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Tiivistelma

Saarimaki, Oskari

Dijettitutkimus ALICE-kokeelle LHC-kiihdyttimessa.
Pro Gradu -tutkielma

Fysiikan laitos, Jyvaskylin yliopisto, 2018, [66] sivua

Relativistisissa hiukkastorméyksissa syntyvistéd suurenergisista kvarkeista ja gluo-
neista, eli partoneista, muodostuvaa hyvin kollimoitunutta hiukkassuihkua kutsu-
taan jetiksi. Jettien tutkimusta on tehty jo vuosikaudet ja se hallitaan hyvin myos
raskasionitormaéyksissd, joissa muodostuvaa kvarkkigluoniplasmaa on pystytty tut-
kimaan jettien liikeméarahédvididen avulla. Taméan perusteella on huomattu, etta
kvarkkigluoniplasma jarruttaa sen lapi kulkevia suurenergisia partoneita. Jettien li-
séksi partonien energiahavioitéd raskasionitorméayksesséd on tutkittu myos dijettien
avulla. Dijetti on maéritelty tormayksen kahdesta suurimman energian omaavasta
jetistd muodostuvaksi systeemiksi. Aiempien RHIC- ja LHC-kiihdyttimistd saatujen
tulosten perusteella ndhdééan, etta dijetin invariantti massa voi olla herkké raskasio-
nitormayksissa muodostuvan kvarkkigluoniplasman aiheuttamille muutoksille, mika
antaa vahvan motivaation aiheen tutkimiselle.

Tassa pro gradu -tutkielmassa esitdn ensimmaiset tulokset dijettien massajakau-
mista protoni-lyijy- ja lyijy—lyijy-tormayksissa massakeskipiste-energialla /sy =
5,02 TeV ALICE-kokeelle LHC-kiihdyttimella. Tyosséni olen rekonstruoinut jetit va-
ratuista hiukkasista kdyttden anti-kr jettialgoritmia resoluutioparametrilla R = 0.,4.
Tulosteni mukaan protoni-lyijy-tormayksissé dijetin massan muutokset verrattuna
protoni-—protoni-térmayksiin ovat merkityksettomia. Vertaamalla lyijy-lyijy-tuloksia
protoni—lyijy-tuloksiin nakyy keskeisissa lyijy—lyijy-tormayksissa mahdollinen muu-
tos yli 100 GeV:n dijetin massan alueella.

Kokeessa osa hiukkasista jaa havaitsematta, ja havaittujenkin hiukkasten liikemaéra
mitataan darellisella resoluutiolla. Tamén vuoksi kasittelematon data taytyy korja-
ta ilmaisimesta johtuvien epéfysikaalisten efektien huomioimiseksi, ja sitd varten
kaytetdan niin kutsuttua unfolding-menetelméad. Tassa tyossé esitdn téalla menetel-
mélla korjatut tulokset protoni—lyijy-tapauksessa. Lyijy—lyijy-torméaysten unfolding-
menetelma on viela kehityksen alla.

Avainsanat: opinnéyte, relativistinen raskasionitérmays, energiahévio, jettien rekon-

struktio, dijetin massa, ALICE, LHC, CERN
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High energy partons, quarks and gluons, born in relativistic particle collisions create
well collimated showers of particles, which are called jets. Jets have been studied for
years, and also used widely in heavy ion collisions, where the quark-gluon plasma
(QGP) medium forms. Studying jets in heavy ion collisions showed that hard par-
tons lose energy in the QGP medium. Hard parton energy loss has also been studied
with dijets. A dijet is a system consisting of two of the most energetic jets in a col-
lision. Previous studies from RHIC and LHC indicate that dijet invariant mass can
be sensitive to modifications caused by the QGP medium.

In this thesis I present the first measurements of dijet mass distributions in proton—
lead and lead-lead collisions at /sy = 5.02 TeV with the ALICE detector at
the LHC. In this work, I have reconstructed jets from charged particles using the
anti-k jet reconstruction algorithm with resolution parameter R = 0.4. According
to my results, the proton-lead collisions show negligible modification in the dijet
mass distribution compared to the proton—proton Monte Carlo simulation results.
Comparing the lead—lead results to proton—lead shows possible modifications in the
high dijet mass region over 100 GeV.

In the experiment some amount of the particles produced are lost to detector ineffi-
ciencies. The raw data can be corrected for the inefficiencies, and this procedure is
called unfolding. In this thesis I show the unfolded spectra of the proton—lead data,
but the lead—lead unfolding needs to be developed so that the jets lost because of
the background subtraction get corrected as well.

Keywords: thesis, relativistic heavy ion collisions, energy loss, jet reconstruction,
dijet mass, ALICE, LHC, CERN
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1 Introduction

Quarks and gluons are the elementary particles that form protons, neutrons and
other hadrons. Partons, which quarks and gluons are together called, cannot appear
alone because of the color confinement. There are three colors for quarks, three
anticolors for antiquarks, and a total of eight possible combinations of color and
anticolor pairs for gluons |1, p.280]. The Standard Model of particle physics predicts
that in extremely high temperatures and densities, the color confinement of the
quarks can be temporarily broken in an exotic state of matter called the Quark Gluon
Plasma (QGP) [2,[3]. These conditions are thought to have been present in the early
stages of our universe, where parton density and temperature were so high that the
partonic matter of the whole universe was in the QGP state [3]. After some tens of
microseconds after the Big Bang the expansion of the universe made matter cool and
sparsely distributed enough for partons to be confined within hadrons. In figure
the phase diagram of Quantum Chromodynamic (QCD) matter is drawn, and there
one can see how the hadronic matter transforms into the QGP when temperature
is over 150 MeV, which corresponds to about 1.74 x 10'? Kelvin. The net baryon
density is zero for a system with equal amounts of partons and antipartons, and
positive for matter with more partons than antipartons. For example during the
early universe the net baryon density was almost negligible, but non-zero [4]. In our
time, there are models which point that quark-gluon matter is created naturally in
some heavy neutron stars and supernova explosions [5, 6]. The matter in neutron
stars is described as a cool quark matter, and it would be positioned in the phase
diagram somewhere with high net baryon density and low temperature [7].

In laboratory, QGP is being produced in ultrarelativistic heavy ion collisions in the
Relativistic Heavy Ion Collider (RHIC) |10} [11] and in the Large Hadron Collider
(LHC). In the phase diagram, LHC and RHIC both create a substance with high
temperature, over 150 MeV, and baryochemical potential of zero within a margin of
error for LHC, and approximately 20 MeV for RHIC [12], which are similar condi-
tions as in the early universe. In figure [2| the various stages of a heavy ion collision
are drawn. The primary interactions between colliding nucleons form a dense par-
tonic system. The quarks and gluons are expected to reach thermal equilibrium
and the system is dense enough to reach the QGP phase [13]. Evolution of this
system can be described by hydrodynamic calculations [14]. As the system expands
and cools down, partons hadronize when the temperature drops below the critical
temperature of T, ~ 150 MeV. The secondary interactions freeze out when the sys-
tem gets sparse, and particles stream freely towards the detectors. Some short-lived
resonances decay before they reach the detectors. The lifetime of the system from
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the beginning till the hadronization is approximately 15 fm/c = 5 x 107?* seconds
(i9).

As the lifetime of the QGP in relativistic heavy ion collisions is extremely small,
probes which are born inside the system are used, for example photons, dileptons,
and hard partons. Photons and dileptons, which interact electromagnetically and
do not feel the strong force, have a mean free path of approximately 500 fm in QGP
medium [16]. This means that in a head-on heavy ion collision, which creates a
volume of QGP with a diameter of approximately 10 fm, electromagnetic particles
propagate out of the medium usually without any interaction. Hard partons on the
other hand, consisting of quarks or gluons, feel the strong force and interact with
the medium strongly. However as the hard parton has so much more kinetic energy
compared to the thermalized partons, the hard parton only loses some of the energy
to the medium but does not thermalize. This energy loss of the parton can be used
to study the QGP, and is generally called the jet quenching [17]. Partons that have
high enough energy can punch through the plasma and hadronize in the vacuum
[18]. The hadrons formed from a high energy parton are well collimated in a shower
called a jet. Figure [3|shows schematically the hadronization of a high energy parton
hadronizes, which is then detected as a jet in the detector system.

