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The Objective of Ultra-Relativistic Heavy-Ion Physics: 
Study of Emergent Properties of QCD

■ It is a hard problem to determine the  
properties of water and its phases  
(ice, water, steam) from the known  
properties of a water molecule  
 
 

■ Ultra-relativistic heavy-ion physics:  
Study of emergent properties of QCD  
(condensed-matter aspects of QCD)  

2

viscosity?

transition temperature?
# degrees of freedom?”More	
  is	
  different”

source:	
  urqmd.org

source:	
  de.wikipedia.org

Philip	
  W.	
  Anderson,	
  Science,	
  177,	
  1972,	
  S.	
  393

initial temperature?

quark-gluon plasma (QGP)

parton energy loss  
parameters? 

http://de.wikipedia.org
http://www.andersonlocalization.com/pdf/more_is_different.pdf
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QGP Space-time Evolution Successfully  
Modeled with Hydrodynamics 

■ Gluons liberated from the nuclear 
wave function during collision

■ Rapid thermalization:  
QGP created at ~ 1 fm/c

■ Longitudinal and transverse 
expansion describable by almost 
ideal relativistic hydrodynamics 
(η/s ≈ 0)*

■ Transition QGP → hadrons 
at Tc  = 150 - 160 MeV

■ Ratio of different particle species 
fixed at Tch ≈ Tc 
(“chemical freeze-out”)

■ Shape of momentum spectra 
fixed at Tfo ∼ 100 MeV  
(“kinetic freeze-out”)

3

*	
  conjectured	
  lower	
  bound	
  from	
  string	
  theory:	
  η/s|min	
  =	
  1/4π 
Phys.Rev.LeU.	
  94	
  (2005)	
  111601 

2.5 Transverse phase space: equilibrium and the QGP state

Figure 2.17: Schematic light cone diagram of the evolution of a high energy
heavy ion collision, indicating a formation phase τ0 (see text).

enters interaction. In the simple case of extremely high Q2 processes the an-
swer is that all constituents are resolved. However, at modest Q2 (dominating
bulk hadron production) the characteristic QCD saturation scale Q2

s(x) gains
prominence, defined such that processes with Q2 < Q2

s do not exploit the initial
transverse parton densities at the level of independent single constituent color
field sources (see equation 2.11). For such processes the proper formation time
scale, τ0, is of order of the inverse saturation momentum [61], 1/Qs ∼ 0.2 fm/c
at

√
s = 200 GeV . The first profile of the time evolution, sketched in Fig. 2.17,

should correspond to proper time t = τ0 = 0.25 fm/c at RHIC energy. At
top SPS energy,

√
s = 17.3 GeV , we can not refer to such detailed QCD con-

siderations. A pragmatic approach suggests to take the interpenetration time,
at γ ≈ 8.5, for guidance concerning the formation time, which thus results as
τ0 ≈ 1.5 fm/c.

In summary of the above considerations we assume that the initial partonic
color sources, as contained in the structure functions (Fig. 2.13), are spread out
in longitudinal phase space after light cone proper time t = τ0 ≈ 0.2 fm/c, at
top RHIC energy, and after τ0 ≈ 1.5 fm/c at top SPS energy. No significant
transverse expansion has occured at this early stage, in a central collision of A ≈
200 nuclei with transverse diameter of about 12 fm. The Bjorken estimate [45]
of initial energy density ϵ (equation 2.1) refers to exactly this condition, after
formation time τ0. In order to account for the finite longitudinal source size and
interpenetration time, at RHIC, we finally put the average τ0 ≈ 0.3fm, at

√
s =

200 GeV , indicating the ”initialization time” after which all partons that have
been resolved from the structure functions are engaged in shower multiplication.
As is apparent from Fig. 2.17, this time scale is Lorentz dilated for partons
with a large longitudinal momentum, or rapidity. This means that the slow

39

arXiv:0807.1610
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The Role of Direct Photons and High-pT Particles:  
Access to the Early Stage of the Medium Evolution

