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Jet Quenching = Tomographic Probe of QGP
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Collisional Energy Loss

Jet Quenching !!

→

2.4. Jet Quenching
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Figure 2.6.: Schematic diagram of collisional and radiative energy loss for a quark with
energy E traversing a medium [60]. Note the second diagram takes place
in the absence of any medium as well (c.f. the QCD radiation probability
which follows the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGALP) evo-
lution equation [8] in vacuum.)

2.4.2. High-energy Parton Propagation in Medium

2.4.2.1. Collisional Energy Loss in QCD

The collisional energy loss of the quark or gluon due to their interaction with the con-
stituents quark or gluons that comprise the medium, often referred to as thermal quarks
or gluons, can be captured in a relatively simple expression of differential cross section
formula given [57, 62] by
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where the constant, Ci , are 9/4, 1, 4/9, respectively for g g , g q , and qq , and q 2 is the
(four) momentum transfer squared. The energy loss per path length in the medium can
be obtained by integrating the above cross section over all possible momentum transfer
range between the incident quark or gluon with the medium [62],
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where c is a constant of O (1) and T is the temperature of the medium. With an energy
density and the temperature relation, i.e., ✏ / T 4 25, it can be seen that the collisional
energy loss is proportional to the square root of the medium energy density, d E/d x ⇠
↵2

s

p
✏, as first pointed out by Bjorken [57], hinting that by measuring the energy loss the

initial parton (energy) density can be probed.
For a quark with 20 GeV energy propagating the medium with the temperature T =

250 MeV, for example, the collisional energy loss per path length is estimated based on
Eq. 2.5 as 0.2–0.3 GeV/fm [63, 64]. Assuming a medium of size L ⇠ 10 fm, the collisional

25It is estimated in the leading order coupling constant as ✏= (8/15)⇡2T 4 (1+21Nc /32) [57, 62]
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~ Hinting that the initial medium (parton) 
density can be inferred by measuring dE/dx.
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Radiative Energy Loss !

• Gluon radiation induced by multiple 
scattering of a quark or a gluon traversing 
the medium (Medium-induced gluon 
radiation a.k.a Gluon Bremsstrahlung) 

• Radiated gluon undergoes multiple coherent 
scattering and becomes real carrying away a 
fraction of parent parton energy. 

•  Medium is characterized by a transport 
coefficient, q (“stopping power”)

2.4. Jet Quenching

!
d I
d!
'↵s CR

«
q̂
!

L =↵s CR

r
q̂ L2

!
=↵s CR

«
2!c

!
(2.12)

Now the average medium-induced energy loss can be obtained by integrating the en-
ergy spectrum up to the characteristic energy scale!c

h�E i=
!cZ

0

!
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As can be seen from this equation, the energy loss is larger by a factor of 9/4 for a gluon
than for a quark traversing the medium because of the color factor CR . It is interesting
to see that the average energy loss due to the medium induced gluon radiation in this
LPM regime is proportional to L2. Note that in the same LPM regime, the radiative
energy loss in QED is proportional to L [60]. From the L2 dependence, it can be inferred
that d E/d x / L, which can be also derived directly by integrating Eq. 2.11 over! in the
range 0<!< E [62]. While this linear L dependency in d E/d x (quadratic dependence
in�E , equivalently) is not immediately intuitive, it can be understood as follows.

The hard momentum transfer involves ‘close’ collision, which can be treated ‘micro-
scopically’ and the resulting energy loss per path length should not be dependent on
the size of the medium (only the total energy loss does) since the involved scale is much
smaller than the size of the medium. On the other hand, the soft momentum transfer
involves ‘distant’ collisions from many scattering centres acting coherently as a single
one31. It implies that the energy of the softly emitted gluon per path length travelled
is dependent on the maximum coherent scattering length, i.e., the size of a medium L
because the gluon can radiate up to the characteristic energy !c , which is essentially
determined by the size of the medium. Knowing d E/d x / L, L2 dependence of the to-
tal energy loss�E is evident. The argument, of course, is valid only in the regime where
the mean free path is much smaller than the size of the medium with many coherent
scattering taking place before exiting the medium, i.e., LPM regime.