Temperature

Quark-Gluon Plasma

150 MeV |r=---=-o___

Hadronic

Color

Nuclear \ superconductor

'\ matter

Net baryon density

Figure 1. Phase diagram of QCD matter. Solid lines represent a first order
transition, and dots at the end of lines represent critical points. The dashed line
is a smooth crossover from QGP to hadronic matter and vice versa. Nuclear
matter refers to normal atomic nucleus conditions. [2} §
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Primary Expansion of the  Decoupling to
interactions system hadrons

Before collision

Figure 2. A schematic figure of the various stages of a heavy ion collision.
The usual convention is to use the beam axis as the z axis and x-y plane as the
transverse plane.

Jet quenching studies started first as a two-particle correlation studies at RHIC .
The idea is to measure azimuthal angles between the most energetic particle and
other particles, where the azimuthal angle is the angle in transverse plane of the
collision. This is an interesting quantity because if the initial transverse momentum
of the system is small, then hard partons born in the system should have back-to-
back pairs because of the conservation of momentum. An example of such a hard
process is gluon—gluon to gluon—gluon scattering, which is drawn in figure [4, and it
is one of the most dominant reactions in a high energy hadron collisions. The most
energetic parton of an event is called leading parton, and similarly the second most
energetic parton is called subleading parton. The leading parton creates the near-
side jet, which has an away-side jet pair born from the subleading parton. These
leading and subleading jets are then seen in the two-particle correlation figures as
peaks and as such, can be studied.

It has been studied that in heavy ion collisions energetic partons, which are detected
as jets, are born near the surface of the collision zone . In ﬁgurethe main results

\ Particle Jet Energy depositions
P in calorimeters

Figure 3. A jet born from a high energy parton in a proton-proton collision.
The figure source [9].
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Figure 4. A Feynman diagram depicting a gluon—gluon to gluon—gluon inter-
action.

are seen for two different triggers. First trigger requires a near-side hadron detection
with 8 GeV < pr < 15 GeV transverse momentum, and second trigger requires
in addition to that an away-side hadron detection with 4 GeV < pr < 6 GeV
transverse momentum. On the left side of the figure 5 the surface bias of the
parton production vertex is clearly seen. As the parton always propagates to —x
direction in these figures, partons produced on the other side lose so much energy
for the medium that the event is not triggered. In the right side figure, the parton
production vertex is much more plausible to be found in the center of the collision
zone. This is natural as the trigger requires also an energetic away-side hadron, so
a punchthrough for both partons needs to happen. These calculations show that a
single jet might not be modified by the medium that much because of the surface
bias, but detecting both leading and subleading jet guarantees that at least one of
the partons have propagated a significant length in the medium. The suppression of
the away-side jet has been seen by the STAR collaboration at the RHIC [19]. In the
STAR results, the near-side jet is almost unchanged in proton—proton, deuteron—
gold and gold—gold systems, but the away-side jet has been modified heavily in the
heavy ion collisions. This indicates a strong attenuation of the away-side parton
energy in the medium.

Ideally the jet could be reconstructed completely by catching all the particles created
in the hadronization of the original parton. Even though this cannot be most of the
time done perfectly, there are several different algorithms for reconstructing a jet in a
way that particles that are grouped together get added up as a jet, and the summed
up momentum of the jet constituents is comparable to the initial hadronized parton
momentum. Jets in electron—positron and proton—proton collisions can be recon-
structed almost completely as the underlying event is so small, where underlying
event refers to everything else besides the primary hard scattering. In figure [6al two
jets back-to-back of each other are created in a proton—proton collision, and both of
the jets can clearly be seen. For comparison, in figure [6b] a similar event with two
jets has been recorded in a lead—lead collision. Here both jets are seen as well, but
the subleading jet has seemingly almost completely melted to the background.

There have been studies to use single-jet invariant mass as a probe in heavy ion
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Figure 5. Probability density for finding a hard scattering vertex at (z,y).
In the left figure the event is triggered if the leading hadron has a transverse
momentum of 8 GeV< pr < 15 GeV, and on the right figure in addition to
that, an away-side hadron with transverse momentum 4 GeV < pr < 6 GeV is
required. In every event the leading hadron propagates to the —x direction. ||

collisions. Where the invariant mass is defined to be M? = E? — p2 — p?, where E is
the energy, pr the transverse momentum and p, longitudinal momentum of the jet
. Theoretically there are signs that the jet mass would be affected in the heavy
ion collision , but in an experimental study the systematic error was so large
that no definitive conclusion could be made [21].

The observed imbalance between near and away-side jets gives motivation to study a
system of the two most energetic jets, which together are called a dijet. ATLAS and
CMS experiments have studied the momentum imbalance between the dijet partners
, , which agree that the imbalance does indeed grow in central collisions. In this
work, I propose to study modifications in the invariant mass of the dijet system in the
proton—lead and lead-lead collisions, as compared to proton—proton collisions. Dijet
mass has been studied in proton—proton collisions by ATLAS and CMS [26],
but not in any larger systems yet. The modification of the away-side jet observed
by STAR and the results for the dijet energy imbalance by ATLAS and CMS
, indicate that also the dijet mass could well be affected by the jet energy
loss. As the dijet mass has not yet been studied in a heavy ion environment, this
study could provide a new method for studying the QGP.
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CMS Experiment at LHC, CERN

Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265

Lumi section: 14

Orbit/Crossing: 3614980 / 281

Tompaet iuon Soleroid

(a) Proton—proton collision. Figure source: |\

C il CMS Experiment at LHC, CERN

il Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

Jet 1, pt: 70.0 GeV

Jet 0, pt: 205.1 GeV

(b) Lead-lead collision.

Figure 6. An example of a dijet born in a proton—proton collision and a heavy
ion collision measured by the CMS experiment. One can easily note how big a
difference there is in the underlying event between proton—proton collisions and
heavy ion collisions. The subleading jet in the heavy ion case has almost melted
in the background.
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2 Theoretical background

2.1 Nuclear modification factor

In order to study the modifications of spectra caused by the QGP medium in heavy
ion collisions, RHIC experiments PHENIX and STAR started to a measure nuclear
modification factor [10, 11] defined as

2 2
dN% AN} A

_ dprdn (pT) _ dprdn (pT) 1
) = ) 2 () {Tan) 335 ) "
coll) Gppdy \PT AA/) qprdy \PT
where (Tan) = (Neon) /otr,, and ohr, is the proton—proton total inelastic cross

section. The proton—proton yield is multiplied with the average number of binary
collisions (Ncop), that is the amount of independent nucleon—nucleon collisions in a
single heavy ion collision. I will discuss the determination of Ny in section 2.5 If
there were no medium effects in a heavy ion collision Ry = 1. This would mean
that a heavy ion collision would be indistinguishable from a sum of independent
nucleon—nucleon collisions. Figure[7|shows the nuclear modification factor measured
by the STAR collaboration at RHIC on left and various experiments at the LHC on
right. In the LHC results Rcp is used instead of Raa. Both are similar, except in Rcp
different centrality classes are compared against each other, instead of comparing to
proton—proton collisions. In these figures the percentiles represent the centrality of a
collision, the smaller it is the more central the collision is. More details on centrality
are presented in section [2.5] The results show that the nuclear modification factor
approaches one in the peripheral collisions at high transverse momentum region
that is dominated by hard physics. This is in accordance with the intuition that the
medium is largest in central collisions and when shifting towards more peripheral
collisions, the system size gets smaller and QGP is no longer formed. Similar studies
show also that the minimum bias proton-lead collision does not get modified [27].
On the other hand, recent studies indicate that QGP might be formed in very high
multiplicity proton—lead [28, 29] or even proton—proton [30] collisions. These high
multiplicity proton—lead and proton—proton events are so rare that they do not affect
the minimum bias results for hard probes.
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Figure 7. Nuclear modification factor studies at RHIC and LHC.

2.2 Single inclusive hadron distributions

The high transverse momentum particle production can be described theoretically
with the use of collinear factorization. Perturbative QCD is used to calculate cross
sections of short distance interactions, but long distance effects need to be taken
into account via other means as pQCD is not applicable. This means that when
calculating hadron yields in a collision, in addition to the perturbative cross section,
also initial parton distributions and parton fragmentation functions are needed. The
production cross section of a high transverse momentum hadron h can be written
as

Aoty = 3 fu (91.Q°) @ fo (2,Q°) @ dogilox (21,22,Q%) @ Zeon (2.0°) . (2)

a,b,c

where f, (z,Q?) is the parton distribution function (PDF), representing the prob-
ability density of finding a parton of flavor a inside a nucleus with a fraction
T = Pparton/Poucleus Of the original nucleus momentum, dol#d o (z1,25,Q%) is the
perturbative cross section between the partons a and b, forming parton ¢ and any
particles X, 9., (2,Q?%) is the parton—hadron fragmentation function which de-
scribes the probability density of the outgoing parton ¢ to hadronize into a final
hadron h with momentum fraction 2z = phadron/Pparton [17]. The perturbative cross
section can be calculated theoretically with the help of Feynman diagrams like in

figure [l PDFs and fragmentation functions cannot be calculated using perturba-
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Figure 8. In this figure, different parts of the hadronic yield of formula |2 are
shown visually.

tion theory, so they combine theory and phenomenology. The equation [2| can be
visually presented as in figure [§] where PDFs describe the initial nucleus, pertur-
bative cross section handles the underlying perturbative theory and fragmentation
functions handle the hadronization.

In order to take nuclear effects and medium into account for heavy ion collisions,
equation [2| needs to be modified. The PDFs are changed from free proton PDFs into
corresponding PDFs of a nucleon bound in atomic nucleus, and the fragmentation
functions are modified as

750 (7,8.Q%) = P (2.4) © 225, (.Q°) (3)

where P (£,3) is called a quenching weight. It describes the probability that the
parton in question loses a fraction of energy ¢ = AF/E due to the medium. The
transport coefficient § describes the scattering power of a medium. Typically [17]
the parton energy loss AE o (G) L?, where () is an average transport coefficient,
and L is the path length of a parton propagating inside the medium. There are
several models aiming for constraining the (), such as the AMY or BDMPS models,
which are named by their authors Arnold, Moore and Yaffe, and Baier, Dokshitzer,
Mueller, Peigné and Schiff. The modifications for equation [2] are needed as the
medium traversing parton radiates gluons which affect the resulting hadrons. This
is illustrated in figure 0] Medium-modified fragmentation functions typically have
an enhancement in the low z region, and depletion in the high z region, which is
natural as the maximum momentum of the final hadron is reduced when the original
parton loses energy radiating soft gluons [32].
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Quark-Gluon Plasma Vacuum

Figure 9. Medium interacting with a parton, modifying its energy.

With the help of equation [2| hadron yield in proton—proton collisions can be calcu-
lated theoretically in. The medium-modified version of the equation is then used
to calculate heavy ion collision hadron yield. By combining these calculations, Raa
can be calculated theoretically with different models and parameters. Tuning the
model parameters, like ¢, so that they fit into data gives possible restrictions to
said parameters. For example comparing theory with RHIC results, the transport
coefficient was estimated to be in the ballpark of § ~ 5-15 GeV?/fm by [33].

2.3 Jet cross section

Jets originate from the hard partons which fragment in vacuum. Ideally one could
recombine the jet constituents in a way that the original four-vector of the parton
could be recovered, and as such undo the fragmentation process. With this in mind,
the jet production cross section would actually be the partonic production cross
section, which is as in equation [2] except without fragmentation functions

W = S 4 ()& () Skt (). 0
a,b

The partonic production cross section would be a lot cleaner than hadronic pro-
duction cross section because non-perturbative parts other than the PDFs are not
needed in this calculation. The closest this has been reached has been probably
in et + e~ — ¢+ ¢ — jet + jet reactions, which are so clean that the individual
jet constituents can be summed up. Proton—proton collisions like in figure [6a] are
also quite clean, but already there the underlying event [34] born for example from
multiparton interactions and various QCD radiation processes, starts to make the
analysis more complicated.
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Figure 10. Dijet energy imbalance results of the ATLAS experiment [23].
Full circles are lead—lead results, open circles are proton—proton results and the
yellow histogram is HIJING + PyTHIA MC results.

2.4 Dijet energy imbalance

The leading and subleading jets generally have different path lengths in the medium,
which would mean that the energy loss of the leading and the subleading jet is
uneven. As the leading and subleading jets initially have approximately the same
energy, the uneven energy loss creates an energy imbalance in the dijet system. This
energy imbalance was observed by ATLAS [23] and CMS [24] measurements that
studied the dijet energy imbalance

Ery— Erp . T
A; = ————== for all dijets where Ay > —, 5
J Eri + Ers ] 2 9 ( )

where Et = p2 +m? is the transverse energy, and Ay € [0,7] signifies the azimuthal
angle between the two jets. Results obtained by ATLAS are presented in figure [10],
where the energy imbalance in lead—lead collisions is compared to proton—proton
results in several different centrality bins. The heavy ion and proton—proton results
agree in the most peripheral bin, but the difference grows towards more central
collisions. This energy imbalance in heavy ion collisions indicates that also the dijet
mass studied in this thesis could very well be modified by the medium.

2.5 Centrality in heavy ion collisions

Centrality of a heavy ion collision is highly tied to the geometry of the collision. It is
most usually described with impact parameter b, which is the distance between the
centers of two nuclei. For an exactly central collision the impact parameter would
be zero and, in the hard sphere approximation for the nucleus, up to the maximum
distance of twice the nuclear radius. For example in figure [I1] the impact parameter
is approximately 7 fm. Naturally as the impact parameter gets smaller, the collision
zone grows bigger, thus creating a bigger medium. This conclusion is in a good
agreement with the nuclear modification factor results from the STAR collaboration
in figure [7a] and various other experiment at the LHC in figure [7b] and also in the
ATLAS experiment Aj results in figure
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Figure 11. Typical Glauber model Monte Carlo event for lead-lead collision
. Here the nuclei are travelling in opposite longitudinal directions and collid-
ing peripherally. The nucleons which do not interact in a heavy ion collision are
called spectators, and are drawn with dashed circles. Nucleons which do interact
are called participants, and are drawn with solid circles.

In the figures presented previously, the centrality has been always shown as a per-
centile, instead of using the impact parameter. This is only natural as the impact
parameter is not something that can be measured in experiments. Centrality per-
centile is defined to be

b
do
@db' b
0 1 [do ,
di , O'AAO db
dy’
0

where oa is the total production cross section for nucleus collisions.

For example for 0 — 10 % centrality range minimum is of course b = 0 and maximum
by can be calculated by solving

by
1 do
0= — [ —d¥
0.10 7an ] W (7)

for b;. Other ranges can be solved iteratively. For example after solving b; previously
it is also the minimum impact parameter for the 10-20 % range, and the maximum,
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Table 1. Results for MC Glauber calculations for lead—lead collisions in several
different centrality classes. Taken from [36].

Centrahty bmin bmax <Npart> <Ncoll> <TAA>

(%) (fm) (fm) (1/mb)

0-5 0.00 3.50 382.7 1685 26.32
5-10 3.50 4.94 329.4 1316 20.56
10-20 4.94 6.98 260.1 921.2 14.39
20-40 6.98 9.88 157.2 438.4 6.850
40-60 9.88 12.09 68.56 127.7 1.996
60-80 12.09  13.97 22.52 26.71 0.4174
80—-100 13.97  20.00 5.604 4.441 0.06939

bs can be solved from

1 1 (% "4 1 P
g g g g
020=— [ —dV = — —dv’ —db' | =010+ — [ —dV 8
OAA dy’ TAA dy + dy’ + TAA dy ( )
0 O b1 bl
b
010 = Qd—adb’ 9)
’ N O'AAb dy’ ’
1

As the impact parameter cannot be measured, it is necessary to have a quantity
which can be measured and is comparable to the impact parameter b. One such a
quantity would be the multiplicity of the event. The corresponding multiplicity for
a certain impact parameter can be calculated using a Monte Carlo (MC) method
called the Glauber model [36]. In the model ions are simulated by sampling the
positions of the nucleons of the ion from the distribution 47r?p(r), where p(r) is the
modified Woods-Saxon distribution

l—i-w(%)z

e () v

p(r) = po

and where R is the radius of the ion, a is the thickness of the skin of the nucleus and
w is an additional parameter for describing nucleus which has a maximum density at
r > 0. The parameter p is determined by the normalization condition [ p(r)d3r=A,
where A is the number of nucleons in the ion. For *®Pb R = (6.62 + 0.06) fm,
a = (0.546 + 0.010) fm and w = 0 [36]. Using this distribution nucleons are placed
so that no nucleons inside the ion overlap. Nucleons are considered overlapping in
the ion when the distance between two nucleons is d < 0.4 fm.

Impact parameter for the collision is chosen randomly from the geometrical distri-
bution dP/db ~ b, and b spans from 0 to a by.x > 2R, where R is the radius of
the ion. For 2°®Pb the sufficiently large maximum impact parameter by, ~ 20 fm.
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When b is known, two ions with transverse positions (—b/2) and (b/2) are created
with the modified Woods-Saxon distribution of equation [I0] as has been done in
figure [[I] When the two ions are created, there is almost always some transverse
overlap between the nucleons of different ions. Nucleons in different ions are con-
sidered overlapping, when the transverse distance between the nucleons in different
ions is dp < /o /m, where ol is the nucleon-—nucleon inelastic cross section. The
number of all nucleon—nucleon pairs that overlap is the number of collisions N.
Nucleons that overlap with at least one nucleon from the other nucleus are called
participants, and if nucleon is not a participant, it is a spectator. Results from the
MC Glauber simulation [36] in lead-lead collisions at \/syy= 2.76 TeV are collected
to table 1l

2.6 PYTHIA event generator

In experimental data analysis, it is typical to start from simpler systems and progress
towards the more complicated cases. In this thesis, the simplest system is a proton—
proton collision. In each case, one also needs to correct for various detector effects,
as there are no perfect detectors. In the jet analysis, a commonly used tool to
correct for detector effects is so called unfolding method, that is described in detail
in chapter 5.5 T use a MC based event generator PYTHIA [37], that can be used to
simulate many different collision systems, and particularly proton—proton collisions.
I have simulated proton—proton collisions in various collision energies in order to
show that PYTHIA does give a fair description of the pr spectra of jets formed of
charged particles studied in this thesis. Hence the PYTHIA can be considered to
provide a realistic MC truth for detector response simulations, see section for
details.

PyYTHIA uses a random number generator to generate a hard parton-level process
according to equation [d The hard process is then supplemented with a rich phe-
nomenology in order to obtain a description for a complete event. Initial and final
state radiation describe the softer but calculable QCD radiation of the ingoing and
outgoing partons. PYTHIA also contains a description for multi-parton interactions
in a single collision event, and partons related to these processes can also branch.
After the partonic evolution has finished, the hadronization is described by the Lund
string model, and lastly unstable resonances are let to decay.

PYTHIA results are systematically compared with all available experimental data and
the parameters of the program are tuned accordingly. There are several dedicated
studies to tune the different event generators [38], particularly PYTHIA. PYTHIA has
been shown to be excellent in describing the high energy proton—proton collisions,
and as such, it can be used as a test bench for various physics analysis.
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3 Jet reconstruction

3.1 Jet definition

As direct measurements on a partonic level cannot be done, one needs to define
rigorously how jets can be obtained from the final state particles, and how well
they represent the original hard partons. There are several ways to define a jet
and these techniques have been used for decades by now. In this thesis I have used
the kp and anti-kr jet reconstruction algorithms |39, |40] that are implemented in
and provided by the FASTJET [41] library, which is specialized in jet reconstruction.
These algorithms define a “distance” between two particles or jets,

AR?
dij = dj; = min(pjf?i,p%?j) RU, (11)
where + is for the kr algorithm, — for the anti-kt algorithm, R is a resolution

parameter, and AR?; = (n; —1;)* + (¢ — ¢;)?, where 7; and ¢; refer to the pseudo-
rapidity and azimuthal angle of particle ¢. For each particle or jet there is also the
definition of distance to the beamline

dB,i = p%,zw (12)

where again + is for the kt and — for the anti-kt algorithm. Using these distances
the jets can be reconstructed from given particles. A characteristic feature of the
kt and anti-kt algorithms is that each particle in an event will belong to some jet
after reconstruction. First step is to declare every particle, in practise a track or a
calorimeter cluster, to a so called pseudojet. Pseudojet is an object that can contain
any number of particles inside. Then all distances according to equations and
are calculated and the smallest distance is picked. If the smallest distance is
between two pseudojets, they are then combined into a new, single pseudojet. If
the smallest distance happens to be between a pseudojet and the beamline, that
pseudojet is declared as a final jet and is left out of the rest of the calculation. This
procedure is repeated until all pseudojets are declared as final jets and no pseudojets
remain. Combining two pseudojets can be done in several different recombination
schemes [41-43]. In this thesis, I use the so called pr scheme, where each pseudojet is
rescaled so that the energy is equal to the three-momentum size, effectively making
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P, [GeV]

(a) kr algorithm reconstructed jets. (b) Anti-kr algorithm reconstructed jets.

Figure 12. Comparison of kt and anti-kt jet reconstruction algorithms in (y,¢)
plane, where y is rapidity and ¢ the azimuthal angle. The same particle content
was used in both cases. Figures are originally from publication [40].

each particle massless. Then recombination is done by

DTy = DTy + P,
_ Pri®i + pro;
o =
pr,i + D1,
_ Pra%i + p1,iN;
pr,i + D1,

r

where indices ¢ and j refer to the pseudojets that are being combined, and the
new pseudojet will have the transverse momentum pr,, azimuthal angle ¢, and
pseudorapidity 7,.

The biggest difference between the kr and anti-kr algorithms is that the former
starts building up the jets from small transverse momentum particles, because in
equation [I1]small transverse momentum pseudojets have a smaller distance. On the
other hand, in equation [11| the anti-kt algorithm has a negative power of the pr so
this time the reconstruction starts from the high transverse momentum particles,
as those have a smaller distance. The comparison between these two algorithms
on (y,p) plane is illustrated in figure The anti-kr algorithm creates clear cones
around the hardest particles, while the kt algorithm makes unintuitive jet shapes
around the same hard particles. This means that also the area of a jet can change
notably between different reconstruction algorithms.



25

3.2 Background subtraction

A heavy ion collision can have over two thousand charged particles detected by the
ALICE detector at mid rapidity. Most of the particles are soft, but still add up
when reconstructing jets, so in order to recover information about the hard partons
which form hard jets, the background has to be taken into account. The basic idea
is to determine the background pr density p and background mass density p,, for
subtracting the background from jets event by event [44]. Bigger jets include more
background, so also jet areas need to be calculated. There are several different ways
of defining a jet area [45]. One of the most popular techniques makes use of artifi-
cial particles dubbed “ghost particles”, which have infinitesimally small transverse
momentum. These artificial particles are placed uniformly in the n — ¢ acceptance
of the experiment, and then jets are reconstructed normally from real particles and
ghosts. This does not change the set of particles which are included in jets as the
kr and anti-kt jet finding algorithms are infrared safe. The area of a jet is then
defined by the spatial region from where ghosts are clustered to the given jet.

The kt algorithm is used for determining the background densities. First of all, the
event is reconstructed into jets by using the £t algorithm. Then each jet has

Prjet = D DTy (13)
i€jet

mie = 3 (/s +m? —pri) | (14)
i€jet

where ¢ runs over all the particles in that specific kt jet. Densities can be calculated
from

. PT jet
= median { 2% 15
o= metin {4} 1)
m.
m = medi m 16
p mt}et;an{ Ajet}’ (16)

where Aje; is the area of the kr jet.

In order to define area-four-vector, it is convenient to write the momentum four-

vector as
P = (B, D21y, ) = (x/p% + p? + m2,px,py,pz)
= pr (\/ 1+ (m/pr)? coshy, cos ¢, sin ¢, \/1 + (m/pr)” sinh y)

Ll
Tre pr (cosh ), cos ¢, sin ¢, sinh 7))

= pr n" (&,7), (17)

and then with the help of n* the area four-vector has been defined in the FASTJET
package as

ar = [[agan n (6.1). (18)

Ajet
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Figure 13. A jet reconstructed by the anti-kr algorithm in an arbitrary posi-
tion.

where the integral is over the area of the jet at hand. This area four-vector is
calculated by the FASTJET package. Using the area-four-vector and densities of the
heavy ion collision, the background can be subtracted with

Dl = 1" = [(p+ pm) Alsys pALe, pAL, (p+ pm) ALy - (19)

In order to have a clearer physical image of the area four-vector, next I want to
demonstrate that in the limit of small jet area the transverse component of the jet
area is the geometrical area of the jet in the (1,¢) space. Consider now a small
circular jet at a point (7jet,@jet), Where the jet cone radius R < 1, as depicted in
figure [I3] As can be seen in figure [12D] this is a reasonable approximation for the
anti-kr jets as they are usually circular and with relatively small R = 0.4.

For example the energy component for this jet can be calculated as

AF :/ d¢dn cosh 7. (20)
Ajet

Now presenting (7,¢) in cylindrical coordinates (r,6) with a shift (1je,Pje) gives

10— 1+ Njer = 7 €08 0 + e, (21)
¢ = ¢+ Pjer = 5INO + ey, (22)

where r is the radial part and 6 is the angle part in the cylindrical coordinate system.
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Now the integral stands as

2T R
AP = //d@dr 7 cosh (1 cos 6 4 Njet)
00

2r R
/ / dfdr r [cosh (r cos 0) cosh 1);e; + sinh (7 cos 0) sinh 7je]
00

s

2

R
Rgl / dfdr r [cosh njer + 7 cos 0 sinh nje]
0

o

2 R 2w R
= cosh njet/dﬁ/dr 7 =+ sinh e /d@ cos 6 /d’r r?
0 0 0 0

—_——
=0

— 7 R? cosh Niet = Ajet, COSh Mjes.- (23)

The other components are calculated in a similar fashion. The area four-vector for a
certain jet with circular area, with small R and massless constituents can be written
as

AP & Ajer (cosh njer, COS Giet, SINL Pjet, SINh 7)jer ) (24)
= Hjet n* (¢jet7 njet) . (25)

Now it is easy to see that the transverse area is approximately the area itself

Ar = \/AQQC +A7~ \/AJ'Qet cOs? Pyt + Aj2et Sin® et = Ajet.- (26)

Using this information and equation [19]it is now quite clear to see that for transverse
momentum the background subtraction is simply

PT.corr = PT — ijet- (27)

The effect of the background subtraction is demonstrated with a simple PyTHIA
study. A hard event is forced to have approximately 80 GeV jet in every event. This
hard event is embedded into 1200 minimum bias PYTHIA events, which corresponds
roughly to a heavy ion collision in the 5-10 % centrality range according to table
[ in figure [14] the effect of background removal can be seen. In red there is jet
transverse momentum spectrum from the hard event and in black the heavy ion
collision with the embedded hard event, and then the background is subtracted. It
is clearly seen in this simple example that the background removal works, but has
an effect on the original spectrum, which has to be taken into account.
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Figure 14. In the top panel filled red circles show hard full jet spectrum with
79.5 GeV < prpara < 80.5 GeV and black open circles show the spectrum with
hard event embedded in a heavy ion environment and background subtracted.
Lower panel shows the ratio between the two. This figure serves as an example
of the effects that background subtraction has for a jet spectrum. Note that
in this thesis I have used solely charged jets, but this figure shows the full jet
spectrum.
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4 Experimental setup

4.1 A Large Ion Collider Experiment

One of the experiments focusing on studying the QGP through ultrarelativistic
heavy ion collisions is A Large Ion Collider Experiment (ALICE) at the LHC at
CERN. The LHC hosts several collaborations and biggest of them are CMS, ATLAS,
LHCb and ALICE, see figure [I5a] The bigger the accelerator is, more energy is
needed when injecting a beam, and because of that, the LHC needs several boosters
in order to work. The initial acceleration of the particles is done by a linear accel-
erator, after which comes a series of circular boosters. From the linear accelerator,
particles are first injected into the Proton Synchrotron Booster (PSB), then into the
Proton Synchrotron (PS), the Super Proton Synchrotron (SPS) and finally into the
LHC.

In figure the subdetectors of the ALICE experiment are presented. It has several
forward and barrel subdetectors and I will explain the main motivation for them with
emphasis on detectors which are important for this thesis. The most important
detectors for this thesis are the VO and TPC detectors. VO consists of two arrays of
scintillator counters, VOA, which is located 340 cm from the collision vertex at the
range 2.8 < 1 < 5.1, and VOC is located only 90 cm from the vertex at the range
—3.7 < n < 1.7[47]. VO is used as a minimum bias trigger VOAND, which requires
a hit in both VOA and VOC. These have been estimated to have approximately 83 %
efficiency for non-single diffractive proton—proton collisions [48], over 99 % efficiency
for proton—lead collisions [49] and 100 % for lead—lead collisions, except for the very
peripheral collisions [48], which are not discussed or used in this work.

Other duty of the VO detector is to measure the centrality classes. Heavy ion
collisions are categorized into centrality classes using the sum of amplitudes in the
detectors VOA and VOC. The corresponding centrality classes for the summed VO
amplitudes are calculated with the help of negative binomial distribution fit [36],
which is presented in figure [16] The fit has three parameters and the fit values can
be seen in the figure. To calculate the centrality classes the distribution is integrated
in parts in a similar way as in chapter [2.5

Innermost detectors are the Inner Tracking System (ITS) pixel, drift and strip de-
tectors and the Time Projection Chamber (TPC), that all detect charged particles,
and lastly the Transition Radiation Detector (TRD) which on the other hand is for
electron detection. The Time Of Flight (TOF) detector is used for particle identi-
fication in the intermediate momentum range, up to 2.5 GeV for pions and kaons
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and up to 4 GeV for protons. The High-Momentum Particle Identification Detector
(HMPID) is used to further extend the particle identification range, up to 3 GeV
for pions and kaons and up to 5 GeV for protons. The Electromagnetic Calorimeter
(EMCal) is important for detecting photons and electrons, but it consists of only a
third of the total azimuthal angle. ALICE also has Zero Degree Calorimeters (ZDC)
which are located about 115 meters away from the detector on both directions. The
ZDC can detect the spectator nucleons in heavy ion or proton—lead collisions. This
measurement can be used as an alternative estimate for the centrality to the VO
sum measurement.

ALICE has a solenoidal magnet which operates at 0.5 T. When comparing to the
CMS experiment magnet which is 4 T [50], the ALICE magnet seems weak. The
reason for a weaker magnetic field in ALICE is that it provides a quite good middle
ground for the detector as the transverse momentum resolution remains good down
to as low values as 0.1 GeV, and up to values at most 100 GeV. A low momentum
resolution is important for ALICE as for example precise multiplicity measurements
with particle identification are essential in many physics programs in heavy ion
collisions.

The TPC detector is a cylindrical detector that covers the whole azimuthal angle
and |n| < 0.9 [47]. The cylinder extends radially from 85 cm till 247 cm, and is
located at —250 cm < z < 250 cm. It tracks down charged particle trajectories
and handles particle momentum and identification with the use of magnetic field,
electric potential inside and tracking gas inside. The gas of the detector was a
mixture of neon (85.7 %), carbon-dioxide (9.5 %) and dinitrogen (4.8 %) until the
end of 2010. From 2011 on it has been filled only with neon (90 %) and carbon-
dioxide (10 %) [49].

4.2 Data and Monte Carlo production

In this work, I have used several MC simulations, namely stand alone and full
simulations. The PYTHIA software is freely available on their home page [51], and
in this thesis I use the term “stand alone” for PYTHIA studies where I generated the
events with a local Linux cluster in Jyvéiskyld. On the other hand, “full simulations”
refer to the ALICE PYTHIA results that have been produced by ALICE according
to the ALICE standards. Compared to stand alone production, full simulations
take into account more details, like for example the collision vertex distribution.
ALICE MC production is also propagated through the detector using Geometry
And Tracking (GEANT) simulations [52], and then the detector response is carried
through the tracking and trigger algorithms. This way realistic response of the
detector, tracking and triggering for a given set of particles can be achieved, and
used for calculating various detector efficiency corrections. In this thesis I have used
full simulations to create response matrices for correcting detector effects, which will
be discussed in more detail in chapter [5.5
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The proton—proton MC events were produced mainly by a stand alone PYTHIA
version 8226, otherwise the version is mentioned. As for the data results, I have
studied the ALICE proton—lead data which was recorded in 2013 and the results
for lead—lead are from 2015. There were approximately 100 million events total in
proton-lead collisions and approximately 55 million lead—lead events for the heavy
ion results.
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(a) A schematic picture of the LHC apparatus and the several boosters located at
CERN. Four biggest experiments, CMS, ATLAS, LHCb and ALICE, are marked on
the LHC. Figure source [46].
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(b) The ALICE detector with subdetectors marked.

