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Abstract

In the nature around us, quarks and gluons are confined in hadrons due to ”confinement
of quarks”. However, the coupling strength of the QCD between quarks and gluons is to be
asymptotically weaker with the increasing their energy. At high temperature the quarks and
gluons move freely beyond the boundary of hadrons. Such high energy state is called Quark-
Gluon Plasma(QGP). To create such state on the earth, the ultra relativistic heavy ion collision
is unique tool.

It has been observed several signatures of the QGP formation at the Relativistic Heavy
Ion Collider(RHIC). Suppression of high momentum particles is one of the signatures. High
momentum particles are known to be produced in characteristic phenomena, jet , where high
momentum particle are produced in cluster. The jet is produced when parton in each projectile
is scattered with large momentum, followed by fragmentation into many hadrons.

It is considered that the cause of the suppression of high momentum particle is due to the
characteristic energy loss of the parton in the QGP. On the other hands, many low momentum
particles are formed at characteristic energy loss and the additional instead large angles from
original low momentum particles is often called modification of jet. In theoretical approach, the
energy loss and the shape modification of the jet is strongly relate to properties of hot/dense
matter particularly gluon density and initial temperature of the QGP. Therefore study of jet
modification is a good tool to investigate the properties of the QGP. Experimentally it is very
important to measure the energy loss together with the energy re-distribution at large angles.

At the RHIC, it is difficult to collect enough data because of its low rate. The production
cross-section of jet is strongly related to the collision energy. The Large Hadron Collider(LHC)
starts nuclear-nuclear collisions with highest energy from 2010. LHC provides good opportunity
to study the jet physics in heavy ion collisions to investigate parton interaction between jets and
the QGP with higher statistics. Former study of the jet physics in heavy ion collisions has been
done at the LHC by CMS. They have suggested the existence of re-distributed particles at large
angles. In their study, the information of the spread angle is minimum and they can not see
detail of jet modification.

In this paper, a new analysis method is proposed in order to see the modified energy(or
momentum) with the spread angle. Proposed new method handles the momentum weighted
azimuthal distribution of the associate particles with respect to the leading jet and direct com-
parison of pp and Pb-Pb collisions have been done. In this thesis, the centrality dependence and
the leading jet momentum dependence are shown to extract jet modification effects, which shed
light on the knowledge of the pass length dependence of jet modification.

We observe that the low momentum particles are re-distributed at large angles in the away-
side of the jet with respect to the leading jet. This feature is consistent with CMS results.
Furthermore we see the re-distributed momentum in the near-side. The missing momentum
and the re-distributed momentum is found to be almost balanced. We see jet modification is
larger with the highest jet momentum, and the effect is also larger in the central compared with
peripheral collisions.



This is the spelling corrected edition of the original thesis.
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Chapter 1

Introduction

According to prediction by the calculation of lattice QCD(Quark ChromoDynamics), phase tran-
sition of hadron to parton deconfinment occur at high temperature and/or density. Such high
energy state of deconfined matter is called Quark-Gluon Plasma(QGP).

Research on relativistic and ultra-relativistic nuclear collision has started in early 70’s at
Bevatron/Bevalac. Then many experiments were carried out to research nuclear equation of
states and fundamental theories of the strong interaction until now. Especially, Relativistic Heavy
Ion Collider(RHIC) confirmed that the QCD phase transition exists, however, the equation of
state still remains unknown.

On the other hand, in ultra relativistic nucleon collisions, scattered parton generated in initial
parton-parton collision fragments to a large number of particles maintaining their direction. The
particle clusters generated by scattered parton are called jet. Such jet process exist in relativistic
nucleon-nucleon collisions and a number of experiments at RHIC got results to indicate that
partons passing hot and dense QQCD matter are reduced its energy. For example, the yield of
high-momentum particles is significantly reduced in central collisions compared to peripheral
ones. It is considered that this effect (called jet modification or jet quenching) is strongly related
to QGP properties - temperature, gluon density and so on. So jets in high energy nucleon
collisions can be probed to investigate hot/dense QCD matter. And jets are useful to validate
QCD theory.

However at RHIC energy it is difficult to evaluate under limited jets statistics and separate
particles coming from jets from particles from the other because jets are buried in a huge number
of particles which are generated from thermal bulk.

At Large Hadron Collider(LHC), it was started nuclear colliding experiments with the high-
est energy in the world from 2010. In collisions at LHC energy huge number of particles are
generated from jets via fragmentation (Fig.1.9). Thereby it can be reconstructed a large number
of jets in nuclear collisions. We starts jet measurements to investigate jet modification with huge
background in nuclear collisions.

In this chapter, we present theoretical background in jet physics in nuclear collisions and
recent results for jet modification as introduction to understand physics motivation of this thesis.
In latter chapter, we will describe in detail the experimental setup(chapter 2) and the physics
framework used within the thesis(chapter 3) just after introduction.

The main topics of the thesis will be described in chapter 4, we compared momentum distri-
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1.1. QUANTUM CHROMODYNAMICS (QCD) [1] 15

bution of associate particles with respect to trigger jet axis in Pb—Pb collisions with pp collisions
to draw out information of particle re-distribution effects due to jet modification in QGP matter.

1.1 Quantum ChromoDynamics (QCD) [1]

The QCD describe fundamental force in strong interaction between quarks and gluons with three
color symmetry SU(3). Quarks can carry electric charge and isolated color charge(red, blue and
green). Gluons carry the strong force as gauge boson. QCD is a theory of a non-abelian gauge
theory, then the theory permit gluons to interact by themselves.

1.1.1 Coupling Constant of Strong Force

The classical Lagrangian density for a quark with mass m given by

Ny

— . 1 v
Lo = Z qr(iv' Dy —my)qr — ZF/fVFé‘ . (1.1)
f

The quark (gluon) field g belong to the SU(3) triplet (octet). Therefor, f runs 1 to 3, while a
runs 1 to 8. The covariant derivative, D,, is

PN

D,=0,+ zg?AM, (1.2)

where A? is the eight Gell-Mann matrices.The strength tensor of gluon field Fj, is defended as
Fﬁu = aMAz - 8VAZ + gfabcAzAzc/a (13)

where A% is the gluon fields, and f,ps is the structure constants of the SU(3) group. g is defined
using coupling constant o, as,

g = VAaras. (1.4)

0 function can be calculated in perturbation theory if g is small enough. And the function can
be expanded in series of g.

0
50 = :5l9) = ~fog® = BT+ (1.5)
1 2 1 38

b= a1 = 5V 01 = (50102 = 2Ny, (L6)

Running coupling constant can be described as function of momentum transfer Q,

. o (n(@%/83c))

Q) = (@A) \ | B (@ Ahep)

Agcep is called QCD scale parameter, to be determined from experiments.



16 CHAPTER 1. INTRODUCTION

1.1.2 Asymptotic Freedom and Confinement of Quarks

According to Eq.1.7, coupling constant of strong force ay should be smaller at large momen-
tum transfer @@ (or smaller distance). This property in large momentum transfer region is
called ”asymptotic freedom”. The effect decreasing coupling constant with the increasing energy
comes from anti-screening of color charge. It can be to calculate in perturbative calculations by
DGLAP[3][4][5] of cross sections in deep inelastic processes.

As shown in Fig.1.1, measured coupling constants are in good agreement with the calculations
by perturbative QCD. On the other hands, in smaller Q region (or larger distance), as gets

0.5 3 o T T T T
,._:: Ul i
O(S(Q) D ]
3 i
0.4 é § .
&~ |
+— 0 |
2T > ~ ]
[N Q 25 !
0.3 o [} [ I/\ ) +‘D ]
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[ 8 9 § T3 = g 8 |
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L O’ . ‘ L 4
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i 4, (Mg)=0.11840.003 1
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Figure 1.1: The running coupling constants as function of momentum trans-
fers () measured by various experiments and theoretical predic-
tion by QCD [2]

increase rapidly.We call the property ”confinement of quarks”. Even if we try to draw quark
away from hadron, strong force generate energy to produce a new gq pair from the vacuum.
Therefor we can not let quark be alone in vacuum.

1.2 Quark Gluon Plasma (QGP)I6]

Let us think what will happen with the confined matter when constituents quarks of matter
has small coupling constant at large Q-value as shown in Fig.1.1. To create such state, we can
assume two methods, one is to heat up the matter, and the other is putting under the extremely
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high density condition. I f we create high energy state using these methods, because of hadrons
starts to overlap each other and, the quarks and gluons of hadron move beyond the boundary .
This state is like ”parton soup”. We call the state Quark-Gluon Plasma(QGP).

The current knowledge of phase diagram is shown in Fig.1.2. In nature,matters are composed
by proton and neutron at nominal temperature and baryon density. However if we apply heat
and/or pressure matters turn into QGP state. Experimentally(see next section), we can create
hot QGP with high energy collisions, and dense QGP with lower energy collisions.

Temperature T [MeV]
3

Nuclei Net Baryon Density

Figure 1.2: The phase diagram of QCD matter as function of temperature
T and net baryon density

The energy density € of an equilibrated ideal gas is given by Eq.1.8 as function of number
degree of freedom ng4,5 and temperature T'.ngot = 16 when the state has only gluon, 37 the state
is with two flavors and 47.5 with three flavors,

2

e
€= ndof%T‘*. (1.8)

Fig.1.3 shows energy density divided by T* as function of temperature calculated by Lattice
QCD at non-zero chemical potential and the resonance gas model. According to current calcula-
tion the energy density increase rapidly at critical temperature T, ~ 175MeV.

1.3 High Energy Nuclear Collision

As seen in the previous section, to generate deconfined matter so called quark-gluon plasma, we
need to produce high temperature or high density in the collision. As of now, relativistic heavy
ion collisions are unique tool to creates such high energy states. The high energy heavy ion
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Figure 1.3: The normalized energy density as function of temperature T at
up = 0 for each flavor estimation[7].The arrows on right side
indicate the value e/T*Stefan-Boltzmann limit

collisions can create high energy in so small volume by bombarding nucleons over a short time
experimentally. In this chapter, it is described about picture of QGP which is created by heavy
ion collisions, in particular collision geometry, time evolution and particle production.

Table 1.1: Expected QGP Properties in Heavy Ion Collision
SPS RHIC LHC
Nucleus Pb+Pb | Au+Au Pb+Pb
\/W(GeV/c) 17.4 200 5500
dNep,/dn 500 850 1500 — 4000
Togp (fm/c) 1 0.2 0.1
T/T, 1.1 1.9 3-4
e(GeV /fm3) 3 5 15-60
TQGP (fm/c) <2 2-4 > 10
Tf (fm/c) ~ 10 20 — 30 30 — 40
V¢ (fm3) ~10% | ~10% ~ 10°

The expected QGP parameters created in heavy ion collision is shown in Table.1.1. We
observed QGP signals previous researches. First evidence of new state of matter was observed
at Super Proton Synchrotron(SPS) using fixed target since 1980’s. Several hadronic observable
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shows strong non-linearity dependence with respect to the number of nucleons which participate
in collisions. At RHIC, it was used collider instead of beam with fixed target. Then many kind of
signals were observed which indicate existence of phase transition in quark matter. However the
equation of state still remains unknown. To access property of matter need to perform at more
high collision energy. The reason is some of observables were limited by statistics. Alternatively
we could not have clear signal like as jet at RHIC energy. Since 2010,we started experiment with
energy 10 times higher than RHIC energy. It can provide huge number of signals from QGP
with long life time. Therefor it will allow significant qualitative improvement for measurements
to draw out properties of QGP.

1.3.1 Collision Geometry

Projectile nucleons spectator

participants

Figure 1.4: The over view of collision geometry in heavy ion collision

Collision geometry of nucleus-nucleus collision can be characterized by number of nucleons
in projectile nucleus(A), collision energy at rest from(y/s) and distance between center of two
nucleons impact parameter(b). Differential cross section with inelastic total cross section of
nucleon oty is described as following function

(0, 5NN) = 1= (1= 5 Tap 0oty (Vavm) " (1.9)

In the case same nuclei collide each other, overlap function T4 (b) should be described as
Tap(b) = / ds*Ta(s)Ta(s — b) (1.10)

where T'4(s) is thickness of nuclei where are penetrated the other nuclei defended as function of
nucleon density p4(r)(normalized nucleon density pp,) and radius in transverse plane s

Ta(s) = [ dzpa(z.9).palr) = T ™ (1.11)
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In relativistic heavy ion collisions, the part of involved nucleons in collision are described
by the participant spectator model. The nucleons brought into collisions are called participant
and the other part in target and projectile nuclei are called spectator. The picture can be going
to remain viable, heavy ion collision have all of assumption by the Glauber Model[8] which are
listed following.

e these nucleons will carry sufficient momentum that they will be essentially undeflected as
the nuclei pass through each other

e de Broglie wave length as long as nucleon size or less, then nuclei collision can be described
as superposition of nucleon-nucleon collisions

e the nucleons move independently in the nucleus and that the size of the nucleus is large
compared to the extent of the nucleon-nucleon force

In the Glauber model, we can calculate number of participant nucleons Npar¢, and number
of nucleon-nucleon collisions Nyipary as follows,

Nour(8) = [ 5Ta(5)(1 — expl - Ta(s)

+ / d?sTy(s — b)(1 — exp(—oWnTa(s)), (1.12)
Nbinary(b) = /dQSU%NTA(S)TB(S - b) (1'13)

1.3.2 Time Evolution

Fig.1.5 shows the history of the longitudinal evolution for the produced matter by an ultra
relativistic heavy ion collision in the Bjorken picture.

Collision and Thermalize Stage [0 < 7 < 7]

The process of huge entropy production in relativistic heavy ion collision can be described as
two process. First model is mini-jet production as incoherent model. In central collision, partons
are generated from semi-hard process. Such partons are difficult to separate with partons which
generated from soft production. And they also interact with each other. the process could
contribute to from an equilibrated parton plasma.

The other model is color string braking model as coherent model.A large number of strings
and ropes between two projectile nuclear. Then many quark pairs and gluon pairs are generated
in color electric field in participant region. In short time scale, equilibrated parton plasma are
produced by partons in exited fields.

QCD Phase Transition and Hydrodynamical Evolution Stage [y < 7 < 7]

After the local thermal equilibrium is reached at 7y, the system expand to longitudinal direction
and transverse direction. Especially, we have seen experimental results which suggest transverse
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Figure 1.5: The overview of space-time evolution of heavy ion collision

expansion can be described as perfect fluid at RHIC. If the thermal matter expand on approxi-
mated hydrodynamics by a perfect fluid, the evolution picture can be parameterized by the local
energy density € and the local pressure P. The energy-momentum tensor and the baryon number
current of the perfect fluid with fluid four velocity u* is given by

T = (¢ + P)ufu” — g"' P (1.14)

s = npu (1.15)

Freeze out Stage [7y < 7]

After the transition QGP will be getting cold due to expansion of the system. Then the quark-
gluon matter will be going to be hadron gas again on hyper-surface. We call the point chemical
freeze out where the number of hadron species is frozen. Then created hadrons start colliding
each other to thermalize. After the kinematics of hadrons are fixed, the point is called thermal
freeze out.

1.4 Soft and Hard Particle Production

In relativistic heavy ion collisions,particle production can fall roughly into two categories, soft
particle production and hard particle production.Experimentally, hard particles are detected as
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particle cluster so called ”jet”. In this section, it will be given account of partons model which
are introduced into collisions and particle production by collision.

1.4.1 Parton Distribution Function(PDF)

As has been well establish by the deep inelastic lepton-hadron collision scattering experiments,the
nucleon is composed of valence quarks, sea quarks and gluons. As shown Fig.1.6, momentum
fraction of wee partons(sea quarks and gluons) dominate with respect to the fraction of valence
quark. However, number of gluons should be finite in finite space.And actually, number of gluons
saturate when typical transverse size 1/Q) eventually overlap each other.Such classical coherent
field configuration by saturated gluons are called the color glass condensate(CGC)[9].

HERA: PDF determination ZEUS
08

0.8

xf
xf

[ [ H1 2002 PDF Fit (prel. L
o (M) = 01185 T (prel) Q*=1000 GeV? [ ——  ZEUSNLOQCD fit Q=10 GeV>

07 F data set: H1 (94/00) + BCOMS 07 [ a,(M2)=0.118

t [ ZEUS NLO QCD fit F
b a(M2) = 0.1180 fixed [ [ tot.error
0.6 - data set: ZEUS (96/97) + BCDMS, NMC, E665, CCFR 0.6 -
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Figure 1.6: Left: Comparison of the PDFs extracted by H1 and ZEUS.
Right: Comparison of the PDFs from the ZEUS fit to global
fits by MRST2001 and CTEQ6M [10]

1.4.2 Soft Particle Production

A lot of color strings formed between two nuclei when passing through each other at relativistic
energy. And quark pairs and gluon pairs are generated in strong color electric field in the region.
Number of pair production per unit space-time and unit volume is given by following,

w(o) = —40? /OOO dp [l F exp(—mp5/o)], (1.16)

where the upper part of the expression describe creation rate of a pair for massless spin 1/2
fermion.And the bottom part describe for spin 1 gauge boson. o is strength of external filed
which is given by ¢ = eF for QED, 0 ~ gFE, for QCD naively with color electric field E.. Then
number of created quark pairs and gluon pairs can be defined using the number of degree of
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freedom in color and flavor as follows.