Also interesting is that the energy loss in the above formalism is independent of the
initial parton energy E , as found in Ref. [74–76]. It is noted, however, depending on the
way the medium-induced gluon radiation is formulated, (logarithmic) E dependency
is retained in different models [77–79]. The radiative energy loss of a quark as well as a
gluon as a function of initial energy E is calculated in Ref. [65] using the formula found
in Ref [80], which has the logarithmic E dependence. It is shown in Fig 2.9 in compari-
son to the collisional energy loss shown in Fig 2.4. It can be clearly seen that for E > 10
GeV, the radiative energy loss is a dominant source of the total energy loss in medium
for both quark and gluon.

as a single scattering center. Second, ! d I
d! ' ↵s

⇡
CR for the single scattering spectrum in the soft !

limit [73].
31The de Broglie wave length of the exchanged particle is comparable to the inter-scattering spacing,

therefore instead of the individual scattering, the total scatter should be considered for the energy
loss.
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→ ΔE ∝ L2  (dE/dx ∝ L)

2. Motivation

transverse direction, which is typically about the same as µ. After Ncoh (coherent) scat-
terings, therefore, the gluon acquires a total momentum kT in the transverse direction
with respect to the direction the parton is propagating to

hkT
2i 'Ncohµ

2 (2.6)

with Ncoh=l coh/�, where l coh is the path length travelled by the propagating parton dur-
ing the emission of the gluon. The emission of gluon involves a formation time (tcoh ),
which is the minimum time needed for a quanta to be resolved from the incident par-
ton, i.e., to be become an independent quanta. The formation (or coherence) time in
the gluon reference frame t g l uon

coh can be expressed as t g l uon
coh ⇠ 1/kT

29. When the energy
of the emitted gluon is w , this means the formation time, and therefore the coherence
length in the lab reference frame can be expressed with the small angle approximation,
i.e., ✓ ⇠ kT /w as

tcoh = l coh ' 2w

hkT
2i (2.7)

Using Eq. 2.6 it can be rewritten as

l coh =

r
2w�
µ2

(2.8)

The average momentum µ2 transferred from the medium to the gluon per mean free
path is conveniently defined as

q̂ ⌘ µ2

�
=
µ2

�
(2.9)

which is commonly used in characterizing the ‘stopping power’ of medium and known
as a transport coefficient, pronounced as ‘que-hat’. Therefore, in a thick medium where
� < l coh < L (i.e., � << L) known as Landau-Pomeranchuk-Migdal (LPM) regime, the
gluons will be emitted up to a characteristic energy!c , which is defined as the radiated
energy when l coh = L

!c ⌘ 1
2
µ2L2

�
=

1
2

q̂ L2 (2.10)

Finally, the energy spectrum of radiated gluon per path length estimated in the LPM
regime as
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(2.11)

where CR is CF for a quark and CA for a gluon30. Over the entire path length L,

29E t ⇠ ~h
30There are several steps involved in Eq. 2.11. First, ! d I

d!d x ' 1
l coh

!d I
d! because the scattering centers act
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Phenomenological Consequence
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Nuclear Modification Factor RAA

From transverse-momentum spectra measurement in pp

From transverse-momentum spectra measurement in PbPb

From Glauber modeling of PbPb collisions
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Nuclear Modification Factor RAA

From transverse-momentum spectra measurement in pp

From transverse-momentum spectra measurement in PbPb

From Glauber modeling of PbPb collisions

QCD medium

QCD vacuum
~
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Current State of Knowledge

• At SPS, no suppression, but a hint of 
enhancement (“Cronin Effect”)
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?

• At SPS, no suppression, but a hint of 
enhancement (“Cronin Effect”)

• At RHIC, a factor of 5 suppression 
above few GeV/c with different 
species converging above 8 GeV/c

• At LHC, a similar level of 
suppression with a hint of rising RAA 
measured by ALICE

• RAA is very sensitive to the details of 
the quenching parameters at high pT

Current State of Knowledge
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Largest energy increase in Heavy Ion Physics
From 0.2 TeV* to 2.76 TeV* (x14 times larger)

CMS

ALICE

ATLAS

LHCb

* per nucleon pair

Large Hadron Collider (LHC)
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Compact Muon Solenoid (CMS) Detector

Muon chambers (DT, CSC, RPC)

Pixel and Silicon Strip Tracker

ECAL and HCAL in 3.8 T solenoid magnet

Beam Scintillating Counters (BSC)
Hadronic Forward Calorimeter (HF)

Weight: 12500 T  (c.f. Eiffel tower: 10100 T)
Diameter: 15 m and length:  21.5 m
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Nuclear Modification Factor RAA

From transverse-momentum spectra measurement in pp

From transverse-momentum spectra measurement in PbPb

From Glauber modeling of PbPb collisions
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Spectator 

Spectator

Participants 

*UrQMD visualization

Impact parameter (b)

Collision Geometry and Centrality
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TAA = Ncoll /! pp
inel

Spectator 

Spectator

Participants 

*UrQMD visualization

Impact parameter (b)

<Ncoll> = average number of inelastic binary collisions 

Sum HF energy (TeV)
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 = 2.76 TeVNNs CMS PbPb   

Minimum Bias [2010]

Jet trigger (65) [2011]

Jet trigger (80) [2011]

(a)

Pb! Pb! Pb!Pb! Pb!Pb!