Figure 15. The experimental setup at the LHC and ALICE there.
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Figure 16. Distribution of the sum of amplitudes in the VOA and VOC detectors
in ALICE [36], categorized into centrality classes.
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5 Analysis

5.1 Dijets

In this work, the momentum of a dijet is defined to be the leading jet four-momentum
summed with subleading jet four-momentum, pj; = p1 + p2. This kind of a system
has certain kinematical restrictions which will be discussed in the following text.

Particles are called to be on-shell, if

when using the metric tensor g,, = diag{l, — 1, — 1, — 1}, where m is the mass
of the particle. Due to imperfect particle identification it is also common to set the
masses of the dijet constituents to zero, or alternatively to pion mass. In this thesis,
the pr recombination scheme of the jet algorithm sets all constituents massless.

Let us start from a simple electron—positron scattering e™ +e~ — v* — ¢+ q at the
center-of-mass frame of the scattering. Momentum conservation requires that the
outgoing quarks have to be back-to-back with equal momenta, p; = —p;. Hence the
invariant mass of the dijet system becomes

M2 = (pg +pg)* = m2 +m2 + 2 (E,E; — P, - by)
<0404 2[5 (1 — conm) = 47

where |p| = |p,| = |P3|. In above we have approximated that the quarks are massless.
Thus, in the ideal electron-positron scattering to quark and anti-quark, the invariant
mass of the dijet system is simple in mid-rapidity

In proton—proton collisions, the kinematics become slightly more complicated be-
cause partons entering to the hard scattering have different incoming momenta in
the longitudinal direction. Let us consider a scattering a + b — ¢ + d for massless
partons. For incoming partons

v = Y (008,
péj = \gg(xbaoaoa - xb)a
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where 0 < z < 1 is the momentum fraction that a parton has from the momenta of
the incoming proton, dictated by the parton distribution functions (as in equation.
Typically x, # x; and hence the longitudinal momenta of the incoming partons are
not equal in magnitude. This means that the center-of-mass frame of the incoming
protons is not the center-of-mass frame of the hard scattering. However, since there
is no initial transverse momentum in the collision, the outgoing momenta for massless
partons can be written explicitly by using pr and pseudorapidity 7

P = pr (coshn,, cos ¢, sin ¢, sinh n,.)
ply = pr (coshng, — cos ¢, — sin ¢, sinh ;) .

Momentum conservation p, + p» = p. + pqg gives relations and restrictions to the
transverse momentum, rapidity and momentum fractions, like

_ br (einc + eind) ‘

Lab \/g

The dijet mass in proton—proton collisions becomes

]\43? - (pc + pd)2
= Zp% (cosh N cosh ng — sinh . sinh ny + cos® ¢ + sin? qb)
= 2p3 (1 + cosh Anp), (29)

where An = n. — ng. This result is reduced to equation for the mid-rapidity
electron—positron scattering since in that case the An = 0.

In this thesis I study general dijet systems, for which these ideal results are not
exact. Especially in heavy ion collisions there is a clear imbalance between transverse
momenta of the dijet partners already due to the energy loss and also from next-
leading-order perturbative QCD effects. Generally the outgoing jet momenta can
be written in terms of rapidity

Pl = (mrccoshye, pr.c cos dc, pr,c sin @, mr e sinh y)

Pl = (mr.a coshyg, pr . cos ¢4, pr.asin ¢, mrqsinh yq) ,
and with these, the dijet mass in a general system can be achieved similarly as before

]\/[ﬁ =m?2 +m3 + 2 (mrmr.qcosh Ay — pr pr.gcos Ag)
~ 9 opr.a (cosh An — cos Ag) (30)

where m2 = p2 + m? is transverse mass, m is the single-jet invariant mass, and

A¢ = ¢. — ¢q. The approximation holds for massless jets. Also this result reduces
to the ideal case when transverse momentums are set equal and A¢ = 7. In this
thesis, I will take the jet four-momenta as given by FASTJET packet using the pr
scheme and calculate the exact four-vector scalar products from them.
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5.2 Event and track selection

In this thesis, I have based my studies solely on charged particles. ALICE has limited
ways to detect neutral particles, as ALICE does not have a hadronic calorimeter.
Photons and electrons can be studied with EMCal, but EMCal has a limited az-
imuthal acceptance, which is detrimental for a dijet analysis as the jets are expected
to be back-to-back. The dijet calorimeter DCAL became operational in the begin-
ning of run 2 in 2015. However, the challenge is that DCAL has been build around
the fine granularity calorimeter PHOS that makes the calibration very challenging,
if one would like to use the combined DCAL+PHOS clusters in the dijet analysis.
No serious attempt to that direction had been done in ALICE at the time when this
thesis was prepared. Thus, the acceptance restrictions for neutral particles alone
give a good reason to search only charged particles, as ALICE TPC has a full az-
imuthal angle acceptance for charged particles. Jets reconstructed by using only
charged particles as an input are called charged jets, and this term is used widely
in this thesis.
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Figure 17. A¢ spectra of the dijet system in proton—proton MC collisions,
where A¢ is the azimuthal angle between the two jets in the dijet system. The
dijet leading jet and subleading jet are required to have pr > 20 GeV.
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In my dijet analysis, I have required track transverse momentum to be over 0.15 GeV,
because tracking errors grow large below that limit in ALICE. Jet pseudorapidity
acceptance is always |n| < 0.8 — R or less, where R is the jet resolution parameter.
The TPC acceptance for tracks is |n| < 0.9, and a safe cut without effects caused
by the very edge of TPC is |n| < 0.8, so in order to acquire only jets which are fully
inside the safe TPC acceptance, the jet acceptance has to be || < 0.8 — R or less.
Single jets with pr < 5 GeV are discarded, as well as jets with smaller area than
0.6mR2. If a jet leading constituent has a transverse momentum fraction of over 0.98
compared to the jet momentum, it is discarded as well. Both jets of each dijet are
required to have over 20 GeV transverse momentum in order to leave out dijets which
are not formed from a hard parton—parton interaction. For the lead—lead results a
jet constituent cut was used. The cut requires that each jet should have the leading
constituent pr > 5 GeV. The reason for this cut is to reduce combinatorial jets,
which are made only of soft particles.

In addition, I have used a dijet A¢ cut. If the two jets have an azimuthal angle
between them in the range of A¢ € [0,27[, then only dijets with

m
Ap—n| < =
A — 7| < 5

are selected, in order to retain the geometrical intuition that dijets should be approx-
imately back-to-back. Dijets which are on the same hemisphere are mainly formed
from splitted or combinatorial jets, which are not relevant for this thesis. Or, it
can happen that a hard dijet is formed in the event, but either of the dijet part-
ners lands out of the detector acceptance. Then the leading jet splits by a chance
which creates a dijet with a small A¢. The A¢ spectra of different MC runs are
drawn in figure[I7al Figure shows the A¢ distributions in several different dijet
mass bins. The distributions get narrower with higher dijet masses, which is to be
expected.

5.3 Double differential cross section

In order to measure the cross section for a given process, we need to know how
big a fraction of inelastic cross section oy, is seen by the minimum bias trigger
used to collect the data. This is called the visible cross section of the collision
OVOAND = E0inel, Where € is the fraction of inelastic events which are triggered. The
visible cross section can be measured using a process called van der Meer scan [53].
The details for this process and results are found in [54] for proton-proton and in
[55] for proton-lead collisions. Following [55], the process goes as follows: Measuring
the rate of collisions R as the function of the beam separation Az and Ay allows
to calculate the luminosity of the head on collisions of two particle bunches with
particle intensities N; and N,. The luminosity is

o N1N2frev

L= 31
hyh, (31)
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where fey is the frequency of particle bunches crossing and h, and h, are the effective
beam widths in horizontal and vertical directions. The transverse widths h, and h,,
can be calculated by integrating the rate in the function of the separation Az and
Ay respectively. In practice the beams are scanned in z and y directions, measuring
the rate of events which can be seen in detectors VOA and VOC simultaneously.
Then the visible cross section is achieved as

R(0,0
OVOAND = (L )> (32)

where R(0,0) refers to the rate of events in head-on collisions using the ALICE
minimum bias trigger VOAND.

When the visible cross section is known, the double differential jet cross section is

d?’c 1 AN eyxovoanp AN
dedT] Eint APTAT] Nevents ApT A77 ,

(33)

where L;, is the integrated luminosity, €, is vertex reconstruction efficiency, and
Nevents is the total number of events collected with minimum bias trigger VOAND,
AN number of jets in a certain pr bin of the width Apt and in the pseudorapidity
acceptance An.

The vertex is usually calculated with the use of tracks in the TPC and in I'TS, but if
that fails, SPD can be used for vertex positioning. Still in about 10 % of the events
a vertex cannot be found at all [54], and this is corrected by setting a vertex for
the event randomly using the measured vertex distribution. The inefficiency of the
vertex reconstruction as a whole is fixed by correcting the spectrum by €.. For
proton—lead VOAND minimum bias trigger e, = 0.983 [27].

Similarly the double differential dijet mass cross section can be achieved by using
the dijet mass M;; instead of the jet transverse momentum

s 1 AN  euovoann AN
dMJd?] Lint AMJ An Nevents AMJ AT]’

(34)

which is identical to equation except for the dijet mass instead of jet pr.

5.4 Scaling p—p cross section down for /s = 5.02 TeV results

In this work, the proton—proton data of center-of-mass energies /s = 7 TeV and
Vs = 8TeV is used as a reference for MC simulations. The /s = 5.02 TeV proton—
proton data has not been used as it is not yet fully calibrated. Because of this, I will
compare the /s = 5.02 TeV MC results with the reference data that is scaled from
the /s = 7 TeV proton—proton measurement with scaling factors obtained from MC
simulations. The simulation of hard processes is done using the next-to-leading order
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generator POWHEG [56-58] after which the parton shower evolution and hadroniza-
tion is described by PYTHIAS [37]. For each pr e bin POWHEG+PYTHIAS is used
to calculate yields for the two energies and the scaling factor is determined by

ield 5.02 TeV,boosted
yield(pr et )| xr.0

| : 7 (35)
yield(pr jet) |I7)p,TN\£O

F(pT,jet =

where the 5.02 TeV proton—proton collision has been boosted by ynny = 0.465 to
achieve the same reference frame as the same energy proton-lead collision. This
scaling factor is used pr bin-by-bin to correct the spectrum. [59]

5.5 Unfolding procedure

Detector inefficiencies have to be taken into account in the data analysis. Generally
some particles are lost as detectors sometimes miss particles, and this affects the
measured spectra. For this kind of detector effect correction there is a technique
called unfolding [60} [61]. In the unfolding method a Monte Carlo event generator,
like PYTHIA, is used to generate collision events. The MC particles are all available
for the user to reconstruct jets and dijets, and to measure spectra. These results are
in a sense ideal, as all the particles of the collision are used. The detector response
for the ideal particles is then simulated using GEANT3 [52]. This means that some of
the information from the particle set is lost or distorted by some small amount. By
comparing these detector results and ideal results, a response matrix can be formed.
By using this information a relation can be written

hdet = Rhidea17 (36)

where hget is the detector particle histogram, R is the response matrix, and higea is
the ideal particle histogram. The response matrix that I have obtained for unfolding
the proton—lead results can be seen in figure The red line in these figures repre-
sents a perfect detector, where no inefficiencies would occur. Both of the response
matrixes are spread out, but well concentrated around the red line. It is good to
note that as the color plot also is logarithmic, the figure really is concentrated on
the center line.

The challenge is that this formula needs to be reversed so that hiqea can be calculated
from hgei. For a computer, inverting a matrix is not a problem, but unfortunately
finite statistics causes huge unphysical numerical oscillations in the final result. This
renders the results completely useless. Fortunately several ways to invert the matrix
without causing big oscillations have been developed, and in this thesis I have used
the Singular Value Decomposition (SVD) method [62] and the Bayesian method
[60], both implemented in the ROOUNFOLD framework [63]. Usually an unfolding
method has a regularization parameter which can be used to tune the unfolding.
These parameters are different for each method.
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Figure 18. Response matrices are created by using Monte Carlo simulations.
Particles without detector effects are the particles which are received from the
Monte Carlo event generator. Detector effects are simulated using the GEANT
detector simulation to the particles from the MC event generator. These particle
level and detector level results are compared to create these response matrices.

The general idea in the Bayesian method is to iteratively invert the response matrix.
The starting point is the non-inverted matrix and each iteration is asymptotically
closer to the inverted matrix, which has the huge numerical fluctuations. The goal
is to find the optimal amount of iterations so that the matrix does the inverting,
but not too much so that the fluctuations stay small enough. For this method the
regularization parameter is the number of iterations executed.

While in Bayesian method the results are achieved by iterating, the SVD method
sets conditions for the results. Generally a good condition is to require some amount
of smoothness. Parts of the response matrix have dependencies which are o /z;, x;
being some histogram value of bin ¢. This is problematic for small values of x; as the
result grows really fast. These small x; are normal because of the finite statistics.
The regularization parameter 7 introduces a damping here so that the dependency
changes to be o #i/(22+r), so that even in small x; the values the result will not grow
too fast.

In figure [19| the ALICE proton—proton detector MC results has been unfolded with
the SVD unfolding and Bayesian unfolding, with several different regularization
parameters. The ratios have been done with regards to the regularization parameter
seven, which was the first parameter where there was no significant change compared
to the next one. The final results were unfolded with the SVD unfolding because it
seemed to converge better than the Bayesian, however, both of these are necessary
in the later analysis when systematic errors are calculated.
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Heavy ion high-multiplicity environment introduces more complications. It was
noticed in a lead—lead study by ALICE that the high pr region detector response is
dominated by detector effects, and the background fluctuations dominate the low pr
region of the spectrum [31]. Background fluctuations can indeed have a significant
effect, and it affects the results even after the background subtraction described
in section (3.2 To tackle this, a simulation is needed where Monte Carlo jets are
embedded to heavy ion collisions, and the response matrix is then calculated after
background subtraction for reconstructed jets that are matched with the embedded
jets. This study has not yet been done in this analysis, and it is one of the major
works ahead for obtaining the dijet result in heavy ion collisions.
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Figure 19. Top panels show a comparison of the results with different un-
folding regularization parameters. The curves have been artificially separated
by multiplication factors of powers of 10 for clarity. Bottom panels show ra-
tio plots where all cross sections have been divided by the cross section of the
regularization parameter 7.
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6 Results

6.1 Proton—proton collisions

Using PYTHIA8226 with tune Monash [64], I achieved MC event generator results for
8 TeV, 7 TeV and 5.02 TeV center of mass energies, by running with several different
DT hara bins and in the end combining then. This procedure is described in appendix
The histograms and comparison to ALICE data |27, |38] and unpublished ALICE
data [65] are drawn in figure 20 PYTHIA agrees fairly well with ALICE data. The
low pr difference is quite large, but this has been seen also previously in [38] for
especially the PyTHiA AMBT1 and PyTHIA Perugia-0 tunes. The 5.02 TeV data
was scaled down from the 7 TeV data using the scaling method described in chapter
.4 PyTHIA was ran stand alone in tune Monash, but a comparison between the
tunes Monash and 4C is presented in appendix[A], showing also significant differences
between different PYTHIA tunes.

In figure 21| the A¢ cut dijet mass spectrum from stand alone PYTHIA comes really
close to replicating the unpublished ALICE data when mass is over 60 GeV. The
mass region below 60 GeV is, in a matter of fact, affected by the choice that leading
and subleading jets are required to have over 20 GeV transverse momentum in order
to be accepted as a dijet. Looking at equation 28| the 20 GeV restriction will create
a deficit of dijets in the region under 40 GeV and most probably this affects at even
higher masses.

6.2 Proton—lead collisions

In figures and a closure test of the unfolding is done. This means comparing
the unfolding of the detector MC spectrum to the true MC results. The unfolded
detector MC matches the true MC spectrum at dijet masses over 80 GeV, and jet
pr over 25 GeV but under 70 GeV. The results of the data unfolding, for both the
dijet mass and jet pr spectra are drawn in figures and 23D, The unfolding has a
uniform effect on the spectra, not depending on dijet mass or jet pr. These results
are compared to the ideal proton—proton MC reference in figure 24 The nuclear
modification factor RIEXTHIA was calculated in the same way as in equation , where
the number of average binary collisions in proton—lead minimum bias collisions is
(Neon) = 6.9 [27]. As the compared proton—proton spectrum was a MC production,
these results should be interpreted cautiously. As has been shown in previous studies,
and in appendix[Al the MC spectrum can change even up to 50 % depending on the
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MC generator and its tune [38]. In the jet nuclear modification factor figure, also
results from an ALICE study are presented [59]. As is clearly seen, the results in
the jet nuclear modification factor differ by a small margin. If this would be taken
into account in the dijet nuclear modification factor, it would most probably also be
close to unity, making the nuclear modification of the dijet system in proton-lead
collisions minimal.

6.3 Lead-lead collisions

The lead—lead results presented in this work serve primarily as an outlook of what
will be done in the near future. The background subtraction was done using equa-
tion |19l The result of background subtraction on jets in /sy = 5.02 TeV lead-lead
collisions can be seen in figure [25a, which serves as a demonstration of how huge the
background in a heavy ion collision is even for hard jets. In the subtraction process,
part of the jets are lost, and this effect was seen in figure [I4 Reading from the fig-
ure, even up to 90 % correction is needed near the peak to get the original amount
of jets. Also the peak seems to have shifted little bit to the lower pr, but that might
well be because of the low pr combinatorial jets from the heavy ion background.
Some of the combinatorial jets can be reduced by requiring jets to have a leading
constituent particle with some lower pr bound. For example in ALICE lead-lead
study the leading constituent pr > 5 GeV and pr > 10 GeV restrictions were
studied [31]. In both cases most of the low pr jets were removed and jets above
50 GeV were left unmodified. The bigger the jet cone size, the later the cut affects.

Raw dijet mass spectra from different centrality classes have been compared to
the raw proton-lead results in figure 25b] It is a fair comparison as the unfolding
procedure in figure 23] was shown to have approximately a constant effect for both
the dijet mass and jet pr spectra. In this figure a slight excess of dijet mass is seen
in 60 GeV < M;; < 80 GeV, and a deficit in M;; > 100 GeV. An ordering of the
centrality classes is also seen in Mj; < 90 GeV, where the most peripheral class is
closest to unity when compared to the proton—lead results. It is good to keep in
mind that this figure presents the probability distributions, and not cross sections.
Also there are multiple corrections and error sources ignored, which are discussed
in the section [7
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Figure 22. Top panel shows the unfolded detector MC in black and the raw
detector MC in blue, compared to true MC cross section in red. Bottom panel
shows a ratio plot against the true MC. The PYTHIA tune used is Perugia2011.
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Figure 24. Nuclear modification factor REXT’”A for proton—lead results, which
are calculated from [l The proton—proton reference in this case is the MC truth
spectrum presented in figure 22], and the average amount of binary collisions in
proton-lead minimum bias collisions (Neon ) = 6.9 [27]. ALICE results [59] are
drawn as a comparison for the jet pr nuclear modification factor. In addition to
statistical errors, also systematic errors have been drawn as red boxes around
the ALICE results.
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7 Conclusions and outlook

In this thesis I have used proton—proton Monte Carlo and proton—lead ALICE data
to test the dijet mass system as a possible probe for quark-gluon plasma in a fu-
ture study. Proton-lead data unfolding was done with the SVD and Bayesian un-
folding, but SVD was primarily used. The unfolding of the dijet mass spectrum
presented in this thesis is rather straightforward, and there is room for improve-
ment. Two-dimensional unfolding with dijet mass and dijet transverse momentum
together could prove to be even a better unfolding technique which most probably
will be tested in the near future. The unfolded proton—lead results were compared
to the proton—proton Monte Carlo reference spectrum in figure 24 As the nuclear
modification factor for proton—lead is near unity, it would seem that the dijet mass
would be usable as a probe in heavy ion collisions as well in the future. The dijet
mass comparison between several lead—lead centrality classes and the proton—lead
results in figure [25| shows a promising modification for central lead—lead collisions in
M;; > 100 GeV. If the modification does preserve through the several corrections
and the systematic error is not too large, the dijet invariant mass could very well be
used to study QGP in heavy ion collisions.

In order to reach the final goal of finished heavy ion results, several steps need to
be taken. As was briefly discussed in chapters and the unfolding procedure
needs to be completed together with the embedding study, in order to counter the
jets lost to the background subtraction process. In the study hard jets are embedded
in a heavy ion environment and are then unfolded. Another necessary part of the
analysis before these results could be published is the calculation of systematic error.
Jets are well known in high energy physics so many aspects of the systematic error
calculation can be adopted from there, but the dijet system is still new. The heavy
ion environment with prominent background could possibly create big systematic
uncertainties. In addition, statistics will be a challenge for the dijet study in the
heavy ion environment. For example the 2015 heavy ion data used in this thesis
had barely enough statistics for the peripheral bins, and they needed to be left out
because the high dijet mass bins were too ambiguous.
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A Appendix

A.1 Double differential cross section for Monte Carlo

The equation |33 describes the double differential cross section for ALICE data, but
for the MC the procedure is a bit different. The power law behavior of the transverse
spectra is known, and can be seen in the figures of this thesis also. This means that
high pr phenomena are exceedingly rare and require enormous amounts of events
for decent statistics. MC simulations would need to be ran months or even years
if one would like to study high pr physics. Fortunately there is a way to counter
this for MC simulations. MC generators can be set to produce high pr jets in every
event and then this can be scaled appropriately. This setting is generally called
DT hard, and by setting a range to pr hara the generator will produce only high energy
partons in that pr range, according to equation 4l These results need then to be
scaled by Ogen/Naccepted; Where oge, is the estimated cross section summed over all
allowed processes in millibarns, and Nycceptea i the total number of accepted events.
This way the real cross section can be calculated even with pr pa.q restrictions. The
double differential cross section for MC results is written as

d2o B l AN _ Ogen AN (37)
dedﬁ L APTAU Naccepted APTAW

where £ is the luminosity, AN number of hits in a certain pr bin, Apr is the width
of the bin and An is the total size of pseudorapidity acceptance. In this work I
have used this to run several different MC runs with different prparq ranges. In
figure [26) I have plotted the individual prparq bins for three energies, 8 TeV, 7 TeV
and 5.02 TeV, and the sum of all the bins, which represents the jet cross section.

A.2 Additional Monte Carlo jet pr figures

The comparison of two different PYTHIA tunes can be seen for jets and dijets in
/s = 8TeV proton—proton collisions in figure . In the shown range, the difference
in spectra can be up to 25 %, which is surprisingly large. On the other hand, in
figures [28) and [29| comparisons between /s = 7 TeV and /s = 8 TeV jet pr spectra
are shown. For figure [28] the 7 TeV results were achieved with the PYTHIAG tune
Perugia0, and the 8 TeV results with the PYTHIAS tune 4C. Then three powerlaw
fits of the form
do?

dprdn

(pT) = Cp"fn
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were fitted to each result, which clearly shows how the exponent of the fit grows
larger in the high pr region. The bending is not nearly as prominent in every
PyTHIA tune. In figure 29 several different 7 TeV versus 8 TeV comparisons are
made, where the spectrum can be seen behaving in different ways in the high pr
region. Some of the spectra bend seemingly less than others. When comparing the
two energies in figure 29| a similar rise in the high pr region on the ratio plot can
be seen in both the ALICE PyTHIA results and in the stand alone PYTHIA8226
production. In the ALICE data the rise is not seen so conclusively, but 8 TeV still
has constantly higher yields than 7 TeV.
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Figure 26. Top panels show charged jet cross sections in proton—proton colli-
sions plotted in pr paq bins. PYTHIA8226 tune Monash was used in each run.
In black the total summed up histogram is the total charged jet cross section.
Bottom panel shows the ratio of the binned cross sections and the total cross
section.
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Figure 27. Event generator tune comparison for the charged jet cross sections
in /s = 8 TeV in proton—proton collisions. Top panel shows the tunes Monash
and 4C. Bottom panel shows the 4C results divided by the Monash results.
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Figure 28. Top panel shows charged jet cross section comparison between
the 7 TeV PYTHIAG tune Perugia0 and the 8 TeV PYTHIAS tune 4C. Three
polynomial fits are plotted also with varying fit sections. Bottom panel shows

the ratio of the 8 TeV and 7 TeV histograms.
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Figure 29. Top panel shows charged jet cross section comparisons between
PyTH1A8226, ALICE PYTHIA and ALICE data in /s = 7 TeV and 8 TeV
proton—proton collisions. Bottom panel shows the ratio plot of the 7 TeV divided
by the 8 TeV results for each tune.
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