I") (new) (49)
Idark (Vbias) - Idark (Vbias)

where Ig;if{v) is the measured current at Vy,;,s when the sensor is new, Iggf{ is the

.. . tann, T .
measured current at Vy;,s when the sensor is irradiated, Ig;ﬁf 2m) is the measured

current at Vs when the sensor is annealed for a time ¢,,, and at a temperature

Tonn- Iét:ﬁ"Ta““) could also be measured after repeated annealing sessions of different
duration and at different temperatures. This is an approach that stems from the fact
that the radiation damage is mostly additive, thus the DCR increase will be on top
of the baseline of the new sensor. In this picture, a fraction damage of zero would
mean complete recovery, with DCR levels of the same order of the new sensor. In
principle, a negative value would mean an improvement of the background levels
with respect to the out-of-the-box SiPM.

As the evidence suggests the existence of a lower limit for the fraction of damage
reduction, we can define the maximum recovery as:

Rd(vbias) =1- ; m%x (fd(vbias§ tann, Tann)) (410)
where we take the maximum possible reduction over any amount of time and tem-
perature.

Online annealing: forward and reverse bias

The online annealing, done in forward and reverse mode (Sections 4.4.2-4.4.2) was
explored in a wide range of annealing time and temperatures. The results are shown
in Figure 4.22. Specifically the results related to the forward annealing are plotted
in the left panel and those related to the reverse annealing are plotted on the right
panel. The gold curves refer to oven annealed sensors.

The general trend for both curves is a gradual recovery in time. At first glance,
the overall speed of recovery is significantly different: after the first cycle of 27h
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Proton irradiation at TIFPA

Serial # | Irradiation | Beam current | Time Fluence Notes
(nA) (s)
1 Standard 14 120 | 1x10%neq Laser timing
2 Standard 14 120 | 1x10%neq Offline ann.
3 Standard 14 120 | 1x10%neq Off. prev. ann.
4 Standard 14 120 | 1x10%neq Off. prev. ann.
5 Energy Scan 14 130 1x10% k=111
6 Energy Scan 14 130 1x10% k=15
8 Energy Scan 14 130 1x10% k=20
9 Energy Scan 14 130 1x10% k=25
10 Energy Scan 14 130 1x10% k=3.0
11 Online x10 2 82 1x 108neq On. Forward ann.
12 Online x10 2 82 1x10%neq On. Reverse ann.
13 Standard 14 120 | 1x10%neq Off. Forward ann.
14 Standard 14 120 1x1091q Off. Reverse ann.
15 Standard 14 120 | 1x10%neq Infrared Lamp
16 Standard 14 120 | 1x10%neq Irr. Spare
Neutron irradiation at LNL
Serial # | Irradiation Distance Charge | Fluence Notes
(cm) (mC)
19 Standard 25 7.6 1x101%n,, Offline ann.
20 Standard 30 1.03 | 5x10%neq Offline ann.
21 Standard 35 1.03 1x10%n¢q | Off. Fwd. ann. @150 °C
22 Standard 35 1.03 | 1x10%neq | Off. Fwd. ann. @175°C
23 Standard 35 1.03 | 1x10%neq Infrared lamp
24 Standard 35 1.03 | 1x10%neq Irr. Spare
In-stock spares
7 - - - - New Spare
17 - - - - New Spare
18 - - - - New Spare
25 - - - - New Spare
26 - - - - New Spare
27 - - - - New Spare
28 - - - - New Spare
29 - - - - New Spare
30 - - - - New Spare
31 - - - - New Spare
32 - - - - New Spare
33 - - - - New Spare
34 - - - - New Spare

TABLE 4.2: HAMAS3 boards that have undergone many different ir-
radiations and subsequent treatments.
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at 100°C the forward method recovered close to 75% of the fraction of damage,
whereas the reverse stop shy of 60%. At the second cycle of 27h at 125°C the for-
ward method recovered close to 83% of the fraction of damage, whereas the reverse
catches up to 75%. In the third cycle of 350h at 150 °C we see that the forward
method already recovered ~ 97%, comparable to a similar recovery with the oven
method (600 h at 150 °C). The reverse method still lags behind at ~ 94%. For both
forward and reverse, the last annealing session of 100 h at 175 °C do not seem to have
a noticeable impact, where in the reverse case we might see a slight improvement at
first and then a worsening of the fraction of damage recovery for the last measure-
ment.
The presented results suggest a number of very interesting results:

¢ Forward annealing versus reverse annealing
Forward annealing show in general a quicker recovery and in general a better
performance. The maximum fraction of damage recovered was ~ 3% larger
in the same time span and overall shows more stability (no final out-of-trend
point).

¢ Forward annealing versus oven annealing (Fraction of damage recovery)
Forward annealing show a limit in line with the oven annealing one, which is
thought to be the value for Ry. This is consistent with the flat behaviour of the
data points in the 175 °C, in which the sensor is insensitive to the treatment.

¢ Forward annealing versus oven annealing (Time of recovery)

Even though the comparison at 150 °C was not completely on equal grounds,
the general trend can give us precious insights. Indeed, the forward annealed
sensors had integrated 27 h at 100 °C and 27 h at 125 °C of annealing treatment
before being administered the 350 h session at 150 °C, for a total of 404 h. This
being said, the same level of recovery was reached after 600 h at the same tem-
perature in the oven case. One could then postulate that the speed of recovery
of the Forward method is equal if not faster than the oven annealing (See Sec-
tion 4.4.6).

In light of these results, the forward annealing is a strong candidate for the in situ
annealing solution of damage recovery. The level of fraction damage reduction is
maximal (= 97%) and the sensor has a stable behaviour for additional annealing
treatment.

Neutron damage annealing

Neutron irradiation has been done at the same level of proton irradiation, at 10° Neq -
They are compared to the forward annealing of proton irradiated sensors in Figure
4.23. The coloured points (blue, green, yellow, red) represent the forward anneal-
ing, proton irradiate sensors of Figure 4.22 left panel. The gold curves represent the
forward annealing of neutron irradiated sensors at the reported temperatures. The
empty black points represent the oven annealing of neutron irradiated sensors at the
reported temperatures. The present section will always refer to the gold and empty
black curves, unless specified otherwise. This is an ongoing investigation, only par-
tial and preliminary conclusions will be drawn.

The general trend of all the curves is a slow exponential decrease of the fraction
of damage, after an initial quick recovery. The first point, representing 10 min, estab-
lishes the magnitude of the first large reduction: approximately 80% for the forward
annealing at 175°C, 70% for the forward and 55% for the oven annealing at 150 °C.
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FIGURE 4.22: Fraction of damage as a function of annealing time

and temperature. (blue, green, yellow, red) (left) Forward annealing,

(right) Reverse annealing, the empty light grey square represent the
values for the single sensor. (gold) oven annealing.

After this, the trend is qualitatively similar for all curves and is a slow decrease. The
forward annealing at 175 °C is the steepest, reaching Rq (97% of recovery) in a record
10 h. This is the fastest recovery recorded up to date. The second fastest is the for-
ward annealing, followed by the oven annealing at 150 °C. The annealing campaign
is still ongoing and the results are partial, but trends already suggest a convergence
to Rq for both methods at roughly the times seen in protons, 350h and 600h. ~ The
presented partial results already suggest a number of very interesting preliminary
results:

¢ Forward annealing in protons versus forward annealing in neutrons (Initial

recovery boost and temperature dependence of recovery rate)

The initial recovery boost is a new feature in the context of the time depen-
dence of the fraction of damage reduction. In the previous campaigns most
of the results were time integrated, and the time dependent results on the for-
ward annealing in protons do not show this behaviour. This feature might
have been present in proton irradiated sensors but hidden by the slow temper-
ature approach. We can appreciated a significant difference in the initial boost
from 175°C (20% recovery) to 150 °C (30% recovery) and a very large differ-
ence in the subsequent speed of recovery from 175°C (10h to Rq4) to 150°C
(350 h to Ry4), which might indicate an exponential dependence on the temper-
ature. In this picture a low temperature of 100 °C can expect an initial boost of
~ 9% (30% recovery, reduced by 1.5 every 25 °C) which is consistent with the
tirst point (30 min) having a ~ 20% recovery.