Collision Geometry and Centrality

Events are classified by 0-5, 5-10, 10-30, 30-50, 50-70, 70-90% bins in this analysis
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Nuclear Modification Factor RAA

From transverse-momentum spectra measurement in pp

From transverse-momentum spectra measurement in PbPb

From Glauber modeling of PbPb collisions

  Motivations       CMS Experiment        Analysis        Results       Model Study       Conclusions         23



Jet Energy Distribution

Jet triggers are used to enhance pT reach and have lower fake tracks on average.

Trigger-Matching
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Charged Particle Distribution



Jet Energy Distribution Charged Particle Distribution

Jet triggers are used to enhance pT reach and have lower fake tracks on average.

Trigger-Matching
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Nuclear Modification Factor RAA

From transverse-momentum spectra measurement in pp

From transverse-momentum spectra measurement in PbPb

From Glauber modeling of PbPb collisions
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Invariant Yields in 0.9 and 7 TeV pp Collisions
0.9 TeV   |𝜂|<2.4 7 TeV   |𝜂|<2.4

Measured spectra are in good agreements with the PYTHIA (LO) calculations. 

200 GeV/c 
Highest pT reach! 
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Scaling Behavior of Measured Spectra
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Figure 7.2.: Upper panel: the invariant charged particle differential yield at
p

s = 0.9 TeV
(Left), and 7 TeV (Right) compared with the predictions of four tunes of the
PYTHIA MC generator. Lower panel: the ratio of the new CMS measurement
to the four PYTHIA tunes. Tabulated result can be found in Table C.1 and C.2.

number of parameters (O (10)>Np a r a ) with different ranges involved among the differ-
ent tunes. Thus, it is subject to further systematic studies, for example, as it is done in
Ref. [168, 170].

7.0.9. xT scaling and Interpolation

As discussed in Ref. [171, 172], a robust prediction of pQCD hard-processes is the power-
law scaling of the inclusive charged particle invariant differential cross section with the
variable xT ⌘ 2pT/

p
s :

E
d 3�

d p 3
= F (xT)/p

n (xT,
p

s )
T = F 0(xT)/

p
s

n (xT,
p

s )
, (7.1)

where F and F 0 are independent of
p

s , and the slow evolution of the power-law expo-
nent n with xT and

p
s (n ' 5–6) is due to the running of ↵s and changes in the parton

distribution and fragmentation functions.
In the upper plot of Fig. 7.4(a), the 0.9 and 7 TeV pp measurements from this analy-

sis are compared to the empirical scaling observed from measurements over a range of
lower pp̄ collision energies by plotting

p
s n E d 3�/d p 3 as a function of the scaling pa-

91

• pQCD prediction of hard-processes 

• Energy-independent scaling behavior 
of inclusive spectra with xT ≣ 2pT/√s

• Not a perfect scaling due to running 𝝰s(Q)

• Good scaling behavior over 0.63-7 TeV 

• Best global-fit exponent n = 4.9±0.1

|𝜂|<1.0
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Interpolation of 2.76 TeV pp Spectra

Known xT scaling violation is corrected
based on the NLO calculations. 

Good agreement with PYTHIA and 
NLO-rescaled 7 TeV CMS measurement
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 Excellent agreement with the interpolated spectra!    xT scaling based on the CMS only

2.76 TeV   |𝜂|<1.0 0.9, 2.76, and 7 TeV   |𝜂|<1.0

Invariant Yields in 2.76 TeV pp Collisions
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Summary of pp Spectra Measurements

•  Measured high-pT charged particle spectra are 
consistent with the pQCD calculations as well as 
with xT scaling within the quoted systematic (and 
theoretical) errors. 

•  Production of high-pT charged particle is well 
understood in the pQCD framework at TeV-scale 
energy collisions. 

High pT charged particle = “well-calibrated” probe
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Nuclear Modification Factor RAA

From transverse-momentum spectra measurement in pp

From transverse-momentum spectra measurement in PbPb

From Glauber modeling of PbPb collisions
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Invariant Yields in 2.76 TeV PbPb Collisions

More peripheral
(arbitrary scale)

Systematic 
uncertainty < 9%
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Invariant Yields in 2.76 TeV PbPb Collisions

More peripheral
(arbitrary scale)

Systematic 
uncertainty < 9%

Deviates from pp 
power-law spectra!
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RAA

Pb!Pb!Pb!Pb!Pb!Pb!