■ High pT particle production and jets

‣ Energy loss of quarks and gluons in the medium 
characterizes the medium

‣ Results in suppressed particle production at high pT 

■ Direct Photons

‣ Escape the medium unscathed  
(mean free path λ ≈ 500 fm)

‣ High pT (> ~ 6 GeV/c):  
Absence of suppression for prompt (pQCD) photons 
→ Confirms parton energy loss picture

‣ Low pT (< ~ 4 GeV/c)
Contributions from all stages (unlike hadrons)
Test of space-time evolution
Access to initial temperature of the QGP (?)  
[via comparison to hydro models]

4
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Temperature Measurements via Photons: The Sun …

5

T	
  =	
  5777	
  K

source:	
  hUp://en.wikipedia.org

source:	
  hUp://en.wikipedia.org

Planck spectrum
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… and the QGP (analog, but slightly different)

■ Photons produced in scatterings of quark and gluons in thermal equilibrium

■ Photons not in thermal equilibrium, but energy spectrum reflects QGP 
temperature

6

Text

Photon rate: yield per unit time and 
volume as a function of photon energy 
(theoretical calculation)

slope reflects 
temperature

QGP photon rate (lowest order):

QGP rates: Arnold, Moore, Yaffe, JHEP 0112:009, 2001  
HG rates:   Turbide, Rapp, Gale, PRC 69 (2004) 014903  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A Complication for the Temperature Measurement:  
Blueshift due to Radial Flow

■ Large blueshift at late times  
when T ≈ 150 - 200 MeV

■ Extraction of initial 
temperature from data 
requires comparison to 
(hydro) model

7

C. Shen, U. Heinz, J.-F. Paquet, C. Gale, PRC 89 (2014) 4, 044910

T
e↵

=

s
1 + �

flow

1� �
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| {z }
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Parton Energy Loss

■ Elastic scattering with medium  
constituents

■ Medium often characterized by

8

Collisional energy loss: Radiative energy loss:

ê = dE
coll

/dL

■ Inelastic scattering with medium 
(induced bremsstrahlung)

■ Expected to be dominant

■ Medium often characterized by

q̂ = ⇢

Z
dq2Tq

2
T

d�

dq2T
= ⇢�hk2

T i =
µ2

�mfp
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More on the Connection between Parton Energy Loss and 
Thermal Direct Photons

■ Radiative energy loss in a static medium (BDMPS model)  
 
 

■ However, rapid medium expansion in heavy-ion collisions

‣ Expected temperature dependence: 
‣ In some models calculated from other hydro quantities, e.g.: 

■ Connection to thermal direct photons:

‣ Initial temperature and consistent description of medium evolution essential for 
extracting medium properties

‣ Hydro fitted to spectra and v2: need photons to check space-time evolution

■ Potential to characterize medium as strongly or weakly coupled: 

9

⌘

s
= K

T 3

q̂

q̂ / T 3

Majumder, Müller,  Wang,  
PRL, 99 (2007) 192301

Measure both sides independently 
to determine K 

q̂ / "3/4

�E / ↵sCF q̂L
2, CF =

⇢
3 for gluons

4/3 for quarks
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ALICE

TPC

TRD

PHOS

TOF

dipole	
  magnet

L3	
  magnet

ITS

muon	
  tracking  
(2.5	
  <	
  η	
  <	
  4)

ZDC

ZDC

ITS	
  SPD

ITS	
  SDD

ITS	
  SSD

EMCAL

HMPID

V0	
  and	
  T0  
	
  	
  	
  	
  	
  (C	
  side)  

FMD

PMD

V0	
  and	
  T0  
(A	
  side) 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■Tracking with ITS and TPC
■ Photons
‣ Conversions 

(X/X0 = 0.114 for R < 180 cm,  
|η| < 0.9, rel. uncertainty: 4.5 %)

‣ E.m. calorimeters (PHOS, EMCal)
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I. