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ABSTRACT

Huhta, Laura
Probing QCD via dijet invariant mass in pp and p—Pb collisions and performance
of forward jets with ALICE FoCal

Jets, collimated sprays of particles emerging from hard parton processes, are
powerful probes of the strong interaction and of nuclear matter under extreme
conditions at the CERN Large Hadron Collider (LHC). In this thesis, I present
two studies of jets in the ALICE experiment at the LHC.

The first analysis reports an updated measurement of the invariant mass of
charged dijets in proton-proton and proton-lead collisions at a nucleon-nucleon
center-of-mass energy of \/syn = 5.02 TeV, using Run 2 data. I determine the
dijet mass spectra and the nuclear modification factor Rpa in the mass range of
75 — 150 GeV /2. The results, extending the earlier work presented in Ref. [1],
are compared with predictions from Monte Carlo simulations of PYTHIA and
POWHEG+PYTHIA. While the measured Ry is found to be consistent with
unity within experimental uncertainties, it lies systematically slightly above unity.
Simulations suggest that this enhancement may result from dijets probing the
anti-shadowing region of the nuclear PDFs of lead. While the current measure-
ment uncertainties are too large for a definite conclusion, future studies with
Run 3 data can provide greater sensitivity. This measurement also establishes
a baseline for corresponding future analyses in Pb—Pb collisions.

The second analysis is the study of jet performance in the upcoming ALICE
Forward Calorimeter (FoCal) upgrade. Using data and detector simulations, the
achievable transverse momentum range as well as the jet energy scale and reso-
lution are quantified. The feasibility of forward jet, dijet and photon-jet measure-
ments is demonstrated. Such measurements will enable FoCal to probe the gluon
saturation regime of QCD matter at low Bjorken-x down to x ~ 107%. In addition,
results from test beam campaigns for the FoCal prototype are presented, validat-
ing the detector concept and performance in preparation for the construction and
installation of FoCal for data taking in Run 4.

Keywords: ALICE, CERN, LHC, jet, dijet, heavy-ion, FoCal, pp, p—Pb, gluon sat-
uration, QCD



TIIVISTELMA (ABSTRACT IN FINNISH)

Huhta, Laura

QCD-ilmididen tutkiminen dijettien invarianttimassan avulla pp ja p—Pb torméyk-
sissd sekd ALICEn FoCal-ilmaisimen suorituskyky etusuuntaisten jettien mittauk-
sessa

Jetit, eli kollimoituneet hiukkassuihkut, syntyvat kovista partoniprosesseista. Je-
tit ovat tehokkaita tyokaluja vahvan vuorovaikutuksen ja ydinaineen tutkimuk-
sessa ddrimmadisissd olosuhteissa, joita saavutetaan CERNin suuressa hadronitor-
maéyttimessd, LHCssa. Téssd tyossa esitdn kaksi jettitutkimusta CERNin ALICE-
kokeessa.

Ensimmadinen tutkimus tuottaa pdivitetyn mittauksen varattujen dijettien
invarianttimassasta kdyttden protoni-protoni ja protoni-lyijytormédysdataa joka
on mitattu massakeskipiste-energialla /sy = 5.02 TeV ALICEn Run 2 aika-
na. Médritan dijettimassaspektrin ja ydinmuutostekijan Rps massa-alueella 75 —
150 GeV /c?. Tuloksia, jotka laajentavat aiempaa tyota [1], verrataan PYTHIA ja
POWHEG + PYTHIA Monte Carlo -simulaatioiden ennustuksiin. Vaikka mitattu
Rpa on mittausepdvarmuuksien rajoissa yhteensopiva Rpa = 1 kanssa, sijaitse-
vat mittauspisteet systemaattisesti Ropa = 1 yldpuolella. Simulaatiot viittaavat
sithen, ettd tdima lievad poikkeavuus voi johtua siitd, ettd dijetit osuvat lyijyn ydin-
partonijakaumien anti-varjostusalueelle. Vaikka nykyiset mittausepdavarmuudet
ovat liian suuria varmoja johtopdatoksid varten, tulevaisuuden tutkimukset uu-
della ALICEn Run 3-datalla voivat parantaa tulosten tarkkuutta. Tdméa mittaus
toimii myos vertailupohjana vastaaville tutkimuksille lyijy-lyijytormayksissa.

Tyo6n toinen tutkimus késittelee ALICEn tulevan Forward Calorimeter (FoCal)
-ilmaisimen suorituskykyéd etusuuntaisissa jettimittauksissa. Kayttamalla datan
ja ilmaisimen simulaatioita maaritdn saavutettavissa olevan poikittaisliikemaa-
rdalueen sekd jettien energiaskaalan ja -resoluution. Osoitan, ettd etusuuntais-
ten jettien, dijettien ja fotoni-jettikorrelaatioiden mittaukset ovat toteutettavissa
FoCal:lla. Naméd mittaukset mahdollistavat QCD-aineen gluonisaturaation tut-
kimuksen matalilla Bjorken-x:n arvoilla x ~ 107° asti. Lisdksi esitin tuloksia
FoCal-prototyypin testiajoista, jotka vahvistavat ilmaisimen konseptin ja suori-
tuskyvyn, mahdollistaen FoCal:n rakentamisen ja asennuksen mittauksia varten
ALICEn Run 4-ajossa.

Avainsanat: ALICE, CERN, LHC, jetti, dijetti, raskasioni, FoCal, pp, p—Pb, gluo-
nisaturaatio, QCD
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1 INTRODUCTION

The physics of our universe are governed by four fundamental forces. The Stan-
dard Model is capable of describing a wide range of experimental data on ele-
mentary particles and the way they interact via weak, electromagnetic and strong
interactions. The Standard Model also classifies all the known elementary parti-
cles: the quarks, the leptons, the gauge bosons and the scalar Higgs boson. These
are pictured in Fig. (1} along with their masses, charges and spins. There are still
open questions on how to complete the Model in order to incorporate the fourth
fundamental force, gravity. Also, parameters like masses and coupling constants
are not given directly by the Standard Model, but have to be determined based
on data from experiments [5]. In addition, while the Standard Model predicts a
symmetry of matter and antimatter, an imbalance quantified as the baryon asym-
metry is observed. Physics beyond the Standard Model is therefore required to
explain the asymmetry [6]. As cosmological and astrophysical evidence sug-
gests, ordinary matter constitutes only about 5% of the Universe, with the re-
mainder consisting of dark matter and dark energy. A wide variety of Beyond
the Standard Model (BSM) searches are actively performed at the LHC, with var-
ious models being tested and possible signals of new physics searched for in the
experimental data [7, 8, 9].

The theory of quarks as building blocks of matter was formulated in the
1960’s [11} [12], and experimentally confirmed in 1969 in electron-proton scatter-
ing at the Stanford Linear Accelerator Center (SLAC) [13]14]. Quantum Chromo-
dynamics (QCD) is the theory of the strong interaction, with fundamental fields
of quarks and gluons described by matter and gauge fields, respectively. QCD is
a gauge theory with the local symmetry group SU(N,), where N, = 3 is the num-
ber of color degrees of freedom in the real world. If N, is left as a free parameter,
the theory can be studied with perturbative methods and simplified calculations
using the large-N, limit approximation [15,[16].

The strong force is not as simple as the electrodynamic force described by
Quantum Electrodynamics (QED), which has been studied to a great extent since
the 19th century, and for which the theory and values of parameters, such as the
fine-structure constant & = ¢?/47mhc describing the strength of the interaction,
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
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FIGURE 1 The Standard Model. Figure from Ref. [10], adapted under the license CC
BY-SA 3.0.

are well-understood [5]]. Just as QED involves the concept of electric charge trans-
ferred by photons, QCD contains the concept of color charge, which is transferred
by gluons. What makes the QCD color charge different, however, is the fact that
the gluon itself also carries a color charge, unlike the photon, which has a neutral
electric charge. This allows gluons to interact with each other. Color confinement
describes the phenomenon where color-charged particles cannot exist in isola-
tion, but must combine into color-neutral states, hadrons. This means that, under
normal circumstances, quarks and gluons cannot exist in isolation nor be directly
observed. Searches for free quarks have been performed, yet no evidence for their
existence have been found in experiments [17].

A major factor making the theory of QCD more complex than QED is asymp-
totic freedom. This arises because the strong coupling constant «s, also called the
running coupling constant, strengthens at long distances and weakens at short
distances, a behavior that is a direct consequence of gluon self-interactions [18,
19]. Measurements of as as a function of the energy scale Q are presented in
Fig. 2, where the weakening of the interaction strength at higher scales Q, corre-
sponding to shorter distances ~ 1/Q, is apparent. In perturbative QCD (pQCD),
the order of the calculation indicates the power of «;. In leading order (LO), the
calculations include the factor a;, next-to-leading order (NLO) includes powers
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a2, next-to-next-to-leading order (NNLO) includes powers a2, and so on. Increas-

ing the order can quickly make the calculation increasingly complex and time-
consuming.

0.35 T T T T T T
: T decay (N3LO) i ]
[N low Q2 cont. (N3LO) ]
03 Heavy Quarkonia (NNLO) —+— 7]
i HERA jets (NNLO) 4
025 [ et*e jets/shapes (NNLO+NLLA) —— ]
T e*e” Z0 pole fit (N3LO) e
&« i pp/pp jets (NLO) = 1
S o02F pp top (NNLO) +e— -
4 [ pp TEEC (NNLO) ]
0.15 5 ]
01 I ]
[ — o (my? = 0.1180 + 0.0009 bt
0.05 el el
1 10 100 1000
August 2023

Q[GeV]

FIGURE 2 Summary of determinations of the running strong coupling constant a; as a
function of the energy scale Q. The black line represents a; computed at five
loops by taking as an input the current PDG average, as(m%) = 0.1180 +
0.0009. Figure from Ref. [17], reprinted under the license CC BY 4.0.

In order for quarks and gluons to be able to exist as if they are free par-
tons, we would need extreme conditions where temperatures and parton den-
sities are extremely high. Our universe, created around 13.8 billion years ago,
was extremely dense and hot in the time right after the Big Bang occurred - this
is portrayed in Fig. 3| Neither atoms, nuclei nor nucleons could yet exist in the
hot and dense state, but quarks and gluons formed a plasma where they could
move freely, unbound to each other. This state of matter is called the quark-gluon
plasma (QGP) [20]. The partons act as free partons because the strong interaction
is weaker at short distances, which is why extreme conditions are required to
create QGP. As the universe cooled down after the Big Bang, the QGP could not
exist anymore. Quarks would start to stick together, forming hadrons, the state
of matter in which quarks are bound together.

The phase diagram of QCD matter is presented in Fig. 4l In the figure, the
usual nuclear matter at low temperatures is shown on the bottom of the plot, and
experimental measurements [22} 23, 24] 25] of the chemical freeze-out parame-
ters are shown as open points. Above the crossover line, shown in green and
calculated with lattice QCD [26], QGP can exist. The region probed by LHC ex-
periments is depicted in blue. At large baryochemical potential ug, a first-order
phase transition is predicted, which would end at a critical point when moving
toward lower up. Experimental programs, such as the RHIC Beam Energy Scan
(BES) [27], actively search for signatures of this critical point [28]. This region of
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History of the Universe
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FIGURE 3 The timeline of our universe right after the Big Bang. © CERN/BICEP2
Collaboration/NASA. Reproduced for informational purposes from CERN
website [21]].

the phase diagram is relevant also for understanding astrophysical objects like
dense neutron stars [29].

QCD matter can be studied in high-energy particle collisions, for which we
need particle accelerators. Accelerators for high-energy nuclear physics were first
developed in the 1930’s, including the first circular accelerators, cyclotrons [5].
In Fig. 5| a summary of accelerators and colliders between 1950-2010 is shown,
along with the center-of-mass (CM) energy reached with each machine. Hadron—
hadron, electron—positron, and HERA electron—proton collision systems are shown
with different marker styles. The Large Electron-Positron (LEP) collider collided
electrons with positrons at the European Organization for Nuclear Research (CERN).
The 27-kilometer-long tunnel of LEP now houses the Large Hadron Collider (LHC),
which reaches the highest energies ever achieved with a particle accelerator.

The first lead-ion collisions were performed at CERN at the SPS, at energies
of 158 GeV per nucleon [30]. In 2000, the first measurements of gold-ion collisions
at the Relativistic Heavy Ion Collider (RHIC) at BNL were conducted [31]. To this
day, energies up to \/snn = 200 GeV have been reached at RHIC.

In 1993, an experiment specialized in QCD physics to be built at the LHC
was proposed. A Large Ion Collider Experiment (ALICE) [32] was envisioned to
be a dedicated experiment to study the QGP, which was expected to be created
in heavy-ion collisions. The vision laid out in the ALICE Letter of Intent [33] is to
study strongly interacting matter at extreme energy densities, exploiting nucleus-
nucleus collisions at LHC energies in order to form the expected new phase of
matter, QGP. In 2010, the first heavy-ion data at the LHC and in ALICE was gath-
ered.

The timeline of a heavy-ion collision is shown in Fig. @ Jets, collimated
showers of particles emerging from hard processes, are produced in the earli-
est phase of a heavy-ion collision. This means that they interact with the QGP
medium throughout the whole time that the QGP exists. Through this interac-
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FIGURE 4 A schematic figure representing the phase diagram of strongly interacting
matter. The open points show results from experiments. From Ref. [29],
reprinted under the license CC BY 4.0.

tion, the jets are modified, as the jet can redistribute its energy with the medium
itself [34]. By studying the ways the jets redistribute their energy when passing
through the QGP, we can study the properties of the QGP [35].

Dijets are systems consisting of two jets created roughly back-to-back in the
same hard parton collision. Dijets are important observables, as they can be used
to constrain parton distribution functions (PDFs) [36], and to study jet quenching
in heavy-ion collisions [37, 38, 39]. If we want to interpret dijet measurements
in heavy-ion lead-lead collisions, we must first perform a reference measurement
to study any possible effects arising from cold nuclear matter (CNM) instead of
QGP. This can be done by studying the same observable in pp and p—Pb collisions,
to create a baseline to compare future Pb—Pb measurements to. In addition, the
cold nuclear matter effects are an interesting topic on their own. Many measure-
ments have been performed to study CNM effects, with some signals of CNM
effects of certain observables seen in p—Pb and d—Au collisions [40, 41} 42, 43]].

Pseudorapidity is defined as

N = —lntan(g>, (1)

where 6 denotes the scattering angle. At the high-energy limit, or when the mass
of the particle can be approximated as zero, the definition of pseudorapidity con-
verges to the definition of rapidity y. Larger absolute values of pseudorapidity
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FIGURE5 A summary of colliders between 1950-2010 colliding different particle types:
hadron-hadron (diamonds), electron—positron (boxes), and HERA elec-

tron—proton (triangle). Figure from Ref. [5], reprinted under the license CC
BY 4.0.

correspond to measurements closer to the beam axis, in the so-called forward
region.

ALICE jet measurements have so far been performed at mid-rapidity, at
7] < 0.9. A new detector planned for data taking in Run 4, from the year 2030
onward, will enable more forward-rapidity measurements. This is the Forward
Calorimeter (FoCal) [44], a detector upgrade that will be installed in the very
forward region of ALICE, at 3.2 < n < 5.8. Measurements at forward rapidity
provide access to observables in kinematic regions that cannot be reached with
current LHC experiments at mid-rapidity. In particular, FoCal will probe QCD
in the region of gluon saturation, where the gluon density in hadrons is so large
that gluon splitting is expected to be balanced by gluon recombination, taming
the gluon density growth and reaching a gluonic saturation point. FoCal will also
provide new, stringent constraints to nuclear PDFs [2].

In this thesis, I first present the experimental setup and methods in Sec.
The relevant background for jet measurements in ALICE is discussed in Sec.[3| In
Sec. |4} jet methods and Monte Carlo simulations are described. In Sec.[5| I present
an updated measurement of the dijet invariant mass of charged jets in the ALICE
mid-rapidity measured during Run 2, continuing and updating the work pre-
sented in Ref. [1]. The results are also compared with Monte Carlo simulation re-
sults. Finally, in Sec. [p} I present a study on the jet performance of the upcoming
FoCal detector upgrade. Using simulated data, I study the transverse momen-
tum range and resolution at which these measurements can be performed. I also
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FIGURE 6 The timeline of a heavy-ion collision at LHC energies. A jet is portrayed by
the yellow cone. From Ref. [29], reprinted under the license CC BY 4.0.

present work that has been done to test the prototypes of the FoCal in beam tests

at CERN Test Beam facilities before its upcoming construction, assembly and in-
stallation in ALICE.



2 ALICE: A LARGE ION COLLIDER EXPERIMENT

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [45] is a 27-kilometer-long particle accelerator,
situated in a tunnel around 100 meters underground at CERN, on the Franco-
Swiss border nearby the city of Geneva, Switzerland. The LHC is the largest parti-
cle accelerator to date, with the capability to accelerate protons and ions to speeds
near the speed of light. The LHC operations started in 2009 and, since then, CM
energies of up to y/s = 13.6 TeV have been reached for proton-proton (pp) colli-
sions, and CM energies per colliding nucleon-nucleon pair /syn = 5.36 TeV for
lead-lead (Pb—Pb) collisions. The LHC has also collided other ion species, such as
xenon [46], neon and oxygen [47].

The protons accelerated in the LHC start from negative hydrogen ions ac-
celerated in the linear accelerator, LINAC4 [48], which strips the ions of their
electrons, resulting in 160 MeV protons. The protons then enter the Proton Syn-
chrotron Booster [49], where they are accelerated to 2 GeV and injected into the
Proton Synchrotron (PS) [50]. In the case of ions, the Low Energy Ion Ring (LEIR)
[51] receives pulses of lead ions from the Linear Accelerator 3 (LINAC3) [51],
and accelerates them to 72 MeV to inject into the PS. The PS accelerates the pro-
ton beams to 26 GeV, after which they are sent to the Super Proton Synchrotron
(SPS) [52], where they are further accelerated to 450 GeV. Finally, the particles are
transferred to the two beam pipes of the LHC, circling clockwise and anticlock-
wise. The protons reach their maximum energy of 6.5 TeV in around 20 minutes
of circulation in the LHC, after which they are ready to be brought to collision at
the four experimental stations around the LHC.

In Fig. |7, the LHC schematic is presented, with the four large LHC experi-
ments pictured around the LHC ring. Many other experiments also take place at
CERN, and are situated in multiple positions around the accelerator complex. Of
the four large experiments, ALICE [32], ATLAS [53], CMS [54] and LHCb [55]],
ALICE is the only one specifically optimized to study the collisions of heavy
ions. With its precise particle identification and tracking capabilities, ALICE is
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designed especially for the study of QGP in lead-ion collisions, but also conducts

a wide range of measurements with all possible collision systems at the LHC.
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FIGURE7 The CERN accelerator complex as it existed in 2022. Figure from Ref. [56],
freely available for non-commercial use.

2.2 ALICEin Run?2

The dijet mass analysis described in Sec.[fis performed on data measured during
the LHC Run 2, during the years 2015-2018. A schematic of the ALICE detector
during Run 2 is presented in Fig. {8l In between Run 1, 2010-2013, and Run 2,
ALICE kept its general layout similar, but underwent some upgrades to improve
performance.

The central part of ALICE [32] is enclosed within a solenoid, the L3 magnet,
which has a radius of 5.75 m and length of 12.1 m. Inside the L3 magnet, the
central detectors can be found: from the inside out, the central barrel contains
the Inner Tracking System (ITS) [57], the Time-Projection Chamber (TPC) [58],
the Transition Radiation (TRD) [59] detector, the Time-Of-Flight (TOF) [60] par-
ticle identification arrays, the High Momentum Particle Identification Detector
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FIGURE 8 The ALICE detector in Run 2. Figure from Ref. [29], reprinted under the
license CC BY 4.0.

(HMPID) [61], and two electromagnetic calorimeters (PHOS [62] and EMCal [63]).
All but HMPID, PHOS and EMCal cover the full azimuth. The L3 magnet pro-
vides a moderate magnetic field of 0.5 T. Another magnet, the dipole magnet, is
situated 7 m from the interaction point, and is an integral part of the muon arm.

ALICE concentrates on physics at or close to mid-rapidity, where the largest
energy density is found in heavy-ion collisions. In the forward directions, there
are a few more sub-detectors: the forward muon arm [64], the Forward Multi-
plicity Detector (FMD) [65], the Photon Multiplicity Detector (PMD) [66] and the
Zero Degree Calorimeter (ZDC) [67]. Also, to provide triggering information, the
TO detector measures the event time, and the VO detector is used as a minimum
bias (MB) trigger and to reject beam-gas background [65]. Further information
on sub-detectors relevant for our analysis is listed in Table (1) and described be-
low. The two arrays of the TO and VO detectors are named according to the sides
of ALICE they are located on: the A-side corresponds to positive pseudorapidity,
on the left hand side of Fig. |8, and the C-side corresponds to the side of negative
pseudorapidity, on the right hand side of Fig.[§

The ITS in Run 2 is formed of six cylindrical layers of silicon detectors.
The innermost two layers are Silicon Pixel Detectors (SPD). The following two
layers are Silicon Drift Detectors (SDD), and the two outer layers Silicon micro-
Strip Detectors (SSD). The ITS allows to localize the primary vertex with a reso-
lution better than 100 um, to track and identify particles and to improve momen-
tum and angle resolution for particles reconstructed with the TPC. The ITS can
provide dE/dx measurements for low-momentum particles. The silicon detec-
tors have been designed to keep the amount of material in the active volume to
a minimum, as multiple scattering effects in the detector material are dominant
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TABLE1 Summary of a selection of ALICE detector sub-systems, their pseudorapidity
coverage, and distance from the interaction point to the detector face, either
corresponding to the inner and outer radius of the barrel detectors, or position
along the beam. Values are taken from Ref. [32].

Detector Hmin Hmax | Position (m)
ITS layer 1,2 (SPD) | —2.0 2.0 0.039, 0.076
ITS layer 3,4 (SDD) | —0.9 0.9 0.150, 0.239
ITS layer 5,6 (SSD) | —0.97 0.97 | 0.380, 0.440

TPC -0.9 0.9 0.848, 2.466
TRD —0.84 0.84 2.90, 3.68
TOF -0.9 0.9 3.78
VOA 2.8 51 34
VvoC —-3.7 —-1.7 —0.897
TOA 4.61 4.92 3.75
TOC —-3.28 | —=2.97 —-0.727

effects in the momentum resolution for low-momentum particles. The relative
momentum resolution of the ITS is better than 2% for pions with transverse mo-
mentum pt between 0.1 and 3 GeV/c.

The TPC [58] is the main tracking detector in the central barrel. The TPC
is designed to provide measurements of charged-particle momentum with good
particle identification, track separation and vertex determination [68]. The vol-
ume of the cylindrical barrel of the TPC is large, 5.6 m in diameter and 5 m in
length. The detector is formed of a cylindrical field cage filled with a gas mixture
of Ne-CO,-N; with a ratio 90-10-5. The small amount of nitrogen was added af-
ter Run 1 to improve operation stability [69]. Charged particles passing through
the TPC volume ionize the gas along their path, causing electrons to liberate and
drift through the field cage to the end plates on either side of the central electrode.
Each end plate is equipped with multi-wire proportional chambers mounted onto
18 trapezoidal sectors. The field cage is operated at high voltage gradients of 400
V/m with the central electrode at 100 kV, resulting in a maximum drift time of
about 90 us. The accurate measurement of both the arrival point and time of the
ionization electrons allow the complete trajectory of charged particles in the TPC
to be determined with good precision.

The main purpose of the TRD [59] is electron identification above trans-
verse momenta of 1 GeV/c. In addition, it also is a part of the Level-1 trigger,
providing fast triggers for high-pr charged particles, enhancing, among others,
recorded high-pr jet yields. TOF [60], coupled with ITS and TPC for track and
vertex reconstruction and dE/dx measurements, provides particle identification
in the intermediate momentum range.

The VO [65] detector is a combination of two arrays of scintillator counters,
VOA and VOC, placed on either side of the ALICE interaction point. The VO de-
tector provides MB triggers for the central barrel detectors, and indicates the cen-
trality of the collision via the recorded event multiplicity. Also, the VO detector
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participates in luminosity measurements in pp collisions. The TO [65] detector
consists of two arrays of Cherenkov counters, TOA and TOC. The TO generates
a start time for the TOF detector, corresponding to ALICE'’s best estimate of the
collision time. TO also measures the vertex position and provides a trigger based
on the position measurement, with the capability to generate an alternative MB
and multiplicity trigger.

2.2.1 Vertex and track reconstruction

The track of a particle in the ALICE detector can be reconstructed by using multi-
ple signals from a combination of detectors and by applying a tracking algorithm
to the signals. For charged particles, which are used in our dijet mass analysis,
the main detectors used in tracking are the TPC and ITS, with TRD and TOF used
for particle identification and triggering.

The track reconstruction is performed in three stages [70], which are pic-
tured in Fig.[9] In the first stage, the procedure starts with tracks found in the
outer layer of the TPC. Track seeds are built with TPC clusters, and they are then
propagated inwards, updated at each step with the nearest cluster corresponding
to a proximity cut. Once the outermost ITS layer is reached, the reconstructed
TPC tracks become seeds for the ITS track finding. They are then also propagated
inwards, updated at each ITS layer with all clusters within the proximity cut, with
each update saved as a new seed. Thus, for each track in the TPC, there is a tree
of track hypotheses produced in the ITS. The highest quality candidate from each
tree is added to the reconstructed event.

The second stage starts with all tracks from the previous stage being ex-
trapolated to the point of closest approach to the preliminary interaction vertex.
The tracks are refitted using the Kalman filter [72] in the outward direction, using
clusters found in the first stage. The tracks are propagated outside the TPC to
TRD, TOF and the other detectors, but they are not used to update the measured
track kinematics.

In the third and final stage, all tracks are propagated inwards, starting from
the outer layer of the TPC. The tracks are refitted in both the TPC and ITS with
the previously found clusters. In this stage, the position, direction and curvature
are determined. A vast majority of the tracks found in this way originate from
the primary interaction vertex. In order to minimize tracks originating from sec-
ondary vertices, sets of cuts on the track distance of closest approach (DCA) can
be imposed. The DCA to the primary vertex is required to be below 3.2 cm in
z and 2.4 cm in the x — y plane. In our analysis, tracks are required to have a
pt over 150 MeV /¢, as the pr resolution of tracks in ALICE is the most optimal
between 150 MeV /c and 100 GeV /¢ [73].

The ITS provides information that can improve the track resolution signifi-
cantly. Therefore, the ITS+TPC tracks are used when possible. However, the SPD
layers of the ITS were partly inactive for some parts of the ALICE data taking
during Run 2 [70]. This caused an uneven distribution of ITS+TPC tracks, and in
order to balance the distribution, TPC-only tracks, reconstructed solely with TPC
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FIGURE 9 The tracking principles for an event in ALICE in Run 2, showing the three
successive paths allowing to reconstruct a track and to refine its parameters.

Figure from Ref. [71], © CERN, provided free of charge for educational and
informational use.
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information, are used whenever ITS is not fully usable. We call the combination
of the two track classes, ITS+TPC and TPC-only, a hybrid track selection [74].

The reconstruction of the primary vertex is based on information provided
by the innermost SPD layers of the ITS. For our analysis, the SPD vertex is re-
quired, even in the case of TPC-only tracks. The SPD vertex significantly im-
proves track resolution when reconstructing with TPC-only track information.
The SPD vertex is also required to be found within 0.5 cm of the reconstructed
primary vertex. We also restrict the primary collision vertex |zytx| < 10 cm, a de-
fault cut applied in most ALICE analyses in order to ensure high-quality events.

As mentioned, the events selected for the analysis are required to have a re-
constructed vertex. However, the MB trigger sometimes triggers on events with
too few tracks for the vertex to be reconstructed. This means we have to imple-
ment a correction factor to match the number of accepted events of the analysis to
the minimum bias events. As the vertex position is required to be a 10 cm distance
away from the interaction point in z, this allows us to write the total number of
events with a vertex within the z acceptance as

tot t tolt() t NtOt

o _ ATViX <10 cm . pn7vix N

N<10 cm N<1O cm \Jvitx ~ N<1O am \jvix’ (2)
<10 cm

where N'™! is the number of all the MB triggered events, NV is the number of
triggered events with a reconstructed vertex, and the subscript < 10 cm signifies
the events with vertices within the z acceptance.

The ratio of events with a reconstructed vertex divided by the total number
of triggered events is then defined as the vertex reconstruction efficiency:

Nvtx
Evtx = ot ©)

This correction factor can then be used to correct the total number of events con-
sidered in the analysis, and we rewrite Eq. (2) as

Nvtx
Ntot ~ <10 cm ( 4)
<10 cm ™ .
Evix

2.2.2 Visible cross section

For the dijet mass analysis, we use a MB triggered data set called VOAND. The
name refers to a logical AND condition requiring hits in the forward and back-
ward direction of the V0 detector [70]. ALICE has measured the corresponding
visible cross section, oypanD, using a van der Meer scan [75]. The visible cross sec-
tion, determined using the VOAND trigger condition, represents a fraction of the
total inelastic interaction cross section, the two being related by an efficiency fac-
tor. To calculate this efficiency, ALICE performed event-generator studies, sim-
ulating the visible cross section by applying the VOAND trigger condition at the
generator level [76]. From these studies, the efficiency, corresponding to the ra-
tio of the visible cross section to the total inelastic cross section, was found to be
74.2755% at /s = 7 TeV.
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For VOAND triggered data, ALICE has measured the visible cross section
for pp collisions at y/s = 5 TeV to be 50.87 + 0.04(stat.) = 0.92(syst.) mb [77] and
for p—Pb collisions at y/syN = 5.02 TeV to be 2090 £ 70(syst.) mb [78].

2.3 Upgrades for Run 3

After Run 2, the LHC went into a period called the Long Shutdown 2 (LS2) in
years 2019-2022, during which upgrades to the detectors and the LHC could take
place [79]. Figure|10|shows the long term schedule of the LHC at the time of writ-
ing. For ALICE, the major upgrades were the TPC [80], ITS [81], the new fast in-
teraction trigger (FIT) [82], and the new Muon Forward Tracker (MFT) [83]]. Also,
the beam pipe was replaced with a new pipe, made of beryllium, which is thin-
ner and smaller in diameter than before. With these upgrades, the performance
of tracking and secondary vertex reconstruction, especially at low momenta, was
enhanced, and the material budget of the tracking system was decreased.

The main physics topics addressed by the ALICE upgrade for Run 3 are
the precise measurements of heavy-flavor hadrons, low-momentum quarkonia,
and low-mass di-leptons. As these measurements have a very small signal-to-
background ratio, very large statistics are necessary for their measurement. Also,
the large background makes triggering techniques inefficient or even impossi-
ble. Due to this, the whole data taking system of ALICE was upgraded. Before,
a dedicated trigger was used to select events of interest to be saved. In Run 3
and beyond, ALICE has moved to a continuous common readout system, called
Online/Offline processing (O?) [85].

The increase in data flow with the readout system update is roughly two
orders of magnitude compared to Run 1. The raw data input reaches values of
3.5 TB/s for Pb—Pb collisions at 50 kHz [86]. A maximal reduction of the data
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FIGURE 11 The ALICE detector in Run 4. Figure from Ref. [89], reprinted under the
license CC BY 4.0.

read-out from the detector is performed as early as possible within the data pro-
cessing. First, the non-suppressed data is shipped to the O? facility at a rate of
up to 50 kHz for Pb-Pb and 200 kHz for pp and p-Pb collisions. This reduces
the aggregated detector data rate for Pb—Pb collisions from 3.5 TB/s to 900 GB/s.
The data is reconstructed synchronously with the data taking in multiple steps,
for example using online cluster-finding for the TPC raw data. During the syn-
chronous reconstruction pass, the Pb—Pb data rate is further reduced to 130 GB/s
before writing the data to storage [86]. This data is stored temporarily, and the
second reconstruction stage is performed asynchronously [85].

2.4 Upgrades for Run 4

The analysis described in Sec. [f]is performed on simulated data in the new For-
ward Calorimeter (FoCal) to be installed in ALICE during the Long Shutdown 3,
2026-2030, for data taking during Run 4, 2030-2033. For Run 4, also the ITS will
be upgraded, with a new ITS3 detector replacing the ITS2 from Run 3. In
Fig.[11]is a schematic of the ALICE detector as it is planned for Run 4, with FoCal
installed in the forward region.

2.4.1 ALICE Forward Calorimeter

The ALICE Forward Calorimeter (FoCal) [44, [89] consists of a highly granular
silicon-tungsten (Si+W) electromagnetic calorimeter (FoCal-E) combined with a
copper (Cu) and scintillating fiber hadronic calorimeter (FoCal-H). The detector
is 0.9 m long on its sides, shaped nearly square in the transverse plane. There
is a square opening in the middle, of dimension 5 x 5cm?, through which the
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FIGURE 12 The geometry of FoCal as implemented in the simulation of the ALICE de-
tector. FoCal is on the left, at 7 m from the interaction point, placed in front
of the compensator magnet on the far left. The figure also shows the details
of the beam pipe and the FIT-A detector, with other details omitted for vis-
ibility. Figure from Ref. [2], reprinted under the license CC BY 4.0.

beam pipe passes. This results in a pseudorapidity coverage of approximately
3.2 < 5 < 5.8 of which the range 3.4 < 1 < 5.5 is full coverage in the azimuth.
The geometry of FoCal in a simulation of the ALICE Run 4 detector is shown in
Fig.[12]

As the most challenging measurements within the FoCal physics program
are those of direct photons and high pr neutral pions, the detector must be de-
signed to fulfill these requirements [44]. The detector must be placed close to the
beam pipe to ensure large rapidity. Placing the detector a large distance away
from the primary interaction vertex is also necessary, since at forward rapidities,
the kinematic boost of particles creates very high particle densities. Thus, FoCal
is planned to be installed 7 m away from the interaction point, on the A-side of
the ALICE experiment, in front of the compensator magnet.

The necessity to discriminate between direct photons and decay photons
arising from neutral pion decays dictates that the spatial separation power of the
detector must be very good, ideally as low as 1 mm. To achieve this, the readout
cells of the FoCal-E need to be small. The FoCal-E is designed as a sampling
calorimeter, the schematic of which is pictured in Fig. (13| In the transverse plane,
FoCal-E consists of 2 x 11 modules. With each module having a transverse size
of 45 x 8 cm?, the whole FoCal-E spans 90 x 90 cm? in the transverse plane.

FoCal-E is formed of 20 layers, each layer consisting of a W absorber sheet
followed by an active Si sensor layer. Tungsten has been chosen for the absorber
as it has a small Moliere radius Ry = 9 mm and radiation length Xy = 3.5 mm.
Each W sheet is of thickness 3.5 mm, the size of the radiation length Xj. The total
thickness of each layer, including the tungsten sheet, silicon, supportive materials
and air, is 8.5 mm. Two different Si readout technologies are used in the sensor
layers: pad layers, with transverse cell size of ~ 1 cm? =~ R%VI, and pixel layers,
with cell size ~ 30 x 30 yum?. In the schematic in Fig. 13, the 18 pad layers and
two pixel layers, positioned in the 5th and 10th layer, are shown. The positioning
of the pixel layers has been chosen in order to balance the spatial separation of
two showers and the energy resolution of the individual showers in the shower
pair. The two pixel layers use a monolithic active pixel sensor (MAPS) design
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FIGURE 13 A schematic picture of the FoCal-E detector, where low-granularity (LG)
pad layers are shown in red, and high-granularity (HG) pixel layers are
in green. The blue layers represent the W absorber sheets. Figure from
Ref. [44], reprinted under the license CC BY 4.0.

based on the ALPIDE chip [90], which was developed for use in the ALICE ITS
and MFT detectors. The rest of the 18 layers of FoCal-E are composed of active
layers of low-granularity silicon pad sensors [91].

The FoCal-H, the hadronic calorimeter of FoCal, is necessary for measure-
ments of photon isolation and jets. The placement of FoCal-H is close behind
FoCal-E, as shown in Fig. Unlike FoCal-E, FoCal-H is not segmented longitu-
dinally. Different implementations of the detector design have been considered
and studied, such as a sandwich-type with scintillator plates, and a spaghetti-
type with scintillator fibers within copper tubes. An implementation of the FoCal-
H which uses copper plates with grooves enclosing scintillating fibers has also
been studied at the time of writing, and is to be tested during 2025.
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FIGURE 14 FoCal-E, in the forefront of the figure, and FoCal-H in the back. The rectan-
gular opening in the middle is the location of the beam pipe. The readout
for FoCal-E is on the sides of the detector, for FoCal-H the readout is on the
back of the detector. Dimensions are in mm. Figure from Ref. [89], reprinted
under the license CC BY 4.0.



3 JETS AND GLUON SATURATION IN QCD

3.1 Jets

Fragmentation processes of hard partons can typically be characterized by a large
momentum transfer Q, and can thus be calculated using methods of perturbative
QCD (pQCD) [92]. Jets are experimental signatures of quarks and gluons, col-
limated sprays of particles that emerge from these hard parton fragmentation
processes. Experimentally, they can be visually obvious from event displays, as
shown in Fig.[15a]in ALICE and Fig. [I5b|in ATLAS.

An important distinction between jet measurements in pp and heavy-ion
collisions is the surrounding environment. In pp collisions, as shown in Fig.
even in a high multiplicity event the jet signals appear localized, as there is not
that much underlying activity outside of the two signals. In contrast, when look-
ing at the event display of a Pb—Pb collision, pictured in Fig. (16, the large mul-
tiplicity of soft background particles is clearly visible. This background has to
be reliably understood and subtracted from the event, so that the signals can be
found and studied. This will be further discussed in Sec.

In order to interpret the results of jet measurements and differentiate the
effects arising from the existence of a QGP medium in Pb—Pb collisions, we must
tirst perform a baseline measurement in pp collisions. Measurements of jets in pp
collisions performed with ALICE and other experiments have demonstrated that
jets are well-understood and consistent with pQCD expectations [96].

In heavy-ion collisions, jets are produced in the earliest phase of the col-
lision. The high-energy partons scattered early on in the collision have to pass
through a significant amount of QGP as they travel from inside the QGP out and
toward the detectors. The partons within the jet interact with the QGP medium,
causing parton energy loss [97], more commonly called jet quenching. This phe-
nomenon was first observed at the BNL RHIC [98, 99] and afterwards at the
CERN LHC [100, 101, 39} [102]. By comparing high-p charged particle and jet
yields in heavy-ion collisions to those in proton-proton reference collisions, a
suppression in the heavy-ion collision yields is seen, which is attributed to jet
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(a) A pp collision at 13 TeV center-of-mass en- (b) A high-pr, three-jet event is recorded

ergy as recorded by ALICE in Run 2. Recon- by ATLAS during the Run 2 Pb—Pb run
structed trajectories of charged particles pro- at 5.02 TeV center-of-mass energy. The
duced in the collision are visible, as well as leading 415 GeV jet is azimuthally bal-
energy deposited in the photon spectrome- anced by the two smaller sub-leading
ter and calorimeter. Many simultaneous colli- jets (230 and 207 GeV). Figure from
sions, known as pile-up, cause the high mul- Ref. [94], © CERN, used for informa-
tiplicity. Figure from Ref. [93], © CERN, used tional purposes only.

for informational purposes only.

FIGURE 15 Event displays portraying a pp collision in ALICE (left) and a Pb-Pb colli-
sion in ATLAS (right).

FIGURE 16 An event display showing the collision of lead ions with energy 5.02 TeV
per nucleon pair recorded by ALICE in Run 2. The colored lines repre-
sent the charged tracks, and the orange and yellow towers represent energy
measured by the electromagnetic calorimeters and the photon spectrome-
ter. The green line in the forward region corresponds to a muon traversing
the muon spectrometer. Figure from Ref. [95], © CERN, used for informa-
tional purposes only.
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quenching.

While traversing the QGP medium, the structure of the jet is also modified.
There have been a wide variety of measurements performed to study the QGP
via jet structure. The modification of the hard splitting inside the jets has been
studied by grooming away soft, wide-angle radiation from the edges of the jet
cone using a soft drop grooming algorithm [103]], isolating the hard core of the
jet. This offers a way to compare narrow and broad jets modified by the medium.
It has been found [104, 105] that wider jets are more suppressed in heavy-ion
collisions, showcased by an enriched distribution of narrower jets in a fixed pr
range in Pb—Pb compared to pp collisions.

The quark/gluon content fraction of jets can also play a role in their in-
teraction with the medium. Gluon-enriched jets with a color charge of C; = 3
are expected to lose more energy than quark-enriched jets with a color charge
of C; = 4/3, as the larger color charge implies more interaction with the QCD
medium. A wide range of tools exist [106] to discriminate between the two jet
types. One category of these tools focuses on the jet shape, namely on angulari-
ties [107], which are a measure of QCD radiation around the jet axis, and energy-
correlation functions [108], which identify the jet substructure. Also, heavy-quark
jets are expected to lose energy differently in the medium, since their large masses
imply that they are produced predominantly in the initial hard-scattering process,
and therefore experience the full QGP evolution. This makes heavy-quark jets ef-
fective probes of the QGP, and an interesting observable studied in ALICE [109].

While Pb-Pb collisions are shown to exhibit jet quenching, the question re-
mains whether such modifications can be seen in collisions of protons and lead
ions, p—Pb collisions. An important observable in the study of jet energy loss
in the dense nuclear medium in nucleus-nucleus collisions is the nuclear modi-
fication factor, R44. For p-Pb collisions, a similar factor, Rppp, can be defined.
Experimentally, the factor Rppy, is defined as the ratio between yields in collisions
of lead nuclei with protons and corresponding yields in pp collisions:

R 1 d*Nppy/dprdy
PPP ™ (Neon) d2Npp/dprdy

(5)

Here, Nppp and Ny, represent the yields in p—Pb and pp collisions, and (Ngp) is
the average number of binary nucleon-nucleon collisions.

Cold nuclear matter (CNM) effects refer to any observed differences be-
tween pp and pA, or deuteron-A (dA), collisions in which a hot QCD medium is
not expected. The presence of a nucleus in the initial state of the collision can
still influence the production of a final state observable, even without a QGP
medium. Possible reasons for CNM effects include coherent multiple scattering
within the nucleus [110], gluon shadowing [111], and parton energy loss inside
the nucleus [112]. The study of these effects is an interesting study in its own
right, while also providing a basis for the interpretation of heavy-ion collisions.
It has been indicated by studies at forward rapidities that, for instance, heavy
flavor [41}142] and [/ [43] are both suppressed in CNM.
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FIGURE 17 Left: A comparison of the nuclear modification factors of jets in p—Pb and d-
Au measurements at the LHC and RHIC. From Ref. [113], reprinted under
the license CC BY 4.0. Right: Nuclear modification factors measured by
ALICE in central and peripheral Pb—Pb collisions, and in p—Pb collisions.
From Ref. [40], reprinted under the license CC BY 4.0.

Studies of jet production in p—Pb collisions are needed in order to quan-
tify the effects from the CNM and decouple them from effects observed in Pb—Pb
collision data arising from the QGP medium interactions. The R,p, for jet pro-
duction in pp and p-Pb collisions at /sy = 5.02 TeV [113] has been recently
measured in ALICE. The result of this calculation is shown in Fig.[17|(left), along
with measurements of R,p, and Rgqay by other experiments. With the precision of
the measurement in Ref. [113], the R,py, is observed to be consistent with one, im-
plying that any nuclear effects on single charged jet production in p—Pb collisions
are below the resolution of the measurement.

For charged hadrons, a similar measurement has been performed at the
same energy for pp, p—Pb and Pb-Pb collisions [40] and the resulting nuclear
modification factors are shown in Fig. |17 (right). As is visible from the red mark-
ers signifying the most central Pb-Pb collisions, there is a notable suppression
of the charged hadron yield in central heavy-ion collisions. The suppression be-
comes weaker in less-central Pb—Pb collisions, shown in blue markers, and even
weaker in p—Pb collisions, shown in green. For the intermediate pt range below
10 GeV/c, there is a slight enhancement of the p—Pb ratio. This feature is known
as the Cronin peak [114].

It has been noted in Ref. [35] that, based on current evidence from p-Pb
and d-Au collisions, pp collisions can function as an appropriate reference for
heavy-ion jets. However, as there have been some CNM effects found for jets,
the suggestion is for each heavy-ion collision observable to be measured also in
cold nuclear matter, in order to properly interpret the heavy-ion event with hot
nuclear matter. Therefore, for hard processes in Pb—Pb collisions, p—Pb collisions
can function as appropriate reference systems [35]. Some care must, however, be
taken when working at large rapidities and multiplicities.
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As the ALICE detector does not have a hadronic calorimeter to provide full
jet measurements around the full acceptance, the jet analysis in ALICE is largely
focused on jets formed from charged tracks. There have been some studies done
on full jets in ALICE, using calorimeter cluster information from the EMCal [63].
In Run 4, once FoCal has been installed in ALICE, the measurement of full jets in
the forward direction will be possible with the combination of the FoCal electro-
magnetic and hadronic calorimeters.

3.2 Dijets

In leading order of pQCD, dijets originate from 2 — 2 processes. Due to momen-
tum conservation, the two outgoing partons from the hard interaction of this type
of process have transverse momenta that are opposite and equal in magnitude.
Higher order processes break this momentum balance, including hard 2 — 3 scat-
terings [115], the QCD evolution of the incoming partons [116, 117, [118,[119] and
multiple interactions [120]. Longitudinal momenta, however, are not necessar-
ily balanced, due to the longitudinal momentum fractions x; , that the incoming
partons carry from the colliding protons not generally being equal to each other.
Experimentally, a cut is usually applied for the magnitude of the transverse mo-
menta of the outgoing jets, while simultaneously requiring that the two observed
jets are in opposite hemispheres of the transverse plane.

As in single jet measurements, in heavy-ion collisions the hard-scattered
partons within a dijet system of two jets interact with the QGP medium. The en-
ergy loss of the two jets thus contains information about the medium. When we
observe a single-jet observable, it can have been created anywhere in the medium.
We cannot know exactly whether the jet has been created close the QGP fire-
ball edge at which the measurement is performed, or on the opposite edge, or
somewhere in between. If the jet has had to pass through the whole fireball, it
has been quenched more by the QGP medium than jets closer to the edge of the
measurement-side of the fireball, possibly quenched to the extent that it cannot
be identified. The consequence of this effect is called a surface bias, describing
how the hard partons captured by jet measurements are more likely to have been
created near the surface of the QGP [121) 122]. There are some model indica-
tions [123] that a dijet measurement can better probe the center of the fireball
than the single-jet measurement. By requiring two jets to be measured simulta-
neously, we include events where either both jets have been created close to the
center of the fireball and thus travel a similar length of the medium, or where the
other jet has enough energy to pass through the medium from the other edge and
still be identified.

A well-known CNM effect is the suppression of partons at small momen-
tum fractions, x, described through parton distribution functions (PDFs). Nuclear
PDFs (nPDFs) can be constrained using dijet production in p—Pb collisions [36]].
Also, jet imbalance has been studied in pp and p-Pb collisions in order to search



35

for the onset of the creation of QGP. Previous results from ATLAS [37, 38] and
CMS [39] show that, in non-central lead-lead collisions, observables measuring
the energy imbalance between the two jets forming a dijet system converge to-
wards measurements from proton-proton collisions. This means that no collec-
tive effects are visible in the non-central collisions via these observables. How-
ever, when the same observables were studied in central lead-lead collisions, sig-
nificant changes attributed to the QGP medium are visible. Based on these mea-
surements, there is a clear increase of momentum imbalance in dijet systems in
central heavy-ion collisions compared to pp collisions.

The invariant mass of the two jets which form the dijet system, here referred
to as the dijet mass, provides a Lorentz-invariant measure of the hardness, or the
scale Q, of the hard interaction. Dijet mass has been studied at very high masses
in ATLAS [124] and CMS [125], motivated by looking for signatures of physics
beyond the Standard Model, which an unexpected resonance peak would sig-
nify [126,127]. ALICE can push dijet mass measurements to a lower mass range,
corresponding to a low transverse momenta of the jets. At lower jet momenta in
heavy-ion collisions, the medium modification can be expected to be more promi-
nent.

In order for a dijet mass measurement in Pb—Pb to be possible, we first need
to analyze and compare the dijet mass distribution in pp and p-Pb collisions.
This allows us to distinguish any effects from the cold nuclear matter on the Pb-
Pb dijet mass distribution.

3.3 Collinear factorization

When the momentum transfer Q? is large, the strong coupling as(Q?) becomes
small. In this regime, pQCD can be applied, and hadron-hadron collisions are
described within the quark—-parton model. For hard processes, where Q? is suf-
ticiently high, reliable QCD predictions of cross sections can be obtained. At the
parton level, a hadron-hadron collision can be viewed as an interaction between
a parton with momentum fraction x, and another parton with a momentum frac-
tion x;,. The probability of finding a parton with a given momentum fraction x
inside the hadron is described by a PDF, defined separately for the quark and the
gluon.

If we want to study inclusive hadron production with the collinear frame-
work and pQCD, we can convolute the production of a parton ¢ with the corre-
sponding fragmentation function of that parton into a hadron h. In this manner,
we obtain the inclusive cross section for hadron production in a pp collision [128]:

doPP X = Y7 £ (20, Q%) © £ (x5, Q%) ® 6™ 7 (2, 33, Q% s (1))
a,b,c (6)

® Dc%h (Z/ "l/l%:)

In Eq. @, the factorization scale is denoted by Q, # denotes the renormalization
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scale, and yr denotes the fragmentation scale. The partonic cross section ¢ X

is expressed as a power expansion in the strong coupling constant as. D, (z, p F)
denotes the fragmentation function of a hadron & from the parton c with momen-
tum fraction z = py,/ pc.

For these types of processes, Fig. |18 shows a general hadron-hadron colli-
sion, with labels 4, b referring to the incoming particles participating in the reac-
tion, ¢ an outgoing particle, h the outgoing hadron, and X referring to any final
state of particles.

X
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§

X

|
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/
~ ab%cX
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N

FIGURE 18 The quark-parton model for a hadron-hadron collision into a hadron i and
any other final state X.

The collinear factorization presented in Eq. (6) is defined for pp collisions.
We can modify the equation to include nuclear effects, in order to calculate cross
sections for nucleus collisions. The equation for collisions of nuclei A and B is [34]

dO.AB%hX — Z fa/A(xaz QZ) ® fb/B(xbr QZ) ® da.ab%cX(xa, Xp, QZ/ “s(lflz))
ab,c (7)
® Dc%h(zr .ulzf)

In Eq. (7), the PDFs have been altered to nuclear PDFs (nPDFs) which account for
the effects of the nucleus on the PDF. Also, the fragmentation function has been
modified to take into account the fact that medium interactions are able to alter
the properties of the hard parton c. The medium-modified fragmentation func-
tion is approximated by convoluting the vacuum fragmentation function with the
parton-medium interaction function P,y as [34]

Desn(z ut) = 3 Pisyr (py|pj) @ Desn(2y, ). t)
]/

The partonic cross sections in the above equations involve large momentum
transfers, which makes them calculable with pQCD. In contrast, the fragmenta-
tion functions describe the hadronization of partons at low momentum scales



37

where perturbation theory breaks down, and therefore they cannot be computed
from first principles in pQCD. Thus, they are determined phenomenologically,
most commonly by fitting to experimental data. This is done by using a global
analysis of data from e*e™ collisions [129, 130]. According to QCD factorization,
the fragmentation functions are process-independent, thus, they can be used to
predict inclusive single hadron cross sections in a variety of other processes be-
yond eTe™ collisions. In order to obtain the medium-modified fragmentation
functions necessary for Eq. (§), several models have been developed to model the
parton-medium interaction, such as solving medium evolution equations or via
Monte Carlo studies [131].

The theoretical nuclear modification factor of the full nuclear PDFs is de-
fined as the ratio of the full nuclear nPDF, fiA(x, QZ), to the free proton PDF,
fl.p (x,Q?%) [132]. Both can be written as a linear combination depending on the
number of protons Z and neutrons N, which results in the ratio

Zfip/A(x/ QZ) + Nfin/A(x, QZ)

A 2\ _
R Q) == e ) N (s, )

©)

Here, i denotes the parton flavor, and A the mass number of the nucleus.

PDFs and nPDFs are obtained from fits to experimental data, as they are
not calculable from pQCD directly. A wide set of available data will provide a
better fit. PDF sets provide the proton baseline. The main constraints for proton
PDFs come from fits to deep inelastic scattering (DIS) data, most notably data
measured in HERA [133]. In Fig. the PDFs for the valence (1, and d,) quarks,
sea (S) quarks and gluons (g) from the HERAPDF2.0 NLO [133] are shown at the
scale of 10 GeV/c?. The experimental, model and parametrization uncertainties
are shown separately. The valence quark distributions peak around x = 0.2, but
as we head toward lower values of x, the gluon and sea quark distributions begin
to rise rapidly. This means that when we probe the proton at a lower value of x,
we are mostly probing gluons. There are multiple other parameterizations for the
free proton PDEF, for instance NNPDF [134] and the CTEQ-TEA [135] PDFs.

For the calculation of nPDFs, a widely used fit is EPPS21 [132], which in-
cludes more data from p—Pb collisions at the LHC than the previous EPPS16 [136]
tit. The new data has led to better-constrained gluon distributions at lower val-
ues of momentum fraction x. This provides access to study the nuclear modifi-
cation factor at varying values of x. The average-nucleon nuclear modification
for gluons in lead, Rgb, is shown in Fig. (left). In the figure, a suppression
is seen at lower values of x. This effect is called nuclear shadowing. The slight
enhancement seen around x = 0.1 is called anti-shadowing. The proton base-
line for EPPS21 is the set CT1I8ANLO [135]. There are also other models that fit
nPDFs, for instance, nCTEQ15 [137] and nNNPDF [138]. The comparison of the
Rgb calculated from these three fits is shown in Fig. 20| (right).
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FIGURE 19 The PDFs xu,, xd,, xS and xg of HERAPDF2.0 NLO at yjzf — 10 GeV?. The
gluon and sea distributions are scaled down by a factor 20. From Ref. ,
reprinted under the license CC BY 4.0.
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FIGURE 20 Left: The average-nucleon nuclear modification for lead at the parametriza-
tion scale Q2 = 10 GeV?. The central results are denoted by black curves,
and the nuclear error sets by green curves. The blue bands denote nu-
clear errors, the purple bands the full uncertainty including uncertainties
from free proton PDFs. Right: A comparison of the EPPS21 [132] (blue),
nCTEQ15WZ [139] (purple) and nNNPDF2.0 [138] (green) Rgb. Figures
from Ref. [132], reprinted under the license CC BY 4.0.

3.4 Low-x regime

While the perturbative regime of QCD is well understood, describing the inter-
actions at short distances and high momentum transfer Q successfully, the non-
perturbative behavior of QCD at long-range and small momentum-transfer is not
as well understood [44]. The non-perturbative physics is absorbed into the PDFs,
which are determined from experimental data, as described in the previous sec-
tion. The PDFs are commonly determined from global fits to data that cover a
wide range of momentum fraction x and momentum transfer scale Q.

In comparison to DIS, hadronic collisions do not provide direct access to the
kinematics of scattered partons. Therefore, for these measurements, the momen-
tum fraction x probed is approximated for LO 2 — 2 processes as

2
X1 A %eiy, (10)

where x1 ; depends on the transverse momentum p of the emitted parton, rapid-
ity y, and the center-of-mass energy of the collision, y/s. We denote the negative-
rapidity case x; by x. We can reach lower values of x at large rapidities and low
PT-

In Fig. 21} the kinematic coverage of various experiments probing hadronic
structure are presented. The coverage is shown separately for electromagnetic
(EM) probes and DIS measurements on the left, and hadronic and ultra-peripheral
collisions (UPCs) on the right. As seen, the FoCal is expected to extend measure-
ments down to lower values of x than before.

As can be seen from Fig. 21 the full range of (x, Q%) has not yet been probed,
so the areas not covered by measurements must be extrapolated into based on the
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FIGURE 21 The momentum fraction x and momentum transfer scale Q of partons
probed with various measurements within the acceptance of current and
proposed experiments. Left: EM probes and DIS measurements. Right:
hadronic and UPC measurements. The horizontal line describes the cut
above which data is commonly included in PDF determination. Figures
from Ref. [44], reprinted under the license CC BY 4.0.

available measurements. This is done using evolution equations, which are visu-
alized in Fig. The DGLAP evolution equations are valid in the
region where Q? and x are moderate to large, where parton densities are small
enough. At moderate Q?, the gluon density increases as x becomes smaller. The
BFKL equations [143] describe this stage of evolution. At small enough x, the
abundance of soft gluons resulting from increased gluon splitting leads to very
high parton densities. This in turn increases the occurrence of parton recombi-
nation, notably gluon recombination. Once the saturation region is approached,
the non-linear effects arising from parton recombination start to become signif-
icant, and the linear DGLAP and BFKL equations do not describe the evolu-
tion anymore. The non-linear evolution in this region can be described by the
JIMWLK equations, or approximated by the BK equations. Once the
non-linear effects limit the growth of the PDFs, we reach a sort of equilibrium,
which is called gluon saturation.

The dashed and full line in Fig. 21| mark the estimated saturation lines for
the proton and lead. At a given x, the saturation scale is approximated by

2
R L an)
where g(x, QZ) is the gluon PDF in a proton, R4 is the nuclear radius, A the mass
number of the nucleus, and the exponent A ~ 0.3 [44] [147]. At small values of
x and for large nuclei like Pb, the saturation scale increases, corresponding to an
increase in gluon density. Various models describe the gluon saturation regime.

A prominent model is the Color Glass Condensate (CGC) [148,149], in which the
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FIGURE 22 A schematic of the resolution probed with varying x and Q?, and the rele-
vant evolution equations in their regions of validity. Figure from Ref. [146],
reprinted under the license CC BY 4.0.

target hadron can be described with classical color fields, due to the high density
of low-x, soft gluons.

Currently, the most precise measurement at forward rapidity to probe the
small-x region at the LHC is the prompt D-meson measurement by LHCb, at
rapidity 2.5 < y < 4.0 [150]. Including the D-meson data in nuclear PDF deter-
mination reduces the uncertainties by a factor of two [151]. However, hadronic
final state effects, mainly rescattering, can affect the observations, complicating
the interpretation of the measurements and the determination of the amount of
gluon shadowing.

With the FoCal, measurements of isolated photons can provide excellent
sensitivity to gluon distributions at small x. Isolated prompt photons, born at LO
in the parton interaction vertex, are not affected by final state effects. It has been
shown in Ref. [2] that, with the use of isolation cuts, the isolated photons arising
from quark-gluon Compton scattering dominate the measured photon popula-
tion. Therefore, the inclusion of FoCal measurements of isolated prompt photons
in global PDF fits will provide a probe of the low-x region without uncertainties
arising from final state hadronization.

Figure 23/ shows the nuclear modification factor Rppy, for inclusive prompt
photons at energy ,/syn = 8.8 TeV [2]. FoCal pseudo-data, in black markers, has
been simulated in pp and p-Pb collisions using INCNLO [152, 153} 154, [155, 156]
calculations at NLO. The distribution of the pseudo-data is compared with NLO
calculations using the nNNPDF3.0 [157] PDF set. The INCNLO calculation is
performed incorporating nNNPDF3.0 without a constraint from the LHCb D-
mesons. The distribution and corresponding uncertainty prior to any reweight-
ing are shown by the gray line and band. The prediction is then reweighted us-
ing Bayesian inference by either incorporating the LHCb D-mesons or the FoCal
pseudo-data. The reweighted results with LHCb D-mesons are shown in blue,
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and the results reweighted with the FoCal pseudo-data in red. The inclusion of
data, both FoCal and LHCb, decreases the nPDF uncertainties by about or more
than 50%. Including both measurements will provide a global and complemen-
tary constraint to the PDFs.
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FIGURE 23  Distribution of Rpa for inclusive prompt photons at \/syy = 8.8 TeV for
FoCal pseudo-data (black markers) based on NLO calculations using the
INCNLO program. The prediction for nNNPDF3.0 before any reweighting
is shown in gray. In red is the resulting posterior distribution and its un-
certainty after reweighting with the FoCal pseudo-data. The distribution
constrained by LHCb D-meson measurements are shown in blue. From
Ref. [2], reprinted under the license CC BY 4.0.

The measurement of isolated photons is one of the major goals of the FoCal
upgrade. In addition, photon and hadron-triggered correlations, photon-jet and
dijet correlations, and inclusive jet measurements are observables to be measured
by FoCal. Inclusive jet production in the forward region in p—Pb collisions has
been calculated to NLO with the CGC framework 160]. It is noted [158]],
however, that while single forward jet production in pA collisions is an ideal
process for observing saturation phenomena, the saturation effects are expected
to be small for high pr jets. Therefore, the experimental challenge is to reliably
measure jets with a low pt of the order of a few times Qsat. Also, production of
J/ and ¥(2S) in UPCs are to be studied with the FoCal.

Dijets at forward rapidity may have an enhanced sensitivity to low-x satu-
ration effects compared to inclusive jet measurements. This is due to the fact that
there exist three momentum scales in the forward dijet process: Qsat character-
izing the saturation scale of the target at small x, the individual jet p];t, and the
momentum imbalance kt of the dijet pair. The individual jet momenta are much
larger than Qsat, while the magnitude of k1 ranges from order of Qsat to values
much higher. When Qsat < kt, the small-x QCD dynamics in the process are
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FIGURE 24 Nuclear modification ratio Rypp, for dijets as a function of the azimuthal
angle A¢ in the FoCal kinematics, obtained from the KaTie MC [163] mul-
tiplied by the non-perturbative correction factors from PYTHIA. The error
bars show the cumulative uncertainty from the factorization scale and cor-
rection factors. The blue error band represents the uncertainty due to the
variation of the factorization scale. Figure from Ref. [163]], reprinted under
the license CC BY 4.0.

linear, while when Qsat ~ kT, non-linear effects are involved. By probing varying
values of kt, the region between the small (x, Q) limit of a transverse momentum
dependent (TMD) factorization framework and the high-Q limit of high-energy
factorization can be studied [161].

In Fig.[24} a calculation of the nuclear modification ratio Rp}, for dijet events
in the FoCal kinematic range at collision energies of \/syn = 8.16 TeV is shown
as a function of the azimuthal angle A¢ between the jets. The calculation has
been performed using a KaTie MC [162| 163, [164] code. KaTie is based on the
improved TMD (iTMD) factorization, together with Sudakov resummation and
non-perturbative corrections due to hadronization and showers taken into ac-
count using PYTHIA. In Ref. [163], Rppp was also studied in the kinematic range
of the FCal calorimeter [165] in ATLAS, where the rapidity range for jets is 2.7 <
y < 4.0. FoCal will expand these measurements to a more forward rapidity and
to lower values of jet pr.

Figure 25{ shows the Rppp, for two channels: photon-jet coincidence events
and dijet events. A suppression of 30% is seen in the back-to-back configuration,
corresponding to low kt, for both channels when pr > 10 GeV/c. The suppres-
sion weakens when moving to larger kT, away from the back-to-back configura-
tion.

A CMS measurement [167] of the momentum imbalance and #-dependence
of the yield in forward dijets in p—Pb collisions has been incorporated in the
EPPS21 [132] nPDF fit, and has been found to have significant constraining power
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FIGURE 25 The R, _pp as a function of the azimuthal angle A¢ for various pr thresholds.
Left: y+jet channel. Right: dijet channel. Figure from Ref. [166], reprinted
under the license CC BY 4.0.

in the fits. While the CMS measurement overlaps with the FoCal in acceptance
(4 < 1t < 5.2), the jet pr values probed are higher than that expected of Fo-
Cal, with leading jet pr > 120 GeV /¢, and subleading jet pr > 30 GeV/c. The
high pt values make a measurement of the dijet imbalance at the lower range of
Qsat ~ few GeV/c challenging. The FoCal measurements of forward jet and dijet
measurements at lower values of pr will complement and extend these measure-
ments in the future.

To investigate low-pr jets, dijets and their correlations with FoCal, it is first
necessary to characterize the jet performance of the detector, in particular, the pr
range that can be reliably probed. This work, carried out by the author, investi-
gates the FoCal jet measurement performance, focusing on the jet energy resolu-
tion and scale for jets down to pr = 5 GeV. The results of this work are presented
in Sec. [el



4 JET METHODS

4.1 Jet definitions

In order to be able to compare jet measurements between different experiments,
simulations and theory calculations, a standardization of jet definitions and their
reconstruction algorithms is necessary. A jet reconstruction algorithm starts by
taking in a list of particles, each associated with a four-momentum pft . To create
jets, we need to construct a subset of the input list of particles that are close to
each other in phase space, and combine their momenta in order to obtain the jet
momentum. The chosen jet algorithm defines how the particles are selected from
the list, and the chosen recombination scheme defines how the momenta of the
particles are combined.

There exist several recombination schemes for merging of the four-momenta
of particles during the clustering procedure. The simplest procedure simply adds
the four-vectors together — this is called the E-scheme, and it has been advocated
in Ref. [168] as a standard procedure, and is the default option in FastJet [169].
The E-scheme retains the masses of the particles and conserves energy and mo-
mentum.

Calculating the energy of a measured particle requires knowledge of its
mass. In experiments like ALICE, particle identification is limited to a finite
pr range and cannot be perfectly accurate. In LHC experiments, a common ap-
proach [170] is to assign the mass of all charged tracks to that of a charged pion,
my+ ~ 140 MeV, since pions are the most abundant hadrons produced in particle
collisions. The effect of the pion mass assumption is greater in low-pr measure-
ments, where uncertainties in the masses of measured observables can become
large. Monte Carlo (MC) methods can be used to take into account uncertainties
arising from the pion mass assumption [170], or to correct for the energy loss of
heavier particles [171] 172]. As such, since the masses of single jets are not ex-
actly known, the chosen recombination scheme preserving the particle mass is
not an important requirement. Jet mass is also often not included in theoretical
calculations to which the experimental results are compared.
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There exist many jet recombination schemes which set the particle masses
to zero, and which define the recombination only in terms of particle transverse
momentum pr, pseudorapidity # and azimuthal angle ¢. By using this kind of
scheme in our dijet mass analysis, we can get rid of the uncertainty related to the
determination of the mass of the single jets, which would also affect the uncer-
tainty in the dijet invariant mass measurement. We also do not need to consider
single jet mass uncertainty in the unfolding.

The pt scheme [173], which is used in our analysis of the dijet mass, is one of
the schemes where jets are treated as massless. In the pr scheme, a preprocessing
stage is incorporated to make the initial momenta of particles massless. This is
done by rescaling the four-momenta of the particles so that their energy is equal to
the amplitude of their three-momentum. This makes the four-momentum mass-
less. After the preprocessing, the combination, p,, of two four-momenta, p; and
pj, which satisfies

PTr = PTi T PT, (12)
= TP 13)
P1i t+ PT,
prifli + P17
_ CL L 14
My Pt P (14)

is a massless four-vector.
4.1.1 Jet areas

Jet areas measure how a jet extends over a surface in the 7 — ¢ plane. As a jet is
not a set of evenly distributed partons but consists of a finite number of particles,
the jet area must be specifically defined in order to avoid ambiguities in the area
definition. The jet area functions as a measure of the jet’s susceptibility to radia-
tion, including the underlying event. Three definitions of the jet area have been
proposed in Ref. [174]. These have been implemented in Fast]Jet [169].

The active jet area is determined by first adding a uniform background of
ghost particles to the event and then including them in the clustering. Ghost par-
ticles are infinitely soft, near-zero-pt particles injected into the simulated event.
The active area of a jet is taken to be proportional to the number of ghosts it con-
tains. In contrast, the passive jet area is evaluated by adding a single ghost par-
ticle at a randomly chosen position to the event and checking whether the ghost
ends up within a given jet. The procedure is repeated N times, and the passive
area of the jet is defined to be proportional to the probability that it contains the
ghost particle added to the event. A third definition of jet area is the Voronoi jet
area, described in Ref. [174].

4.1.2 Jet reconstruction algorithms

Only a small fraction of the final-state hadrons in a hadron-hadron collision are
associated with high-pr jets, while the rest are part of the underlying event. To
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reduce the influence of the underlying event, jets were historically defined using
cone algorithms. Such algorithms were proposed as a standard in 1990 [175]. In
these algorithms, a jet is defined by a cone of radius Rie; in the 7 — ¢ phase space.
For any particle, its distance from the center of the jet is given by

ARio = \/ (1 — po)2+ (1 — m0)2, (15)

where ¢ and 779 denote the center of the cone and (¢;, 77;) are the coordinates of
the particle. A particle is associated with the jet if it lies within the cone, i.e. if
AR;p < Rjet- Cone algorithms typically use some or all of the particles in the event
as seeds. For each seed, a trial cone is created, and the list of particles within the
trial cone is evaluated. The sum of the four-momenta of these particles acts as the
four-momentum of a new seed. This process is iterated until the cone becomes
stable, meaning the seed no longer changes [176]].

The basic cone algorithm provides a simple method to form jets from all
particles whose momentum vectors lie within a well-defined cone. However, the
algorithm can result in ambiguous cases when jet cones overlap, resulting in two
jets containing the same particles. Cone algorithms have largely been replaced
by sequential recombination algorithms. These algorithms ensure an infrared
and collinear (IRC) safe procedure for jet reconstruction, which was not the case
for the simplest cone algorithms. IRC safety in jet algorithms is required for a
comparison between experimental measurements of jets and pQCD calculations
to be meaningful.

Using an infrared safe algorithm, if we add a very soft parton into the jet,
the properties of the jet and the output of the jet algorithm do not change. An
example case in which infrared problems can arise is portrayed in Fig. On
the left, two partons, portrayed by arrows, have been assigned to two separate
jet cones. The distance between the two partons is greater than the cone radius
R, which separates them into two jets, but still less than 2R. If we then add a
soft, third particle in between these two partons, with a distance less than than
the cone radius to both original partons, the partons are then considered to be
contained within the same cone. Thus, two jets are now one, meaning that the
soft particle has changed the jet definition. This is an example of an infrared
unsafe jet algorithm.

When using a collinearly safe algorithm, replacing a parton in the jet with
two collinear particles carrying the same total momentum does not affect the jet
properties or definition. In Fig.[27] on the left, three partons are contained within
a jet cone of radius R. If we have an algorithm that takes the highest energy
parton as the one to draw a cone around, this can result in issues with collinear
safety: if the central parton on the left, with the largest energy, is split collinearly,
the right hand side parton becomes the hardest parton, as shown on the right
hand side of Fig.[27| Then, the left hand side parton is left out of the jet, and will
join another jet. This results in the number of jets being affected by a collinear
splitting, showcasing a collinearly unsafe algorithm.

The basic cone algorithms are not IRC-safe due to the seeds used in the
iterative search for stable cones [176]. If only those particles whose pr is higher
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FIGURE 26 On the left, two jets are visualized with their cones of radius R , and the
arrows represent particles within the jets, within a distance < 2R between
them. On the right, a soft particle has been added, which has affected the
jet definition, resulting in all three particles being contained in one jet.

than a certain threshold are used as seeds, the procedure is collinearly unsafe. If
all particles are considered for seeding, the process is IR unsafe if the addition
of an infinitely soft particle causes the stable cones to be redefined. The SISCone
(Seedless Infrared Safe Cone) algorithm [176] is an IRC-safe jet algorithm based
on searching for stable cones. A split-merge step disentangles overlapping stable
cones, making sure that there is no particle that ends up in more than one jet.

Many other IRC-safe jet algorithms have also been implemented in the Fast-
Jet software package [169]. Of these, the most commonly used are the kt [177],
anti-kt [178] and Cambridge/Aachen [179, [180] clustering algorithms. Jet clus-
ters formed from these algorithms, as well as from the SISCone algorithm, are
visualized in Fig.[28| To create the shapes in the figure, which illustrate the active
catchment areas of the resulting hard jets, a parton level event has been injected
with around 10 ghost particles and the jets have been clustered using the four
jet algorithms. For each parton level jet, the region within which the ghosts have
been clustered within the jet are shown [178]. The algorithms are discussed in
more detail below.

The kr algorithm starts with a list of particles, called protojets, and their
momenta, pf{ . The masses of the protojets are small compared to their transverse
momenta, so the momenta are considered light-like. The algorithm proceeds re-
cursively as follows [177]:

1. For each protojet i we define the beam distance
dip = p1v (16)
and for each pair of protojets, i and j, we define a distance

AR?
dij = min(p%i, P%,j)R—zl]/ (17)
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FIGURE 27 On the left, a jet with three parton constituents is visualized, with the central
parton being the hardest one. On the right, the hardest parton has split
collinearly, making the right hand side parton the hardest. When using a jet
algorithm that creates the cone around the hardest parton, the jet definition
can change when partons split, showcasing collinear unsafety.

where R is a chosen resolution parameter, of the order of 1, and AR%j =

Acpizl it A’?z‘z,j is the distance between the protojets in the ¢ — 77 plane, similarly

to Eq. (I5).

2. We find the smallest of the d;p and d;;, and label the smallest value found
dmin-

3. If the smallest value dpin is a distance d;;, we merge the protojets i and j into
a new protojet, k. This can be done for instance with the E-scheme as

PTk = PTi + P1;- (18)

4. If the smallest value dmin is a d;p, we remove the corresponding protojet i
from the list of protojets, and add it to a list of completed jets.
5. We continue from step 1 until the list of protojets is empty.

At the end of the algorithm, we are left with a list of jets with successively larger
values of d;p for each collision event. The last jets added to the list are those of
interest, as they have large energies, and the jets with smaller energy, sometimes
called minijets, or sometimes resulting purely from debris from the beam, are
often not considered for analysis.

The Cambridge/Aachen (C/A) algorithm is otherwise identical to the kt
algorithm, but the distance measure is defined as

2
ARZ.].

dij = 77

(19)

and the beam distance
dig = 1. (20)
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FIGURE 28 A parton-level event has been generated with Herwig along with around
10* ghost particles. The jets have been clustered with four different jet algo-
rithms, resulting in active catchment areas of the resulting jets. Figure from
Ref. [178]. Copyright © 2008, SISSA; permission to reprint granted by the
copyright holder.

For the kt and C/A algorithms, the regions in Fig. [28 are jagged and irregular.
This is a consequence of the randomness of the ghosts, as the shapes of the regions
are affected by the specific sets of ghosts used in the event. For the SISCone
algorithm, the regions are more regular, with the more-jagged regions associated
with composite jets consisting of more than one particle.

The anti-kt algorithm is defined exactly like the kt algorithm, except the
distance measure is defined as

AR?
dij = min(1/pt;, 1/ p%)) 7 (21)

and the beam distance as
dig = 1/p%,. (22)

While the anti-kt algorithm is a sequential recombination algorithm like the kt
and C/A algorithms, it also behaves to a certain degree like a cone algorithm,
since the hard jets are circular in the y — ¢ plane, as seen in Fig. |28, The softer jets
create a slightly more jagged region, clipped by the harder, circular, jet regions.
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4.2 Unfolding

Distributions of measured observables in high-energy physics experiments are af-
fected by the limited acceptance, finite resolution and efficiency of the detectors.
These effects distort the measurements of observables in comparison to Monte-
Carlo (MC) generated particle-level information. Also, physical effects like radi-
ation, parton fragmentation, and particle decay cause the measured distribution
to differ from the parton level information given by many theory calculations.
When we want to compare MC simulations to data, we must correct for detector
inefficiencies in the measured data in order for the sets to be comparable. The
task of transforming the measured distribution, ¢(v), to a true distribution, f(x),
of a kinematical quantity x is a complex task called unfolding.

In the measurement of just one physical observable, the simplest unfolding
method would be a so-called bin-by-bin correction. This correction can be ob-
tained from the MC by calculating the ratio of the number of events which fall
into a certain bin of the reconstructed variable y, and the number of events in the
same bin of true variable x. The ratio is then used as a generalized efficiency to
estimate the number of true events based on the number of measured events in
that specific bin. This method is often not used, however, as it requires the same
subdivision of bins in the true and experimental variable, neglects correlations
between bins, and is only valid if the migration between bins is negligible and if
the standard deviation of smearing is not the size of the bin width [181]].

In mathematical terms, the problem of unfolding can be formulated as an
integral equation of the form [182]]

g = [ AW x)f(x)dx, 23)

where, given the observation of the distribution g¢(y) of a quantity y, related to
x, and the resolution function A(y, x) representing the detector effects, the dis-
tribution f(x) of the true variable x can be calculated. The unfolding is then the
inverse problem of determining f(x) from g(v).

In reality, we often study a finite set of parameters, representing the distri-
butions using histograms with a finite number of bins, and the resolution function
as a matrix. Equation (23) can then be represented instead by a matrix equation:

y = Ax, (24)

where the vectors x and y of dimensions m and n represent the histograms of the
distributions of quantities x and y, respectively, and the transition from x to y is
described by the n-by-m response matrix A. To understand this more intuitively,
the elements A;; of the response matrix A are related to the probability to find an
entry in the histogram bin 7 of the histogram y in the case that the true value x
is produced from the bin j in the histogram x. As neither the resolution function
A(y, x) nor the response matrix A can be known analytically, often A is estimated
using Monte Carlo techniques simulating the detector effects.
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If the dominant effect of the response matrix A is limited acceptance, all
non-diagonal elements of A are zero, and the unfolding of x by inverting Eq.
is not a difficult procedure. However, solving the solution of

X = A_ly, (25)

where A~ is the inverse matrix of A, becomes difficult with non-diagonal terms
of A. The problem becomes even more difficult when dealing with singular ma-
trices, which do not have an inverse. As the response matrix is often filled based
on information from a MC simulation, the statistics of the matrix are not infinite.
This can result in fluctuations in the bins, especially in those near the edges of
the matrix. When directly inverting the matrix, contributions from the small fluc-
tuations can become very large, affecting the sensibility of the inverted matrix
and the results unfolded with it. Therefore, in experimental physics we often use
specific unfolding algorithms that are equipped to deal with such fluctuations.
One unfolding method which can handle such fluctuations is a commonly
used method based on Bayes” Theorem [181]]. Bayes’ Theorem is a mathematical
theorem that tells the probability of a cause given its effect. Let’s say we have
several independent causes, C;,i = 1,2, ..., nc, which can produce a single effect,
E. We assume we know the initial probability of the causes, P(C;), as well as the
conditional probability of each cause to produce the effect, P(E|C;). Then, Bayes’
formula tells us the probability of the observed effect having been caused by the
i-th cause:
P(E|Ci)P(Ci)
Y1 P(EIC)P(Cy)

P(G[E) = (26)
In experimental particle physics, Eq. can be used to estimate the true, origi-
nal result, without detector effects, given a certain measurement, which has been
affected by the detector and other effects in the measurement process. Bayes’
Theorem can thus be used as a basis for the multidimensional unfolding of ex-
perimental distributions, following the D’ Agostini iterative method [181} [183]].

Experimentally, the effect E can be considered as the measured event, for
instance a measured or detector level dijet, and the causes C; as the true event,
like truth or particle level dijets. The Bayesian method allows the use of differ-
ent sized cells for the distributions of the true and detector level values. Matrix
inversion is not necessary, so the method works for any kind of response matrix.

In Eq. (26), the probability P(C;|E) depends on the initial probability of the
causes, P(C;). The distribution of these probabilities is called the prior, which
represents a prior guess of the distribution of the true values. A realistic guess
of the true value distribution results in the best outcome, but even in the case of
a totally ignorant guess, a uniform distribution, results can still be satisfactory.
This is because, in the iterative unfolding method, the prior is updated after each
iteration, using the result from the previous step. The probability P(C;|E) also
depends on the distribution of the probabilities P(E|C;). This corresponds to
the unfolding matrix, and has to be calculated or estimated using Monte Carlo
methods.
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Let’s say we have measured, after N5 experimental observations, frequen-
cies of dijets of a certain type j, n(E;). To get the expected number of true dijets,
we calculate

Zn P(GlE)), (27)

and the sum of all 7(C;)s is the estimate of the true total number of events,
Nirue. In order to calculate the P(C |Ej), we first need to choose a prior distri-
bution to plug into Eq. 26), Py(C;). The initial expected number of events is thus
19(C;) = Pp(Ci) Nops. After the flrst iteration, we calculate the values 71(C;) and
P(C;) = 7(C;)/Nie. Then, the P(C;) values replace the priors Py(C;) and the
#1(C;) replace ng(C;) values, and the algorithm starts again. The x? of all 7(C;)
and 119(C;) are compared after the second iteration. If the x? is not small enough,
we continue the procedure until some cutoff number of iterations.

Another commonly used unfolding method is the Singular Value Decom-
position (SVD) method [184], which is a regularization method for unfolding
measured distributions using the SVD of the response matrix. Using a regular-
ization condition [182] aids in overcoming the instability of unfolding, resulting
from small variations in the system, statistical fluctuations and consequent is-
sues in creating the inverse of the unfolding matrix. The regularization of the
SVD unfolding is set with the k-value. Too small values of k can result in over-
regularization, biasing the unfolded spectrum towards the input MC, while under-
regularization with too large values of k leads to large fluctuations in the unfolded
spectrum [[185]. The optimal regularization is determined according to guidelines
in Ref. [184]

The Bayesian unfolding method is widely used, in part because it can be
generalized to multi-dimensional distributions. In our dijet invariant mass anal-
ysis, we perform the unfolding with both methods, taking the Bayesian method
as the default, and the SVD method as a comparison to evaluate the reliability
of results and to study systematic errors arising from the choice in the unfolding
method.

4.3 Background subtraction methods

In heavy-ion collisions, there is a significant background impacting the recon-
structed jet four-momentum, caused by particles from both soft scattering pro-
cesses as well as other hard scatterings than the jet under study [186, 187]. Fast-
Jet [169] provides a standard method to measure and remove background on an
event-by-event basis. In the method, all particles are first clustered into jets using
the kt algorithm. The background density, p, is estimated as the median of the
transverse momentum density in the jets in the event,

p = median { ;j:]et } , (28)

jet
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where prﬁ;"t is the jet transverse momentum without any background subtraction,
and Ajet is the area of the jet. In the calculation of the median, the two leading
pr jets are excluded. The transverse momenta of all jets in the analysis are then
corrected using the median p to obtain the background-subtracted jet transverse

momentum
PTjet = PTiet — PAjet- (29)

In p-Pb collisions, the charged-particle multiplicity density [188] is much
smaller than in central Pb—Pb collisions [189], by two orders of magnitude. There-
fore we assume the jet background to be reduced correspondingly. The more
sparse p—Pb collision event necessitates a more reliable estimate. For this pur-
pose, an approach developed for pp collisions, the sparse event method [190], is
used. The method is similar to that used for Pb—Pb collisions, but with an addi-
tional correction factor accounting for more sparse events having regions without
particles.

The transverse momentum density p of the event is calculated for kr jets for
both pp and p-Pb events,

p = median {@} x C, (30)

real kt jets jet

where Ajet is the jet area in the ¢-# plane calculated using the explicit ghost
method [169]. Ghost particles, with a vanishing momentum, do not influence
the jet finding procedure, and they are distributed into the area that is to be clus-
tered. As such, the number of ghost particles in a jet is a direct measure of the
area of that jet. The term "real kt jets" refers to kt jets with at least one track, thus
discarding pure ghost jets. Also, the leading and subleading jets are dropped
from the determination of p.

The coefficient C estimates the empty ¢—# area of the event using jets clus-
tered with the kt algorithm. This is done by dividing the sum of the area of real
jets by the sum of the area of all jets, including empty ghost jets [191]:

. Zreal kT jets Ajet

C (31)

Yoall kr jets Ajet

The soft background is subtracted from the underlying event using the four-
momentum background subtraction [192} 193]

Peorr = PV — [(p +0m) Afet 0 Afets PAL (0 + pm)Afet] , (32)

with p# corresponding to the uncorrected jet four-momentum, p,, the mass den-
sity calculated in a similar manner as p, and A¥ the jet-area four-vector, as calcu-
lated by the FastJet package [169].

The issue with using only the soft background subtraction method defined
above is that it neglects to account for background that is not uniformly dis-
tributed in the ¢-7 plane, but instead fluctuates between different regions. These
fluctuations are mostly Poissonian in nature, but also include some correlated
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variations of the particle multiplicity and mean pt by region, resulting from both
detector effects and the collision itself [186]. The density fluctuations around the
soft background density estimate p can be evaluated using a Random Cone (RC)
approach, as described in [186].

Cones of a radius corresponding to the value of R used in the jet finding
algorithm are randomly placed into the ¢-17 acceptance. Then, the transverse
momenta of all of the charged tracks that coincide with the cone are summed,
and the background estimate is subtracted from this sum:

(SPT,Ch = ZPT,Ch - pchA/ A= 7TR2' (33)

1

The distribution of épt, directly measures the fluctuations of the background
and can be directly used in the unfolding procedure. In the dijet mass analysis
presented in this thesis, inspired by two-particle correlation analyses, we deter-
mine the background using cones rotated by 90 degrees in ¢ instead of randomly
rotated cones [194]. With the non-random rotation in ¢, the rotated cone better
avoids the signal from the correlated particle or jet ending up within the rotated
cone, which would distort the background evaluation.

4.4 Monte Carlo simulations

Monte Carlo (MC) event generators are a central tool in simulating physical pro-
cesses, notably collisions of particles and heavy ions. These event generators
are a tool to obtain a prediction to which data can be compared. They utilize
predictions for QED and QCD in collision systems, and by simulating a large
variety of outcomes over a large amount of collisions, give out a final-state par-
ticle level output. Over the past few decades, techniques to describe most as-
pects of hadronic collisions have been gathered, refined and implemented into
general-purpose event generators, capable of simulating a wide range of pro-
cesses important for particle physics experiments. For instance, HERWIG [195],
PYTHIA [196] and SHERPA [197] are some widely used general-purpose gener-
ators. In addition, a large number of generators specific to certain processes have
been developed.

The event generators applicable for the study of jets in heavy-ion collisions
can be coarsely split into two categories. The first are generators that modify
simulated pp collisions according to assumed changes to the jet evolution due
to the QGP medium, namely jet quenching. Generators like JEWEL [198] and
the JETSCAPE [199] framework fit into this category. Another category of MC
event generators are ones that attempt to describe the full collision event. This
is the case for generators like HIJING [200], EPOS [201] and the Angantyr [202]
addition to PYTHIA. These generators are useful for studying the influence of the
underlying event on the jet signal [203].

Most MC event generators available for jet physics are at leading order
of calculations. Some frameworks, like MC@NLO [115] and POWHEG [204],
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TABLE 2 Summary of commonly used Monte Carlo event generators and frameworks.

Generator

Category

Main Features

PYTHIA [196]

General-purpose

pp generator; hard processes, parton
showers, MPI, hadronization.

SHERPA [197]

General-purpose

Lepton-lepton, lepton-photon,
photon-photon, lepton-hadron
and hadron-hadron collisions.

HERWIG [195]

General-purpose

Hard lepton-lepton, lepton-hadron
and hadron-hadron collisions. NLO
accuracy.

JETSCAPE [199] General purpose Modular framework; combines hard
heavy-ion scattering (PYTHIA) with in-medium
shower models (e.g. MATTER, LBT,
MARTINI) and bulk evolution.
JEWEL [198] Jet quenching QCD jet evolution in heavy-ion colli-
sions.
HIJING [200] Full heavy-ion Jet production in pp, pA and AA col-
event lisions.
ANGANTYR [202] Full heavy-ion High-energy nucleus collisions.
event (PYTHIAS
extension)
EPOs [201] Full heavy-ion Heavy-ion interactions and cosmic
event ray air shower simulations.
POWHEG [204] Framework (NLO NLO calculations interfaced with par-
matching) ton shower.
MC@NLO [115] Framework (NLO NLO QCD matrix elements interfaced
matching) with parton shower.

however, are based on next-to-leading-order (NLO) calculations, interfaced with
showers from generators like PYTHIA or HERWIG. Sherpa can be run with NLO
elements, using packages like OpenLoops [205] to generate NLO loop corrections.
In Table 2| are listed all the mentioned generators and frameworks and their basic
properties.

A general-purpose MC event generator simulates a process in several phases.
A schematic of a PYTHIA generated pp event is shown in Fig. In the figure,
different components of the simulated high-energy collision are shown. The dif-
ferent momentum regimes in a particle collision can be factorized, and we end
up with regimes of higher and lower momentum particles. MC techniques can
be used for both hard and soft regimes, connected by an evolutionary process
calculable from pQCD [206]. The large phase space with dimensions 3n — 4, re-
sulting from the three components of momentum for each of the n particles while
accounting for energy-momentum conservation, works well with MC integration
methods, for which accuracy increases inversely with the square root of the num-
ber of integration points.
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FIGURE 29 A schematic of a PYTHIA pp— tt event. Figure from Ref. [207], reprinted

under the license CC BY 4.0.
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First, there is a primary hard sub-process. The hard sub-process can often-
times be selected by the user, in order to obtain events of a certain type. Gluons
radiating from partons from the hard sub-process generate showers of outgoing
partons. This is simulated with a Markov chain, called a parton shower algo-
rithm. The parton shower includes initial-state radiation (ISR) and final-state ra-
diation (FSR). Further scattering processes between additional partons from the
incoming beams are also possible, called multi-parton interactions (MPI).

Hadronization happens at the end of a parton shower. Once the event has
been evolved down in momentum to a region where perturbative QCD breaks
down, the evolution must be replaced by a non-perturbative hadronization model,
confining the colored partons into hadrons. This results in hadronization models
not being directly derivable from QCD, but tunable with an assortment of param-
eters. While most interesting signal processes studied in high-energy collisions
are from hard interactions, there is also a large contribution from soft collisions.
Also non-perturbative in nature, these collisions have to be modeled with tunable
parameters, in order to describe data.

To incorporate PDFs and nPDFs into MC simulations of pp and p—Pb colli-
sions, each incoming beam is assigned a PDF set consistent with the perturbative
order of the hard process. In pp collisions, both beams can use a free-proton PDF
set. In p—Pb collisions, the proton beam is assigned a free-proton PDF, while the
lead beam is described using a nPDF for bound protons or neutrons in the lead
nucleus. The LHAPDF 6 library [208] provides standardized access to a wide
range of PDFs and nPDFs, and is supported by many MC generators and other
physics programs. Running p—Pb simulations also requires accounting for the en-
ergy asymmetry between the proton and nucleons in the lead ion. A lead nucleus
contains 82 protons and 126 neutrons for a total of A = 208 nucleons, giving a
charge-to-mass ratio Z/A = 82/208. While a proton in the LHC can be accel-
erated up to an energy Ep, the energy per nucleon of the lead ion is limited to
Epp = %Ep. As a result, the nucleon—nucleon center-of-mass system in p—Pb col-
lisions at 5.02 TeV is boosted in the proton beam direction with a rapidity shift of
Ay = —0.465 [209]. The asymmetry can be taken into account in the MC simula-
tion either by setting asymmetric beam energies or by applying the rapidity shift
into the center-of-mass system.

To study jets in heavy-ion collisions, a commonly used approach is embed-
ding, in which hard jets generated, for instance, with PYTHIA are added to sim-
ulated heavy-ion events produced with a generator such as HIJING or EPOS.
Embedding allows testing background subtraction methods and jet-finding algo-
rithms: by comparing the truth-level jets to the reconstructed jet after background
subtraction, the efficiency and performance of the algorithms can be evaluated.

Running PYTHIA as a minimum bias (MB) production results in a steeply
falling jet spectrum. To ensure sufficient statistics for high-pr jets, the simulations
are enhanced by over-sampling the hard-scattered process. In order to achieve
this in our dijet mass analysis, PYTHIA simulations were run in eight different
bins of the transverse momentum of the hard 2 — 2 parton scattering, pr, with
upper and lower limits set for each pt bin. To merge the pr bins, the result-
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ing spectra have to be scaled with a weight, which is determined according to
the corresponding cross section provided by PYTHIA divided by the number of
events in that bin. After weighting, the merged spectra are properly normalized
and provide sufficient statistics across the full pr range.

All MC event generators contain numerous free parameters that can be
varied independently of each other. These parameters control aspects such as
hadronization and multi-parton interactions, both containing pQCD physics. To
produce physically sensible simulations, these parameters are tuned simultane-
ously to describe a broad set of experimental data. In PYTHIA, such prepackaged
sets of parameters are called tunes. For the dijet mass analysis in pp collisions,
we use the Monash 2013 tune [210], which is optimized using a wide range of
LHC measurements.

The MC simulations used for the unfolding of the dijet mass spectrum in
the dijet mass analysis, described in Sec. 5, are generated centrally in ALICE. The
simulated signals should reproduce the real data conditions as closely as possi-
ble, which means that the detector geometry, data collection efficiency, as well as
effects from the LHC conditions present in the data have to be included within
the simulation procedure. Anchoring a MC simulation means that the conditions
are matched with those during a real data-taking run, including information from
the LHC filling scheme, the ALICE detector states, and the interaction rate.

The ALICE detector and other material, like the beam pipe and magnet, are
simulated with GEANT [211), 212]. The MC generated particles pass through this
material, interacting with it as in real life. The detector response is simulated
through the digitization of the detector signals, after which the reconstruction
procedure begins [32]]. During the MC reconstruction phase, the same version of
the reconstruction software should be used as in the processing of the real data, to
ensure consistent tracking performance and efficiency, and overall data quality.
If significant changes are made to the data reconstruction procedure and a new
reconstruction pass of the data is used, the MC simulation must also be updated
to match the reconstruction of the simulated events to the data reconstruction
conditions. This is the case in our dijet analysis where the reconstruction was
updated from pass1 to pass2, the details of which are described in Sec.



5 DIJET INVARIANT MASS ANALYSIS

The goal of this analysis is to measure the invariant mass spectrum of charged
dijets measured by ALICE in proton—proton and proton-lead collisions, in the
years 2017 and 2016, respectively, at \/syny = 5.02 TeV. We calculate the nuclear
modification factor Rpa in the dijet invariant mass range of 75-150 GeV/ c¢? and
compare the results with different Monte Carlo model calculations. This works
continues that described in Ref. [1]], in which the analysis was first performed and
described. In this thesis, the analysis has been continued in order to update the
results to a new ALICE data reconstruction pass. The analysis is described in this
section, with emphasis on the steps required to update to the new data pass.

5.1 Dijet invariant mass

Jets are reconstructed using the FastJet package [169] with the anti-kt algorithm [178].
The jet radius of R = 0.4 is used, and the jets are required to be within the ALICE
central tracking acceptance, restricting the jet pseudorapidity to |7jet| < 0.9 — R =
0.5. As incoming tracks are clustered with the pr scheme, they are scaled to be
massless, as described in Sec. The pt scheme also performs the recombination

of these tracks such that the final jet is massless.

In this analysis, we consider dijets only in those events where the transverse
momenta of both jets in the dijet system exceed 20 GeV/c. The jets are required
to be measured in opposite hemispheres of the transverse plane, which means
that their azimuthal difference |A¢| > 7r/2. This cut allows us to avoid contri-
butions from 2 — 3 processes, where one of the hard jets is outside the detector
acceptance, and the other jet splits into two, forming a low-mass dijet system with
|A¢p| < 7/2. When searching for the leading and subleading jets in an event, if
the azimuthal angle of the subleading jet does not fit this criterion, the subleading
jetis discarded from the search. Then, the next hardest jet is taken as the sublead-
ing jet candidate, and tested for the azimuthal and pr criteria. Once a subleading
jet within the conditions is found, the dijet is formed.
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Most events in this study contain a maximum of one dijet which fulfills the
cuts defined. However, in some rare cases, the collision event under study con-
tains more than one acceptable dijet. In this case, the leading pair of jets fulfilling
the cuts is selected based on the momentum of the leading jet, for which the sub-
leading jet is further selected. Jets containing constituents with pr above over 100
GeV/c are removed from the analysis, due to the lowered pr resolution of tracks
with pt > 100 GeV/c.

The dijet invariant mass, also called dijet mass here, is defined as

Mﬁ = (p1+ p2)? (34)
= m% + m% + 2 (mr1myy cosh(Ay) — pripra cos(A¢p)) (35)
~ 2p11p12 (cosh(An) — cos(A¢)), (36)

where p; is the four-momentum, p; the transverse momentum, m; the mass and
mT; the transverse mass of the leading (i = 1) or subleading (i = 2) jet. The last
approximation holds when m/pr < 1, and as such, this approximation is exact
for massless jets.

5.2 Update to new reconstruction pass

The ALICE datasets undergo many reconstruction passes before the data is ready
to be analyzed [70]. The first two reconstruction passes are used for calibration
purposes, performed on a sample of events from each run. The first of these is
cpass0, which provides input for the calibration of the TPC, TRD, TOF and TO,
as well as for the centrality. The second pass, cpassl, applies the calibration, and
the calibrated, reconstructed events are then used as input for the data quality
assurance and updated calibration of the SDD, TPC and EMCal. For each data
taking period, normally spanning a period of 4-6 weeks, a manual calibration is
performed. This calibration is then verified with a validation pass, vpass. Finally,
a physics reconstruction pass is performed an all events, providing the input for
physics analysis. Passes are updated when changes are made to the reconstruc-
tion process, such as when new reconstruction and calibration methods are im-
plemented or detector alignment is improved [70]. The original analysis of dijet
mass was developed and performed in Ref. [1] for the first reconstruction pass of
the datasets LHC17pq (pp) and LHC16qt (p—Pb). I updated the analysis to run
on the new, second reconstruction passes of both datasets.

The main improvements of pass2 with respect to passl include the follow-
ing for pp and p—Pb datasets, as reported by the ALICE Data Preparation Group.
The TRD was used in refitting the tracks, the alignment of some SPD sectors was
improved, the TPC reconstruction and error parametrization as well as distor-
tion map binning and material alignment were improved, and the treatment of
the difference between the ALTRO (ALICE TPC Read Out chip [213]]) clock and
the LHC clock was improved. In addition, for p—Pb pass2 there was also an im-
proved TOF calibration and a fix for the innermost SPD layer Lorentz angle. For
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the pass2 datasets used in our dijet mass analysis, the vertex cuts together with
trigger and event selection, which were described in Sec. select around 890
million events out of a total of 1040 pp events, and around 620 million events out
of 730 million p—Pb events. These can be compared to the passl datasets, where
around 705 million pp events were selected out of 820 million events, and 530
million p-Pb events were selected out of 625 million.

The update to the new reconstruction pass required running a new Monte
Carlo production anchored to the pp and p—Pb pass2 datasets to use in the un-
folding procedure. To create the pp MC datasets for both pass1 and pass2, PYTHIA
was used to generate jet events. The pr bins used for this production were 5-7, 7-
9,9-12,12-16, 16-21, 21-28, 28-36, 36-45, 45-57, 57-70, 70-85, 85-99, 99-115, 115-132,
132-150, 150-169, 169-190, 190-212, 212-235, >235 GeV /2.

For p—Pb, the MC production anchored to the passl dataset was generated
using PYTHIA and EPOS. EPOS was used to generate an underlying event of
the p—Pb collisions, and PYTHIA was used to generate hard QCD jets. These jets
were then embedded on top of the underlying event. Due to technical limitations
in the centralized ALICE MC generation process, it was not possible to use EPOS
for the new pass2 MC. Therefore, the pass2 anchored MC is a PYTHIA+HIJING
production, in which PYTHIA jets are embedded into a HIJING underlying event
background. Both productions were performed in pr bins 5-11, 11-21, 21-36, 36-
57,57-84, >84 GeV /c?.

In the EPOS production, the p restriction of the MC production bins did not
appear to be taken into account by the EPOS-generated particles, which resulted
in large statistical fluctuations especially in low pr bins. All particles originating
from the EPOS generator were therefore filtered out with the help of AliAnaly-
sisTaskSVtaskMCeFilter in AliPhysics [214]. This task reads the original track and
particle lists, filters them and feeds new lists of tracks and particles with filtered
information back to the original analysis task. I updated the filter task for the
pass2 p—Pb MC to filter HIJING particles similarly as the EPOS particles were re-
moved by the original task. To study the HIJING production and its filtering, I
tested how the analysis performs with and without the filtering included. I found
that fluctuations in the raw, truth-level track p are removed with the filtering of
HIJING particles in the pass2 MC, and these fluctuations were more pronounced
than in the EPOS production anchored to pass1 MC. This suggests that the filter-
ing is necessary, even more so for the new HIJING production than for the EPOS
production.

For MC runs in the analysis, if we find a jet with transverse momentum
pt over four times as large as the pr of the event, we reject the event. This is a
standard procedure in ALICE analysis of jets in pr-binned MC simulations. If
the jet has a much larger pr than pr, it can result in an outlier when merging
the bins. As merging the bins involves scaling with the cross section, and as this
scaling factor is largest in the smallest p7 bins, if there is an outlier in a smaller
pr bin, its effect can become relevant when it is scaled and merged. The factor
4 has been found to minimize the outlier contributions, while remaining a high
enough value to create a sensible pr distribution.
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In order to visualize any possible differences in jet and track pt distributions
in the passes of the data and the correspondingly anchored Monte Carlo simula-
tions, I plot spectra from the pp and p-Pb datasets and Monte Carlo simulations.
In Fig. |30, the comparison of jet pt spectra in the raw data is shown. In the fig-
ure, it can be seen that there is some fluctuation in the final jet pt bins above 100
GeV/c in the pp data, shown in the left-hand side plot. In the p—Pb data, on the
right-hand side, this fluctuation is also seen but, more strikingly, there is also a
10% increase in the spectrum of pass2 as compared to passl. This can be due to
improvements in the tracking, which can increase the amount of tracks found in
the data set.

B T e
1074 This thesis 1073 This thesis
%‘ E pp (5=5.02 TeV, anti-k, R=0.4 %‘ E p-Pb \[S,,,=5.02 TeV, anti-k, R=0.4
% 1075% o P 1 e >0-15 GeVie, [ | < 0.50 % 10—4? . P o015 GEVIC, |, | <0.50
s F . 81075
=105 <107 .
®s  E - ®s O F -
2 R S el
g 107 - o 107 hd
S E - ] E —e-
3 L - 31077 o=
Z 1078 i —— Z E i
S 10°g raw jetp_ S E rawjetp ——
< E < r
[ r e 31078 ——
_ @ passl E @ passl
§ 107°% P —8— § F P ——
F O pass2 107°k © pass2
070, A R | L |
181— T T T T T T T 105:— T T T T T T T
1.6 15
E 0.95—
PR 8 o9 e 4 o +
2 1 2 085 +++
9 = R
ﬁ 1: 4‘0—&+++++ § 075
0.8~ 0.7
0.6 0.65
L L L L L L L 0.66= L L L L L L L
20 40 60 80 100 120 140 20 40 60 80 100 120 140
p. [GeVic] p_ [GeVic]

Tjet T.jet

FIGURE 30 ]Jet transverse momentum spectra in the pp (left) and p—Pb (right) raw data.

In Fig. the detector level jet pt spectra in the MC is presented. As is
expected based on the data, the detector level jets in the p-Pb MC also show a
significant difference between passes, although here the difference is around 6-
8% instead of the 10% seen in the data. For the pp MC, the spectrum shows a
difference of around 1% in the higher bins of jet pr. In Fig. the truth level
MC jet pt spectra are plotted. In the truth level MC, the two passes give similar
spectra for p—Pb. From the pp spectrum, it is seen that the 1% difference in the
detector level MC is visible also on the truth level. Similar differences are reflected
in charged particle distributions.

In Eq. (36), we can see that the dijet mass is formed from the transverse mo-
menta and the rapidity and azimuthal differences of the jets in the dijet system.
The respective contributions to the dijet mass of the two components of Eq.
were studied in detail in [1] by studying the kinematic and geometrical compo-
nents of the jets before any background subtraction. I performed the same studies
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FIGURE 32 ]Jet transverse momentum spectra in the truth level pp (left) and p—Pb (right)
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for the new data pass, and no significant differences were seen in pass2 compared
to passl.

The raw dijet invariant mass spectrum is presented in Fig.[33 When looking
at the ratio of p—Pb to pp, we note that the value of the ratio is of the same order as
the number of nucleon-nucleon binary collisions (N.y) = 6.87 [215] in the mass
range under study in this analysis, between 65 and 150 GeV /c?.
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FIGURE 33 The raw dijet invariant mass spectrum formed from the raw jets in pass2
data, with no background subtraction.

5.3 Underlying event fluctuations

The dijet mass is calculated from jets which have had their background already
subtracted from them, by using the background-subtracted four-momentum of
the jets plorr from Eq. 1' in Eq. . This results in a Mj; distribution with back-
ground removed. However, the exact background at the location of an individual
jet can be different from the overall event density determined by p. Hence, the
dijet mass distributions calculated using this method are affected by background
fluctuations. To study these fluctuations, we perform the background density
measurement in two different ways, and form a distribution from their differ-
ence. The method we use is a generalization, developed in [1]], of the random
cone method for the pr of single jets which was described in Sec.

We measure a local background density p’ for the dijet system using rotated
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cones with a radius Reone = 0.4. Two rotated cones are defined such that the

tirst cone is set perpendicular to the leading jet in the azimuthal plane, and the

second cone is set perpendicular to the subleading jet. Both cones are rotated in

the same direction so that the cones have the same A¢ as the original dijet. The
pseudorapidity for each cone is the same as for the jets.

The local background pt density p’ is estimated separately for each cone as

o' =Y pri/ (RGone), (37)

cone

where the summed pr; are the transverse momenta of all charged tracks within
the cone. This density is used in Eq. to obtain a four-momentum for each
jet separately with the local background, including its fluctuations, subtracted.
These momenta are then used to calculate a dijet mass, notated as M/, which
now has the background and fluctuations subtracted. The size of the fluctuations
are then estimated with the distribution
IMjj = M — Mj,

where Mj; is calculated using the default background density p.

There are rare cases where the rotated cone overlaps with a hard jet in the
event. These cases result in a significantly long tail at values of 6 Mj; > 0, when Mj’]-
over-corrects the background, as there is another jet inside the cone increasing the
value of p’ significantly. All events which have a negative M]-’]- are rejected from
the (5ij distribution, as these cases do not reflect true background fluctuations.
Also events in which a cone overlaps with either the leading or subleading jet are
rejected from the §Mjj; distribution. In Fig. 34} the distributions of § Mj; are shown
in two different bins: Mj; > 85 GeV/ c¢? and OMj < 85 GeV/ c?. In the furthest
dM;; bins of the histogram, large fluctuations are enhanced in the high Mj; bin.

The full distributions for the underlying event fluctuations 6 Mjj; of the dijet
mass in pp and p-Pb are shown in Fig. The M distribution peaks near
zero, and is asymmetric around the mean p. Thus, we fit the distribution with an
asymmetric generalized Gaussian distribution:

exp{{_ (i_u)]} x5 >0

f(6Mj) = C x exp{ {_ ("‘%‘)p_] } e : (39)

This allows us to have different width parameters (¢=) and powers (p*) for pos-
itive (x — u > 0) and negative (x — u < 0) sides of the mean. The fit parameters
from the asymmetric Gaussian distribution are presented in Table(3| For the p—Pb
fit, we wanted to limit the behavior of the tail at very large 6 Mj;, in order for the
pp and p-Pb fit tails to never overlap. To achieve this, the parameter p™ was set
to the range 0.5 — 0.6. The fit parameter ends up being at the upper limit of this
range.

Later, in the unfolding procedure, the fit of the d Mj; distribution is used in-
stead of the measured distribution, in order to avoid statistical fluctuation effects
in the unfolding procedure.

(38)
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FIGURE 34 The underlying event fluctuations 6 M;; of the dijet mass for pp (left) and
p-Pb (right) in bins of dijet mass.

TABLE 3 The fit parameters for the background fluctuations shown in Fig. |35, see text
for details. Parameter errors are as given by the ROOT fit.

C 1[GeV/c?] o~ [GeV/c?] ot [GeV/c?] p- pt X% /ndf

PP 0.67+£010 —-026+0.07 1.17+£019 0.28=+£0.09 1.09£0.12 053+0.07 0.63
p-Pb 0.347 £0.013 —0.26 £0.03 1.92+0.10 0.774+0.02 1.36 £0.07 0.60(at limit) 2.22

5.4 Differential cross section

The differential cross section of the dijet invariant mass is calculated as

2
d“o, dijet OVOAND deijet

= (40)
dM; NyoAND AMjjdjet
Here, d Ngjjet is the number of dijets in a mass bin defined by a bin width of d Mj;.
The visible cross section oyoanD is as described in Sec. [2.2.2) Niot &Vl is the num-

ber of all events measured by ALICE with the VO- AND trlgger and dijjet repre-
sents the jet acceptance in pseudorapidity, equal to 1.0 in this analysis.

Some events are not accounted for in the visible cross section due to the
primary collision vertex not being reconstructed for these events. Therefore, the
dijet invariant mass cross section has to be calculated using the number of events
measured with the vertex reconstructed, N%Z‘IGXD, and correct for this difference
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corresponding to the fluctuations.
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using the vertex correction factor ey, as defined in Sec. This results in the
equation

dZUdijet . OVOAND deijet
dM. = €vix has vtx qM.dn " (41)
jj NyoanD 4V

The visible cross section divided by the number of VOAND triggered events
in Eq. is a close approximation to the inelastic differential cross section di-
vided by the number of all events. This is due to the fact that events not triggered
by the minimum bias trigger seldom contain a jet, as having a jet in the event is
correlated with a large number of tracks. Therefore, the number of dijets, d Ngjet,
is nearly the same in both inelastic and visible cross sections. An exception to this
highlighted in [1] is central diffractive events, in which a dijet is created diffrac-
tively with both projectile particles remaining intact. There have been Monte
Carlo studies [216] performed by CMS-TOTEM [217] where a visible cross sec-
tion of 26.1 pb was estimated for dijets with a mass of over 100 GeV/c? or over in
central diffractive events. This implies a small contribution to dijets not measured
with the VO-AND trigger.

5.5 Nuclear modification factor

In order to study the parton energy loss in a heavy-ion system, we generally
use Eq. 5| to define the nuclear modification factor. Experimentally, and for the
purposes of this analysis, the nuclear modification factor for p—Pb collisions as a
function of dijet invariant mass becomes

1 dNpA
NPA dMjidy
RPA(M]]’ U)et) — pA L dNPP 7
coll / NPP dM]]dﬂ]et

(42)

where NPP/PA are the number of events for pp and p-Pb collisions and <Nfol?1> is

the average number of inelastic nucleon-nucleon collisions in the p—Pb events. In
minimum bias p—Pb collisions, with no selection on the multiplicity of the event,
the average number of inelastic collisions can be rewritten to be [218]

pp

.
) =Aa-nd, (43)

inel

(el

coll

where A is the mass number of the nucleus, in this case A = 208 for the lead nu-
cleus. Combining Eq. and Eq. (43), we finally write our nuclear modification
factor as

Rpa (M, jet) = dzgpﬁ : (44)
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5.6 Unfolding

An unfolding procedure is required to account for background fluctuations and
instrumental effects in the measurement, as described in Sec. The procedure
translates the measured dijet mass distribution into the physical cross section,
allowing us to compare with theory. A response matrix mapping the true and
detector level distributions is constructed using a MC simulation.

Simulated events were generated with PYTHIA [196]], using the tune Monash
2013 for pp and tune Perugia 2011 for p—Pb, in which only hard QCD interac-
tions were selected. These simulations were run in separate bins of T to enhance
the production of dijets. In the case of truth level particles, the dijet mass dis-
tribution is constructed from all final charged hadrons given by PYTHIA in the
fiducial acceptance. For the detector level tracks, the final PYTHIA particles were
transported through ALICE using GEANT [211, 212], and the full simulation of
detectors and track reconstruction was performed.

The dijet mass analysis was performed on these detector level tracks in the
same manner as for the data. A dijet mass unfolding matrix, Mg, was filled
with the masses of dijets that were found for both the truth and detector level
dijets matched with the criteria AR = /A¢? + Ay? < 0.3, with a match required
for both the leading and subleading jet of the event. If the leading and subleading
jet switch roles in the matching process, the dijet event is still considered a match.
Fakes and misses have been taken into account in the unfolding. Fakes describe
the cases where a dijet appears in the detector level MC but not in the truth level.
Misses on the other hand describe cases in which truth level dijets are not seen
in the detector level. The fractions of fakes and misses have been calculated by
taking the projections of the detector response to its detector or truth level axis,
and comparing them to the detector or truth level spectra, respectively. This has
been described in detail in Ref. [1].

The unfolding matrix Mg contains only information on instrumental de-
tector effects. We want to include the background fluctuations, as described in
Sec.[5.3} in the unfolding procedure. Following methods used in previous ALICE
jet analyses [191} 209, 219], we construct a matrix, Myet, to describe the fluctua-
tions measured at the detector level. The 2-dimensional Mg, is constructed from
the 1-dimensional distribution 6 Mj;. For each y-axis bin of Myt corresponding
to the truth level Mj;, we copy the 6 M histogram bin-by-bin. The bin of Mj; that
is centered around zero is assigned to the diagonal of the Myt histogram. After
this, the Mgy histogram is re-binned to the binning used in the unfolding proce-
dure. Then, each Mg, y-axis bin is scaled separately to represent a probability
distribution.

With these two unfolding matrices now constructed, we can multiply them
to obtain the total unfolding matrix

Mtot - Mﬂucthet- (45)

The unfolding matrices corresponding to the background fluctuations for pp and
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p-Pb are shown in Fig. [36| (left). In the middle of the figure are the unfolding
matrices corresponding to the detector response. The unfolding matrices used
for the final unfolding, obtained from Eq. (45), are shown on the right-hand side
of the same figure. These final unfolding matrices are also pictured in Fig. 37,
with the asymmetric binning used in the final unfolding procedure.
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FIGURE 36 The unfolding matrices of pp and p-Pb.

As described in Sec. we choose the Bayesian unfolding algorithm [181}
183] as our default unfolding algorithm, while the SVD unfolding algorithm [184]
is used to evaluate the systematic uncertainty arising from the choice of the un-
folding procedure. The unfolding parameter for the Bayesian unfolding algo-
rithm, nlter, describes the number of iterations used in the unfolding process.
The parameter for ppis selected to be 5, and for p—Pb, the parameter is 3. These
values have been selected by studying the unfolding performance at varying val-
ues of niter, and selecting the smallest value for which the results do not differ
significantly when compared to results obtained with nlter — 1 and nlter + 1.
The SVD unfolding algorithm requires setting a regularization value, the k-value,
which is selected to be 9 and 5 for pp and p—Pb, respectively. It is possible that the
optimum unfolding parameters can change when the data reconstruction pass is
updated. However, we found that in this analysis, the optimum choice of un-
folding parameters for the pass2 datasets corresponds to the choice for the pass1
datasets [1].

In order to study whether the unfolding works as expected, the unfolded
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detector level MC spectra were compared to the truth level MC spectra. Figure
shows the comparison of unfolded detector level MC spectra to truth level spec-
tra. The test is performed using a set of run numbers from each of the pt bins set
aside to only be used as a closure test, not in the creation of the unfolding matrix.
The closure test is a success, as the ratio is to a great extent equal to unity within
uncertainties. A trivial closure test was also conducted using the same dataset as
the unfolding matrix was generated with, therefore called trivial. This test also
resulted in a ratio agreeing with unity.

Another validation check of the unfolding is to refold the already unfolded
spectrum. We want to check whether the unfolded detector level MC spectrum
can be refolded back to the detector level result, which we can then compare to
the original detector level spectrum. As unfolding requires a matrix inversion,
folding is a much simpler process, requiring just a matrix multiplication. The
result of such a refolding test is shown in Fig.|39, As can be seen from the figure,
the refolded detector level spectrum is consistent with the original detector level
spectrum, therefore validating our unfolding procedure.

Even with the pt < 4pT cut implemented, an outlier was found in the p-
Pb MC dataset in the dijet mass bin 115-130 GeV/c?. The outlier was found
when studying the closure test of the p—Pb MC, Fig. [40] (left), and seen in Fig. 40|
(right), where I compare the raw dijet spectrum as a function of dijet mass. A
single outlier-dijet was then found in the pr bin 11-21 GeV/c of the p—Pb MC
production. Out of just five dijets found in this p1 bin of the MC production, one
was at a much higher dijet mass Mj; = 118 GeV/ c? than the others, which were
around 50 GeV /c?.

If we assume, naively, that the dijet mass is of the order 2prjet, the 4p-cut
would correspond to cutting on the dijet mass as Mj < 8pt. I took the mean
of the pr distribution of this bin, 13.74 GeV/ c2, as the cut, as the event-by-event
information was not available at this stage of the analysis. I applied the dijet
mass cut on the pr bin 11-21 GeV/c only, and, out of the five dijets in the bin,
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the outlier was discarded from the analysis. The results presented use this outlier
cut.

5.7 Systematic uncertainty

Sources of systematic uncertainty can be gauged by systematically altering pa-
rameters, methods or the data, and studying the impact of the change on the
analysis results. If the effect presents a systematic difference as compared to the
default results, we can assign the change of method or parameter as a system-
atic uncertainty source. In the context of this dijet mass analysis, we divide the
sources of systematic uncertainty into two main sources: tracking efficiency and
unfolding. The default settings are first selected. Then, each source of uncer-
tainty is varied systematically, after which they are compared to the default case,
separately for pp, p-Pb and their ratio Rypp.

5.7.1 Tracking uncertainty
The performance of the tracking has been studied and estimated within ALICE,

using a full MC simulation accounting for realistic experimental tracking and
quality selections. The variations of the tracking quality with changes in the
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track quality cuts have been studied and determined by the ALICE data pro-
cessing group. We use these recommended variations to calculate the tracking
uncertainty for this analysis. The tracking uncertainty for the data sets used in
this analysis have been estimated to be 3% for pp collision data, and a varying
value between 1% and 2.5% for p-Pb, dependent on the track p. The precise
values used in this analysis can be found from the publicly available AliPhysics
code repository [214] in file TrackEfficiencyConfiguration.yaml.

In order to study the effect of this uncertainty on the dijet mass analysis, we
remove a percentage of particles in the detector level MC simulation output cor-
responding to the uncertainty approximated for the data. The unfolding matrix
that is formed from this MC simulation is used to unfold the data, and the result
is then compared to the data unfolded with the original unfolding matrix. The
result of this comparison is seen in Fig. 41} in which we can see a difference in the
dijet mass spectrum between the two dijet mass spectra for both the pp and p—Pb
datasets.
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FIGURE 41 Tracking efficiency systematic uncertainty for pp and p—Pb. On the left, the
pp spectrum has been varied, and on the right, the p—Pb has been varied.

The ratio from Fig. [T tells us the effect of the extra track loss for any observ-
able, in our case, the dijet invariant mass, ranging from 10% to 6%. It is not fully
understood whether the tracking efficiency uncertainty is correlated between the
pp and p-Pb datasets. Therefore, we do not assume that they would cancel in the
ratio of the spectra. This means that our tracking-related systematic uncertainty
is calculated in a conservative manner.

The systematic behavior of Ry, is studied by calculating a value first by
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varying the tracking in pp as described above while keeping the default spectrum
for p—Pb, and then vice versa. The results of these studies are shown in Fig.
where the systematic uncertainty results are compared and the larger of the two
values is selected as the systematic tracking uncertainty for Rpa. The tracking
systematic uncertainty for Rpa is shown in Fig. As has been described, the
tracking uncertainty has been evaluated by studying the loss of tracks, not by
adding extra tracks. Therefore, as we assume the effect to be symmetrized in
the case of extra tracks being included, we mirror the tracking uncertainty for
positive contributions, for both pp and p-Pb spectra as well as the Rpa.
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FIGURE 42 Tracking efficiency systematic uncertainty determination for the Ra. On
the left, the pp spectrum has been varied, and on the right, the p—Pb has
been varied.

5.7.2 Unfolding uncertainty

The unfolding procedure described in previous sections includes choices on, for
instance, the unfolding algorithm, number of iterations, and other parameters.
These choices can all be sources of uncertainty, and therefore we perform a sys-
tematic check on all of these choices. A list of all the sources of systematic uncer-
tainty related to the unfolding procedure are listed below, after which I explain
all of them in some detail.

- Data truncation
— Closure
— Unfolding binning choice
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— Prior choice
— Unfolding algorithm
— Number of iterations

Data truncation The unfolding algorithms perform best when there are enough
events in the unfolding bins. Therefore, we want to find a good cut-off for the
mass bins, as there is a limited number of entries in the highest mass bins. We
use a default value of 180 GeV/c?, and in order to study the effect of this cut, we
compare the resulting spectrum to one in which we instead use a cut-off of 160
GeV/c?. The effect of this is shown in Fig. 44l As is seen, only the very last bins
are affected by the cut. The default cut results in a value of Rpa thatis higher than
with the tighter cut, however, these results are within the statistical uncertainties.
Asis seen in the top left plot, the truncation affects the final bin of the pp spectrum
the most, which then affects the fluctuation of the final bin of Rp A-

Closure As was described in Sec a closure test was performed in order
to validate the unfolding procedure. The closure test result using a statistically
separated dataset to unfold the detector level MC, shown in Fig. [38| for the pp
and p-Pb spectra, is used to calculate the Rpa for the truth level and unfolded
detector level MC separately. The comparison of these is shown in Fig. 45| and
the difference in the Ry, is taken as the systematic error related to the closure test
of the unfolding procedure.

Unfolding binning choice In the analysis of the passl data, we had to find a
suitable binning for the passl datasets. With the update of the reconstruction
pass, I studied different sets of detector and truth level binning in the unfold-
ing procedure to select a suitable combination to minimize systematic errors. I
found that merging some bins together in the detector level binning improved
the unfolding of the pp data, while the truth level bins were kept as in passl. The
binning choice used for unfolding the pp spectra was the following:

Detector level :{40, 45, 50, 55, 60, 65,70, 75, 80, 85,90, 100, 120, 160, 180 }
Truth level :{40, 45,55, 65, 75,85, 100, 115, 130, 150, 180, 220, 270, 330,400}

For the p-Pb data, the same binning as was used for the pass1 dataset resulted in
a successful unfolding of the pass2 dataset. This binning includes two more bins
in the detector level than for the pp data:

Detector level :{40,45, 50, 55, 60, 65,70, 75, 80, 85, 90, 100, 110, 120, 140, 160, 180 }
Truth level :{40,45, 55, 65, 75, 85,100, 115,130, 150, 180, 220, 270, 330,400}
Systematic uncertainty related to changes in the binning choice are evalu-
ated by selecting an altered binning which is a denser binning than the default
described above. The altered binning is selected to be the following:
Detector level :{40,43, 45,50, 55, 60, 63, 65,70, 75, 80, 85, 90, 95, 100,
105,110,120, 130, 140, 150, 170, 180, 200}
Truth level :{40,43,45,50, 55, 65,70,75,85,92,100, 108, 115,122,
130, 140, 150, 200, 250} .
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The unfolding is performed with the altered binning and the results are compared
with the default-binned unfolding results in Fig. 46 The final bin is the only one
showing a notable difference between the binning, arising from the pp spectrum’s
final bin fluctuating with the binning change.

Prior choice The prior used in the Bayesian unfolding procedure can influ-
ence the unfolding results. The prior is therefore altered in order to gauge the
systematic effect of the choice of the prior. We choose to weight the y-axis of the
unfolding matrix with a once-unfolded data spectrum, using this as our guess on
how the spectrum should appear, instead of the default procedure of using the
MC truth level of the unfolding procedure.