¢ Forward annealing in protons versus forward annealing in neutrons (Reduc-

tion slope)

Another interesting feature that can be seen in the data is that, after a given
time and up to measured points, the proton- and neutron-irradiated forward
annealed curves overlap. This is quite an interesting result as one would as-
sume the neutron-irradiated curve to converge to Rq slightly later, due to the
head-start of the proton-irradiated of almost 90% recovery. This needs will
need to be studied once the full measurements are available.
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¢ Forward annealing versus oven annealing (Time of recovery)

In the previous section, we postulated that the forward annealing procedure
could have a recovery rate higher or equal to the one of the oven annealing.
Here the comparison is unbiased and the message is much clearer: the forward
annealing is much quicker when compared at the same conditions of irradia-
tion and annealing time. In the last available point for the oven annealing, to
reach the same fq the oven annealing takes ~ 10 times longer and in the same
time the forward annealing has recovered ~ 6% more.

¢ Forward annealing versus oven annealing (Ry)
The trend in the 175 °C annealing highlights how the forward annealing trend
in neutrons reaches the flat bottom R4. More annealing sessions are required
to probe if the potential recovery can be more efficient for the neutron damage
with respect to the proton damage.

The presented results are not complete, but already provide a very interesting pic-
ture for the annealing techniques and the radiation damage for protons and neu-
trons. Our measurements seem to go toward an equivalence of proton- and neutron-
induced damage recovery for equal fluences, showing similar behaviours for anneal-
ing trends with time and temperature in both sets. The forward annealing still come
out as the strongest candidate for an online efficient and quick annealing solution.

Characterisation of light response

After the 2022 start of light response measurements, the SiLab upgraded to a laser-
based setup. The picosecond pulsed laser is still piloted with a pulser, provides
a light of 401.4 nm wavelength with a 25 ps full width at half maximum, less than
a 4 ps synchronisation jitter, up to 20 MHz repetition rate and a peak power over
2 W. The laser is mounted on a z-axis linear translation stage, while the sensors are
mounted on a z- and y-axis linear translation stage. The result is a fully automated
XYZ movement of the sensors, installed in the climatic chamber and functioning
down to —40°C.

The resolution is measured through the time distribution between the reference
start of measurement (obtained by the pulser) and the time of arrival of the single
photon onto the detector. The curve is fitted with a gaussian with an exponential
tail, that is a feature yet to be understood.

The timing resolutions are shown in Figure 4.24 for all sensors at different bias
voltages on the left panel. Reported is the gaussian sigma from the fit, which con-
tains the laser-ALCOR synchronisation and the pulser reference time resolution. On
the right a highlight for one voltage and one sensor is shown. The highlight shows
the histogram used for the measurement. The peak presents a tail that is yet to be
understood. The resolution contains contributions from the laser-ALCOR synchro-
nisation and the time reference resolution. The best sensor for timing is the Hama-
matsu 13360-3075 with a very good 100 ps resolution.

The next step will be to characterise an irradiated board to understand the radi-
ation damage effect on the timing properties of the sensor.

Breakdown measurements in low current

The low temperatures at play and highly performant sensors resulted in a very low
current. This is particularly the case for the Hamamatsu S13360-3050. This pre-
vented, in the new sensors, a proper estimation of the V4. The estimation was then
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performed on the irradiated sensors, where the current was a factor 100 higher. The
comparison between the two measurements is shown in Figure 4.25. The temper-
ature dependence clearly shows the measurement on the new sensors significantly
deviates from the expected linear trend. For this reason, the irradiated sensor mea-
surement of Vyq is taken as reference in the low temperature limit.

Characterisation of activation energy

The temperature scan measurements were also used to investigate the effects of ra-
diation on the sensors” activation energy. Activation energy defines the amount of
energy that needs to be delivered to generate an avalanche. In [233] an overview
of three possible ways to measure this quantity are outlined, two of which can be
done with the available data. Although the two methods are pointing to an incom-
plete picture, we make use of one to start an investigation on the effects of radiation
damage on the activation energy. This line of research stems from the notion that
the DCR is not going back to pre-irradiation levels (Section 4.4.5), so the suspicion
is that an intrinsic characteristic is forever changed by the radiation damage and it
cannot be recovered via the annealing procedures we explored so far.