(9E.)*
487

(9E.)?
247

wq(o ~ gE.) ~ Ny ,wg(o ~ gE.) ~ N, (1.17)
Therefore generated ratio of quarks and gluons can be described as wy/wq ~ N./Ny
After freeze-out, momentum distribution of particle i is given by following as hyper-surface

integral of thermal distribution.

d*N d*N
FE = = Hd 1.1
&p " modmpdyde, /Zf f(@.p)p Zu (1.18)

where p* is for momentum vector and Z is normal vector to the hyper surface. And local

thermal distribution is given by following.

1 1
(27)? exp(put(x) — p(x)/T(x)) F 1

Then we can calculate particle number density for particle h as integral over particle momentum

f(z,p) =

(1.19)

as follow.
d3p 1
=d
= h/ (27)3 exp((Bn — )/ T) % 1

where d;, is spin degeneracy and Ej, is total energy. In heavy ion collisions, particles generated

(1.20)

by the process don’t distribute uniform in azimuthal direction with respect to the event plane.
We need to take care anisotropy distribution of particles described by next section.

1.4.3 Soft Particle Emission in Transverse Plane

Figure 1.7: Left:A sketch of non-central nucleus-nucleus collisions coordi-

nate space.
Right:Particle expansion of final state after the collision in mo-
mentum space
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In non-central collision, overlap shape is anisotropic and it looks like almond or rugby ball.
This geometrical anisotropy create energy and pressure anisotropy in hot/dense matter while
end up with anisotropy of particle production in momentum space. When the mean free path [
is smaller than system size R (I << R) where by hydrodynamical approach can be applicable.
The particle emission pattern is subject to influence by energy /pressure anisotropy.

The particle azimuthal distribution with respect to reaction plane 1, in transverse plane can
be given by following,

Ed3N _ dN
d*p — 2mprdprdy

1+ 20, cos[n(¢ — 1)) (1.21)
n=1

Z w; sinng;

Uy = l(tan_ (1.22)

1 ) )
n Z W; COS NP;
1

The strength of the first-order of series on Eq.1.21 is called directed flow. The effect is small
in mid-rapidity. The second-order is called elliptic-flow and third-order called triangular flow.
The latter two flow influence to azimuthal particle distribution in mid-rapidity and these flow can
be described as perfect fluid on hydrodynamics model. And measurements of flow is important
in order to understand initial condition of collision and state of hot/dense matter.

1.4.4 Jet Production

In this section,let’s consider simple two body scattering with large momentum transfer. As shown
Fig.1.8, two parton from protons participates in inelastic collision.

Figure 1.8: A sketch of two body scattering of partons from each nucleus
via gluon with high momentum transfer
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The cross section of deep inelastic parton collision in proton-proton collision can be given
with PDF and short distance cross-section of two body scattering by,

2
d Ujet

1—>k1
Ty PP 3T = > filxa, p)fi(xe, p1)5" (1.23)

4,7=¢,4,9

where 14, j, k, [ is various parton species(q, ¢, g). In this case, momentum transfer can be chosen as
Q@ ~ pr in a natural choice. To replace parameters of Eq.1.23 with observable, we use following
functions,

pr pr

X] = ﬁ(em +e¥),x9 = \/g(e_yS +e ) (1.24)

§ = (p1+p2)” = x1x08 = 2p3[1 + cosh(yz — y4)] (1.25)
t=(p1—p3)® = —pp(1+ e ¥3H1) (1.26)

= (pa —p3)’ = —(8+1) (1.27)

9, t 2p78
Jacobjan = 001X t) 2018, (1.28)
a(y37 Y4, pT) S

~

where the symbol ” *” is used denote Mandelstam variables of two body scattering process.We

can rewrite Eq.1.23 as follows,

d30_jet dé—UHkl
- x1fi(x xofi(x9, pT)———. 1.29
dygdy4de ; 1 1, pT) 2 ( 2 PT) d|t| ( )
The two body cross section can be given by following.
d 1
i M (s, ) (1.30)

dlt| ~ 167[s — (m1 + m2)2|[s — (m1 — m2)?]

And then the invariant amplitude of each two body scattering process is shown in Fig.1.4.4.

The integrated cross section of di-jet production can be obtained as follows

/ /d /d o (1.31)
p .
1+5k1 Po T Ay v Ay Y4dY3dY4de

The part of Kronecker delta take account of symmetry factor of the final state with identical

Ujet(\/§7 Po, Ay)

particles. Therefor we can get the number of diet in heavy ion collision as following using overlap
function.

N]é?(\/gapmAy,b) ~ TAA(b)O—jet(\/ga p07AY) (132)
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Table 1.2: Matrix elements of two-parton scattering and production sub-process in the lowest
order perturbative QCD

Process ]M|2/(16772a5aQ§)
qq — q'q! FEaEand

aq! — qq/ %Szfguz

@ — i’ gty

a7 — qq g ) B
a9 — qq fopt | oty B
99 — qq %iﬁ“é — %i%;‘z

a9 —a9  —5(CEE+ =) - oy
99 — g9 %(32—%—%‘)—%
qd — gy %t —;—u —;—ii(s—i-t—i-u)

49 — gy _%s +u +§Z(s+t+u)

Number of particle produced by jets should strongly depend on number of produced jets. So
we can give number of produced particles in unit longitudinal momentum fraction z by jets as
following.

dearticle

T = N < F(2,Q) (1.33)
F(z,Q) =) D!z0Q) (1.34)
i,h

where Dlh(z, Q) is production ratio of hadron h for each parton species i so called ”fragmen-
tation function”. The production ratio could not be calculated by perturbative QCD, so that
the variation with ) can be predicted provided @ is sufficiently large. If we would like to know
the production ratio, we have to determine in experiment.

In left figure of Fig.1.9 the predicted transverse momentum distribution of neutral pions and
inclusive charged hadrons is shown. Which is calculated on pQCD for Leading order. In LHC, a
huge number of particles are produced compared with the number of production in RHIC energy.
Therefor the experiments at LHC has statistical advantage in measurements for high momentum
prove. Then we can do direct measurements on jet measurements using high statistics which we
could not do due to statistical limit in experiments with low collision energy.

In right figure of Fig.1.9 provide production ratio of neutral pions and charged particles. The
neutral pion ratio is rapidly decreasing with transverse momentum due to production of kaon
and proton is dominant in high momentum region. That indicate high momentum particles come
from jets via fragmentation so that such kaons and proton should be produced by fragmentation
of partons. We have to remark that the ratio is higher in LHC than in RHIC energy. The
effects come from gluon saturation in projectile nucleus as we see in Fig.1.6. Then number of
produced neutral particles increase compared with the number of them in RHC energy. We can
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also use information of difference of production mechanism between quark recombination and
fragmentation which is seen in pion production ratio with respect to proton to investigate jet
modification in QGP.

0
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Figure 1.9: Left:The predicted LO differential cross section for inclusive neu-
tral pions and charged particle production at mid-rapidity y = 0
in pp collision for /s = 17,200 and 500GeV.Right:The ratio of
neutral pions to inclusive charged hadrons as function of trans-

verse momentum pp [11]

1.4.5 Energy Loss of Parton in QGP[12]

In heavy ion collisions at RHIC and LHC energies, we have seen the results that the particle yield
in high pr region is suppressed compared with the yield of pp collision. The cause is considered
that inside partons of jet lost their energy by several effects. We can describe amount of energy
loss of a parton using parton position [,path length L, scattering probability density dP(l)/dl

and mean free path A in general,

L
dP(l) dE(l,E) dP(I) 1
AFE = dl Al = =1/X(1)). 1.35
| a A R D — s (=) (1.3)
It is considered that there are two mechanisms.The first one is collisional energy loss when the
parton lose their energy colliding constituents partons of QGP. Latter one is radiative energy
loss when the parton radiate gluons.
Thus,Eq.1.35 can be describe by sum of energy loss as follows.

AE = AEcoHisional + AE‘raudiative (1'36)
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Collisional Energy Loss

The collisional energy loss due to elastic scattering with high-momentum transfer has been orig-
inally estimated by Bjorken as following.

tmaz
dEcolisional . 1 / mer do

= dt-dt (1.37)

I

do _2mai(t) E?
a2 E2-m2

(1.38)

where p%(T) ~ 4wa,T?(1 + N¢/6) is Debye screening mass squared and ey = [s — (mp +
mo)][s — (my, — mg)?]/s is maximum momentum transfer with s = 2moE + m2 + mg.ln fact, the
energy loss also has effects due to elastic scattering with low momentum transfer.However the
process does not contribute much to the total collisional loss in compared with high-momentum
scattering (due to absence of large factor ~ In(E/up) where up is the Debye screening mass).
According to a simple estimation[13], scattering angle of thermalized particle as function of
transfer momentum squared can be given by,

2m0

0o = tan_l( 70

). (1.39)

Radiative Energy Loss

Here are amount of energy loss in unit pass length by massless gluon radiation estimated by
BDMS framework.

dEyadiative . 20‘3(MQD)CR /E y2
dl L w

dw[l —y + 5] In | cos(wy )] (1.40)

min

16 N% Ag

i (1.41)

w1 = \/Z(l +—y+ @gﬂ)/_—iln
In the BDMS frameworks, the strength of multiple scattering is characterized by the transport
coefficient § = pu% /A, where )\, is mean free path of gluons.In principle mean free pass can be
given by X\ = 1/po(p ~ dNy/dy in GLV framework[14], o T? in BDMS framework[15]). So
energy loss by gluon radiation strongly related to properties of QGP. It also means,if energy loss
correlate with pass length we can have knowledge of properties of QGP using jet modification

as probe. If gluon emission lead to gauss function, angular spectrum of emitted gluon given by
[13],

dNY 0 — 0p)?
— X sin&exp(—%
205

= ) (1.42)

where 0y is o of gaussian.
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Probe of Energy Loss

Because of energy loss of partons, momentum distribution of particles also modified. Then high
momentum particles looks re-distributed into low momentum particles. And if jet modification
has pass length dependence, energy of reconstructed jet also has pass length dependence so that
smearing of jet shape depends on pass length. In heavy ion collision, jets with small pass length
come from surface of QGP. So if we trigger shape jet, away-side jet should be strongly modified
due to trigger effects.

1.5 Experimental Results

Let we show current experimental results concerning jet modification before starting to describe
the motivation of the thesis. You will see the history and progression of jet modification mea-

surement in this section.

1.5.1 At RHIC

a) Suppression of High Momentum Particles (jet)

PHENIX Au+Au (central collisions):
3 m  Directy B
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B GLV parton energy loss (dN'/dy = 1100)
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Figure 1.10: Nuclear modification factor R4 as function of pp for 1,7
and « in central collision of Au+Au collision at /syy =
200GeV /c[16]. The solid yellow curve is a parton energy loss
prediction for a medium with density dNY/dy = 1100

Manifestation of the characteristic energy loss of parton is

a) Suppression of high momentum particles (jet)
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b) Loss of away-side jet

In the beginning of jet modification measurements,suppression of particle production in high
momentum region were measured with experiments at the RHIC. Fig.1.10 provides us yield ratio
for neutral 7,7 mesons and direct v which is measured in Au+Au collisions with respect to
the yield measured in pp collisions called R44. The definition of R4 of particle species h is
following.

dNAA—>h+X

2
Rl 4(pr,b) = et (1.43)

 Npin(b) N5

Direct v in high pr range are produced by scattering process with high momentum process
like as jet. However v has no color charge, so they are not sensitive to interaction with matter
which is constituents of QGP. On the other hands, neutral 7 meson produced by partons via
hadronization characterized by fragmentation function. But Coulomb effects are minimized after
the hadronization because the 7° mesons has no charge. As far as we see Fig.1.10 the yield of
70 of Aut-Au is suppressed compared with pp collisions scaled by number of collisions. The
fact indicates that 7¥ production is affected by some effects before hadronization like as parton
interaction in hot/dense matter.

b) Loss of Away-Side Jet

Figl.11 shows us associated charged particle yield as function of azimuthal direction with respect
to trigger particle which is measured at STAR experiment. In bottom figure of Fig.1.11, it is
compared that particle yield from pp,d+Au and Au+Au collisions.Around near-side to trigger
particle, there are no drastic modification, however, in away-side from trigger particle we can see
strong yield suppression in Au+Au collisions compared with the other.It is considered that this
modification also come from jet modification effects, in near-side surface bias in trigger particle
due to jet modification should contain, so near side peak looks almost same as the peak from pp
collisions. In contrast, associate particles distributions are constrained by trigger particle, then
yield from Au+Au suppress strongly.

Several results were measured which indicate strong modification in high momentum particle
region due to jet modification. However, they could not measure jet directory because of low
statistics due to collision energy. From end of 2010, LHC start circulate heavy ion. At LHC
energy,we can reconstruct jets with fine resolution and efficiency and we are in new stage for
these kind of measurements.
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Figure 1.11: (a) Two-particle azimuthal distributions for minimum bias and

central d+Au collisions and for pp collisions (b)Comparison of
two-particle azimuthal distributions for central Au-+Au colli-
sions and d+Au collisions and pp collisions [17]

1.5.2 At LHC

31

The experiments at LHC started direct measurements for jet and jet modification. The clear
unbalances di-jet which is reconstructed with CMS detector is shown in Fig.1.12. The figure shows
transverse energy for all particles in ¢ — 7 plane. They can reconstruct both of charged particles
and neutral particles(including photon), the also can reconstruct full jet using all particles.We
can see sharp peak with huge transverse energy as leading jet and small peak compared with

leading jet energy at opposite side in azimuthal direction.
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Figure 1.12: Example of an unbalanced di-jet in a Pb-Pb collision event at

VNN = 2.76 [18]

a) Suppression of High Momentum Particles (jet)

At LHC, we have sufficient statistics of jet to measure jet suppression instead of particle suppres-
sion as we see in Fig.1.10. Fig.1.13 shows nuclear modification factor of jets which is measured
by CMS. As same as suppression of particle production, jet production also strongly suppressed
in central collision in particular.
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Figure 1.13: Centrality dependence of jet Jet Ra4 for different cone size
with anti-kp algorithm [19]
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b) Loss of Away-Side Jet
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Figure 1.14: Average missing transverse momentum < ﬂﬂ > for tracks with
pr > 0.5 GeV/c, projected onto the leading jet axis (solid cir-
cles). The < ﬁ':r" > values are shown as a function of di-jet
asymmetry A for 0%—30% centrality, inside (AR < 0.8) one of
the leading or subleading jet cones (left- hand side) and outside
(AR > 0.8) the leading and subleading jet cones (right-hand
side). For the solid circles, vertical bars and brackets represent
the statistical and systematic uncertainties, respectively. For
the individual pr ranges, the statistical uncertainties are shown
as vertical bars.

The results in Fig.1.14 are also from CMS experiment. These figure shows average missing
transverse momentum (< ﬁgﬂ >) as function of di-jet momentum asymmetry(A4; = (piad —

piyblead) j(plead 4 pysub=lead) “\figging transverse momentum is given by

9 = Z _pé“ COS(gbi - ¢leading—jet)- (1-44)
i
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Two event set were use for the measurement,one is data of Pb-Pb collision at \/syy = 2.76
TeV and PYTHIA jet embedded HYDJET Monte Carlo event anchored the data. In latter event
set don’t consider jet modification effects and other un-expected effects. So in principle, we can
see jet modification effects comparing the results of two event set. And they focus on the missing
energy in the region close to jet axis (AR(track-jet)) and other region. By doing so, we can
compare how much energy missing in jet and how re-distribute to out of jet.

There are no much difference in left two figure, but you see drastic difference in right two
figure. These figure tell us in away-side of leading jet direction, production of high momentum
particles are suppress and the energy re-distributed to low-momentum particles production. This
results consistent with the picture which Fig.1.11 shows.
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Figure 1.15: (top) Di-jet asymmetry distributions for data (points) and un-
quenched HIJING with superimposed PYTHIA di-jets (solid
yellow histograms), as a function of collision centrality (left
to right from peripheral to central events). Proton-proton

data from /s = 7 TeV, analyzed with the same jet selec-

tion, is shown as open circles. (bottom) Distribution of Ag,
the azimuthal angle between the two jets, for data and HI-

JING+PYTHIA, also as a function of centrality [20]

If jets are wider by jet modification, reconstructed energy should be smaller and di-jet axis
open angle should be larger. Fig.1.15 shows di-jet asymmetry distribution (top) and di-jet
open angle distribution. In top figure, A; is larger with centrality and difference between close
point and open point is also larger with centrality. That conform away-side jets with respect to
leading jet loss their energy(momentum). The reason is, if jets are wider due to jet modification,

reconstructed momentum should be smaller with respect to narrow jets.

Ad
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In experiments at LHC started measurements for jet modification jet by jet. We got same ten-
dency of jet modification results which were measured at RHIC. However energy re-distribution
in jet itself is still unknown, and we could not see jet modification effects in particle which
distribute in away-side as same as in near-side because < ﬁyﬂ > shows us momentum balance
of triggers di-jet event. To investigate particle(energy) re-distribution by jet modification, new
analysis method is needed. And we have to measure same kind of effects in the momentum range
between RHIC and ATLAS, CMS.