Pb!Pb!Pb! Pb!Pb! Pb!
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RCP  ≣
Self-calibrating 
(no dependence on 
reference spectra)

Large suppression 
and similar shape 
but suffers from 
fluctuation in the 
denominator.
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Previous State of Knowledge 
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Current State of Knowledge
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Current State of Knowledge

Larger Suppression + Fast Rise + Lebel-Off 
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Current State of Knowledge
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Particles and Fields

volume 72 !number 3 !march ! 2012

Measurements of the nuclear modification factor RAA in central heavy-ion collisions
at three different center-of-mass energies, as a function of pT, for neutral pions,

charged hadrons, and charged particles, compared to several theoretical predictions.
From the CMS Collaboration: Study of high-pT charged particle suppression

in PbPb compared to pp collisions at
√

sNN = 2.76 TeV



Current State of Knowledge

Good to be confirmed by independent measurements!
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Different Theoretical Models

GLV: N-well separated color-screened 
Yukawa potential (i.e., opacity) with 
dNg/dy as a free parameter (5.5 TeV)

ASW: Multiple soft-scattering 
approximation with q tuned to RHIC 
measurements 

YaJEM(-D): Medium induced radiation 
implemented via modified splitting 
probability (D is with dynamic cut-off)

Pesc: Phenomenological models for elastic 
energy loss with escape probability, Pesc

PQM: MC calculation of quenching based 
on the multiple soft-scattering 
approximation with q tuned (5.5 TeV) 

∧

∧
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Q: Why does the shape look as it is?

Q: Knowing the shape of RAA, can we discern different energy loss models?
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1. Constant E-loss:              E’ = E - ΔE

2. Fractional E-loss

•  Constant fraction:           E’ = E × (1-f) 

•  E-dependent fraction:      E’ = E × (1- c・ln(E)/E)

Parton Energy Loss Models
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E’ = E × (1- c・ln(E)/E) = E - c・ln(E)  ∴  ΔE = c・ln(E)

GLV model!



Parton Energy Loss Models

Absolute amount of lost energy Fractional amount of lost energy

ΔE ΔE/E
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E’ = E - ΔE ΔE = 10, 20, 30

Constant E-loss

Large fraction of low-pT parton and therefore charged particles are removed!
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Fractional E-loss

E’ = E × (1-f) f = 0.1, 0.2, 0.3

Increasing fraction of high-pT parton and therefore charged particles are removed!
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Fractional E-loss with logarithmic dependence

E’ = E × (1- c・ln(E)/E) c = 1, 2, 3

Good description shape-wise!
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RAA Toy Model Study

1. High-pT region could be described by different 
models, which are wildly different toward the low-
pT region. 

2. Fractional energy loss with logarithmic energy 
dependence is highly preferred.  

3. Overall magnitude of suppression is yet subject 
to further studies. 
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Blind men and An elephant

http://inquiry111westminster.wikispaces.com/

http://inquiry111westminster.wikispaces.com
http://inquiry111westminster.wikispaces.com


More Jet Quenching Observable...
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Summary and Conclusions

1. High pT charged particle productions → Well 
understood in pp collisions at TeV-scale energies. 

2. Large suppression of high pT particles in PbPb 
collisions with characteristic shape → Signature 
of large final state effect and constraining energy 
loss models 

3. Correlating with other jet quenching observables 
→ further elucidate the detailed mechanism of 
parton energy loss and medium properties. 
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Backup Slides



RHIC LHC

Heavy Ion Collisions

Time
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Study bulk properties of QCD matter created in Heavy Ion collisions 

RHIC LHC

Heavy Ion Collisions

High temperature ← excess of direct photon yield High energy density ← Nch

Time
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“Two Pillars” of Heavy Ion Physics

Jet Quenching (q)Azimuthal anisotropy (vn)

Heavy Ion Collisions

∧
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“Two Pillars” of Heavy Ion Physics

Jet Quenching (q)

Heavy Ion Collisions

∧
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What will happen if one puts ordinary matter in 
extreme conditions of temperature and density?

Relevant degree of freedom: 
fundamental building blocks of matter Quantum ChromoDynamics (QCD)

2. Motivation

From the studies of heavy-ion collisions, we hope to better understand the nature of
strong interaction in the domain of extreme temperature and density, that maybe re-
alized in the early universe (⇠ 10�5–10�4s after the big bang1) or in the core of neutron
star [3]. The QCD provides the theoretical framework for studying heavy-ion collisions.
However, it’s applicability is rather limited as it is notoriously difficult to solve QCD La-
grangian for a many-body, strongly interacting system. A series of different approaches
that are using the perturbation theory (pQCD), the lattice gauge theory (LQCD), or the
duality known as Anti-de Sitter/Conformal-Field-Theory (AdS/CFT) correspondence
are employed to overcome such difficulty and explain some of the observed phenom-
ena. Observation of jet quenching phenomenon in heavy-ion collision at collider en-
ergies is an important ‘tool’ to study QCD medium and the nature of QCD energy loss
mechanisms since the quantification of jet quenching via an observable such as nuclear
modification factor RAA allows a direct comparison with theoretical predictions that are
made based on the pQCD or the AdS/CFT calculations of parton energy loss in the QCD
medium.