The research [233] (Figure 4.26 top panel) indicates the existence of two main
mechanisms for the DCR or dark current generation. The methods considered make
use of the Arrhenius plot Figure (4.26) where the logarithm of the current at a certain
(over)voltage is plotted against the inverse of the temperature times the Boltzmann
constant. The activation energy is then measured as the slope of the linear trend of
the data points. The threshold for one dominating over the other is ~ 3 °C, which is
consistent with our findings (Figure 4.26 bottom panel).

The main message we can take from the two different approaches is that there
are many mechanisms that affect the DCR or dark current: some are linked to the
absolute voltage applied and some are linked to the overvoltage applied. This can
be seen from the quoted activation energies for the (low-)high-temperature regions,
going from (0.42) 0.89 in the fixed voltage case to (0.47) 0.96 in the fixed overvoltage
case. Then, a full picture is hard to infer from the two plots separately, and a new
way for the measurement is proposed. In our case, being a pilot study, we start with
these basic measurements. A preliminary result is shown in Figure 4.26 middle and
bottom panels. The activation energy measurements do change after the radiation
damage, reducing the energy of ~ 30% for both temperature regions. This effect is
consistent across all sensors and show similar behaviours for the measurement in
voltage and overvoltage. This indicates the need to extend this line of research to
better understand the sensors different response to radiation damage and to explore
the effects of annealing on the activation energies.

New prototype and 2023 test beam

In October 2023 a new prototype for the Photo Detection Unit (PDU) was developed
(Figure 4.27 top panel). This new prototype was a first step toward a full integration
of readout and services into a compact and light-weight solution. The PDU inte-
grated 4 ALCOR dual boards, for a total of 8 ALCOR chips, water cooling, two cou-
pled Peltier modules for sub-zero datataking, one temperature and humidity sensor.
Each PDU carried 4 matrices of 256 SiPMs of roughly 3 x 3 mm?, covering ~ 50 x
50 mm?.

The detector box used in the test beam consisted in 8 PDUs, four of which only
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FIGURE 4.25: Breakdown voltage measurement as a function of tem-
perature for new (NEW) and irradiated at TIFPA (TIFPA-IRR1) at a
10° ne, sensors. The red line show the linear fit on the TIFPA-IRR1

52

5

-

T T[T T[T [T [T [ TITT[TTTT]

50.5

50

49.5

49

48.5

39

3

&

37.

o

3

Q

N R A ]

36.5

HAMA1350
DTS slope: 54mV/K
FIT slope: 54.33:0.06mV/K

—— TIFPA-IRR1

—— NEW

240 250 260 270 280 290

300
Temperature (K)

T[T T[T T[T [T T[T 7777

HAMA1375
DTS slope: 54mV/K
FIT slope: 53.1:0.3mV/K

L —&— TIFPA-IRR1

—=— NEW

240

ol b e ey L
250 260 270 280 290 300
Temperature (K)

HAMA1450
DTS slope: 34mV/K
FIT slope: 38.8+0.7mV/K

—— TIFPA-IRR1
—— NEW

Ly
240

P TSI H ST S S B S S |
250 260 270 280 290 300
Temperature (K)

data.



Chapter 4. Characterisation of SiPMs for the dRICH detector of the ePIC

experiment at EIC
Temperature [°C] Temperature [°C]
24 17 10 3 -3 -9 -15 -21 -26 -31 -36 24 17 10 3 -3 -9 -15 =21 -26 -31 -36

-13 r T -13 T T T T

= In(Current @ 31.3V) = In(l,,@4V,,)

aad Line Fit of In(Current @ 31.3V) 144 : )

" — Line Fit of In(Current @ 31.3V) Line Fit °; :"('ﬂa'k@‘wov
< 5] y=(1.4620.54) - (0.42%0.01)'x . Line Fit of In(ly,, @4Voy
@ Adj. R-Square=0.99617 3 y=(3.200.70) - (0.47+0.02)*x
é 164 i V@ 164 Adj. R-Square=0.99594