1.6 Thesis Motivation

In this chapter, we reviewed the results which revealed jet modification effects at RHIC and
LHC energy. The results indicated that jet production is suppressed and missed energy of high
energy particles re-distributed into the energy to produce low momentum particles. And the
results also indicate that it is pass length dependence in jet modification. Here are summary of
the knowledge we have from the results.

e Jet and high momentum particles production are suppressed

e Away-side peaks looks loosing their energy. That indicate jet modification has pass length
dependence.

e Missing energy of high momentum particles redistribute to the energy to produce low
momentum particles in out-of cone region

At RHIC energy, it is measured yield ratio of particles in nuclear-nuclear collisions with
respect to proton-proton collisions and away-side yield modification in two particle correlations.
These results give us knowledge of jet modification, however , it is difficult to reconstruct jets
due to collision energy. Therefor we can not extract information of jet modification directory.

At LHC energy, it is analyzed associated particle distribution with jet axis. Then we can
know detail of relation of jet and particle distribution affected by jet modification. However
to reduce effects which uncorrelated to jet like elliptic low, CMS measured missing energy in
di-jet event. Therefor we lose information of inside of jet affected jet modification. In particular
information of particle re-distribution for each leading jet and sub-leading jet. And we also lose
angle information of broadening of re-distributed particles.

As we had seen theory of jet modification, angle information is one of important observable
because that correlated to gluon emission angle and scattered angle related to jet modification
described by Eq.1.39 and Eq.1.42. To understand picture of jet modification, we need to know
particle re-distribution with spread angle information. For the reason, we established the method
of azimuthal correlation between jet and charged particles. To measure jets modification, we
need to subtract background energy precisely. So we also established the method of background
subtraction which take into account elliptic flow and triangular flow.

In this thesis, we present measurements of particle distribution in jet for Pb-Pb collisions
and pp collisions using jet-particle azimuthal correlation. Then we draw out information of
particle re-distribution with angle comparing the particle distribution of Pb-Pb collisions and pp
collisions. Then we will discuss concerning concrete pictures in jet modification and their pass
length dependence from the results of particle distribution.



Chapter 2

Experimental Apparatus

As seen in previous chapter, heavy ion collision is a unique method for research of hot/dense
matter like as QGP. The ALICE detector is composed by multiple detectors for several physi-
cal purpose to study QGP. In this chapter we describe the overview of the Large-Hadron Col-
lider(LHC) and purpose of each detectors with their detector performance. In this measurements,
we use SPD which is innermost detector of ITS and VZERO detector as detector for online event
trigger. We also use ZDC to apply timing cuts in offline for Pb-Pb collisions. For reconstruction
of charged tracks, we use I'TS and TPC in central barrel.

2.1 Large Hadron Collider[21]

CERN's accelerator complex

Fjlgure 2.1: Aerial view of LHC Figure 2.2: LHC and pre-accelerators
ring

A Large Hadron Collider (LHC)[22] is located CERN laboratory over border between Switzer-
land and France. The LHC was built for particle and nuclear physics with the highest energy in
the world on the tunnel of LEP ring. The LHC has two rings which length is 27km go the opposite
direction each other. And LHC has two pre-accelerators called Super Proton Synchrotron(SPS )
and Proton Synchrotron(PS) to accelerate nucleon and nuclear to the LHC injection energy. The
LHC was designed that it can run at /s = 14 TeV for proton-proton collision and \/syy = 5.5

36
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TeV for lead-lead collision at the maximum energy.

The first beam were circulated successfully on 10th September 2008. It was started physics
run for proton-proton collision since 2009 after long shutdown to investigate and fix electri-
cal problem on the magnets at the previous year runs. Then physics run for Pb-Pb collision
started since end of 2010. LHC has two huge experiments ATLAS[23], CMS[24] and two middle
experiments ALICE, LHCDb[25].

Table2.1 provide summary of parameters nominal proton beam operation. LHC can be filled
banshees 25ns steps in full bunches operation. And LHC can accelerate proton to 7TeV from
injection energy 450GeV.

Table 2.1: LHC beam parameters relevant for the luminosity lifetime [21]

‘Injection‘ Collision ‘

Beam Data

Proton Energy [GeV] 450 7000
Relativistic gamma 479.6 7461
Number of particles per bunch 1.15 x 1011
Number of bunches 2808
Longitudinal emittance (40) [eVs] 1.0 2.5
Transverse normalized emittance [um rad] 3.5 3.75
Circulating beam current [A] 0.582
Stored energy per beam [MJ] 23.3 362

Peak Luminosity Related Data
RMS bunch length [cm] 11.24 7.55
RMS beam size at the IP1 and IP5 [um] 375.2 16.7
RMS beam size at the IP2 and IP8 [pem] 279.6 70.9
Geometric luminosity reduction factor F - 0.836
Peak luminosity in IP1 and IP5 [em~2sec™] - 1.0 x 10%
Peak luminosity per bunch crossing in IP1 and IP5 | [ecm™2sec™!] - 3.56 x 1030

Fig.2.3 provide integrated luminosity of pp collisions at /s = 7 TeV and Pb-Pb collisions
at \/syny = 2.76 TeV which is token in 2010. The red point lower than the other. The other
experiments use silicon detectors as tracking system with high speed readout. But ALICE use
a type of drift chamber to reconstruct charged track called TPC. In particular, the rate of data
taking in ALICE is limited by recording rate of TPC. Because the TPC of ALICE use multi-wire
proportional chamber(MWPC) as readout, it’s not enough to use gating to reduce ion back flow
during high rate pp collisions of LHC provide. However we are going to update readout of TPC
from MWPC to Gas Electron Multiplier(GEM). If the updating succeed, we can take data with
more high rate.
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Figure 2.3: Left : Integrated Luminosity of pp collisions at /s = 7
TeV in 2010,Right:Integrated Luminosity of Pb-Pb collisions at
SNy = 2.76 TeV in 2010

2.2 ALICE detector overview

Figure 2.4: Overview of ALICE detector

A Large Ion Collider Experiment(ALICE) was build as general-purpose detector for measure-
ments of ultra relativistic heavy ion collision at LHC. So ALICE was optimized to be capable
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of measuring thermal bulk properties.Especially ALICE has advantages in charge particle recon-
struction with particle identify in very low momentum region ~100MeV compared with ATLAS
and CMS for measurements of Pb-Pb collision. Table2.2 provide us over view geometrical prop-
erties of sub-detectors of ALICE detector. In latter section we will describe more detail of
sub-detectors.As far as we can see on the table ALICE is not symmetrical detector to n direc-
tion. We call A-side the side beam pipe go to ATLAS site and C-side the other direction which
go to CMS site.

Table 2.2: ALICE detector overview

Detector Radius ‘ Rapidity ‘ Azimuthal Range Purpose
Global Detectors
TO - -33<n<-29 360° timing supply
45<n<5.0
Vo0 - 3.7 <n< =17 360° event trigger
28 <n<b.l event plane determination
centrality determination
ZDC - n~ —88 360° centrality determination
n~ 8.8
Central Detectors
ITS 4<R<44 cm -09<n<09 360° charged particle tracking
vertex reconstruction
TPC 90 < R < 250 cm -09<n<09 360° charged particle tracking
TRD 200< R<37cm | —09<n<0.9 360° electron identification
TOF 3710<R<400cm | —09<n<09 360° hadron identification
EMCal 430 cm > R —0.7<n<07 110° determine particle energy
PHOS 460 cm > R —0.12 < <0.12 13° determine photon energy
HMPID 470 cm > R —0.6 <n<0.6 57.6° high momentum particle identification
Forwared Detectors
FMD - 34 <n< =17 360° forward multiplicity determination
1.7<n<5.0
PMD - 1.8<n<26 360° photon multiplicity determination
MUON spectrometer - —4.0<n<-25 360° forward muon detection

2.3 Magnets at ALICE

ALICE has two type of large magnets. First one is large solenoidal magnet called ALICE magnet
which was used at L3 experiment[26]. The magnet is operate to apply 0.5T in central barrel to
bend track of charged particles for particle identification. In ALICE magnet, we have tracking
detectors, PID detectors and calorimeters. The latter magnets is large dipole magnet which also
used at L3 experiment. The magnet concept has been elaborated in several design phases. A
first decision was taken in 1996 to opt for a magnet with room temperature coils. The dipole
magnet is located in middle of muon spectrometer and just after of ALICE magnet bricking
muon chambers after absorber. The magnet is used to bend track of muons.
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2.4 Global detectors

2.4.1 To [27]

The TO detector consists a array of fine-mesh PMTs with 12 Cherenkov radiators for both side
A and C (see the detector for C-side in Fig.2.5). T0 at C-side locate very close to end cap of
ITS.But TO at A-side locate a bit far from collision point. TO detector is designed to get fast
timing with fine timing resolution (¢ ~ 50ps) signal for Level-0 trigger and reference time for
TOF in ALICE magnet(0.5T). In addition TO signals are used as ”wake up signal” for TRD.
And the fast signal is used as start signal for PID by TOF and timing estimation of ZDC hit for

offline event trigger.

Figure 2.5: A photo of one module of TO detector. The detector composed
by 12 Cherenkov radiators with photo multiplier

2.4.2 VZERO [27]

The VO detector is located close to TO detector of both side. The detector is composed of
scintillators(4rings, 16sectors) arranged radially. It was designed for main functions of the detector

as following.
e To provide minimum-bias trigger for central barrel detectors in pp and Pb-Pb collisions.
e To determine centrality in Pb-Pb collisions

e To determine event plane in Pb-Pb collisions
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Figure 2.6: Overview of VZERO detector. The detector composed by scin-
tillators with PMT

To meet the requirements,it provide a high and uniform light signal from the one minimum-
ionization particle(MIP) with fine timing resolution(c < 1ns). Trigger efficiency is over than
80%in pp collision and almost 100% in Pb-Pb collisions.

2.4.3 Zero Degree Calorimeter(ZDC) [28]

The ZDC is located far from interaction point(IP) over than 100m. The detector is built with
classical technics of calorimeter which composed of sandwich of lead and scintillator to measure
particle energy. By measuring energy of particles which didn’t contribute the collision, we can
suppose collision geometry. If we specify the energy of nucleons E4 per nucleon and spectator
Eg, we can have simple relation of number of interacting nucleons N, as following.

N,=A—Es/Ea (2.1)

where A is the number of the ion.Then we can calculate number of participants in Glauber
framework as following.

-,

b) = / PSATA()[1 — (1 — onTp(E — )]
+BTp(b - 8)[1 — (1 - onTa(5))"]} (2.2)

N (

7” means two-dimensional vector in

where A,B are mass numbers of colliding nuclei and ”
transverse plane. We can get impact parameter from relation of dropped energy in ZDC and
number of participants.The resolution of impact parameter of ALICE-ZDC is shown Fig.2.8

which is estimated by GEANT simulation.
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Figure 2.7: A photo of a super module of Zero Degree Calorimeter. The
detectors are a type of sandwich of lead and scintillator with
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Figure 2.8: Resolution on the impact parameter for the ALICE ZDCs which
is estimated by GEAN simulation
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2.5 Central detectors

Fig.2.9 shows cross section view of central barrel. In mid-rapidity, we have many kind of detectors
for several physics purpose.Mainly, we need detectors for track reconstruction with fine resolution
and efficiency, particle identify and estimate energies of charged particles and photons. For
tracking, silicon tracking detector is located most inferrer in central barrel the 1st layer and 2nd
layer of I'TS is used as trigger detector for minimum bias trigger as well as VZERO detectors. Just
outer of ITS, TPC cover whole azimuthal acceptance. The TPC is another main tracking system
to reconstruct with large solid angle. Then we have two kind of PID detectors called TRD and
TOF. In outermost layer, we have two type of calorimeter and ring imaging Cherenkov counter
for PID of high momentum particles.In the section, we will explain more detail of detectors in
central barrel.

Figure 2.9: A sketch of cross-section of ALICE central barrel from A-side. It
has ITS, TPC, TRD and TOF in inner cylinder, two calorimeters
and Cherenkov counter in outer

2.5.1 Inner Tracking System (ITS)[29]

As Fig.2.10 shows, the ITS has six silicon detectors for charged particle reconstruction with
excellent pointing resolution. The pair of each two layers called Silicon Pixel Detector(SPD),
Silicon Drift Detector(SDD) and Silicon Strip Detector(SSD) from IP. The rapidity range of most
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outer layer is |n| < 0.9, and of most inner layer is [n| < 1.75 for measurements of charged particle
multiplicity. In below, we will present results of simulated detector performance using FLUKA
with HINJING simulation for Pb-Pb collision.

87.5 cm

Figure 2.10: A sketch of Inner Tracking System. There are six layer of silicon
detectors, it is named SPD, SDD and SSD for each two layers
from IP
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The general function of TPC are following.
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e reconstruction of the primary vertex and the secondary vertexes for the reconstruction
heavy flavor decay.

e low-momentum particle tracking with particle identified
e improvement of the momentum and pointing resolution of the TPC tracking.

The transverse position of LHC bunches under our control, the distribution width is only 15um.
Therefor only we have to take care is reconstruction of longitudinal vertex position, as known
issuer, the distribution width (RMS) o, ~ 7.5cm. We can reconstruct primary vertex without
track reconstruction. We can assume the position by angle formed by hits.

Fig.2.11 provide us resolution of longitudinal vertex reconstruction as function of charged
particle density.As we can see in the figure, we can get collision vertexes with fine resolution.
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Figure 2.12: Left: ITS stand-alone efficiency and fake track rate as func-
tion of transverse momentum. Right: Angular resolution as
function of transverse momentum of I'TS

In the ALICE experiment, it is used a method based on Kalman filter algorithm as track
reconstruction. Fig.2.12 shows tracking efficiency and angular resolution of poler angle and
azimuthal angle as function of transverse momentum using only ITS. At 2 GeV /¢, we have 90%
efficiency with less than 10% fake track ratio and angular resolution is less than 1 mrad.

In high momentum region of track, we have to reconstruct the tracking with large radius.
Because it’s too difficult to estimate momentum for the track which goes through detectors
in a almost linear fashion so that it is difficult to estimate curvature factor for such tracks.
For the reason, we need to combine ITS and TPC to reconstruct charged tracks. To make
sure performance of tracking with TPC and ITS, we compared the momentum resolution of
ITS+TPC reconstruction with TPC stand alone reconstruction. As we can see in Fig.2.13, if
we compare thick solid line and thin solid line, thick line is lower than thin in high momentum
region. Therefor momentum resolution get better using to sort and refit TPC track to I'TS track
in high momentum region.
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Figure 2.13: Momentum resolution of reconstructed tracks with ITS and
TPC

2.5.2 Time Projection Chamber(TPC)[30]

The time projection chamber is one of most important sub-detectors which characterize ALICE
experiment. TPC is a type of drift chamber with MWPC for three dimensional charged track
reconstruction with fine pointing resolution and less materials . It can detect transverse trajectory
as track of induced charge on read pad and longitudinal trajectory as difference of drift time. The
tacks reconstruction by TPC is a classical approach, however such huge detector is unprecedented
thus far.
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Figure 2.14: A sketch of Time Projection Chamber
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TPC is designed cover following requirements at high charged tack multiplicity(dN/dn ~
8000)

e nominal drift time (< 100us for Ne/CO2/N2(90 : 10 : 5))

e excellent tracking efficiency (> 90%) and fine track matching to other detectors (~ 90%)
e fine momentum resolution (5% for 5GeV/c electron, ~ 1.5% for MIP)

e good particle identify performance (dE/dx ~ 10% )

e signal-to-noise ratio for MIP better than (~ 20 : 1 for inner, ~ 30 : 1 for outer )

e good two particle separation for correlation measurements(lcm separation r¢ and z direc-
tion)

2.5.3 Transition Radiation Detector(TRD)[31]

The TRD provide sufficient electron identification capability for measurements of heavy flavor like
as Charm and Beauty. TRD let us can reconstruct leptonic decay from D-meson and B-meson.
Transition radiation is produced by relativistic particle when it pass through boundary of two
material of different dielectric constants. The emission angle is inversely proportional to Lorentz-
factor(y = E/mc?), so radiation is emitted almost forward direction of injected particle. It is
quite different between Lorentz-factors of electron and pion at same momentum for their particle
mass. Therefor TRD can separate electrons from pions using the behavior.The momentum range
of that TRD can reject pions from electrons could be 1GeV ~ 100GeV in naive. ALICE have 18
super modules of TRD and 6layer and 5 stack modules for one super module in mid-rapidity.
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Figure 2.15: Principle of TRD detector, Left : electric field in TRD detector
and sketch of electron cluster when pion and electron through
the chamber
Right: signal amplitude as function of detection time
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Fig.2.15 shows principle of transition radiation detector.As shown by the picture, TRD is
composed by simple drift chamber with MWPC and radiator for transition radiation. In left
figure,we can see two injected tracks of pion and electron. When electron is crossing TRD,
transition radiation is generated at radiator in from t of drift region.Then we will have large
energy deposit when transition radiation is absorbed in chamber. In right figure,we can see
example pals height as function of drift time.It is important choose drift gas to have high pion
rejection factor, we have to choose gas with short absorption length for transition radiation(we
choose Xe/CO2(85:15)). If we have such gas we can get high transition radiation efficiency and
use drift time to reject pion as shown by right figure of Fig.2.15.
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Figure 2.16: Left : Average pulse hight for electron and pion as function of
drift time
Right :Pion rejection factor at 90% electron efficiency

Left figure of Fig.2.16 shows mean pulse height as function of drift time for pion and elec-
tron.We can see clear peak at large drift time for electron, the peak come from energy deposit
from transition radiation. And dashed line shows mean pulse height electron which is measured
by same test without radiator. We evaluated pion rejection factor at 90% electron efficiency with
6layers TRD. Right figure of Fig.2.16 provide the result at beam test. We tested three method to
evaluate likelihood TMQ,L-Q and L-QX. The mean energy deposit is used to calculate likelihood
of TMQ, the total energy is used for L-Q.L-QX use the information of energy deposit and drift
time.We have achieve rejection functor ~100 over pp > 1GeV/c using L-Q and L-QX.

2.5.4 Time Of Flight(TOF)[32]

Time of flight is a methods to identify of charged hadrons,we can know particle mass using
the velocity at the same momentum. Basically, hadron mass(m) can be calculated by following
relation of their momentum(p) and flight time(¢) of distance(L)

£2

m? = p(15) — 1) (23)
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And the resolution of mass reconstruction can be described as following.
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In experiment, we have to develop high timing resolution detector for hadron identification using
TOF at large 7, so that flight length is fixed. We developed Multi Resistive Plate Chamber
(MRPC) as high timing detector. MRPC have sandwich structure of resistive plate and gas layer.
We can have high timing resolution with tin gas layer and high efficiency with multi gas layer.

We develop double stack MRPC with 5 layer per a stack which is shown in Fig.2.17.
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Figure 2.17: Cross section of TOF detector which has 2 stacks with 5 gaps
for each stack

Left figure of Fig.2.18 shows the efficiency as a function of the applied electric field in a gap.
We observed that the efficiency of the 10 gap(2x5 gap) MRPC is close to 100% and reaches
the plateau at lower electric field.And right figure of Fig.2.18 shows the resolution as function
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of the electric field. The MRPC for ALICE has excellent timing resolution very close to 40ps to
reconstruct particle mass.
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Figure 2.18: Performance of TOF detector, Left : detection efficiency as
function of applied electric field, Right : timing resolution as
function of electric field for each prototype

2.5.5 Electromagnetic Calorimeter(EMCal)[33]

ALICE detector has two type of electromagnetic calorimeter,one is classical lead-scintillator
sampling calorimeter, the other one is lead-tungstate crystal calorimeter. First one is developed
to detect electrons and photons with large acceptance for especially high momentum physics.
Latter one is built for photon physics but with small acceptance(more detail in latter section).

Figure 2.19: The array of super modules of EMCal shown in the installed
position on their support structure
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Fig.2.19 illustrate overview of full installed EMCal super modules. EMCal cover 110° in
azimuthal 1.4 in rapidity. And individual tower acceptances are about 0.014 x 0.014 at n = 0.
In general, energy resolution can be given as following

L \/<§>2+<jﬁ>2+c2

where b represents the stochastic term,and a represents the system noise in readout channel,and

(2.5)

¢ represents constant term. In low energy and/or intermediate region it is important factor in
energy resolution, light yield and collection efficiency. It’s also important background hits. For
EMCal, it can work in stable therefore it can be ignorable term of b which come from system
noise in readout channel.

Fig.2.20 provide the combined results of energy resolution of electron which are measured at
PS and SPS in CERN. The dashed carve shows simulated energy resolution by GEANT3. The
Modules has fine requested performance.
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Figure 2.20: Energy resolution of EMCal as function of electron energy and
fitting result by Eq.2.5

From early 2013, additional EMCal called DCal(di-jet callrimeter) in opposite side of EMCal
next to PHOS.

2.5.6 PHOton Spectrometer(PHOS)[34]

The PHOS detector was developed to take out initial phase information of collision in particular
initial temperature , via direct single photon and di-photon measurements. The PHOS is located
460cm from collision point.The PHOS is a type of electro magnetic calorimeter made by lead-
tungstate crystal (PbWOQOy) with photo diode as readout.
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Fig.2.21 shows overview of super modules on installation frame.Which is located 460cm from
collision point.The PHOS is a type of electro magnetic calorimeter made by lead-tungstate crystal
(PbWO,) with photo diode as readout.
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Figure 2.21: A sketch of the configuration of the PHOS calorimeter with
installation arm

Fig.2.22 shows us, energy resolution of electron for each results of beam test in PS and SPS.
We have excellent resolution as designed.The PHOS detector is sensitive to electrical noise, so
we operate the detector under —17°C. And the term of @ in fund. Eq.2.5 should be considered.
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Figure 2.22: Energy resolution of PHOS as function of electron energy and
fitting result by Eq.2.5
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2.5.7 High Momentum Particle Identification(HMPID)

The High-Momentum Particle IDentification (HMPID), devoted to the identification of the high-
momentum particles. The detector is a type of Ring Imaging Cherenkov Counter(RICH) which
is designed as MWPC with CgF14 radiator. The HMPID in ALICE can identify pions and kaons
in the momentum range 1 to 3 GeV/c with separation power 30 and it can also identify protons
in the range 1 to 5 GeV/c with 30 separation. The detector will let us be able to have knowledge

in fragmentation function in jet.

2.6 Forward Detectors

2.6.1 Forward Multiplicity Detector(FMD)[27]

The FMD was built to study multiplicity fluctuation in forward rapidity on an event-by event
basis. The number of segment of FMD is larger compared with other forward detectors with
large acceptance and with large 1 gaps from mid-rapidity. Therefor FMD is suitable to measure
multiplicity independently to see the correlation of multiplicity in mid-rapidity. The FMD also
can reconstruct event plane with fine resolution by benefit of it has many segment in ¢ direction.

2.6.2 Photon Multiplicity Detector(PMD)[36]

We have several physics goals with PMD via measurements of inclusive photon. The first goal
of PMD is getting the signal of Disoriented chiral condensate(DCC) using the correlation be-
tween charged particles and inclusive photons through the measurements of N, /N, ratio with
full azimuthal coverage. And we might have some signal of critical phenomena near the phase
boundary leading to fluctuations in global observables like multiplicity, mean transverse momen-
tum and pseudorapidity distributions.And SPD can measure inclusive photon flow and estimate
event plane by photon.

2.6.3 Forward Muon Spectrometer|[37]

The forward muon spectrometer is built as combined components of detector,absorber and di-
pole magnet. The Muon Spectrometer is developed for the measurements of quarkonia behavior
via puTp~. At RHIC it is observed suppression of vector meson production like as J/W¥. It
is considered the suppression come from Debye screening of color charges. The forward muon
spectrometer allow us to study such physics concerning quarkonia which contain heavy flavors.



Chapter 3

Data Reduction

In this chapter we describe details of the analysis approach to measure azimuthal correlation
between jets and particles. At first, we present the event trigger information for the analysis.
Latter of that we describe event characterization of the events in Pb-Pb collision by the centrality
and the event plane. Then we present how to reconstruct track of the charged particles and the
reconstruct jets, and subtract the backgrounds from jet momentum. At the end it is described
the method of jet-particle correlation.

3.1 Minimum Bias Event Trigger

In this analysis, we only use the minimum bias events of both pp and Pb-Pb collisions. Ideally,
the minimum bias trigger of ALICE provide fine efficiency for both of the low multiplicity events
and the diffractive events with fine beam backgrounds(beam-gas and beam-halo interaction)
rejection. In ALICE experiment, the signals from the three detectors are used to define the
minimum bias trigger, VZERO(VO0), SPD and ZDC. It is called VOA for VO at A-side and VOC
at the C-side.

VZERO

The merits to use VZERO detector for the event trigger are that VZERO is stable detector in the
high magnetic fields with the radiation tolerance and VZERO has large acceptance in forward
rapidity and it can provide fast signal to trigger events. Therefore VZERO is used as online
trigger detector in the forward rapidity. To have good background event rejection, we can use
timing information of VZERO detector. We can predict approximate arrival time to get signal
from collision by location of detectors from the interaction point(IP). The time should be 11.3 ns
for VOA(3.4 m from IP) and 3.0 ns for VOC(90 cm from IP). By cutting out events using timing
cut of VZERO signal, ALICE get events with fine efficiency with fine background rejection.

SPD

To get the signal to triggered events in the mid-rapidity, we require at least one hit for each layers
of SPD which is two layers of pixel detector located inner most ITS (called Fast-OR signal). To
reduce backgrounds, we define the acceptable range of secondly hit as that first hit should be on

54
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diagonal line between IP and secondly hit. Then if we got secondly hit in proper range we call
the signal Global Fast-OR signal.

ZDC

In Pb-Pb collisions, spectator which is nucleons did not join collision pass through along beam
pipe. We can assume the position of that the point spectator passing through. We put calorimeter
on the point to detect the spectator. We also can assume the arrival time of nucleons to ZDC.
We apply timing cut of ZDC for minimum bias events in Pb-Pb collisions on offline.

3.1.1 proton-proton collision

We require the signal of either VO signal (VOA or VOC) or SPD signal (Global Fast-OR) as
minimum bias trigger like as following.

MB : (GLOBAL — FO U VZERO — OR) n BKG (3.1)

We can get 99.9% efficiency for the non-diffractive event and 79.9% for the diffractive event,
totally 93.6% of all the inelastic events. For the backgrounds we get 7.7% efficiency of the beam-
gas events and 2.3% efficiency of the beam-halo events with the trigger configuration. Then we
cut out the event which event has reconstructed primary vertex point of z-direction over than 10
cm from expected point in offline analysis. In this analysis, 63 million minimum bias events are
analyzed for /s = 2.76 TeV and 313 million events are analyzed for 7 TeV.

3.1.2 PDb-Pb collision

To trigger minimum bias events in Pb-Pb collisions, we use the same trigger configuration class
of pp collisions online, to have fine trigger purity we applied ZDC timing cut additionally in
offline analysis. In this analysis, 19 million minimum bias events are analyzed.

3.2 Centrality

As we discussed at Secl.2.1, Pb-Pb events are characterized by the collision geometry. In exper-
iment we can assume the collision geometry connecting the centrality with number of particles
using a Monte Carlo Glauber model. The model assumes that the number of independently
decaying precursor particles(ancestors) is given by Nancestors = @ X Neont + (1 — @) X Npary, where
a quantifies their relative contributions.

Then we assume that every ancestors emits particles according to a Negative Binomial Dis-
tribution(NBD)

I'(n+ k)
k(n —1)k(k)

p/E o1
T T (32

where the parameter p is the mean multiplicity per precursor, and k defines the width of the

P,(k) =

NBD and therefore controls the fluctuations to large multiplicity. We estimate the centrality
using calibrated VZERO amplitude, so that it can let we have fine centrality resolution in the
all centrality range. The resolution is 0.5% in the central and 2% in the peripheral.
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Fig.3.1 shows VZERQO calibrated amplitude distribution with the centrality bins which is
fitted by Glauber Model estimation. As far as we see the figure, we have fine centrality estimation
which is expected by Glauber model.
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Figure 3.1: VZERQO amplitude distribution for centrality determination

3.3 Event Plane

In Sec.1.4.3, we explained anisotropic flow with respect to the event plane. So we can determine
the event plane from the spacial anisotropy of particle distribution. It is better to use the detector
in forward rapidity with large acceptance to reduce non-flow effects (like as jet and resonance
decay) when we determine the event plane for each events.

Experimentally , we can calculate the event plane according to Eq.3.3. @, and Q) is the
projection of the event plane to x and y axes respectively. Then we choose multiplication of total
multiplicity and charge ratio of the cell with respect to the total charge of VZERO detector.

3.3.1 Re-centering Calibration

Width of @ vector of x, y axis (), and (), become wider with the increasing the centrality
percentile. Then we can correct () vectors with respected to width of @, and @, distribution.
Re-centering correction is defined as following,

corr

W = tan~}( ngrr), (3.3)
corr Qiﬂ_ < QI >
QY =, (3.4)
Og
corr __ Qy_ < Qy >
QT = (3.5)

The width of @) vectors are extracted by RMS of @) vectors distribution.
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3.3.2 Event Plane Resolution

In the real experiment, only finite number of particles are emitted and detected in each collisions.
This introduces some fluctuations in observing the anisotropy on an event-by- event basis. Even if
the distribution is azimuthally anisotropic, statistical fluctuations can lead to non-zero coefficients
vp. In high energy nuclear collisions, we usually define resolution of the event plane to correction
anisotropic flow as following,

Oplane, =< Cos(n(q/measured - \Iltrue)) > (36)

If measured plane at A-side and C-side is very close, we can assume the event plane as follows,

<Cos(n(lpmeasured7\I/truc))>

= <cos(n(¥aA—Tirue))>

~ \/<cos(n(\IlA —Wirue))><cos(n(¥o—Pirye))>

~ \/<COS(H(‘I/A —Uirue))><cos(n(Wo—Pirue)) >+ <sin(n(Wa —Virue)) ><sin(n(Ve—TPirue)) >

= <cos(n(Up—T)—(Ve—T))>=<cos(n(Va—Tc))>. (3.7)
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Figure 3.2: Left : Event plane resolution of 2nd order, Right : Event plane
resolution of 3rd order

Fig.3.2 shows the event plane resolution of 2nd and 3rd order. Average sin(n(¥4 — ¥¢))
is close to zero. That means approximation in Eq.3.7 is natural. For 2nd order, in the central
collisions, the anisotropy of the collision geometry is small, so the event plane resolution also
small. And in the peripheral collisions, the event plane resolution also small so that particles for
estimation the event plane is limited. For 3rd order, fraction of 3rd order flow is still high. That
is why the resolution of 3rd plane in the central is high compared with the over centrality.
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3.4 Global Track Reconstruction

In this analysis, we use tracks reconstructed by ITS and TPC with the momentum range 0.15
GeV /¢ < pr(the upper limit of the momentum range is limited as 80GeV /c automatically because
we only use jets their momentum smaller than 80GeV/c) in |n| < 0.9 within 0.5 T solenoidal
magnetic field. We use three tracking classes to reconstruct the primary charged particles. So
that ITS has non-uniform efficiency in ¢ and 7 space, because of the problem of SPD(innermost
layer of ITS) cooling during the runs which we analyze in this measurements. The first tracking
class accepted the tracks which is reconstructed by TPC and has hit on one of the two layer of
SPD. The second tracking class don’t require SPD hit but require the primary vertex instead of
the SPD hit as a point of reconstructed track. And The third class require the primary vertex
but don’t re-fit track of TPC to ITS track.
Detail of track cuts are following.
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Figure 3.3: Left:Efficiency of global track as a function of pr for each Monte
Carlo configuration LHC11a2a-j is anchored to pp collisions at
/s = 2.76 TeV and LHC11al0 is anchored to Pb-Pb collisions
at /s = 2.76 TeV
Right:Momentum resolution of global track as a function of pr
in Pb-Pb collisions at /s = 2.76 TeV
e TPC cluster should be over than 70.

e Maximum y? per TPC cluster is 4.

TPC stand alone tracking required at first iteration of tracking.

Required refit to ITS from second iteration.

No identified kink is required.

x? per ITS cluster smaller than 36.

It should contain a hit on SPD otherwise primary vertex can be used instead of SPD hit.
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e Maximum distance of closest approach to vertex in longitudinal direction is 3.2 and in
transverse direction 2.4 cm.

e Do not require sigma cut to vertex

The left figure of Fig.3.3 shows the track reconstruction efficiency of the setup. LHC11a2a-j
is anchored to pp collisions at /s = 2.76 TeV and LHC11a10 is anchored to Pb-Pb collisions at
Vs = 2.76 TeV. According to the efficiency measurements using Monte Carlo events, we have
about 85% in pp collisions, 80% in Pb-Pb collisions at 40 GeV/c . The right figure of Fig.3.3
shows momentum resolution of tracks in Pb-Pb collisions. We can reconstruct global tracks with
the resolution less than 10% at 40 GeV/c.

3.5 Jet Finding Algorithm

To find out jets, we have two type of algorithms to reconstruct jet energy(momentum) and axis
in general way. First one is cone type algorithm. This way is a classical approach to find jets
and it was used from a few decades ago for example at UA1 experiment. The basic idea of the
algorithms is sum up all particles in fixed radius from the trigger particle(highest momentum
particle is a natural choice) in 1 x ¢ space. However we had known the methods are not infrared
safe at the some order in the perturbation theory in previous research [38].

These days we usually use the sequential clustering algorithm which is latter one of the
two instead of cone type algorithm. In this analysis we use anti-kp algorithm[39] in FASTJET
package[40] for jet reconstruction. The procedure of jet reconstruction by anti-kp algorithm is
follows.

1. Calculate weighted distance of all particles pair(i, j) given by

11

dij = min(—-, 5 ) AR/ R, (3.8)
Ti Prj

ARy = (ni — ;)" + (¢ — )%, (3.9)

where pr; is transverse momentum of particle ¢ and R is jet-radius parameter.
2. Calculate distance between the beam and particle ¢ : d;p = 1/pp;

3. Compare d;; and d;p, if d;; is smaller, merge particle ¢ and j into a single particle. If d;p
is smaller, clustering is finished.

4. If the cluster pass the filter, we call cluster ”jet”. In ALICE experiment we have momentum
threshold and jet area as filter.

5. Resume for the left particles 1 to 3 until no particles are left.

In this measurements, we required only charged tracks for jet reconstruction. We call the
jet "charged jet” when we would like to distinguish from jet, reconstructed by charged and
neutral particles (called ”full jet” in the case). The parameters for charged jet reconstruction
are following.
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Table 3.1: FASTJET parameters

Parameter Value
Algorithm anti-kp
R(= /A¢? + An?) 0.4
Strategy Best
Recombination Scheme Boost Invariant pr
Ghost Area 0.01
Active Area Repeats 1
Ghost 1 maximum 0.9
pr input particle pr > 0.15 GeV/c
Jet pr threshold p];t > 10 GeV/c
Jet acceptance In| < 0.5
Jet area Areal® > 0.4

The momentum distribution of the reconstructed jet are shown in the left figure of Fig.3.4.

We can see the yield of the leading jet and the inclusive jet almost overlapped. That means

almost jets were reconstructed as the leading jet in each event. And the right figure of Fig.3.4

shows the reconstruction efficiency and the axis resolution of the reconstructed leading jet with

respect to the generated leading jet which pass jet reconstruction with not only charged particles

but also neutral particles.
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Figure 3.4: Left : Momentum distribution of reconstructed inclusive jet and

leading jet in pp collisions at /s = 7 TeV

Right : Jet reconstruction efficiency with matching parameter
AR < 0.4 and reconstructed axis resolution with respect to gen-
erated jet



3.6. BACK GROUND SUBTRACTION 61

According to the results, we can reconstruct the leading jet axis with excellent resolution.
In the analysis the leading jet axis will be used as the trigger axis, so the leading jet axis
reconstruction resolution is one of most important performances. The reconstruction efficiency
is also good. The efficiency is more than 90% where the momentum region we analyzed for the

jet-particle correlation measurements.

3.6 Back Ground Subtraction

In heavy ion collisions, we have huge number of particles from thermal bulk. We already men-
tioned at Secl.4.3, the azimuthal particle distribution is not uniform with respect to the event
plane, so that bulk expansion is not only from radial expansion but also anisotropic expansion
so called elliptic flow and triangular flow. These kind of effects are shown up as particle emission
intensity v9 and vs in the particle azimuthal distribution. For jet measurements, such huge num-
ber of particles should contribute as background and we have to take into account distribution

of particle anisotropy in background estimation.
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Figure 3.5: Top : Reconstructed jet momentum distribution as a function
of jet axis with respect to ¥y in heavy ion collisions
Bottom : Reconstructed jet momentum distribution as a func-
tion of jet axis with respect to W3 in heavy ion collisions

Fig.3.5 shows the momentum distribution of the reconstructed jets as a function of the jet
azimuthal axis with respect to the event plane(¥s) and the triangular plane(W¥s3) in the four
centrality bins. The jet momentum looks biased not only by the centrality but also the event
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planes of second order and third order. The dependence of second order looks strong in the
mid-central region compared with in the most central that effects come from the flow stronger in
the mid-central due to the anisotropy of the collision geometry. The jet momentum also depends
on Y3 however the quantities are smaller then the quantities of second order.

We need to remove the background energy from the reconstructed jets energy in heavy ion
collisions. The momentum density of particles which is generated by thermal bulk in ¢ - n space
can be given by

dpBRGtal( py  dplat(p,n)  dp (B e, m) | dpE B (6, s, )

= . 3.10
dgi dgdr dgui dgdy (310)
PP (p,12,m) = D pr X vy X os(2(¢ — 1)) (3.11)
PPN (6 ) = 3 pr x vs % cos(3(¢ — 3)) (3.12)
where p,‘erlliptic describe particle momentum weighted vy and ptTriangulaﬂr also means momentum

which come from triangular flow. The acceptance of ALICE detector in the mid-rapidity is
sufficiently smaller than beam rapidity. Experimentally we can almost ignore n dependence of
the momentum distribution.

In general, we can calculate the amount of the background momentum which is under area

in ¢ — n space as following.

BKGtotal (77 ¢)

BKG dpp
dedn

pp o = Area X

(3.13)

3.6.1 Subtraction Method

In this analysis, we calculate the background momentum density event by event then subtract
the background for each jets. The procedure of the background subtraction in jet reconstruction
is following. Fig3.6 is conceptual diagram to follow up the procedure to subtract backgrounds
from jets.

1. Fill all particles into two dimensional histogram in ¢ — n plane with their pr.
2. Reconstruct jets with no background subtraction.

3. Fit function [f = A+ B cos(2(¢p—1)2))+C cos(3(¢—1/3))] to 2D histogram to get momentum
density.

4. Subtract background momentum from reconstructed jets momentum according to Eq.3.13.

5. Correct bin value in AR(bin — jet) < 0.5 to be average value of ¢ direction if corrected
jet
T >3 GeV/e.

6. Fit again to get correct background momentum density.

7. Subtract momentum from jet momentum.
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Figure 3.6: Momentum distribution in 7-¢ plane,
Left : Reconstructed jet axis with jet area (AR < 0.5) (1-5)
Center : Jet removed distribution(6)
Right : Background subtracted distribution(7)
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Figure 3.7: Background momentum density for each components as a func-
tion of centrality and their average,
Left : constant background,
Center : 2nd order background ,
Right : 3rd order background

The background momentum density which is estimated by fitting to 2D histogram of the
momentum distribution in n-¢ plane are shown in Fig.3.7. The flat component of the background
density is strongly depends on centrality as we see in left figure on Fig.3.7. However the other
distributions are fluctuated because the fluctuation of flow is large and we have finite resolution
to estimate the event plane. In event by event, the event plane can be reconstructed transverse
direction of the ideal reaction plane. In the most central region, the amplitude of fluctuation of
3rd order as large as 2nd order that means, it is mixed that the elliptic flow dominant event and
the triangular flow dominant event in the central collisions.
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The momentum distribution of the background-subtracted jets as a function of jet axis with
respected to the event plane and the triangular plane are upper figures on Fig.3.8 and bottom.
We get almost uniform distribution with respected to the event plane and the triangular plane.
However we still have dependence of the event plane in the mid-central and the mid-peripheral
which is shown on second and third figure from left on upper Fig.3.8. Mainly this dependence
seems to come from two effects. One is pass length dependence of jet modification, we describe
the dependence in Sec.1.4.5. If the picture is correct, there should have difference of jet energy
scale between the reconstructed jet axis in the in-plane and the out-plane. That can be the origin
of dependence we see in Fig.3.8. Another effect can come from the event plane dependence of
the background momentum fluctuation.
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Figure 3.8: Momentum distribution of background subtracted jets as a func-
tion of jet axis with respect to event planes for each centrality
bins,

Top : Momentum distribution with respect to Wo,
Bottom : Momentum distribution with respect to ¥y

Fig.3.9 shows the momentum distribution of the background subtracted jets which is divided
into four centrality bins. The top four figures are the momentum distribution of jets which is
subtracted flat background only. The bottom four figures are the momentum distribution of
jets which is subtracted not only flat background but also backgrounds come from elliptic flow
and triangular flow. In the distribution on the top figures, it is subtracted flat background
including the event fluctuation of flat background. Averages of the distributions of the in-plane
in all centrality are higher than averages of the out-plane. As we see in Fig.3.5, jet momentum
is depending on emitting angle with respect to the event plane. On the other hands, in lower
figures, the differences of the in-plane and the out-plane are smaller than the difference in the top
figures. That means, back ground effects of elliptic flow and triangular flow is minimized by the
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background subtraction of the analysis. As we had already seen in Fig.3.8 angular dependence
with respect to the event plane is still in momentum distributions of background subtracted
jet especially in the mid-central and the mid-peripheral collisions. It is compatible that the

dependence come from the pass length dependence of jet modification.
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Figure 3.9: Momentum distribution of background subtracted jets divided
into two jet angular class with respect to event plane for each
centrality, Top : jet momentum which is flat background sub-

tracted. Bottom : jet momentum which is flat,elliptic and tri-

angular background subtracted.

3.6.2 Subtraction Performance

To check performance of the background subtraction method, and to get the knowledge of the
origin of the event plane dependence in the background subtracted jet momentum, we test the
background subtraction for PYTHIA di-jet events embedding to Pb-Pb events.

Fig.3.10 shows the average of the background density in ¢ and 7 space for each term of Pb-Pb
collisions and PYTHIA di-jet embedded Pb-Pb events. The difference of non di-jet embedded
sample and di-jet embedded sample is small in all term of the background momentum density,
flat, v9 and vs. That means the background subtraction method has in-sensitivity against di-jet
sample, that also means the method is stable.

In the case of Fig.3.10, it is not considered interaction between jets and hot/dense matter.
If there are such effects, it is possible to jets bias strength of backgrounds. Therefore we also
checked momentum dependence of triggered jet in the background momentum distribution.

The momentum density for each term as a function of the centrality is shown in Fig.3.11.
The left figure of Fig.3.11 shows the momentum density of the flat background term. In central
collisions, black line is between blue and red, that means background of minimum bias is described
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Figure 3.11: Left : Average background momentum of flat term as a func-
tion of centrality for each leading jet momentum. Center :
Average background momentum of vs term as a function of
centrality for each leading jet momentum. Right : Average
background momentum of v3 term as a function of centrality
for each leading jet momentum.

as events between the event has jet in 10 < pr < 20 GeV/c and in 20 < pr < 40 GeV/c. That
also means the background momentum has dependence of the leading jet momentum. It might
comes from bias of trigger events. If we triggered high momentum jets, the energy density of
the QGP of the events lower than the events which has no jets. In natural understanding, the
high momentum jets can be triggered with less jet modification. On the other hands, in the
peripheral, the flat background with high momentum jets is higher than the other. It might
come from the effects of the momentum of triggered jets dependence in underlying events[41].
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In the center figure and the right figure of Fig.3.11, black line also is in between red and
blue. That also mans, vy and vs are affected by jets. Still unknown why jets affects vo and vs,
it might comes from that the high momentum particles are re-distributed into production of the
low momentum particles. In the average background of PYTHIA embedded data, embedded
particles are in |n| < 0.9. Therefore embedded charged particles can not affect to event plane
estimation so that acceptance of VZERO detectors are out of range |n| < 0.9. The difference
in Fig.3.10 and Fig.3.11, can bias jet momentum. In latter measurements the differences are
considered as systematic uncertainty.

To check performance of the background subtraction, we have to compare properties of em-
bedded PYTHIA jet with reconstructed jet in huge background. In this analysis, we choose axis
difference as matching parameter of PYTHIA jet with the reconstructed jet. Fig.3.12 shows az-
imuthal axis difference as a function of embedded leading jet momentum for each centrality. We
can see the clear peak around A¢ = 0 that means the method is able to reconstruct the leading
jet axis correctly. We also see border peak in the away side of the embedded leading jet axis,
if the embedded di-jet momentum is balanced the leading jet reconstructed as the sub-leading
jet, the sub-leading jet also can be swapped during reconstruction procedure. And we see un-
correlated distribution with respect to the embedded leading jet, that come from jets which is
contained in data. If data has higher momentum of jets compared with momentum of embedded
di-jet sample, jet contained in data should reconstruct as the leading jet instead of the embedded
leading jet.
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Figure 3.12: Axis difference between reconstruct leading jet and embedded
leading jet as a function of transverse momentum of leading jet

pll‘iad*jet for each centrality bins

The left figure of Fig.3.13 shows the matching efficiency of the reconstructed jets with respect
to the embedded jets as a function of the momentum of the leading jet of embedded di-jet sample
for each centrality. The matching efficiency is decreasing with centrality. The reason is data of
central collisions has a large number of jets due to multi nucleon collisions then most central
collision has many uncorrelated jet with embedded di-jet sample. That is why the matching
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efficiency decrease with centrality.

For the analysis we choose dR=0.3 as axis matching parameter. The matching parameter is
smaller than cone radius to reconstruct jet. That is why fake jet is rejected from the matched
jet samples by definition. But we still have the combinatorial jets.

The right figure of Fig.3.13 shows the momentum distribution of reconstructed PYTHIA jet
in Pb-Pb events which is matched jet axis with the embedded jet axis. Black line shows the
distribution of embedded PYTHIA and the other color shows the distribution of matched jet
for each centrality. In the low momentum region, the yield is decreasing with the centrality.
The reason is in the region matching efficiency is small as shown left figure. In contrast, the
yield is enhanced in the high momentum region. It is considered that the low momentum of the
reconstructed jets is increase due to background, then the yield increased by contribution of low

momentum jet.
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Figure 3.13: Left : Matching efficiency of reconstructed jets with respect
to embedded jets as a function of momentum of leading jet
of embedded di-jet sample for each centrality, Right : momen-
tum distribution of reconstructed PYTHIA jet in Pb-Pb events
which is matched jet axis with embedded jet axis.

The momentum correlation of the embedded and the reconstructed leading jet pair is shown
in Fig.3.14. Black line show average value of scattered plot and violet line gives us balanced
momentum line. In the peripheral collision which is shown in the first right figure, the pair
has strong correlation. On the other hands, the jet momentum scale and the resolution of the
reconstructed momentum are smeared by huge background fluctuation. As we see in the bottom
figures, black line is higher than violet dashed line in the low momentum region of embedded
jet. That means the reconstructed jet momentum is larger than embedded jet momentum in
the low momentum region of the embedded jet. The dependence comes from the contribution
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of combinatorial jets which is merged with background jets effects and predominant in the low
embedded jet momentum region. Due to the effects, the yield of reconstructed jets in huge

background particles is enhanced as shown right figure of Fig.3.13.
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Figure 3.14: Momentum correlation of reconstructed leading jet and embed-
ded leading jet after background subtraction, Top : momentum
correlation of reconstructed jet and embedded jet, Bottom :
Momentum ratio of reconstructed jet with respect to embed-
ded jet.

3.7 Di-Jet Event Reconstruction

As we mentioned in Secl.5.2, the missed energy of the sub-leading side looks re-distributed to
out of jet cone with large angle. It is also interesting in the modification seeing the effects in the
away-side. To see the modification effects clearly we trigger di-jet event for both events of pp
collisions and Pb-Pb collisions.

The di-jet selection condition is following.

1. plﬁading > 10GeV/c.
2. pibrleading 5 10GeV /.
3. COS(¢leadin - ¢sub—leading) < —0.5.

Fig.3.15 shows the momentum distribution of the leading jet and the leading jet in di-jet
triggered events and di-jet trigger ratio as a function of the leading jet momentum in pp collisions
at /s = 7 TeV. Di-jet trigger ratio is depending on the leading jet transverse momentum which is
shown right figure in Fig3.15. In high momentum range, 20 ~ 30% of the leading jet reconstructed
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Figure 3.15: Left : momentum distribution of leading jet and leading jet in
triggered di-jet event in pp collisions at /s = 7 TeV
Right : Di-jet trigger event ratio as a function of transverse
momentum of leading jet

events are triggered as di-jet event. At /s = 2.76 TeV, it has same dependence of the events at
Vs =T TeV.
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Figure 3.16: Triggered di-jet property in pp collisions at /s = 7 TeV, Left
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leading jet, Center : momentum correlation of leading jet and

sub-leading jet, Right : di-jet momentum asymmetry A; =
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In Fig.3.16, we can see triggered di-jet properties in pp at /s = 7 TeV. The momentum
asymmetry of the di-jet is provided right in Fig.3.16. The figure indicate, the di-jet momentum
asymmetry is limited by threshold of the sub-leading jets because green line is on the edge of
scattered plot. The green line suppose the case momentum of sub-leading jet is just on threshold
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for di-jet selection.
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Figure 3.17: Number of trigger events of minimum bias event and di-jet
event as a function of centrality, for several momentum thresh-
old of di-jet trigger

The number of di-jet production should be strongly related to the number of nucleon col-
lisions. Therefore the number of di-jet trigger is related to the centrality . Fig.3.17 shows the
number of minimum bias trigger events and the number of event which has di-jet pair. We can
find large number of di-jet events in central compared with peripheral so that the number of
collisions is large in the central collisions. If we apply higher momentum threshold to select the
di-jet event, the number of triggered events are reduced, however slope looks smooth compared
with the low momentum threshold. That indicates amount of jet momentum modification is
large and/or fake jet rate is higher in the central collisions.

To check the purity of the di-jet event, we checked the number of di-jet events as a function of
the centrality and the number of collisions. The left figure of Fig.3.18 shows the number of jet per
event as a a function of centrality for each jet momentum range. The number of jets is calculated
by integrated of the momentum distribution of jets which are background subtracted. The 2nd
left figure of Fig.3.18 shows number of jets and di-jets in momentum range 10 < pp < 20 GeV/c
as a function of number of nucleon-nucleon collisions N¢1. Nl is estimated by fitting by the
Glauber a function. The Glauber a function is characterized by NBD X f x N1+ (1 — f) X Npart.
where NBD a function given by Eq.3.2 and f = 0.194 which is given by the fitting shown in
Fig.3.1. The 2nd right figure of Fig.3.18 shows the number of jets and di-jets in the momentum
range 20 < pr < 40 GeV/c as a function of N.o. The right figure of Fig.3.18 shows the number
of jets and di-jets in the momentum range 40 < pr < 80 GeV/c as a function of Ncg.