2.1. Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a theory of the strong interaction, one of the four
fundamental forces in the Standard Model of particle physics, that describes the in-
teraction of the fundamental building block of hadronic matter, quarks and the force
mediator, gluons [1]. There are six known types so-called ‘flavors’ of quarks with three
different ‘color’ charges2. This is the force that is responsible for the binding of nucleons
inside nuclei via exchange of gluon, manifested as pion exhange. The QCD Lagrangian,
a function that summarizes the dynamics of strong interaction for quark and gluon, is
given by [8, 9],

LQC D =�1
4

F (a )µ⌫ F (a )µ⌫ + i
X

q

 ̄qi (�µ(Dµ)ij �mq�
i
j ) 

j
q , (2.1)

The detailed explanation of each term in Eq 2.1 can be found in Appendix A and in the
references in Ref. [2]. Here, a brief explanation of what each term in the Lagrangian

1This estimation is based on the extrapolation of the present conditions to the early universe using a re-
lation between the size of observable universe, R , a time after the big bang, t , and temperature, T from
the Friedmann equation; R / T�1 / t 1/2 in a relativistic phase and R / t 2/3 during non-relativistic
phase [7]

2The six flavors are u ,d ,c ,s ,t and the charges are R(red), B(blue), and G (green).
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A ‘universal’ matter phase emerges at sufficiently high temperature.

What will happen if one puts ordinary matter in 
extreme conditions of temperature and density?

Quark-Gluon-Plasma (QGP)



Energy Loss Mechanisms

E E- E 

 E

E

E- E 

 E

X
(medium)

The total energy loss of a quark or gluon traversing the medium is the 
sum of the energy losses due to two dominant mechanisms: 

Collisional energy loss Radiative energy loss

2. Motivation

disappeared as a consequence of the energy loss of out-going parton. The idea of jet
quenching was first introduced in the early eighties [57–59] and a distinctive evidence
of jet quenching was found at the RHIC. The observation has been considered as one of
the most important discoveries at the RHIC to date.

Study of jet quenching phenomenology is one of the most useful tools to probe hot,
dense medium because the energy loss of parton traversing the medium, �E=E final �
E inital provides a fundamental information on the properties of the medium [8, 60, 61].
For the hadrons with momentum greater than O (1) GeV/c , originated from the frag-
mentation of hard-scattered parton, it involves large momentum transfer (Q2, where Q2

is defined as four-momentum squared known as virtuality) in the hard-scattering of in-
coming partons. It implies that hard-scattered partons are produced in a very short time
scale, t ⇠O (1/Q), and therefore they have enough time to traverse, interacting with the
produced medium. The jet quenching can be seen in an analogous way from a charged
particle with a known charge and energy passing through matter, where the energy loss
(or the rate of energy loss per unit path length, �d E/d x ) depends on the properties
of the matter such as the electron density, the mean excitation potential of the target
material and so on23 [8]. Because of this possibility of probing inside and extracting
information about the medium via the attenuation pattern of highly energetic parton
passing through the medium, the jet quenching is often referred to as ‘tomography’ of
heavy-ion collisions.

2.4.1. Energy Loss Mechanisms

The total energy loss of a quark or a gluon traversing a medium is the sum of the en-
ergy losses due to two dominant mechanisms [60], collisional energy loss and radiative
energy loss (i.e. �E = �Ecoll+�Erad), which is illustrated with diagrams in Fig. 2.6 for
a quark of energy E traversing the medium. It is noted that the collisional energy loss
is elastic (i.e., scattering without particle production), but the radiative energy loss is
inelastic (i.e., scattering with a production of new particles)

While the energy loss due to the electromagnetic interaction (QED) can also be un-
derstood as the sum of the collisional and radiative energy, the energy loss due strong
interaction (QCD) is more sophisticated because of the properties of strong interac-
tion such as the running coupling constant (i.e., ↵s (Q)), the difference of the interaction
strength between quark and gluon24, and above all, the presence of gluon self coupling,
a direct consequence of non-Abelian nature of QCD interaction.

23For the moderately relativistic heavy charged particles, for example, the average energy loss per path
length can be described by the Bethe–Block formula, �hd E/d x i / K z 2 Z

A
1
� 2 , where Z is the atomic

number of absorber, A is the atomic mass of the absorber, z is the charge number of incident particle,
and � is the fractional speed of the incident particle, i.e., v /c . A detailed description of the formula
can be found in the section, “Passage of particle through matter” from Ref. [8]

24The relative strengths of the different quark and gluon interaction vertices are proportional to the ‘color
factors’; ↵s CF (q ! q g ), ↵s CA (g ! g g ), ↵s TF (g ! qq̄ ), where CA = Nc , CF = (N 2

c � 1)/2Nc , and
TR =1/2, as determined from SU (Nc ) color group. With three colors, i.e., Nc = 3, CA = 3, CF = 4/3,
and TR =1/2 [8].
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Collisional E-Loss vs Radiative E-Loss

Dominant source of parton energy loss in medium is the radiative energy 
loss, caused by the medium induced gluon radiation.