The weights are taken from the once-unfolded data, separately for pp and
p—Pb, and filled and scaled into histograms so that their integral matches the true
spectrum in the 80 — 140 GeV/c? mass area, in which the sample size is reason-
able. The weight histogram is then divided by the truth level MC histogram,
which is the default prior, to obtain a ratio between the default and the new prior.
Finally, the ratio is used to scale each y-bin of the unfolding matrix to obtain a
scaled default prior. The effect of the change of the prior is presented in Fig.
The final bin, again, is prone to fluctuation with the change of the prior. Other-
wise the results differ by under 5%.

Unfolding algorithm The choice of the unfolding algorithm is also a source of
systematic uncertainty. We take the Bayesian unfolding algorithm as the default
method, and study the difference in the results when unfolding instead with the
SVD algorithm. The comparison of the results is shown in Fig. We find a
good agreement of the unfolded results, with a slight increase in discrepancy in
the final bin. The agreement is better in the p—Pb dataset, while for the pp dataset
the differences between the two unfolding methods are slightly larger.

Number of iterations The number of iterations, nlter, has been selected for the
Bayesian unfolding procedure to be 3. This number can be varied around itself
by +£1 to investigate the systematic effect of the parameter choice. This is shown
in Fig. @ The differences between the resulting Rp A are small, with the largest
difference seen, again, in the final bin, of around 5 %.

The six sources of uncertainty resulting from or related to the unfolding
procedure are depicted individually on a stacked histogram in Fig. The sum
of these histograms does not reflect the total unfolding systematical uncertainty.
The major difference in the plots between passes is seen in the change of the main
source of uncertainty in the 115-130 GeV/c? bin in the p-Pb histogram, and the
final bin increasing in the pass2 pp and ratio histograms.

Before the change of binning, the total systematic uncertainty in the final
pp dijet mass bin was over 0.25, but the systematic uncertainty in the ratio stayed
similar. The last bin in the pp data is thus seen to be very prone to fluctuation, and
this is visualized by the high systematic error of this last bin in the pp histogram
in Fig. 50| (top right). In Fig.[51]are all the sources of systematic uncertainty related
to unfolding similarly stacked for Rpa. These will be the final uncertainties used
when combining the sources in the next section.
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5.7.3 Total systematic uncertainty

Following the reference [220], the total systematic uncertainties related to unfold-
ing are combined as

Ntotunf 52
Zi ceunfsyst “i

(5unfolding = W ’ (46)

since each source of systematic uncertainty is comprised of independent mea-
surements of the same underlying systematic uncertainty in the unfolding.

Both the total unfolding systematic and the tracking efficiency uncertainty
are smoothed with the help of the ROOT TH1: : Smooth function, which uses
the 353QH smoothing algorithm twice. The algorithm is explained in detail in
[221]. After smoothing the tracking and unfolding systematics, the total system-
atic uncertainty is calculated bin-by-bin by taking a square root of the sum of
squares.

The total systematic uncertainties are presented in Fig. 52| for the updated
pass2 results and the previous pass1 results for comparison. From the figure, we
see that there is no significant change in the total systematics with the pass up-
date aside from the final bin (130-150 GeV/c?). In the final bin, the systematics
of the p—Pb results are similar, but the pp results show a slight increase, with a
greater increase in the effect from the unfolding (red dashed line) on the total
systematics. In the systematic uncertainty of the ratio, the final bin stands out
as the only major change — the systematic uncertainty arising from the combined
unfolding systematics is nearly the same size as the contribution from the track-
ing systematic uncertainty, which increases the total systematic uncertainty from
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in a stacked histogram plot. Note that this is not the total unfolding sys-
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unfolding systematic error is shown as a part of Fig.
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around 0.16 to around 0.20.

5.8 Results

The dijet invariant mass cross section is calculated according to Eq. (41), and is
presented in the top panel of Fig. The pp spectrum has been scaled with
the mass number of the lead ion, A = 208. In the bottom panel, the nuclear
modification factor Rpa, defined in Eq. , is presented. The Rpa is found to
agree with unity within uncertainties.

In order to compare the results with theory, we ran simulations for both pp
and p-Pb collisions. The baseline pp simulations were a PYTHIA simulation, run
using the CT14NLO [222] proton PDFs, and a simulation combining POWHEG
and PYTHIA, using CT18ANLO [135] proton PDFs. In order to study cold nu-
clear matter effects resulting from nPDFs, these simulations were repeated with
the proton PDF of the proton heading toward positive rapidity modified with nu-
clear modifications. For the PYTHIA simulation, the proton PDF was modified
as described by EPPS16 [136], and for the POWHEG+PYTHIA simulation, it was
modified according to EPPS21 [132].

The PYTHIA simulations were run in the pt bins 15-30, 30-40, 40-65, 65-90,
90-120, 120-150, 150-200 and >200 GeV /c2. In POWHEG, the rare hard events are
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artificially enhanced during the event generation. Therefore, we account for it by
scaling each generated event with the inverse of the enhancement. The rapidity
shift of the center-of-mass system Ay = —0.465 described in Sec. is taken
into account by setting the collision energy for both beams asymmetrically for
PYTHIA, or boosting the whole event by Ay for POWHEG+PYTHIA.

In order to obtain Rpa from the simulations, we divide the dijet mass cross
section obtained from the simulations including nPDFs by the baseline simula-
tions without the nPDFs. These results are shown together with the data in the
bottom panel of Fig. in gray and hashed red bands. Both of the simulation
results show a slight enhancement of the dijet yield, as the Ry is above unity.
This, however, is a very slight difference in comparison with the statistical and
systematic uncertainties.

The momentum fractions of the partons entering the hardest QCD interac-
tion in simulated events were studied in Ref. [1]. It was found that the probed
fractions x are close to the anti-shadowing region in nPDFs, and, thus, we at-
tribute a slight enhancement in the R to a hint of anti-shadowing. As the effect
is subtle in comparison to the relatively large uncertainties in the data, the results
are limited in their discriminating power. The simulations are consistent with the
data within uncertainties. These results will provide a baseline for future mea-
surements in Pb—Pb collisions.



6 JETS IN ALICE FORWARD CALORIMETER

6.1 FoCal test beams

A tull-length prototype of the FoCal, which was described in detail in Sec.
has been built and tested in various test beam campaigns between 2021 and 2023
at the CERN PS and SPS beam lines [4]. Data were gathered in test beams us-
ing hadron beams of energies up to 50 GeV and electron beams of energies up
to 300 GeV. One full 20-layer FoCal-E segment and a FoCal-H segment using
the copper-scintillating-fiber spaghetti geometry were assembled for these test
beams. In order to model the performance of the FoCal prototype, a MC sim-
ulation was developed to correspond to the setup used in the test beams. The
software package GEANT4.10.7 [212] was used for the development of this sim-
ulation. Fig.54|shows the simulated prototype, with a 100 GeV electron and pion
initiated shower passing through the detector.

Between 2021 and 2023, the tested prototypes of FoCal increased in their
size and complexity. Improvements in the systems and instrumentation and the
development of the prototypes during this time is summarized in Fig.

At the end of 2022, the prototype hardware resembled the envisioned FoCal

FIGURE 54 The simulated FoCal-E and FoCal-H prototypes through which a shower is
created by a 100 GeV electron (left) and pion (right). The incident particle,
not pictured, enters the detector from the left, where the FoCal-E lies in
front of the FoCal-H. Figure from Ref. [4], reprinted under the license CC
BY 4.0.
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FIGURE 55 The timeline of the FoCal prototype development between test beam cam-
paigns held in 2021 and 2023. Figure from Ref. [4], reprinted under the
license CC BY 4.0.

detector. The full test beam setup used in the fall 2022 and 2023 test beams is
shown in Fig. [56|

FoCal-E Pixels

FoCal-H

» 18 layers Si pad sensors
» wafers of 9 x 8 cm?

* pad size 1 cm?

« readout with HGCROC v2

FoCal-E Pixels

« 2 ALPIDE pixel layers

« Monolithic Active Pixel Sensors
« pixel size of ~30 x 30 ym

« two tested prototypes (HIC,pCT)

FoCal-H

* 9 Cu-scintillating fiber modules
* towers size ~ 6.5 x 6.5 cm2

* length ~110 cm

« readout with CAEN DT5202

~

FIGURE 56 A picture of the setup of the FoCal prototype used in the late 2022 and 2023
test beam campaigns. The FoCal-E prototype is on the left, with 18 pad and
two pixel layers. The FoCal-H prototype is on the right, corresponding to
the spaghetti-type implementation. Figure from Ref. [4], reprinted under
the license CC BY 4.0.

As the FoCal-E is longitudinally segmented, it is possible to measure the
longitudinal shower profile of EM showers passing through the prototype, with
a granularity ~ 1Xy. This has been done by measuring the signal charge for each
pad layer, summing the signal around the leading cell in a 5 x 5cm? square, and
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calibrating the signal to charge. In Fig. 57|, a summary of the measured longitu-
dinal shower profiles is shown for the data from electron beams of 20-300 GeV.
Generally, the simulation agrees well with the data.

C)

. GEANT4 s ALICE FoCal-E Prototype
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- —— I-fit (data) e S

— —4— 20 GeV
” ——60GeV
L —4— 80 GeV
— —¢— 100 GeV
120 GeV
150 GeV
199 GeV
—4— 243 GeV
287 GeV

—_
n

—_
o

[ee]

[«2)

FoCal-E layer signal (p

FT T

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 T 1 1 1 ; | I C—

2 4 6 8 10 12 14 16 18 20
FoCal-E Layer (~0.98 X/X_=1)

FIGURE 57 A summary of the longitudinal shower profiles measured and simulated
with GEANTY, for electrons of energies 20-300 GeV. Both distributions are
fitted with a I'-distribution. Figure from Ref. [4], reprinted under the license
CCBY4.0.

Figure[58|shows the relative energy resolution of the FoCal-E pad layers, for
both data sets defined above. Respective simulations have also been performed
and their results are also shown. The energy resolution is expected to contain
three contributions [223] as

UE Ustoch Onoise
& Tstoch 47
E /—E/Gev b o constéa E/G V ( )

where 0 and E are in units of GeV and ¢; are unit-less. The first term accounts for
the stochastic shower fluctuations. The second term is a constant, describing the
limitations of detector design and calibration. The third and final term describes
the effect from the electronic noise. These terms and their numerical values are
shown in the Fig. 58| for the fits to both data and simulations.

A required performance of the FoCal-E energy resolution was found in
Ref. [44] to be 5%. This is achieved at energies at or above 200 GeV, in which
the resolution of simulations and data are close to 3%, thus fulfilling the required
performance. As energy is related to pr and pseudorapidity 7 in the high—energy
limit by pr ~ E/ coshy, and in the FoCal acceptance, 12 5 coshy < 165, we
reach this energy at pr values of 1.2 to 16 GeV.

In order to study the energy resolution of the FoCal-H, the calibrated ADC
sum distribution was used for each beam energy. The distributions were fit with



95

LIJ 0.1 2 i 1T T T T T | T T T | 1T T T | T T T T T T T 1
- K ALICE FoCal-E Pad Prototype
b'—“ B CERN SPS H2, 2022 + 2023, electrons |
- i
0.1 1 |
C Data w/o Layer 7
H ?
O B :ll ) -
5 : I $  GEANT4 simulation wio Layer 7 :
3 0.081- —— Feiko oo BE
9 ot Je_266% g 399 7
xo) - E " VE/Gev —
(U B ata N
0 .06 boo =
LIIJ - X B GEANT4 simulation -
Q_cg : \‘G‘\ ...... %:%@ 1.3% :
o 0.04— S Ui
L - B
- ol g i
oo2- T Tormiaoeess S -
0 i | | | | | | | | 1 | | | | | | | | | | | | | | | | | | | I ]
0 50 100 150 200 250 300

Electron energy (GeV)

FIGURE 58 The relative energy resolution of the pad layers in FoCal-E. Data was mea-
sured in the May 2023 test beams, marked in blue, and data measured in
November 2022 without pad layer 7 was combined with the May 2023 data
to form the distribution marked in black. Simulation results are shown in
open markers. Figure from Ref. [4], reprinted under the license CC BY 4.0.

a Gaussian and a Crystal ball fit function. These functions were used to compute
the energy resolution o/ E, where E is the mean value of the final fit, and of the
width. The fitting procedure is described in detail in Ref. [4]. In Fig.[59are shown
the obtained resolutions for data and simulations, as a function of the hadron
beam energy. Fit parameters of the energy resolution in Eq. (#7) are listed in the
caption of Fig.[59] At high energies, the stochastic term becomes less significant,
and the constant term will dominate. The constant term is of the order of 10 %,
and this value is consistent with the expected performance of FoCal-H at high
energies [4].

In Fig. 60, the 10th pixel layer in FoCal-E is visualized as an electron beam
at energy 287 GeV passes through. The shower event of a single electron pass-
ing through is shown on the left. A clear, pronounced core of the shower in the
center is surrounded by a tail of less dense pixel hit occupancy. On the right, a
two-electron shower event has been recorded, and the showers from each elec-
tron are clearly distinguishable from each other. This demonstrates the capability
of the pixel layers to resolve the structure of particle showers on a sub-millimeter
scale, vital to discriminate single-photon shower events from background 7° de-
cay photons.
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FIGURE 59 The energy resolution of the FoCal-H prototype in May 2023 as a function
of energy of the hadron beam is shown in red. Simulation results are also
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simulation. Figure from Ref. [4], reprinted under the license CC BY 4.0.

6.2 Full detector simulations

In order to perform simulation studies with the full detector system in Run 4,
we simulate the entire ALICE detector system, including the full FoCal detector
as described in Sec. All Run 4 detectors, as well as the beam pipe and
instrumentation along it are implemented in the GEANT [212] model used in
these simulations.

While the true ALPIDE pixels used for the two pixel layers of FoCal-E have
a pixel granularity of 30 x 30 yum?, to minimize simulation computing time, we
simulate pixels with a granularity of 50 x 50 um?. At the reconstruction level,
these pixels are further summed into 0.5 x 0.5 mm? cells. For these studies, we
did not simulate charge diffusion or sharing charge between pixels. However,
to simulate fluctuations in the deposited charge, the thickness of the sensitive
silicon layer was given a thickness of 30 ym. Expected dead areas in the layers
are included in the GEANT detector model.

While at the time of these studies, the working version of the FoCal-H ge-
ometry was the spaghetti design, also used in the test beam campaign, for the
studies described in this section, the sandwich design [44] has been used in the
detector-level simulation. This is due to the computational expensiveness of the
spaghetti-type design. The sandwich design of FoCal-H in the simulation con-
tains 34 layers of lead with a width of 3 cm each, interleaved with scintillator
layers of width 0.2 cm. The simulated hits are summed longitudinally per tower,
which are of transverse size 2.5 x 2.5 cm?. Studies [2] have shown that the selec-
tion between these two designs does not have a significant impact on the perfor-
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FIGURE 60 The event display of the pixel layer at layer 10 of the FoCal-E. In the left
hand side plot, a 287 GeV electron shower has passed through the layer,
while a two-electron shower has passed through in the right hand side plot.
Figures from Ref. [4], reprinted under the license CC BY 4.0.

mance results, and any slight differences show an improvement in performance
for the spaghetti design as compared to the sandwich design. Repeating the jet
performance studies with the newest sheet-FoCal-H design is currently in devel-
opment.

Signals are simulated with GEANTS3 [211] based on shower development
modeling and the energy deposition in the detector. We do not include a sepa-
rate detector response simulation nor smearing, as their effects are expected to
be negligible for high-energy photons and hadrons at very forward rapidities,
as was found in the test beams [4]. The signals in the pixel layers are digitized
such that any signal above the threshold energy of 4 keV is counted as a pixel
hit. For the pad layers, the analog readout uses the energy deposition given
by GEANT3 as the detector signal directly. Noise effects were found relevant
only for low-energy showers, with a negligible impact on forward measurements
where shower energies are large, above 50 GeV. While we do include a digiti-
zation step in the reconstruction chain of the simulation, there is no electronics
response effects implemented in the simulation. Preliminary test beam results,
however, show a good agreement with simulations when shower energies are
above 100 GeV, which suggests that the implementation of the electronic response
would not change the performance results significantly.

6.2.1 Reconstruction and clustering

A clustering algorithm is applied to the detector signals given by the simula-
tion [2]. The detector signals are first grouped into six segments: each pixel layer
forms a segment by itself, and pad segments are formed from signals in the layers
1-4, 6-9, 11-15 and 16-20. In these studies, the clustering has been applied per
segment, although the procedure can also be performed for each layer. Equally
spaced cells are constructed from deposited hits, which are summed from the spa-
tial range of the cell size. The size is 1 x 1cm? for the pad segments where the cell
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energy is the sum of the energy in all the layers of the segment, and 500 x 500 ym?
for the pixel segments.

First, cluster seeds are identified in each segment separately from a list of
cells sorted by energy, from the first three segments. A minimum energy thresh-
old is set for a seed, and a minimum distance between cluster seeds is also set.
For each seed, all cells within a specified cluster radius are summed to form a
cluster. A weight is assigned to each nearby cell of a seed, calculated by fitting a
double exponential function to single-photon simulation data. The weight is de-
pendent on the radial distance of cells from the seed and the energy of the seed.
For the last three segments, pre-seeds are determined using the clusters identified
in the first three segments, and they are used as the seeds. The parameters used
in the clustering are tuned separately for each segment, in order to obtain a good
efficiency and low fake rate arising from shower splitting [2].

Once clusters have been determined for each segment, they are combined
into clusters for the full FoCal-E. The pad layer clusters are first matched and
combined, after which the same is done for the pixel clusters. Finally, the pixel
layer clusters are used in order to separate showers that are indistinguishable in
the lower-resolution pad layers. This is done by matching the pixel and pad layer
clusters geometrically, and if more than one pixel cluster is matched to one pad
layer cluster, the pad layer cluster is then split into the number of corresponding
pixel layer clusters, according to the energy partition of the pixel layer clusters.
The final shower position is set as the average position of the two pixel layer
clusters.

More detailed studies have been performed in Ref. [2] on the performance
of this clustering algorithm. It is found that, when studying single-photon box
simulations, in about 10% of all events there is no reconstructed cluster, and in
about 15 % of all events there is more than one cluster. Ideally, the algorithm
would lead to just one cluster per each event. However, factors like detector
material between the interaction point and the FoCal detector, cluster splitting,
and insensitive areas of the detector result in the differing amounts of clusters
found in the events.

The clusterization parameters can also be optimized to improve performance
in specific kinematic regions. It has been studied in Ref. [2] that by altering the
parameters in order to split more clusters, the 7t° reconstruction efficiency can be
improved at high p, high energy and small decay photon separation distance.

FoCal-H signals have not been clusterized, therefore tower signals are used
in the simulation. There is ongoing work being done on implementing a cluster-
izer for the FoCal-H signals. This will be studied in future simulation studies,
and will require a separate calibration procedure before it can be used to improve
results for e.g. jet performance.

6.2.2 Calibration

It is necessary to calibrate the MC detector-level response of the calorimeter in
order to accurately reconstruct the energy of incident particles and to account
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for the different responses of the FoCal-E and FoCal-H. This is done using single
charged pions and electrons, generated with the same energy using a box genera-
tor covering the entire FoCal acceptance. Electrons are expected to deposit a large
portion of their energy in the FoCal-E, while charged pions deposit their energy
primarily in the FoCal-H. The pions are also expected to exhibit large fluctua-
tions in the position at which the shower is initiated, which can occur both in the
FoCal-E and the FoCal-H.

To calibrate the energy, scaling factors are determined to form a linear com-
bination of shower energies in both detectors,

Eiot = aEem + ,BEhadr (48)

where Ey is the calibrated total energy deposited in FoCal, Eery and Ejoq are the
sums of the energies deposited in the FoCal-E and FoCal-H, respectively. The
calibration parameters a and p are determined by studying the distributions of
Eiot for electrons and charged pions with initial energy E = 500 GeV, and fitting
a Crystal Ball function [224] to the distribution. The values of these parameters
and the detailed calibration procedure are presented in Ref. [2].

6.3 Jet reconstruction in FoCal

At the truth, or particle, level, the jet reconstruction procedure takes into account
all primary particles and decay daughters found within the FoCal detector ac-
ceptance. At the detector level, the reconstruction uses FoCal-E clusters assigned
with a zero-mass, and tower signals from FoCal-H. We do not apply a cluster or
cell energy threshold cut in this analysis.