In the right figure and the 2nd right figure, di-jet yield lower than single jet yield in for
each Ny range. Single jet yield is rapidly increase with N, on the other hands, di-jet yield is
proportional to N.,. However, in the low momentum range, single jet yield and di-jet yield is
higher in the mid-central and the mid-peripheral compared with the most-central as we seen in
the high momentum range. The trend can be understood elliptic flow makes fake di-jet pair.
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Figure 3.18: Left : Number of jets in a event as a function of centrality. 2nd
Left : number of jets in 10 < pr < 20 GeV/c and di-jets in
10 < plead < 20 GeV/c as a function of number of collision N¢
estimated by Glauber model. 2nd Right : number of jets in
20 < pr < 40 GeV/c and di-jets in 20 < pad < 40 GeV/c as a
function of N¢o. Right : number of jets in 40 < pp < 80 GeV/c
and di-jets in 40 < plead < 80 GeV/c as a function of Ng).

3.8 Jet Particle Correlation

Let we consider the jet-particle correlation measurements. In this analysis we describe the mo-
mentum weighted A¢ distribution of the associate charged particles with respect to the triggered
leading jet axis in di-jet event as shown Eq.3.14 for pp collisions and Eq.3.15 for Pb-Pb collisions,

d(>_p7*°(Ad))

dndijet

pmin <plead <pmax

(B X (SPAS) + S (Ag))) 1)

dndUet pEPin <p§1§ad <p;1£1ax

d(3_p7™(A¢))
dndl‘]et pm‘m <plead <pmax
ABST X (A + 3 pEO(Ag) 5.15)
dndl']Ot p¥in <p}I§ad <p1r£1ax
ZPBKG _ Z contami Ad) + Z:pBKGhard Ad) + Z:pBKGrgOft (316)
where ) p5° is the total momentum of the associate particles in a bin, A¢ is angle difference
dijet

between particle and the leading jet, n is number of di-jet triggered event in the momentum
range of the reconstructed leading jet p%m < pljewad < pp®* for normalization. The right hand of
Eq.3.14 and Eq.3.15 shows detail of the left hands. The momentum is decreased by the detector
efficiency. And the total momentum include the momentum from non-physical charged particles

like as electrons via vy conversion or Dalitz decay as contamination. In addition, the background
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momentum can be contained in momentum from the particles from thermal bulk and/or the
particles come from fake jet or combinatorial jet in Pb-Pb collisions.

A jet-particle azimuthal correlation is shown in Fig.3.19 as an example. Mainly we can get
five information of di-jet event from the figure as follows.
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Figure 3.19: A¢ distribution of momentum of associate particle with respect
to jet axis which is given by Eq.3.14 in pp collisions at /s =
2.76 TeV. The momentum range of associate particles divided
into four bins as shown legend in right

1. leading jet properties

We can see information of the leading jet in the near side of Fig.3.19. Average jet momen-
tum in the leading jet momentum range is shown as sum of momentum in the near-side
peak and jet shape also shown as width of the distribution.

2. Sub-leading jet properties The sub-leading jet properties can be shown in the away-side of
the distribution as well as the leading jet. However the away-side width is not only coming
from the sub-leading jet shape, di-jet axis fluctuation should be included in the away-side
width.

3. Di-jet momentum asymmetry We can see the di-jet momentum asymmetry as difference
between peak of near side and away side.

4. Underlying momentum distribution The momentum distribution of uncorrelated particle
to with respect to di-jet is shown as base line of the distribution where around —1/2m,1/27
and 3/27.
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5. Fragmentation function The distribution do not provide the fragmentation function itself
but they have the information strongly correlated to the fragmentation function. You see
the associate momentum region are separated to four bins which is shown blue, green,
yellow and red. We can see how particle distributed in the leading jet and the sub-leading
jet.

3.8.1 Comparing with MC event

In order to present we have proper tuned Monte Carlo events for the measurements. We show
the results comparing with Monte Carlo events. We compared the A¢ distribution of Data with
Monte Carlo in the whole azimuthal range and in the azimuthal range of the leading jet by fitting
gauss function.

Fig.3.20 shows an example yield of jet particle correlation on data and Monte Carlo for the
several associate particle momentum range in the same leading momentum range 20 < plfad <40
GeV/c at /s = 2.76 TeV. If you see right figure of Fig.3.20, the yield ratio of data and Monte
Carlo. The yield of data looks comparable but bit higher than the yield of Monte Carlo events.
In the near-side and the away-side, the yield ratio is in +10%. However in the other region the
ratio looks more higher around 4+20%. That indicate, Monte Carlo events can provide almost
similar jets but the difference of underlying events between data and Monte Carlo is bit large.
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Figure 3.20: A¢ distribution of momentum of associate particles with re-
spect to jet axis for data and Monte Carlo event for pp col-
lisions at /s = 2.76 TeV, Left : jet-particle azimuthal cor-
relation of data, Center : jet-particle azimuthal correlation of
Monte Carlo, Right : yield ratio of data and Monte Carlo

Fig.3.21 shows shape of the near-side peak of the jet particle correlation for data and MC. We
estimate jet width and height in momentum space fitting gauss function to the near-side peak of
the yield. Width of the near-side peak is narrow with the increasing pr of the associate particle
range and the peak height is higher with pr of the associate particle. And as far as we see the
results, Monte Carlo events are consistent with data for all the associate particle momentum
range for all the leading jet momentum range. You might have question why we have completely
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matched shape with the shape of yield of data. The answer of the question is that we applied
the fitting to the histogram with fine binning. If you look back right figure of Fig.3.20, you will
realize the yield ratio around near-side peak is close to one.
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Figure 3.21: The peak and width of near-side shape of jet-particle azimuthal
correlation estimated by fitting gauss function for data and
Monte Carlo at /s = 2.76 TeV

3.8.2 Smearing and Contaminations

So far, we provide the uncorrected distribution in pp collisions, however the distribution is
smeared by detector effects because of that we have non-ideal efficiency and finite resolution
which is shown Fig.3.3. In addition, there are contribution of contamination charged particles
which is not produced via fragmentation like decay from neutral mesons called Dalitz decay.
To extract contribution meaningful physical particles in the jet-particle correlation, we have to
estimate the ratio of physical particles in reconstructed particles. In general, the jet momentum
also corrected due to such kind effects but in this analysis we don’t correct jet momentum scale.
The reason is we would like to compare the correlation within same reconstructed jet momentum
scale. Actually we did not compare corrected distribution in pp collisions with un-corrected
distribution in Pb-Pb collisions to let the effects cancel. But it’s useful to understand physics
information in jet-particle correlations.

By the relation we can estimate the detector smearing effects and the contaminations con-
tribution in the distributions using Monte Carlo events from the relation. Fig.3.22 shows the
smearing effects in reconstructed tracks and the contaminations ratio with respect to total gen-
erated particles in jet-particle correlation within triggered leading jet momentum range. And we
can estimate the A¢ distribution of reconstructed physical particles applying correction factors
which is shown by bottom figures in Fig.3.22. It is applied for only the inclusive yield for each
trigger leading jet momentum range.If the correction factor is not applied the figure should added
tag " Uncorrected”.

When we compare the A¢ distribution in pp to compare the yield in Pb-Pb, we modified the



76 CHAPTER 3. DATA REDUCTION

A¢ distribution in pp as that the di-jet event is reconstructed in huge background to minimize
background effect when comparing with the yield in Pb-Pb. We will describe background effects
in jet particle azimuthal correlation in Sec.4.3.1.
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Figure 3.22: Top : Yield ratio to provide smearing effects by detectors
and contribution of contamination particles in jet-particles az-
imuthal correlation, Bottom : Scaling factor to correct detector
smearing effects and contamination contribution for each asso-
ciate momentum range

3.9 Background Subtraction for Jet-Particle Correlation

Before we show the results of jet-particle correlation in Pb-Pb collisions, let us explain how to
remove the background effects from A¢ distribution with respect to jet axis in huge background.
As we explained in Sec.3.6 we can estimate background momentum contribution as Eq.3.13 in
general. In jet-particle azimuthal correlation study, we can calculate the area of bins of histograms
from width of x-bin and range of 1 acceptance. In this analysis acceptance of associate particles
is chosen |n| < 0.9 which is limited by acceptance of global tracking. So the are of bins is given by
AreaP™ = 27 /Npin X 1.8, where Ny, is number of bins in A¢. However we divided the momentum
region of the associate particles into four bins. Background density is different for each associate
particle momentum range. Therefore we need to estimate the background momentum density
for each associate momentum region as same as Sec.3.6.

Fig.3.23 shows background momentum density which comes from flat component, 2nd order
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Figure 3.23: Background momentum density for each term in each momen-
tum region of associate particles

component and 3rd order component for each momentum regions of associate particles. In the
first figure from left,the momentum range is limited compared with the other. That is why the
momentum density is smaller than the other. However in figure for the other momentum region,
we can not see much difference. That suggest us background momentum is almost come from
the particles which momentum less than 3.0 GeV/c.
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Figure 3.24: A¢ distribution of momentum of associate particles as a func-
tion of their axis with respect to jet axis before background
subtracted from associate momentum distribution

Fig.3.24 shows the A¢ distributions with respect to the leading jet axis for each centrality
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before background subtracted from the associate momentum distribution. We can see offset of
underlying events with centrality. That offset comes from background particles which is generated
by thermal bulk.
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Figure 3.25: A¢ distribution of momentum of associate particles as a func-
tion of their axis with respect to jet axis after background sub-
tracted from associate momentum distribution

Checking of the method to subtract background momentum from jet-particle correlation
distribution can be cross-check of the background subtraction for reconstructed jet momentum.
If the subtraction are not working for the jet measurements, it also don’t work to subtract
background momentum from distribution of jet-particle correlation. Fig.3.25 shows distribution
of jet-particle correlation after background subtraction. As the figure shows, the background
momentum looks subtracted for each centrality. As we can see, almost offset which we saw in
Fig.3.24 is subtracted. That confirm our background subtraction works well.
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Figure 3.26: A¢ distribution of momentum of associate particles as a func-
tion of their axis with respect to jet axis for embedded PYTHIA
di-jet into Pb-Pb events

We also try the method for data which is embedded PYTHIA di-jet event as we described in
Sec.3.6. To see behavior the method that PYTHIA di-jet into events of Pb-Pb collisions, we em-
bedded jets which is generated by PYTHIA and reconstructed by GEANT3 in pp-configuration
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into events in Pb-Pb collisions at /s = 2.76 TeV.
To see background behavior in jet-particle correlation of PYTHIA embedded data we apply
event selection as following,

e Di-jet event selection
° Matching axis AR(jetlead—reconstructed o jetlead—embedded) < 0.3

Fig.3.26 shows yield of jet-particle correlation for embedded PYTHIA jets which recon-
structed from data of Pb-Pb for each centrality. As we had seen the behavior to subtract
background the distribution of PYTHIA which is embedded to Pb-Pb data.The background
subtraction method looks completely working for jet-particle correlation measurements, as we
mentioned that the result conform background subtraction for reconstructed jet momentum also
should work.
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Figure 3.27: jet-particles azimuthal correlation in the momentum range of
leading jet 20 < plﬁad*jet < 40 GeV /c for each centrality and for
each associate momentum range. It is plotted the result with
three back ground subtraction method. Blue line shows the
distribution with only flat background subtraction. Violet line
shows the distribution with flat and elliptic flow subtraction.
And green line shows the distribution with flat , elliptic and

triangular flow subtraction.

However we have to mention about base line of the distribution is smaller than zero in mid-
central and mid-peripheral on Fig.3.25. And we can not see over subtraction which is appeared
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in Fig.3.25. We are investigating the issue now. And it might be solved by tuning of parameters
for the background estimation. But the effects might come from physics effects. In this analysis
we keep the case because when we compare the yield of Pb-Pb with pp which is reconstructed
in huge background, the effects can be ignore because almost technical systematic uncertainty
should be canceled.

We checked contribution of background for each term in jet-particle correlations. The jet-
particle correlations for each centrality and for each momentum range of the associate particles
is shown in Fig.3.27. We test three background estimation. The first one is only flat background
subtraction for jet reconstruction and momentum weighted azimuthal distribution(blue line).
The second method is considered flat term and elliptic flow term in background estimation(violet
line). And the last one is considered flat, elliptic flow and triangular term in background(green
line). Violet line and green line are almost over rapped for all centrality and all momentum
range of associate particles. There are clear difference between blue line and the others in low
momentum range in the mid-central and the mid-peripheral. That results confirm that flow push
the momentum of reconstructed jet. And magnitude of pushing by triangular is smaller than the
magnitude of pushing by elliptic flow.

3.9.1 Systematic Uncertainties

In this analysis, we scale momentum weighted azimuthal distribution by number of triggered
events. Therefore systematic uncertainty which come from trigger efficiency is canceled as def-
inition. And, we have fine jet axis resolution and track axis resolution, so the effects can be
ignorable.

It is considered as systematic uncertainties in jet particle azimuthal correlation as following.

e Momentum resolution of global track reconstruction +5%

As we seen in right figure of Fig.3.3, the maximum momentum resolution of tracks is
10%. In this measurement, we add 5% uncertainty in the systematic uncertainty to get
conservative results.

e Reconstruction efficiency of global track reconstruction +5%

The statistical error in the track reconstruction efficiency can be systematic uncertainty,
the maximum statistical errors in both of pp collisions and Pb-Pb collisions are around 3%.
In this analysis, we added 5% uncertainty in the systematic error.

e Contaminations +1% with respect to the distribution

It are contained charged particles from gamma conversion and neutral particle decay about
6% in the low momentum region 2% in the high momentum region with respected to all
reconstructed particles. In this analysis, we add 1% with respect to the yield of momentum
weighted azimuthal distribution into systematic error for the contaminations.

e Momentum scale in jet reconstruction £10%

For the momentum of reconstructed jets, the jet momentum scale can be changed by the
momentum scale and the efficiency of the charged track reconstruction. And it is possi-
bility to change the jet momentum by species of jet finding algorithm, parameters of the
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algorithm. In pp collisions, we correct the distribution to extract meaningful information
of the physical particles. And the correction factor was estimated using Monte Carlo event.
Therefore we have to take into account the difference of data and Monte Carlo. We lump
these kind of effects in the jet momentum scale. In this analysis, we estimate uncertainty
in the jet momentum scale +10%.

For Pb-Pb collisions, we don’t apply any correction. So we don’t have to consider the
difference of data and Monte Carlo. However we have uniform back ground like as the
underlying event and the soft particles from the thermal bulk. The average difference of
the flat background density is £1 GeV/c for all centrality except peripheral. And the
average area of the reconstructed jets are 0.5. So the jet momentum can be changed in
the range +0.5 GeV/c. To cover the range we keep +10% for the jet momentum scale in
Pb-Pb collisions.

e Flat back ground density for associate particles £1GeV/c (in Pb-Pb collisions)

The background density of the flat term affect not only the jet momentum but also the asso-
ciate particles yield. The uncertainty comes from the method of the background estimation
and their parameters. We estimate the systematics uncertainty 1 GeV/c by Fig.3.11. And
in the peripheral we decrease 2 GeV/c per unit 7-¢ space.

e Anisotropic back ground density +£5% for 2nd and 3rd order (in Pb-Pb collisions)

In Pb-Pb collisions, we have non-uniform background, we also add for each term 5% which
estimated by the maximum difference in Fig.3.11.



Chapter 4

Results and Discussions

In Chapter.3, we have described the detail of the analysis method of the jet measurements in
ALICE and the jet-particle azimuthal correlations. In this chapter, we show the physics results
in the jet-particle azimuthal correlations to extract the information of jet modification in Pb-Pb
collisions. We show the distributions in pp collisions, followed by those in Pb-Pb collisions.

In the studies at CMS experiment, the missing momenta with respect to the di-jet axis
have been measured to understand the particle re-distribution phenomena by jet modification.
In the measurements by CMS, the momentum of particles are canceled out which distribute
opposite direction along the di-jet axis to cancel out the background effects along di-jet axis like
elliptic flow although the momentum of particle has the information of jet modification. And the
measurements also do not provide the properties of jet, like spread angle, fragmentation function,
and average momentum of the leading jets and the sub-leading jets.

In contrast, in this measurements, we can see average momentum of the jets and the particle
distribution in the leading jet and the sub-leading jet individually with spread angle. Therefore
we can extract jet properties in di-jet. And we also can extract jet modification effects in jets
comparing the distribution in Pb-Pb collisions with those in pp collisions.

4.1 Jet-Particle Correlations in Proton-Proton Collision

First of all, we check behavior of the jets in pp collisions as a reference. Especially we provide
momentum of the leading jet dependence of the jet shape. The momentum dependence is com-
pared with the results on Pb-Pb collisions. And then we check the di-jet properties dependence
to see more detail of jets in pp collisions, like particle multiplicity in the leading jets and the
di-jet momentum asymmetry. We do not engage in deep discussion in this thesis, but these di-jet
properties dependence are nice reference of jet modification in Pb-Pb collisions.

4.1.1 Leading Jet Momentum Dependence

Let’s have a look at the momentum dependence of the corrected yield of the jet-particle azimuthal
correlations. The detail of the measurements are described in Sec.3.8.