2. Motivation

energy loss amounts to about 2–3 GeV, which is only about 10% loss of the initial energy.
The collisional energy loss of a quark as a function of initial energy E for individual
processes including the additional contributions26 that were not included in the original
calculation is calculated in Ref. [65], and is shown in Fig 2.7. One can see from Fig. 2.7
that d E/d x for the 20 GeV quark is estimated to be 0.8 GeV/fm, which is larger than
the original estimatin, and attributed to the inclusion of the additional processes with
larger ↵s = 0.3 used in the calculation [65].
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Figure 2.7.: The collisional energy loss of a quark propagating a medium of temperature
T = 250 MeV with an initial energy E [65]. The prime (0) denotes different
quark flavours.

As illustrated, the collisional energy loss is small (d E/d x ' O (1) GeV/fm)27 and usu-
ally considered as negligible contribution in the calculations of parton energy loss in
medium, overtaken by the radiative energy loss (see Sec. 2.4.2.2). However, more de-
tailed studies [65, 67–70] of the collisional energy loss mechanism revealed that the size
of the collisional energy loss can be bigger than originally estimated in Ref [57] (as al-
ready seen in Fig. 2.7), resulting in a comparable energy loss with the radiative one in
a certain kinematic region. The importance of the collisional energy loss for heavier
quarks (c , b ), in particular, is found highly relevant for the estimation of the total energy
loss in medium.

26While in the original calculation [57], only the t channel processes are considered (only Compton-like
scattering), u and s channels (QCD Mollerand and Bhaba scatterings) are included in this work.

27Note that it can be compared to the energy loss of highly energetic quark propagating hadronic matter,
which is estimated to be around the same order [66].
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2. Motivation

disappeared as a consequence of the energy loss of out-going parton. The idea of jet
quenching was first introduced in the early eighties [57–59] and a distinctive evidence
of jet quenching was found at the RHIC. The observation has been considered as one of
the most important discoveries at the RHIC to date.

Study of jet quenching phenomenology is one of the most useful tools to probe hot,
dense medium because the energy loss of parton traversing the medium, �E=E final �
E inital provides a fundamental information on the properties of the medium [8, 60, 61].
For the hadrons with momentum greater than O (1) GeV/c , originated from the frag-
mentation of hard-scattered parton, it involves large momentum transfer (Q2, where Q2

is defined as four-momentum squared known as virtuality) in the hard-scattering of in-
coming partons. It implies that hard-scattered partons are produced in a very short time
scale, t ⇠O (1/Q), and therefore they have enough time to traverse, interacting with the
produced medium. The jet quenching can be seen in an analogous way from a charged
particle with a known charge and energy passing through matter, where the energy loss
(or the rate of energy loss per unit path length, �d E/d x ) depends on the properties
of the matter such as the electron density, the mean excitation potential of the target
material and so on23 [8]. Because of this possibility of probing inside and extracting
information about the medium via the attenuation pattern of highly energetic parton
passing through the medium, the jet quenching is often referred to as ‘tomography’ of
heavy-ion collisions.

2.4.1. Energy Loss Mechanisms

The total energy loss of a quark or a gluon traversing a medium is the sum of the en-
ergy losses due to two dominant mechanisms [60], collisional energy loss and radiative
energy loss (i.e. �E = �Ecoll+�Erad), which is illustrated with diagrams in Fig. 2.6 for
a quark of energy E traversing the medium. It is noted that the collisional energy loss
is elastic (i.e., scattering without particle production), but the radiative energy loss is
inelastic (i.e., scattering with a production of new particles)

While the energy loss due to the electromagnetic interaction (QED) can also be un-
derstood as the sum of the collisional and radiative energy, the energy loss due strong
interaction (QCD) is more sophisticated because of the properties of strong interac-
tion such as the running coupling constant (i.e., ↵s (Q)), the difference of the interaction
strength between quark and gluon24, and above all, the presence of gluon self coupling,
a direct consequence of non-Abelian nature of QCD interaction.