H . 3
%".17- B ig 174 E
-18 . -18 g
191 y=(21.791.30) - (0.89+0.03)*x 1 199 y=(24.40£0.97) - (0.96£0.02)*x b
Adj.R-Square=0.99499 Adj. R-Square=0.99757
-20 T -20 T T T T T T T T T
3 40 41 42 43 44 45 46 47 48 49 39 40 41 42 43 44 45 46 47 48 49
1/KT [eV] 1KT [eV]
s - ~ -8
3 r HAMA1350 Activ. E NEW: 0.3620.03 >§, r HAMA1350 Activ. E NEW: 0.43+0.03
3 _10E Activ. E IRR: 0.17+0.04 [N ol Activ. E IRR: 0.32+0.03
® . ® 107
< ok E’g —12f O,
= r [CZTERN Oy, C O,
r (CEN TR . r “Bg
-14f— © Qe -14f— Ol
5 C O
,16:\.\'\'\‘ 161 O
20~ 20~
FActiv. E NEW: 0.52+0.01 FActiv. E NEW: 0.68+0.00
_pp[Activ. E IRR: 0.21+0.05 _pCActiv. E IRR: 0.46+0.05
T T A T Y TSSO RS SO NY T S A Y TSSO R ST SO NY
38 40 42 44 46 48 38 40 42 44 46 48
KT (eV) KT (eV)
- ~ -8
g_ r HAMA1375 Activ. E NEW: 0.33+0.05 >§ r HAMA1375 Activ. E NEW: 0.50+0.04
8 Activ. E IRR: 0.14+0.06 [ Activ. E IRR: 0.34+0.05
© -10F ©® -10F
H - e
= .F = - < r e
T 12| 2 S Z 12| e
- L = R = C B“B-».B_W
L C e
-14— -14 s
F B L S

161 161

18- 1\'\-\.\ -8l

20 20—

F Activ. E NEW: 0.57+0.02 EActiv. E NEW: 0.80+0.01
_»[Activ. E IRR: 0.17+0.06 _p[Activ. E IRR: 0.4620.06
i S (N ISR S HA R B i S S (S SR S EA R B
38 40 42 44 46 48 38 40 42 24 46 48
KT (eV?) KT (eV?)
2 [ HAMA1450 Activ. E NEW: 0.33+0.07 } “F HAMA1450 Activ. E NEW: 0.460.08
< Activ. E IRR: 0.170.01 5 b Activ. E IRR: 0.31:0.01
® 1 e o
= T
-141— i A
161
715} \
20l

F Activ. E NEW: 0.44+0.08
[Activ. E IRR: 0.24+0.03

38 40 42 44

48
VKT (V)

FActiv. E NEW: 0.61+0.08
[Activ. E IRR: 0.43+0.02

38 40 42 44

FIGURE 4.26: Evaluation of the activation energy with fixed voltage

(left) and fixed overvoltage (right) in an Arrhenius plot. (top) Fig-

ure taken from [233]. (middle-top, middle-bottom, bottom) Measured
sensors irradiated at 10% ne, (empty) and for new sensors (full).

48
VKT (V)



4.4. Characterisation of radiation damage and recovery through annealing of

SiPMs in a dRICH prototype 157

had a sensor matrix in one corner (Figure 4.27 middle panel). In Figure 4.27 bottom
panel the result of the test beam succesful datataking: the detector box was installed
in the dRICH prototype and the two rings correspond to light emitted in the aerogel
and gas radiators for a negative beam of energy 10 GeV.

This marked the first time the prototype measured the ring with such a high-
precision and with almost full coverage. It is worth noting that this result was
achieved with a prototype for the full readout chain, which is a further test of the
art of the dRICH R&D for the full detector construction.
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FIGURE 4.27: (top) schematics (left) and photo (right) of the PDU,
(middle) detector box, (bottom) cherenkvov rings as measured with
the SiPMs with the ALCOR full readout chain.
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4.5 Conclusions

In this chapter a broad overview of the activities related to the SiPM characterisa-
tion, test of radiation tolerance, analysis of performance recovery via annealing was
presented.

The preliminary results highlight how the new facility at the INFN Bologna is
rapidly improving and scaling its potential for research on the SiPMs. In a three
years time, many new results were achieved:

1. In laboratory I-V measurement of 32 sensors matrix is fully automated, for up
to 2 boards in series with no operator intervention.

2. In laboratory DCR measurement of 32 sensors matrix is fully automated, for
up to 2 boards in series with no operator intervention.

3. On-the-go IV measurement of 32 sensors matrix is fully automated, for up to 2
boards in series with no operator intervention.

4. On-the-go DCR measurement of 32 sensors matrix is fully automated, for up
to 2 boards in series with no operator intervention.