Fig.4.1 shows the momentum weighted azimuthal distributions of associate particle with
respect to the leading jet axis for each momentum region of the associate particles; the lowest
momentum bin is 0.15 < p§¥° < 1.5 GeV/c, the following bin is 0.15 < p§¥° < 3.0 GeV/c, the

82
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Figure 4.1: Momentum weighted azimuthal distribution of associate parti-
cles with respect to jet axis for each momentum range of leading
jet at /s = 2.76(Top) and 7 TeV(Bottom), divided into three

leading jet momentum region

2nd highest bin is 0.15 < p§*° < 4.5 GeV/c and the highest bin is 0.15 < p5° GeV /c. We also
divide the momentum range of the leading jet into three bins; the lowest bin of jet momentum
range is 10 < pi¢ad < 20 GeV/c, the following bin as 20 < p'a < 40 GeV/c and the highest bin
as 40 < plfiad < 80 GeV/c. Due to the statistical limit, we only show till the 2nd momentum bin
for /s = 2.76 TeV.

The systematic uncertainties(see Sec.3.9.1) are described in the lower small panel of the
figures. As we look at the uncertainties, the uncertainties in lowest momentum bin of associate
particles(0.15 < p§**° < 1.5 GeV/c) shows 10% in all azimuthal range with respect to the leading
jet axis(A¢). But the uncertainties of the highest bin(0.15 < p§>*° GeV/c) shows around 20%
in close to the near-side peak and the away-side peak and around 10% in between the near-side
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peak and the away-side peak.

As seen in the three bottom figures of Fig.4.1, the A¢ distribution at /s = 7 TeV shows that,
the near-side peak become higher with the increasing the leading jet momentum and the fraction
of the high momentum particles also looks increasing with the leading jet momentum. On the
other hands the distribution of the lower momentum bin of associate particles does not strongly
depend on the leading jet momentum. This fact indicates that the fragmentation function(see
Eq.1.34) in low momentum particle does not strongly depend on the jet momentum because the
fraction of each momentum bin of the associate particle strongly related to the fragmentation
function. The behavior also can be seen in the away-side peak. The distributions at /s = 2.76
TeV which are shown on top in Fig.4.1 has same behavior of bottom figures.

The summary of the momentum dependence of the leading jet as following.

e The peak height of the near-side and the away-side become higher with the increasing jet
momentum.

e The fraction of the high momentum particles is increasing with the leading jet momentum.

e The fraction of the low momentum particles do not strongly depend on the leading jet
momentum.

e The distribution in pp at /s = 2.76 TeV looks similar to the distribution at /s = 7 TeV.

4.1.2 Mff‘flfjet and A; Dependence in Jet-Particle Correlation
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Figure 4.2: left : the distributions of multiplicity of constituents particles
in leading jet, Mi?dfjet normalized by total entry of the dis-
tribution, center : the distributions of di-jet momentum asym-
metry Aj _ (p?lbleading o pl;ading)/(p?lbleading +p1;ading)’ I‘ight .
correlation of the constituents multiplicity and the momentum

asymmetry

Let’s explore in more detail of the di-jet properties. We see two type of properties; con-
stituents particle multiplicity in the jet Mizaftfi_m and di-jet momentum asymmetry A;. First
property is the constituents particle multiplicity dependence in the leading jet. The number
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of constituents in the jets depend on parton species of the seed of the jets. It is known that
gluon jets tend to have high multiplicity than quark jets[42]. Therefore the dependence of the
properties provide knowledge of seed parton. It is also important to check effects of particle
fluctuation in the distributions when we measure for the huge particle multiplicity events like
Pb-Pb events. And the latter property is the di-jet momentum asymmetry A; dependence. It is
also important to check, because, we might use the di-jet momentum asymmetry to control the
pass length in Pb-Pb collisions. The dependence is useful reference to investigate the effects. For
the measurements we only provide the results of the distributions within the momentum range
of the leading jet 20 < p'ad < 40 GeV/c at /s = 7 TeV due to statistical limit of di-jet event
at /s = 2.76 TeV. And for the study we do not apply any correction to the distributions. We
describe the dependence of the particle multiplicity in the leading jet at first. Then we provide
the dependence of the di-jet momentum asymmetry.

Fig.4.2 shows the properties of the di-jet which are analyzed. The left figure shows the
lead—jet
ref.

by total entry of the distribution. And the center figure shows the distributions of the di-jet

momentum asymmetry, Aj _ (pgybleadlng . pl;adlng)/(pgllbleadmg + pl;admg)

distributions of multiplicity of the constituents particles in the leading jet, M normalized
normalized by the
entry.

The average value of the highest momentum bin of the leading jet is larger than the value of
the lowest momentum bin of the leading jet in the both figures the left and the center in Fig.4.2.
This indicate the constituents multiplicity and the momentum asymmetry is increasing with the
momentum of the leading jet. According to the right figure of Fig.4.2, The average of A; goes
up with Mi?i_jet that means, the di-jet momentum asymmetry increase with the multiplicity.

lead—jet
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Figure 4.3: Jet-particles azimuthal correlations shown for three bins of
the constituents multiplicity in the leading jet Mﬁfﬁﬂet at pp

Vs = 7 TeV, the left for 1 < Mead=Iet 7 the center for

ref.

7 < Meadet o 10, the right for 10 < icad—jet

ref. ref.

At first, we see the multiplicity dependence in the leading jet. We divide the center figure
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of bottom in Fig.4.1 into three multiplicity bins of the constituents particles in the leading jet
Mff‘.d_‘]et. The smallest bin provide the distribution in the range of Mﬁfiﬂet, 1< Mﬁéﬂet <T.
The range of following bin is 7 < Mﬁfiﬂet < 10. The range of last bin is 10 < Mﬁfiﬂet.

The features we can get from Fig.4.3 are the following,

e The width of the near-side and the away-side peak seem to be broader with Mﬁfi_jet,

e The fraction of the high momentum particles is decreasing with Mﬁ.d_jet,

e The momentum of the background particles is slightly increasing with Mi?d_jet.

If we trigger the high multiplicity jets, shape of the jets is broader, and the leading jets tends
to be triggered in the high multiplicity events. It is interesting that not only the peak is broader
and the fraction of the high momentum particles is lower in near-side but also in the away-side.
That can be understood as that, the probability of gluon jets are higher in the high multiplicity
jets because gluon jets fragment with high particle multiplicity compared with quark jets[42].

A; Dependence

We also see the dependence of momentum asymmetry A;. We divide the center figure of bottom
in Fig.4.1 into three A; bins. The smallest bin provide the distribution in the range of Aj,
0 < Aj < 0.19. The range of the following bin is 0.19 < A; < 0.38. The range of the last bin is

0.38 < A;.
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Figure 4.4: Jet-particles azimuthal correlations shown for three bins of di-
jet momentum asymmetry A; in pp collisions at /s = 7 TeV,
the left for 0 < A; < 0.19, the center for 0.19 < A; < 0.38, the
right for 0.38 < A;.

The summary of Fig.4.4 is following,
e The height of the away-side peak is lower and width is broader with A;,

e There are no much difference in shape of the near-side in all A; bins, but the peak of the

near-side is slightly higher with A;.
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The peak of the away-side in Fig.4.4 is lower and width is broader with A;. That dependence
comes from that if we select the large asymmetrical di-jet, average momentum of sub-leading jet
should be lower. That is how we trigger low momentum jet as the sub-leading jet. And if we
select such di-jet sample, average momentum of the leading jets also be higher relatively. That
the reason why the peak of the near-side looks slightly higher with increasing A;. In prospective
measurements, we might classify the di-jet events using the momentum asymmetry to control
pass length, the results should be the references for the future measurements.

4.2 Jet-Particle Correlations in Pb-Pb collision

Let us begin to show the results of the jet-particle correlations in Pb-Pb collisions. The anal-
ysis detail of the jet-particle correlations in Pb-Pb collisions is in Sec.3.9. In this section, we
provide the results to know as much about the picture of jet modification in Pb-Pb collisions
due to interaction between partons from hard scattering and constituents partons of hot/dense
matter. In this measurements, we focus on the leading jet momentum dependence, the centrality
dependence and the angular dependence with respect to the event plane. For the measurements
we shed light on the knowledge of pass length dependence of the jet modification. As we have
explained in Sec.3.2 and Sec.3.3, in the experiment, we control collision geometry by the central-
ity and the event plane. Therefore we can assume the pass length of the parton by the collision
geometry and the jet axis with respect to the event plane. In the latter section we discuss particle
re-distribution due to jet modification comparing the results on Pb-Pb collisions with the results
of pp collisions.

4.2.1 Leading Jet Momentum Dependence

As well as the measurements in pp collisions, we check the momentum dependence of the leading
jet in the jet-particle correlations in Pb-Pb collisions. Fig.4.5 shows the momentum weighted
azimuthal distributions of the associate particles with respect to the leading jet in central colli-
sions(top) and mid-central collisions(bottom). The systematic uncertainties are described in the
lower panel of the figures.

In the near-side peak, it is denoted the same trends in the near-side peak in pp collisions
as follows. The height of the peak become higher with the leading jet momentum. And the
momentum fraction of high momentum particle also increases with the increasing the jet mo-
mentum. The shape of the correlation in low-momentum particles looks similar for all the leading
jet momentum region. In away-side, the height of peak also increase as well. The fact confirm
the away-side peak is not made by only the background particles fluctuation, even if the shape
of away-side do not looks like jet. If all the sub-leading jet come from the background particles
fluctuations, the away-side peak should not increase with increasing the leading jet momen-
tum. These picture in away-side consistent the picture of measurements by CMS. However it is
still unknown, how to be thermalized high momentum particles to low momentum particles in
jets, because we still don’t know the effects of thermal bulks fluctuation and flow effects in the
measurements.

The summary of the section is following,
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Figure 4.5: Jet-particle azimuthal correlations after background subtrac-
tion in the central collisions(top) and the mid-central colli-
sions(bottom) for each the leading jet momentum

e The height in the near-side and away-side peak is higher with the increasing momentum of

the leading jet,

e The fraction of the high momentum particles is increasing with the momentum of the

leading jet.

4.2.2 Centrality Dependence

Let’s see the A¢ distributions which are shown in Fig.3.25 again. The left four figures in Fig.4.6
are the same figures in Fig.3.25 and the right most figure shows the distribution in the same
momentum range of the leading jet in pp collisions at the same collision energy. The systematic
uncertainties are described in lower small panel.

As we see, the near-side peak and the away-side peak are getting sharper from the left to
the right. And the fraction of the high momentum particles in the near-side and the away-side
are also increasing compared with the left figure. That means, jet modification is stronger in
the central collisions. And the average pass length of partons should be longer in the central,
because system size is larger in the central collisions compared with the peripheral. The fact
indicates, jet modification is stronger with the pass length of partons in the QGP. The yield in
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the peripheral which is the 2nd figure from right looks similar to those of pp collisions. This
is because the peripheral collisions are considered to almost be super position of multiple NN
collisions. The shape of the mid-peripheral(at center) looks different compared with the shape
of the peripheral(2nd right) and the left three figures looks similar compared with next figure of
the three. This may imply a possibility that jet modification effects may saturate in rather short
pass length.
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Figure 4.6: The momentum weighted A¢ distribution of the associate par-
ticles with respect to the leading jet axis in Pb-Pb collisions at
Vs = 2.76 TeV. The distributions are shown for centrality bin of
0-5%(left), 5-30%(2nd left), 30-60% (center), 60-90%(2nd right) .
And the most right figure shows the distribution in pp collisions
as a reference

Fig.4.7 shows the peak height and the width of the near-side of A¢ distributions of the jet-
particle correlation as a function of the momentum range of the associate particles. To determine
the height and the width we fit gaussian function to the near-side peak. The widths of the near-
side peak as a function of associate p77*° for each centrality are shown in the top two figures. The
bottom figures shows the height of the near-side peak as a function of p§**° for each centrality.
We divide the momentum range of the leading jet into two bins, the lower momentum bin is
10 < piad < 20 GeV/c, and the higher momentum bins is 20 < p'ead < 40 GeV /c.

As seen Fig.4.7, the width of the near-side peak is getting narrow with the momentum of
the associate particles in all the centrality. In the peripheral collisions, the width of the near-
side is sharper than the width of the other centrality. And there are not much momentum
dependence of the leading jet. The trend is also seen in pp collisions (Fig.3.21). In Fig.4.7, we
can see the centrality dependence of the peak height. In peripheral collisions, the peak height is
getting higher with the momentum of the associate particles p5**°. The height of the near-side
in the peripheral has the same trend of pp collisions(Fig.3.21). This confirm the leading jet in
the peripheral collisions has similar behavior to the leading jet in pp collisions. In contrast, in
the central collisions, clearly different behavior is seen from pp collisions. The peak height is
decreasing with the decreasing p3*° both momentum ranges of the leading jet. And the height
of the low momentum range of the associate particles in the central collisions is higher than the
height in the peripheral collisions. In contrast, the height in central collisions is lower than the
height in the peripheral collisions in the high momentum region of the associate particles. It is
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considered that the fraction of the high momentum particles is suppressed and the fraction of
the low momentum particles is enhanced by jet modification effects.
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Figure 4.7: Top : the width of the near-side peak as a function of momen-
tum range of the associate particles p7*° for each centrality,
divided into two momentum ranges of the leading jet. Bottom
: the height of the near-side peak as a function of p7**° for each
centrality. The width and the height are estimated by fitting

gaussian function

4.2.3 Dependence of Azimuthal Angle with respect to the Event Plane

Jet-particle azimuthal correlation is useful tool to understand bias of flow in jet reconstruction
and the pass length dependence of jet modification in the QGP. In heavy ion collisions, there
are anisotropy in the particle distribution with respect to the event plane as seen Sec.1.4.3. If
we trigger the jets that the axis point to the event plane, the reconstructed jet momentum is
pushed up by the flow, in contrast, we choose jets which point to the out-of plane we have jet
sample which non-pushed momentum up by the flow.

We estimate the backgrounds which come from the uniform background, the elliptic flow and
the triangular flow individually (see Sec.3.6). Therefore we can see the flow effects on jet shape
for each term.

We provide two type of the yields for the each jet axis class with respect to the event plane on
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Figure 4.8: jet-particles azimuthal correlation in the momentum range of
leading jet 20 < pl_ﬁad_jet < 40 GeV /c for each centrality and for
each associate momentum range. In this figure, it is estimated
back ground effects of elliptic flow and triangular flow comparing
yield with only flat background subtraction and full back ground

including elliptic flow and triangular flow.

Fig.4.8; the first one is the A¢ distribution with only flat background subtraction, the 2nd one
is the A¢ distribution with full background subtraction including the elliptic flow term and the
triangular flow term. As seen the flat only subtracted yield for the in-plane and for the out-plane,
the results still has flow effects from 2nd order and higher orders. On the other hands when we
see the yield which subtracted the background effects including the 2nd order and the 3rd order,
that all background effects should be subtracted, therefore the flow effects in A¢ distribution is
minimized but the pass length dependence of jet modification should be still there.

As shown in the most left figures on 2nd from top and 3rd from top, there are drastic
difference between the distribution for the in-plane and the out-plane with only flat background
subtraction. The heights of peak in the near-side peak and the away-side for the in-plane are
higher than the height for the out-plane. In contrast, the distributions for the in-plane and
the out-plane with full background subtraction are almost overlapped. This fact indicate that
elliptic flow push momentum of jets up which axis point to the event plane, but pushing effects
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in the distribution by the anisotropic flow are minimized using the background subtraction
method. And the difference of the distribution between for the in-plane and for the out-plane with
only flat background subtraction looks stronger in low momentum region of associate particles,
in particular, at the mid-central and the mid-peripheral. This is consistent, flow effects in
momentum distribution are stronger in the low momentum particle region, and the elliptic flow
is stronger at the mid-central and the mid-peripheral.

Summary from the event plane dependence in the A¢ distribution is following,

e The background subtraction method is working to reduce background effects including the
anisotropic flow effects in jet measurements,

e Elliptic flow push momentum of jets up which axis point to the event plane,

e The effects of elliptic flow is stronger in the low momentum region of the associate particles,
in particular, at the mid-central and the mid-peripheral.

4.3 Discussions

So far, we have seen the jet momentum and the shape of jets using jet-particle correlation in pp
and Pb-Pb collisions. In particular, we focus jet momentum dependence, centrality dependence
and azimuthal dependence with respect to the event plane. Before starting the discussion, we
would like to bring up what we know and the issue we have to know. Here is the list.

e The fraction of the high momentum particles depends on the jet momentum

e Jet modification looks depending on the centrality

Jet modification effects may saturate in rather short pass length.

Jet momentum scale in Pb-Pb collision can be different from the scale in pp collisions by
jet modification and background particles.

Momentum weighted azimuthal distributions with respect to the jet axis can also be
changed due to jet modification and background particles

4.3.1 Background Effects in Jet-Particle Correlation

In this measurements, we subtract background momentum from the associate particle distri-
butions. However the fluctuation effects from backgrounds of huge particle density are still
unknown. Therefore, in order to extract information of particle re-distribution by jet modifica-
tion, we have to estimate the fluctuation effects in Pb-Pb collisions. But we can not divide the
effects from jet modification effects in jet-particle correlation in Pb-Pb collisions. To estimate
the effects, we try to reconstruct jets which is generated by PYTHIA in huge number of particles
and see modification in the A¢ distributions of the associate particles.

Fig.4.9 shows A¢ distributions which are reconstructed embedded PYTHIA di-jet in data of
Pb-Pb collisions. Details of the method are described in Sec.3.9. The most right figure on the top
shows the embedded PYTHIA events, and the left four figures shows the yield of reconstructed
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Figure 4.9: Jet-particle correlation of PYTHIA di-jet which embedded to
data and scaling factors to modify the yield in pp collisions to
include the background flow effects into the distribution. Top
. Jet-particle correlation of PYTHIA di-jet for each centrality
and of embedded PYTHIA di-jet. Bottom : Scaling factors to
include background flow effects into jet-particle correlation in
pp collisions.