23For the moderately relativistic heavy charged particles, for example, the average energy loss per path
length can be described by the Bethe–Block formula, �hd E/d x i / K z 2 Z

A
1
� 2 , where Z is the atomic

number of absorber, A is the atomic mass of the absorber, z is the charge number of incident particle,
and � is the fractional speed of the incident particle, i.e., v /c . A detailed description of the formula
can be found in the section, “Passage of particle through matter” from Ref. [8]

24The relative strengths of the different quark and gluon interaction vertices are proportional to the ‘color
factors’; ↵s CF (q ! q g ), ↵s CA (g ! g g ), ↵s TF (g ! qq̄ ), where CA = Nc , CF = (N 2

c � 1)/2Nc , and
TR =1/2, as determined from SU (Nc ) color group. With three colors, i.e., Nc = 3, CA = 3, CF = 4/3,
and TR =1/2 [8].
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2. Motivation

energy loss amounts to about 2–3 GeV, which is only about 10% loss of the initial energy.
The collisional energy loss of a quark as a function of initial energy E for individual
processes including the additional contributions26 that were not included in the original
calculation is calculated in Ref. [65], and is shown in Fig 2.7. One can see from Fig. 2.7
that d E/d x for the 20 GeV quark is estimated to be 0.8 GeV/fm, which is larger than
the original estimatin, and attributed to the inclusion of the additional processes with
larger ↵s = 0.3 used in the calculation [65].
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Figure 2.7.: The collisional energy loss of a quark propagating a medium of temperature
T = 250 MeV with an initial energy E [65]. The prime (0) denotes different
quark flavours.

As illustrated, the collisional energy loss is small (d E/d x ' O (1) GeV/fm)27 and usu-
ally considered as negligible contribution in the calculations of parton energy loss in
medium, overtaken by the radiative energy loss (see Sec. 2.4.2.2). However, more de-
tailed studies [65, 67–70] of the collisional energy loss mechanism revealed that the size
of the collisional energy loss can be bigger than originally estimated in Ref [57] (as al-
ready seen in Fig. 2.7), resulting in a comparable energy loss with the radiative one in
a certain kinematic region. The importance of the collisional energy loss for heavier
quarks (c , b ), in particular, is found highly relevant for the estimation of the total energy
loss in medium.

26While in the original calculation [57], only the t channel processes are considered (only Compton-like
scattering), u and s channels (QCD Mollerand and Bhaba scatterings) are included in this work.

27Note that it can be compared to the energy loss of highly energetic quark propagating hadronic matter,
which is estimated to be around the same order [66].

24

~ 10 GeV/fm 

2. Motivation

disappeared as a consequence of the energy loss of out-going parton. The idea of jet
quenching was first introduced in the early eighties [57–59] and a distinctive evidence
of jet quenching was found at the RHIC. The observation has been considered as one of
the most important discoveries at the RHIC to date.

Study of jet quenching phenomenology is one of the most useful tools to probe hot,
dense medium because the energy loss of parton traversing the medium, �E=E final �
E inital provides a fundamental information on the properties of the medium [8, 60, 61].
For the hadrons with momentum greater than O (1) GeV/c , originated from the frag-
mentation of hard-scattered parton, it involves large momentum transfer (Q2, where Q2

is defined as four-momentum squared known as virtuality) in the hard-scattering of in-
coming partons. It implies that hard-scattered partons are produced in a very short time
scale, t ⇠O (1/Q), and therefore they have enough time to traverse, interacting with the
produced medium. The jet quenching can be seen in an analogous way from a charged
particle with a known charge and energy passing through matter, where the energy loss
(or the rate of energy loss per unit path length, �d E/d x ) depends on the properties
of the matter such as the electron density, the mean excitation potential of the target
material and so on23 [8]. Because of this possibility of probing inside and extracting
information about the medium via the attenuation pattern of highly energetic parton
passing through the medium, the jet quenching is often referred to as ‘tomography’ of
heavy-ion collisions.

2.4.1. Energy Loss Mechanisms

The total energy loss of a quark or a gluon traversing a medium is the sum of the en-
ergy losses due to two dominant mechanisms [60], collisional energy loss and radiative
energy loss (i.e. �E = �Ecoll+�Erad), which is illustrated with diagrams in Fig. 2.6 for
a quark of energy E traversing the medium. It is noted that the collisional energy loss
is elastic (i.e., scattering without particle production), but the radiative energy loss is
inelastic (i.e., scattering with a production of new particles)

While the energy loss due to the electromagnetic interaction (QED) can also be un-
derstood as the sum of the collisional and radiative energy, the energy loss due strong
interaction (QCD) is more sophisticated because of the properties of strong interac-
tion such as the running coupling constant (i.e., ↵s (Q)), the difference of the interaction
strength between quark and gluon24, and above all, the presence of gluon self coupling,
a direct consequence of non-Abelian nature of QCD interaction.