5. In laboratory online forward (reverse) annealing of 32 sensors matrix is fully
automated, with temperature monitoring.

6. Successful data taking capabilities for sensors use in test beams

On top of this rich hardware compendium, a number of software solutions for real
time QA and data analysis have been developed. The ongoing R&D for the dRICH
prototype has been greatly advanced and the preliminary results are very promis-
ing: the group managed to perform two gainful test beams testing the full readout
chain.

On top of this, the last irradiation campaign was a success, providing a large
plethora of exciting results. The repeated measurement of the fraction damage re-
covery limit (Rq = 97%), the selection of the forward annealing method as a fron-
trunner for the online annealing solution, the equivalence of proton- and neutron-
irradiated sensors response to annealing.
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Conclusions

The analysis of the production of ¢p-meson pairs measured at the ALICE experi-
ment in pp collision at /s = 7 TeV and /s = 5.02 was presented. It was shown
how the unexpected observation of high-density QCD effects in small systems gave
rise to a major shift in how these systems were perceived. They quickly went from a
reference measurement for heavy-ion physics to a new thriving branch of research,
where more and more effort was dedicated. In this context, the presented analysis
was carried out as a novel addition to the investigation of the strangeness hadroni-
sation and strangeness enhancement phenomena. The analysis relied on a careful
check on the data quality. The signal extraction procedure was performed through
a new method to access the ¢-meson pair yield via a 2-dimensional invariant mass
histogram. A generalisation of previous analysis procedures have been developed to
extrapolated the measured spectra and access to the full yield. A thorough approach
to the evaluation of the degree of correlation of systematics have been presented.

The measured ¢-meson production gave us access to novel parameters that quan-
tify the correlated or anti-correlated production with respect to a poissonian be-
haviour. The found excess was constant in multiplicity and ~ 3.5%. On top of this,
a number of results stemmed from the analysis, such as the pt evolution of condi-
tional spectra for the ¢-meson.

An interesting take on the Monte Carlo predictions was also presented. As some
previous results have suggested, the comparison to the full yields only show a frac-
tion of the picture. In particular, considered PYTHIA models showed a discrepancy
with the data when comparing multiplicity-dependent yields. Monash 2013 under
predicts both yields by a factor ~ 50%, whilst the Rope model under predicts by a
factor ~ 30%, failing to describe the absolute yield, but qualitatively describing the
trend. The two different settings, when compared in 4 and R, , showed consistent
predictions that are in agreement with the presented results within uncertainties.
The agreement then does not appear to be affected by the effective string tension
enhancement that the Rope model provides. This highlights the fact that the novel
approach being put forward can have an impact in understanding the underlying
mechanisms of hadronisation and in model discrimination.

The presented work is therefore a step forward in the understanding of the hadro-
nisation of the ¢ meson and strangeness altogether. The excess in data was correctly
reproduced in PYTHIA and now more comparison to new models are needed to un-
derstand how different phenomenological approaches behave in this context.

As discussed in Section 3.11.3, the presented analysis has many possible expan-
sion that can be looked into. The Run 3 datataking currently undergoing in ALICE
will provide a significantly larger dataset that will help reducing the dominant sta-
tistical uncertainty and open to the possibility of more differential studies using the
presented technique.

The SiPM characterisation campaigns carried on by the INFN Bologna group were
presented.

It has been presented how the SiPM sensors are an excellent candidate for pho-
todetection in high energy physics experiments, their main drawback being their
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susceptibility to radiation damage.

Throughout the thesis a plethora of results have been presented for various ways
of characterising the sensors. An analysis software for the study of the breakdown
voltage was developed. The full readout chain with the ALCOR chip was developed
and tested at two test beams, a start of investigation for the SiPM timing resolution
yielded very promising result under 150 ps, down to 100 ps. An extensive study
on the feasibility of the in situ annealing was carried on. Direct current is a strong
candidate successfully demonstrating how a large fraction, over 90%, of radiation-
induced (10? 1-MeV /cm? neutron equivalent) damage can be recovered in as little as
10 h.

Even though many of the research lines are still ongoing, the understanding
about SiPM as a technology and know-how about their behaviour after irradiation
and annealing is fast growing in the Bologna SiLab.
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