PYTHIA jet in Pb-Pb collisions for each centrality. In the left figures, the background momentum
in jets (see Fig.3.14) and the modification of the distribution due to background particles are
included. If we divide the left four figures by the most right figure, we can get the scaling factors
by background effects as seen in bottom figures of Fig.4.9. Then now, we get scaling factors to
apply background particle effects the results of pp collisions. If we apply the scaling factors, we
get the yield when we embed jets in pp into huge background of Pb-Pb environment.

The left four figures in Fig.4.10 shows the modified distributions of A¢ distribution in pp
collisions by scaling factors which are shown in bottom figures of Fig.4.9. And the most right
figure in Fig.4.10 shows the A¢ distributions before applied scaling factors. It is included effects
of the huge background particle into the A¢ in pp collisions including the combinatorial jets
effects applying the scaling factors.

The fraction of the low momentum particles is enhanced in the central. And width of jet
in the near-side and the away-side are wider in the central. And the modification effects looks
stronger in the central compared with the peripheral. In addition, the shape of the away-side in
the central collisions in Fig.4.10 is similar to the shape of the away-side in central collisions in
Fig.4.6. That indicate, we can assume background effects correctly, and the shape modification
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Figure 4.10: jet particle correlation modified by scaling factor which is
shown in bottom figures of Fig.4.9 for each centrality.

of the away-side in the central is determined by the fluctuation of background particles. Then
we finished to prepare to compare the A¢ distributions of Pb-Pb and pp collisions to extract jet
modification effects.

4.3.2 Systematic Uncertainties for PYTHIA di-jet embedded events

We have to consider systematic uncertainties for the embedded di-jet sample. It is considered as
systematic uncertainties for embedded PYTHIA as following.

e Momentum resolution of track reconstruction £5%
e Reconstruction efficiency in global tracking —5%

e Contaminations +1% with respect to the yield

e Momentum scale in jet reconstruction +10%

e Flat back ground density for associate particles +1GeV/c (+1, -2 GeV/c for peripheral in
20 < piad < 40 GeV/c)

e Anisotropic back ground density +5% for 2nd and 3rd order

Almost same uncertainties in Pb-Pb collisions are considered for embedded PYTHIA. How-
ever, we knows tracking efficiency in Pb-Pb collisions is 5% wroth with respect to the efficiency
in pp collisions. In this measurements, we embedded PYTHIA di-jets which are reconstructed
in low tracking multiplicity environment by GEANT. So we apply the uncertainties for only the
embedded jets sample.

4.3.3 Particle Re-distribution

To extract information of the particle re-distribution effects by jet modification. We compare
the yield of momentum weighted A¢ distributions in Pb-Pb collisions and pp collisions which
are scaled for the background fluctuation effects. The difference of the yields can be calculated
as following (see Appendix.A),
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If we calculate the difference for each momentum region of associate particles, we can see shift
of the fraction of the particles in Pb-Pb collisions. The shift indicate particle re-distribution due
to jet modification by parton interaction in hot/dense matter.
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Figure 4.11: Top : Jet-particle correlations in Pb-Pb collisions for each cen-
trality. Center : jet-particle correlations in pp collisions which
are modified to include background flow effects and background
jets effects into the yield of pp collisions. Bottom : Difference of
the distribution of Pb-Pb collisions and pp collisions. The dis-
tribution provide jet modification effects in momentum range
of the reconstructed jet 20 < pi¢ad < 40 GeV/c

The top four figures of Fig.4.11 provide the A¢ distributions with respect to leading jet axis
shown in the momentum range of the reconstructed jet 20 < p'¢2d < 40 GeV /c in Fig.4.6(YFP~FP).
And the left four figures in the middle are the yields of pp collisions applied the scaling factors(YPP),
and the original distributions are the most right in the middle. The fraction of high momentum
particles in the peak in the near-side and the away-side on the top figures looks suppressed com-
pared with the fraction in the peaks on the middle figures for all centrality. If we have a look
the away-side shape in central(most left figure) the shape looks not peak in the top figures but
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we can see similar shape in the middle figures. That indicate, the embedding method works well
to estimate the fluctuation of background particles in the A¢ distribution and the away-side jets
are made by the fluctuation of background particles.

If we compare the top figures and the middle figures in the same centrality range, we can
see jet modification effects in the near-side and the away-side. The bottom figures shows the
differences of the top and the middle figures. The differences provide the A¢ distributions of the
re-distributed particles due to jet modification. In the middle figures, background effects which
come from the background flow and the background jet are included in the A¢ distributions
and the reconstructed jet momentum. So the effects of backgrounds in the bottom figures are
minimized when we subtract the distributions in the middle(YPP) from the top(YFP~FP). Then
we can see clearly which momentum in the azimuthal angle with respect to jet axis are decreased
and which momentum in the angle are increased by jet modification.

According to the bottom figures in Fig.4.11, the difference of the yields of Pb-Pb and pp in the
high momentum particle makes valley and in the other momentum bin of the associate particle
makes peak at A¢ = 0 and = 7 for all the centrality. And it looks balanced of the decreased
momentum in the high momentum region of the associate particles and increased momentum in
the low momentum region. Then we can see the width in the low momentum of particles looks
wider compared with the width of distribution in the high momentum of particles. And the low
momentum particles looks re-distributed into large spread angle compared with cone radius.

Through the measurements, we get the signal of the suppression of the high momentum par-
ticle production and the enhancement of the low momentum particle production. And the total
momentum of the suppressed particle production and the enhanced particle production is almost
balanced. That indicate, the decreased momentum of the high momentum particle production
is re-distributed to produce particles in the low momentum range. And the spread angle of the
re-distributed particles is larger than the azimuthal range of the missed high momentum parti-
cles. The trend that the production of the high momentum particles are suppressed is consistent
with the results of modification in the two particle correlation which are shown Fig.1.11. And
it also consistent with the results of the missing momentum measured by CMS which are shown
in Fig.1.14, that the low momentum particles are re-distributed with the large spread angle. As
just explained, the results are qualitatively-consistent with the previous measurements. We see
jet modification in the leading jet and the sub-leading jet individually, we confirm the jet modi-
fication effects are not only in the away-side but also in the near-side. That issue was unknown,
because ALTAS and CMS measured relative missing energy(or momentum) between the leading
jets and the sub leading jets.

It is interesting that the modification effects looks almost same in between the central and
the mid-peripheral. That indicate it is one of possibilities in the jet modification pictures that
the jet modification has pass length dependence but the effects saturate in rather short pass
length. To investigate more detail, we have to compare the distributions in the same momentum
range of initial parton jet. In this analysis, we compare the distributions in the same momentum
range of reconstructed jet which is included jet modification effects. That means, we compare the
distribution in the different momentum ranges of initial parton jets which are not effected by the
jet modification. That is why, the saturation effects might come from the cocktail of the difference
of energy range of initial parton jet and the surface trigger effect due to the jet modification.
After carefully observing the centrality dependence, jet modification looks gradually decreasing
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from central to mid-peripheral. In this measurements, we regard the particles distributed to
almost uniform with respect to the jet axis as the background particles. The effects can be
the cause to change scale of the jet momentum and we might subtract the momentum of the
re-distributed particles as background. And the effects can be seen in the away-side though the
effects looks smaller in the near-side. To investigate, the issue it is needed to measure in same

momentum range in initial parton jet.
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Figure 4.12: A¢ distribution of re-distributed particles in momentum range
of reconstructed jet 10 < plrﬁad < 20 GeV/c in top figures,
20 < piad < 40 GeV/c in bottom figures

Fig.4.12 shows pp-distribution subtracted momentum weighted azimuthal distribution for
each the leading jet momentum. In the top figures, jets in the momentum range 10 < plﬁad <
20GeV /c is chosen as trigger jet. And in bottom figures, the momentum range of the leading jet is
20 < plj‘?ad < 40GeV /c. In the range of the high momentum jets, the similar centrality dependence
is observed within the low momentum range of the leading jet. The differences between increased
momentum in the low momentum particles and decreased momentum in the high momentum
particles, become larger with the increasing leading jet momentum. That suggest us the jet
modification effects increase with the increasing jet momentum.

To investigate particle re-distribution by jet modification, we integrate the differences of
between the A¢ distributions in Pb-Pb collisions and pp collisions. Fig.4.13 shows the integral
values as a function of the associate particle momentum for each centrality divided into the
two leading jet momentum range. Top figures shows the value of integral for the near-side the
range with respect to the leading jet is —0.5 < A¢ < 0.5 rad, and the bottom figures shows
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Figure 4.13: Sum of momentum difference between jet-particle azimuthal
correlation of Pb-Pb and pp as a function of associate particles
for each leading jet momentum. Top figure shows it for near-
side peak (—0.5 < A¢ < 0.5), and bottom for away-side (2.04 <
A < 4.24).

for the away-side in the range 2.04 < A¢ < 4.24. The integral value provide the total modified
momentum in the A¢l range and momentum rage of the associate particle. And the gradient is
correlated to the strength of jet modification.

It looks balanced the decreased momentum in the high momentum range of associate particles
and the increased momentum in the low momentum range. In the near-side, the slope of the
peripheral is smaller than the slope of the other central region. That means, modification effects
are smaller in the peripheral collisions. For other centrality, it is almost same slope in systematic
error. If we compare right figure with left figure on the top. We can see slope is larger with the
momentum of the leading jet. In the away-side peak, we have large systematic uncertainties in
particular in the low momentum particle region. Therefore it’s is difficult to discuss the physics
for the away-side. However, if we compare the points for the mid-peripheral in the top figure
with the low figure, slope of the top figure is larger than the bottom. That confirm the total
modification effects depend on momentum of jets. So that we select lower momentum jets with
respect to the leading jet as the sub-leading jet.

4.4 Summary

The first data of pp and Pb-Pb collisions with highest energy in the world are analyzed for
jet measurements. Through the measurements, we conform the analysis method of jet-particle
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correlation is useful to investigate jet properties. Then we see jet properties in pp collisions and
Pb-Pb collisions using jet-particle azimuthal correlations.

In proton-proton collisions, we see momentum dependence of the leading jet, Mffe‘jcd depen-
dence and A; dependence in the jet-particle azimuthal correlations. We see that the jet shape
is sharper and the peak is higher with jet momentum, jet shape is broader with Mffe‘?d and the
shape is broader and the peak is lower in the away-side with in large A;.

In Pb-Pb collisions, we check the leading jet momentum dependence, the centrality depen-
dence and the axis dependence with respect to the event plane in the jet-particle correlations.
We see that the jet shape is sharper and the peak is higher with jet momentum, the jet shape is
sharper and the higher is from the central collisions to the peripheral collisions and we can’t see
significant difference between the in-plane and the out-plane.

Finally, we extracted information of the particle re-distribution comparing the distribution
of Pb-Pb and pp collisions. By through the measurements, we got the knowledge as following.

e We can see particle re-distribution effects in the leading jet and the sub-leading jet indi-
vidually.

e The momentum fraction of the high momentum particles is suppressed due to jet modifi-
cation.

e The momentum fraction of the low momentum particles is enhanced due to jet modification.

e The missing momentum of high momentum particles re-distribute into low momentum
particles with large spread angle.

e The decreased momentum in high momentum region of the associate particles and increased
momentum in low momentum region looks almost balanced.

e Jet modification quantity is increase with the leading jet momentum.
e [t is possibility of that jet modification effects saturate in the short pass length.

To investigate more detail of jet modification, it is need to compare the distribution of Pb-Pb
collisions and pp collisions in same momentum range of initial parton jet. To do that we have
to start to tune up event generators which consider jet modification to get information of jet
momentum scale due to jet modification. And this results, are the benchmark to tune up the
Monte Carlo, because we measure the modified momentum with their spread angle.



Chapter 5

Conclusion and Future

In the nature around us, quarks and gluons are confined in hadrons due to ”confinement of
quarks”. However, the coupling strength of the QCD between quarks and gluons is to be asymp-
totically weaker with the increasing their energy. At high temperature the quarks and gluons
move freely beyond the boundary of hadrons. Such high energy state is called Quark-Gluon
Plasma(QGP). To create such state on the earth, the ultra relativistic heavy ion collision is
unique tool.

It has been observed several signatures of the QGP formation at the Relativistic Heavy
Ion Collider(RHIC). Suppression of high momentum particles is one of the signatures. High
momentum particles are known to be produced in characteristic phenomena, jet , where high
momentum particle are produced in cluster. The jet is produced when parton in each projectile
is scattered with large momentum, followed by fragmentation into many hadrons.

It is considered that the cause of the suppression of high momentum particle is due to the
characteristic energy loss of the parton in the QGP. On the other hands, many low momentum
particles are formed at characteristic energy loss and the additional instead large angles from
original low momentum particles is often called modification of jet. In theoretical approach, the
energy loss and the shape modification of the jet is strongly relate to properties of hot/dense
matter particularly gluon density and initial temperature of the QGP. Therefore study of jet
modification is a good tool to investigate the properties of the QGP. Experimentally it is very
important to measure the energy loss together with the energy re-distribution at large angles.

At the RHIC, it is difficult to collect enough data because of its low rate. The production
cross-section of jet is strongly related to the collision energy. The Large Hadron Collider(LHC)
starts nuclear-nuclear collisions with highest energy from 2010. LHC provides good opportunity
to study the jet physics in heavy ion collisions to investigate parton interaction between jets and
the QGP with higher statistics. Former study of the jet physics in heavy ion collisions has been
done at the LHC by CMS. They have suggested the existence of re-distributed particles at large
angles. In their study, the information of the spread angle is minimum and they can not see
detail of jet modification.

In this paper, a new analysis method is proposed in order to see the modified energy(or
momentum) with the spread angle. Proposed new method handles the momentum weighted
azimuthal distribution of the associate particles with respect to the leading jet and direct com-
parison of pp and Pb-Pb collisions have been done. In this thesis, the centrality dependence and
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the leading jet momentum dependence are shown to extract jet modification effects, which shed
light on the knowledge of the pass length dependence of jet modification.

We observe that the low momentum particles are re-distributed at large angles in the away-
side of the jet with respect to the leading jet. This feature is consistent with CMS results.
Furthermore we see the re-distributed momentum in the near-side. The missing momentum
and the re-distributed momentum is found to be almost balanced. We see jet modification is
larger with the highest jet momentum, and the effect is also larger in the central compared with
peripheral collisions.

This measurement, provide several versatile measurements in the near future. We might

classified Pb-Pb event using jet momentum asymmetry A; and number of particles of constituents

lead
ref. »

control pass length dependence therefor we will see more detail of pass length dependence of jet

particles in jet M as we do in the studies for pp collisions. By the measurement, we can
modification through the measurements. It is also interesting to see the possibility of saturation
of jet modification effects. To investigate the issue we have to prepare Monte Carlo events of jets
which is considered jet modification effects like QPYTHIA. The jet-particle correlation is useful
to tune-up the Monte Carlo events. And we also can extract properties of the QGP comparing
data and modified Monte Carlo by jet modification with several parameters. We already establish
jet-particle correlation with embedded di-jet events into Pb-Pb events therefor we can compare
PYTHIA jet and QPYTHIA jets after the tuning of QPYTHIA in same momentum range of
initial parton momentum. We also can measure using the method with the hadron particle
identification. We knows the particle production mechanism is different between in the high
momentum particles and in the low momentum particles. Heavy particles like proton come
from jets via fragmentation. In ALICE experiment, we have ring imaging Cherenkov counters
to identified high momentum particles. Therefore we might know several knowledge using the
difference like as pion-proton production ratio in jet particle correlation. In this way, we will be
new stage of jet modification measurements using jet-particle correlation. And it’s will provide
the analysis with attribution of ALICE.



Appendix A

AppendixA

Difference of momentum weighted A¢ distribution can be calculated as following.

Pb—Pb ppXSF

d(X pE0(A4))

A P (89)
dndijet

prjgirl <p}1gad <pagax dndijet prqr}ixl <p}1gad <prjgax
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where ) p§¥°(A¢) is sum of momentum of associate particles per bin in the momentum range of
associate particle, nd9 is number of di-jet in the range of momentum p:IFi“ < plzﬁad <pp*. Eff
is scaling constant of detector effects like the efficiency.) pl}ard(Aqb) is sum of momentum of asso-
ciate particles come from hard scattering, > p%?ntami(Aqﬁ) is for the contaminations, p?KGSO&
is for soft background particles, and Zp?KGhard is for hard background particles. And Pb-Pb
shows the distribution is for Pb-Pb events, and ppxSF shows the distribution is for pp events
which is scaled to include background fluctuation effects in the distribution.

In this measurements, we embedded PYTHIA di-jet event to Pb-Pb events directly. Therefor
estimated background come from soft and hard can be canceled. In the previous study[43]
contamination ratio with respect to yield of the reconstructed charged particle are estimated.
The ratio of contamination is depending on pp, 6% at 0.3 GeV/c and about 2% at over than

1 GeV/c in Pb-Pb collisions. According to [43], the contamination is not much depending on
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centrality. And the contamination in pp collisions has also similar tendency. In naive we can
ignore the difference of contamination between pp collisions and Pb-Pb collisions.
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