23For the moderately relativistic heavy charged particles, for example, the average energy loss per path
length can be described by the Bethe–Block formula, �hd E/d x i / K z 2 Z

A
1
� 2 , where Z is the atomic

number of absorber, A is the atomic mass of the absorber, z is the charge number of incident particle,
and � is the fractional speed of the incident particle, i.e., v /c . A detailed description of the formula
can be found in the section, “Passage of particle through matter” from Ref. [8]

24The relative strengths of the different quark and gluon interaction vertices are proportional to the ‘color
factors’; ↵s CF (q ! q g ), ↵s CA (g ! g g ), ↵s TF (g ! qq̄ ), where CA = Nc , CF = (N 2

c � 1)/2Nc , and
TR =1/2, as determined from SU (Nc ) color group. With three colors, i.e., Nc = 3, CA = 3, CF = 4/3,
and TR =1/2 [8].
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Distinguishing Initial- and Final-State Effects
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From the experiments with dAu collisions or from the RAA measurements of 
“color-less” probes, e.g, Z0, W, and gamma, magnitudes of initial state effect is 
constrained to be 10-20% at maximum.



Pixel Detector 
(4 < r < 15 cm, ±49 cm from IP) 

Silicon Strip Tracker 
(25 < r <110 cm, ±280 cm fromIP) 

- 66M pixels  
- 100 μm x 150 μm pixel
- 15-20 μm resolution
- up to 3 hits

Largest silicon detector (200 m2 by area) 

- 10M strip channels 
- 10 cm x 80(180) μm pitch 
- 30-50 μm resolution
- 8-14 hits (w/o stereo)

CMS Tracking System



- 66M pixels  
- 100 μm x 150 μm pixel
- 15-20 μm resolution
- up to 3 hits

Largest silicon detector (200 m2 by area) 

- 10M strip channels 
- 10 cm x 80(180) μm pitch 
- 30-50 μm resolution
- 8-14 hits (w/o stereo)

CMS Tracking System
Pixel Detector 

(4 < r < 15 cm, ±49 cm from IP) 
Silicon Strip Tracker 

(25 < r <110 cm, ±280 cm fromIP) 



Track Reconstruction in CMS

Local Reconstruction

Track Seeding

Trajectory Building

Track Fitting

Track Filtering

Default pp Tracking with Modified Selections

• Up to 5 iterations with different seeding layers

• Modified track selections for spectra measurements

• Efficiency ~ 85% and fake ~ 1-2%

Modified Heavy-Ion Tracking 

• Minimum pT cut-off of 0.9 GeV/c

• Up to 3 iterations 

• Track quality cuts are tightened

• Uses explicit track-calorimeter matching 

• Efficiency ~ 80% and fake ~ 1-5 %

Iterations



Obtaining Charged Particle Spectra

•  Efficiency and Fake                           

•  Secondary fraction                                      

•  Multiple reconstruction                                       

•  Momentum Resolution                                       

•  Binning Correction                                            

⎫
⎭

⎫
⎭



Monte-Carlo (MC) Closure Test

Fully reconstructed and corrected pT spectra from the PYTHIA QCD sample 
embedded in HYDJET (PbPb) MC are compared to the “truth” PYTHIA spectra. 



Calorimeter-Track Compatibility
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The Idea is to check the calorimeter energy deposits for high-pT tracks to 
identify spurious (fake) tracks. 

ECAL energy HCAL energy Sum energy

Fake tracks show no sizable
energy deposit in the cal.





High-pT Particle Production in pQCD

⎫

⎭ ⎫

⎭

Parton (jet) spectra

Charged 
particle 
spectra

PDF

σ

FF

⊗

⊗

Above 1 GeV/c, PYTHIA ProQ20 
describes the measured charged 
particle spectra within 10%.



Shape of RAA for pT < 2-3 GeV/c

“Cronin Effect” 
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Mimicking Cronin Effect
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•  Apply x% Gaussian broadening 
to the pT of produced charged 
particles, where x = 10, 30, 50.

• Compare the charged particle 
spectra before and after the 
broadening. → RAA

The rising trend can be reproduced given the shape of pp spectra with 
more than 10% of pT broadening.  →   How about lower energy?
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Mimicking Cronin Effect
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The rising trend can be reproduced given the shape of pp spectra with 
more than 10% of pT broadening.  →   How about lower energy?
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Convolution Methods

The resulting charged particle spectra reproduces the inclusive charged particle down to 5 GeV/c.

▲ All charged particles in event

◦ Charged particles from convolution
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•  Uncertainty on Ncoll value driven by two terms: 

-  Trigger and event selection efficiency 

-  Glauber parameters 



Track Reconstruction Performance



Systematic Uncertainty



Systematic Uncertainty



CMS “Perspective” on RAA



Separating Jet Spectrum and Frag. Func. (FF)
Pb

Pb
/p

p

“Vacuum-like” Fragmentation Function for high-pT charged particles



Centrality Dependence



Centrality Dependence



Centrality Dependence

Associating the quenching parameter with average path length <L> in each centrality?



Centrality Dependence

Simultaneous description of RAA and high-pT v2 ?
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High pT v2 vs RAA

L2 (QCD) or L3 (AdS/CFT) ?? 
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