We use the anti-kt clustering algorithm with E-scheme recombination, as
described in Sec. 4. We require the centroid of the jet to be within the FoCal
acceptance, requiring 3.4 + R < 7)*t < 5.5 — R, where R is the jet radius. For the
jetradius R = 0.6, this corresponds to a pseudorapidity acceptance of 4.0 < 7€t <
4.9. In order to minimize effects from outlying MC tracks with a much higher pr
than is physically meaningful, we discard events in which there is a jet that has
a pr over three times the pt of the event. To select particles for the analysis,
we require that the particle is a physical primary, unless its decay daughters are
physical primaries, in which case we choose to use the decay particles instead. A
physical primary in ALICE is a particle with a mean proper lifetime 7 larger than
1 cm/c, either produced directly in the interaction between colliding partners, or
from decays of particles with a T < 1 ecm/c, restricted to decay chains leading to
the interaction [225].

In order to estimate the reconstruction efficiency of jets, we need to match
the detector level reconstructed jet to the corresponding simulated particle level
jet. We require the matched detector level and particle level jets to have a phase
space separation of AR = /A¢? + Ay? < 0.6, where A¢ and Ay are the separa-
tion of the jet pair in azimuthal angle and rapidity, respectively. The requirement
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AR < 0.6 is chosen in order to ensure the jets overlap sufficiently, in order to re-
duce contributions from fake matches. If there are multiple matches found, we
select the jet pair with the smallest value of AR.

The FoCal jet performance is studied using truth and detector level informa-
tion obtained from simulations. For this analysis, we ran a PYTHIA simulation of
pp events as projected to be measured by the ALICE detector in Run 4. The prop-
agation of the generated particles through GEANT provides the detector level
information. At the generator level, we simulate pp collisions using PYTHIAS at
an energy of /s = 14 TeV. In order to obtain decent statistics of jets in the simula-
tion, we run the pp simulation in pr bins. The binning used is 5-10, 10-20, 20-30,
30-40, 40-60, 60-100, 100-200, 200-1000 GeV/c%. These bins are then merged by
scaling with the cross section of each bin and number of events. Simulations of
box-generated single pions are also used for the jet analysis. In these simulations,
single particle events have been generated for a specific particle species, in this
case single pions, with an energy of 500 GeV.

In Fig. 61, we present the p]Tet-differential inclusive jet cross section gener-
ated in these simulations, for anti-kt jets using jet radius R = 0.6, within the
FoCal acceptance. The particle level jet spectrum is shown in solid lines, and the
detector level jet spectrum in dashed lines, in two different ranges of rapidity.
As can be seen, the more forward jets, in red, present a lower cross section as
compared to the less forward jets, in black. Also, comparing the detector level
and particle level jets shows that, while their shapes are very similar, the detec-
tor level distributions are lower. This visualizes that the detector level jets need
to be corrected for this difference. A power-law fit to the spectra yields a power
of n ~ 6, which corresponds closely to the value obtained from the inclusive jet
spectra at mid-rapidity in ALICE [226].

When studying jets at a very forward rapidity, jet reconstruction perfor-
mance is significantly impacted by the finite area of the jets and the transverse
dimensions of the EM and hadronic showers in FoCal. The phase space in (77, ¢)
becomes very compact at high # compared to mid-rapidity. In order to quantify
the effect, we consider a plane transverse to the particle beam at a distance D
from the interaction vertex. The radial distance r from the beamline is

2D

(49)
where we use the small angle approximation. As # increases, the value of r de-
creases exponentially. Inserting the FoCal parameters, D = 700 cm and 3.2 <
n < 5.8, to the equation, we can study the values of r as a function of 1 on the
front face of the FoCal detector. These values are presented in Table[d, along with
spatial intervals corresponding to a jet size of Ay ~ A¢ ~ 0.4.

As can be seen in the last two columns in Table |4} the physical size of the
R =~ 0.4 jet gets increasingly smaller as we go towards more forward rapidities.
Figure[62]shows the effect of moving more forward in rapidity on the phase space
and spatial coordinates. In the figure, the simulated FoCal-H shower profile is
shown for charged pions, averaged over 10000 showers. The simulated showers
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FIGURE 61 The pr-differential inclusive jet cross section for generated pp collisions at

TABLE 4

V/s=14 TeV for jets reconstructed with the anti-ky algorithm. Jets are re-
constructed with R=0.6 required to have their centroid within the FoCal
acceptance. Particle-level (solid line) and detector-level jet (dashed line)
spectra are presented in two intervals of 7%, in black and red. The power
determined by a power-law fit to each spectrum is given by the value n.
Figure from Ref. [2], reprinted under the license CC BY 4.0.

Radial distances r for the phase space intervals in a plane transverse to the
beam as seen in the front face of the FoCal detector, at D = 700 cm from
the interaction point. For selected values of 7, the radial distance from the
beamline is shown in cm according to Eq. (49). In the third column are the
differences in r corresponding to a phase space increment of Ay = 0.4, and
in the fourth column is the spatial distance for a phase space increment of
Ap =04

n | r(em) | r(ny —04)—r(y) (cm) | - (Ap = 0.4) (cm)
34| 46.7 18.7
3.8 | 313 15.4 12.5
42 | 21.0 10.3 8.4
46| 141 6.9 5.6
5.0 94 4.6 3.8
54 6.3 3.1 25
5.8 4.2 2.1 1.7
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sample the full FoCal acceptance, but have been adjusted later to be situated at
the same location in each of the figures. Thus, we generate an average hadronic
shower profile in FoCal-H.

Figure [62| consists of three panels, in which the shower is centered around
(n,¢) = (4.9,0),(4.5,0), (4.0,0) in order from left to right. Each panel contains a
red circle, corresponding to the nuclear interaction length of Cu, which contains
81% of the shower energy in (x,y) phase space. The black contour in each panel
is drawn in (77, ¢) phase space with a radius R = 0.6, centered around the same
point as the shower in each panel. These black contours signify jet cones of jet
radius R = 0.6. As is clearly visualized in the left hand panel, the contour for
n = 4.9 captures only a fraction of the true jet energy, which is expected to create
a large difference in the truth and detector level jets. This effect is also clear in
the middle panel, corresponding to 7 = 4.5, while in the panel on the right,
corresponding to 17 = 4.0, the effect is not as large.

ALICE simulation, Single ALICE simulation, Single Tt ALICE simulation, Single Tt
FoCal upgrade FoCal upgrade FoCal upgrade
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FIGURE 62 The averaged hadronic shower profile in FoCal-H, obtained from simulat-
ing 10k showers centered around (7, ¢) = (4.9,0), (4.5,0), (4.0,0) from left
to right. The black contour represents a jet of radius R = 0.6. The red cir-
cle contains 81% of the total shower energy in (x,y) space. Figures from
Ref. [2]], reprinted under the license CC BY 4.0.

6.4 Jet performance results

In order study jet performance in simulations, we want to be able to quantify the
relative energy or pr difference of the matched detector level and particle level
jets. This can be done by defining the following distributions,

Edet __ ppart
AE = Epart ’
det _ part
apr =" (50)

T
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in which the energy E and transverse momentum pt of the particle level jets,
notated by "part", and the detector level jets, notated by "det", are compared. We
define as the Jet Energy Scale (JES) the mean of the AE and Apy distributions,
while the Jet Energy Resolution (JER) is defined as their standard deviation.

In order to determine the jet performance, we first focus on simulations of
single energetic charged and neutral pions, since they are the simplest probes
affected by the above discussion of phase space effects. We generate samples
of charged and neutral pions separately, and apply the jet finding procedure de-
scribed in the previous section on the combination of FoCal-E clusters and FoCal-
H tower signals generated by the simulations.

In Fig. 63, we show the JES of AE as a function of the particle level jet energy
for single pions in two different intervals of jet pseudorapidity 7jet. As all the
values of the JES are negative, the results signify a deficit in detector level jet
energy as compared to the particle level. This can be attributed to the phase
space effects described in Sec. As the jet reconstruction of the electromagnetic
showers in FoCal-E induced by the neutral pions misses a fraction of the total
energy, this causes the JES to be within 10-20 %. This is in line with the fact
that the Moliere radius of the FoCal-E is smaller than the spatial size of the R =
0.6 jets. As for the hadronic showers, largely within FoCal-H, the reconstruction
of jets from charged pions exhibits a notably larger deficit in energy, with a JES
of around 25-30 %. This is in line with the larger transverse size of showers
in FoCal-H. At larger values of 7, in red in Fig. the effect is larger, which
is consistent with the exponential nature of the spatial contraction of the phase
space, as described in Eq. (49).
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FIGURE 63 JES of AE for single charged and neutral pions as a function of particle level
jet energy. Figure from Ref. [2], reprinted under the license CC BY 4.0.
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Following the single pion study, we then study the results of jets arising
from the simulated pp collisions at /s = 14 TeV. In Fig. |64, we show the response
matrices in which we correlate matched particle and detector level jets as a func-
tion of jet energy E or transverse momentum pt. The energy of the jets has been
calculated with the assumption of zero mass of the particles initiating the shower.
It is important to study both kinematic variables at this stage of the analysis, as
there can be differences between jet response as a function of each kinematic vari-
able. Looking at the response matrices, we note that the shapes of both matrices
are similar, with a weight of both distributions lying above the diagonal, drawn
in faint gray. This behavior corresponds to a lower value of the kinematic quan-
tity at the detector level than at particle level, which is expected as described in
the previous section.
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FoCal upgrade ALICE simulation, pp Vs =14 TeV

FoCal upgrade
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FIGURE 64 Response matrices as a function of energy (left) and transverse momentum
(right) for the matched particle and detector level jets with R = 0.6, normal-
ized to unity in slices of the corresponding y-axis: EP"* and pgart. Figures
from Ref. [2], reprinted under the license CC BY 4.0.

The distributions of AE and Apt are shown in Fig. [65, for three selected in-
tervals of Epart and prpart- A Gaussian function has been fit to each distribution.
As the meaningfulness of the JES and JER quantities rely on a relatively Gaussian
distribution, their characterization of the jet response is shown to be relatively
reliable based on these Gaussian fits. However, there is a non-Gaussian tail ap-
pearing at the higher values of AE and Apr. This indicates that in order to make
precise measurements of jets with FoCal, we need to correct for these effects by
unfolding the full response using response matrices. This is work to be done in
the future.

Presented in Fig. [66]are the JER and JES for the energy of jets, and in Fig.
for the jet transverse momentum. The results are shown for jets of radius R = 0.6
with their centroid lying within 4.0 < 7jet < 4.9. As in Fig. |63 for the single pi-
ons, the JES values are negative, signifying missing detector level jet energy or
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transverse momentum. At the particle level, particles at the edge of the jet cone
contribute fully to the jet energy. At the detector level, however, a particle can
create a large shower, which can lead to some detector-level energy of a track
on the edge falling outside the reconstructed jet cone. Additionally, part of the
observed detector-level missing energy may originate from the absence of a clus-
tering algorithm in the FoCal-H calorimeter. If clustering were implemented, the
total energy of a cluster with its reconstructed center point within the jet cone
would be included in the jet. Without clustering, only the individual tower en-
ergies within the jet cone are summed and included. Also, the anti-kt algorithm
produces circular jets, which can exclude some energy that a clustering algorithm
might otherwise capture.

Comparing the two JES distributions, a slightly more uniform JES is seen
for the Apr case than for AE after the dip at prpart = 15 GeV/c and Epart = 600
GeV. The JER is below 15% for pypart > 10 GeV/c and below 10% for prpart > 25
GeV/c when calculated from the Gaussian fit. Similarly, the JER is below 15% for
all values of Epart and below 10% when going toward higher energies of Epart >
1250 GeV. The difference between the JER values obtained from the two different
methods reflects the contribution of the non-Gaussian tail.

Comparing the JER for two different intervals of jet pseudorapidity, shown
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in Fig. we can compare the energy resolution of measurements of jets with
their centroid within 4.0 < 7jer < 4.5 (red) and within 4.5 < 7t < 4.9 (black).
The most forward jets show an increase in the JER at higher energies, close to the
total resolution of all jets, while the less-forward jets show a slight improvement
in resolution after Epart &~ 600 GeV, of the order of a few percent. This finding
is supported by the discussion in the previous section about the phase space be-
coming more compact at larger rapidities, and thus the jet cone containing less of
the total shower energy.

As was discussed, from Fig. 63| it is clear that the response of the FoCal
detector is much better for single electromagnetic showers than it is for single
hadronic showers. This can be understood as a consequence of the EM show-

1 These results are based on earlier simulations and have minor differences compared to

published results presented in Fig.[66] These results are included to illustrate the rapidity
dependence.
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within the FoCal acceptance, in blue.

ers being more spatially compact when compared to hadronic showers, as well
as through the geometric considerations discussed before. The jet performance
would therefore be improved if only jets with a dominant neutral energy compo-
nent were under study.

To quantify the improvement in jet performance for neutral jets, we can
study the Neutral Energy Fraction (NEF) of jets at both particle and detector lev-
els. From the event generator, at the particle level we can obtain information on
the particle provided by the generator and whether it is neutral or charged. At
the detector level, we can define the NEF as the ratio of neutral energy, measured
in the FoCal-E, to the total energy, measured in both FoCal-E and FoCal-H com-
bined.

In Fig. the probability distributions of the NEF are shown for particle-
level jets within the FoCal acceptance, for varying jet radii R = 0.2,0.4 and 0.6,
in six different bins of jet transverse momentum p]Tet. In the highest bins of pJ;t,
jets with different radii behave very similarly, with the mean value of the NEF
distribution peaking near 1/3, as expected from isospin symmetry [227]. As jets
become more collimated at higher pr, the difference between the behavior of dif-
ferent jet cone sizes also diminishes. This can be due to a larger fraction of the jet
energy being contained within a smaller cone radius due to the increased collima-
tion. Heading towards lower bins of p];t, the behavior of the distribution changes
significantly for the lower-radius jets. Especially in the case of R = 0.2 jets, in the
lowest p]Tet bins the distribution appears nearly flat. Based on these results, the
selection of a larger value of R in jet reconstruction is required.

The peaks near the edges, at 0 and 1, seen in the case of R = 0.2 jets as well
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FIGURE 69 The probability distribution of the Neutral Energy Fraction (NEF) calcu-

lated at the particle level for Pythia-generated pp collisions at /s = 14 TeV.
The results are shown for jets within the FoCal acceptance, for varying jet
radii R = 0.2,0.4 and 0.6, in six different bins of pj;t. Figures from Ref. [2],
reprinted under the license CC BY 4.0.

as the R = 0.4 jets in the lowest bins of p]Tet were studied in detail to find their
origin. They were found to appear from jets that consist of only a small number
of constituents, mainly from jets with 1-5 constituents. This was only the case
for the jets with a smaller radius, as no such issue was found when studying the

R =06je

ts. This is understood, as the larger size of the jet cone results in a, on

average, larger amount of particles to coincide within the same jet cone.

We s

elect R = 0.6 jets for further study, and plot three different pj;t bins in

Fig. Here we can see how, even in the lowest bin, the mean of the distribu-
tion peaks around 1/3. While there is a slight shift of the distribution shape with

varying pjTet bin, there is no significant dependence of the NEF probability distri-

bution on

the pJTd. Hence, we focus the following NEF studies in this section on

R = 0.6 jets.
In Fig. [71} the correlation of the NEF in matched particle and detector level
jets is presented, for selected bins in p]Tet. As is visualized by the diagonal shape
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verse momentum. Figure from Ref. [2], reprinted under the license CC BY
4.0.

of the distribution, there is a high correlation of the NEF distributions between
the particle and detector level jets.
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FIGURE 71 The corrglation of the NEF of particle and detector level jets, for selected
bins in p]Tet. Figures from Ref. [2], reprinted under the license CC BY 4.0.

We then study whether the FoCal jet population can be biased towards hav-
ing a larger NEEF, i.e. a larger electromagnetic shower component, in order to im-
prove the jet energy scale, JES. As, experimentally, we can only determine the
detector level shower energy ratio, we study jets biased using the overlapping
shower energy in FoCal-E and FoCal-H, denoted by NEFt.

In Fig. the JES and JER calculated from AE are shown. The black points
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are the same as were shown in Fig. [66| but the blue and red distributions have
been calculated for a biased jet population. The blue points represent jets with a
suppressed EM shower fraction ( NEFge¢ < 1/3), and the red squares represent
jets with an enhanced EM shower fraction ( NEF4., > 2/3) relative to the unbi-
ased population. On the left hand side of the figure, we see that the JER is clearly
insensitive to this biasing of the jet population. However, on the right, the JES is
markedly improved, by around 10% in most regions of Epart, for the EM shower
fraction enhanced jet population.
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FIGURE 72 JER (left) and JES (right) of the full jet population (black) for jets with
R = 0.6, and jet populations biased by their fraction of neutral energy
as measured at the detector level, with cuts NEF4; < 1/3 (blue) and
NEFget > 2/3 (red). Figures from Ref. [2], reprinted under the license CC
BY 4.0.

In Fig. 73, the JES of the jet population with enhanced EM shower fraction
has been plotted for both detector level jets as well as particle level jets. In or-
der to form an equal comparison of the NEF-bias for both particle and detector
level jets, we select the highest and lowest 20 % of the jets when they are or-
dered in increasing levels of their NEF, defined as described above for the two
jet populations. For particle level jets, the 20 % cut corresponds to jets with their
NEFpart > 0.63, close to the 1/3 cut used in the previous study. The JES has been
calculated from the mean of the Gaussian fit for this figure.

When comparing the highest 20 % NEFp,t JES in Fig 73| to the JES of the
full jet population reported in Fig. there is a clear improvement observed.
Comparing JES of the highest and lowest 20 % NEEF jets for both detector and
particle level jets shows a significant difference in both cases when biasing on the
EM shower fraction, with the greatest improvement seen for the detector level
jets. The difference in JES of the detector level jets is heightened at the largest
values of Epart, where the difference is over 10%. These studies suggest that a jet
population that is biased by enhancing the electromagnetic shower fraction has
an improved response relative to the unbiased jet population.
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ordered in increasing levels of their NEF, have been selected. Figure from
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7 CONCLUSIONS AND OUTLOOK

In this thesis,  have presented the analysis and results of two jet-related studies in
ALICE. The measurement of the dijet invariant mass in pp and p—Pb collisions at
VSnN = 5.02 TeV with ALICE Run 2 data was reported. I have updated the anal-
ysis in Ref. [1]] to incorporate the latest reconstruction pass of both datasets. The
spectra of dijet invariant mass and the corresponding nuclear modification factor
Rpa were determined in the mass range of 75 — 150 GeV / c2. Within measurement
uncertainties, no nuclear modification was observed. However, the measured
Rpa lies systematically slightly above unity, which is consistent with predictions
from PYTHIA and POWHEG+PYTHIA simulations. These simulations suggest
that the slight enhancement may arise from dijets probing the anti-shadowing re-
gion of the nuclear PDFs of lead. To confirm this effect with precision, larger dijet
statistics are required. This would be possible by the significantly higher lumi-
nosities available in ALICE Run 3. A similar analysis with Run 3 data could thus
provide a sensitive probe of the anti-shadowing region and cold nuclear matter
effects. Since the pp and p—Pb measurements serve as a crucial baseline for Pb—
Pb collisions, the next interesting study would be to extend the analysis to Pb—Pb
data measured in Run 2 and Run 3.

Looking ahead, once Run 4 begins, ALICE will commence physics measure-
ments with the upgraded FoCal detector. FoCal will facilitate measurements of
a new kinematic regime in Bjorken-x, not covered by any existing experiment.
Such measurements will complement those performed at other facilities, such as
D-meson measurements in LHCb and, in the near future, DIS measurements at
the Electron Ion Collider (EIC) under construction at BNL. With FoCal, measure-
ments of prompt photons, dijets and various correlations are expected to provide
new insight into gluon saturation phenomena in protons and nuclei by constrain-
ing the gluon density at small x. In addition, FoCal will extend the rapidity range
of ALICE, enabling high-pT neutral meson and jet measurements that enable fur-
ther mapping of the QGP density as a function of rapidity.

The jet performance in FoCal was determined with simulation studies. The
jet energy scale (JES), quantifying the fraction of truth-level jet energy missing
from detector-level jets, demonstrated the need for unfolding procedures. For-
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ward jet kinematics explain how the full hadronic shower can extend beyond
the jet cone, which affects the JES and the jet energy resolution (JER). This ef-
fect is more pronounced for smaller jet radii, motivating the choice of R = 0.6
for the analysis. The JER for R = 0.6 jets was found to be better than 15% for
pr > 10 GeV/c and better than 10% for pt > 25 GeV/c, consistent with the
forward-jet performance reported by CMS [228]. Jets with an enhanced neutral
energy fraction were found to have improved performance. Ongoing work on a
dedicated clusterizer for the hadronic calorimeter is expected to further improve
the general jet resolution.

Overall, the FoCal jet performance is sufficient for single-jet measurements,
and by extension, also for forward dijet and photon-jet correlation measurements
with FoCal. With Run 4 data, FoCal will provide a unique opportunity to ex-
plore nuclear PDFs and gluon saturation phenomena in the low-x regime, offer-
ing valuable input to the effort to understand the dynamics of QCD matter.
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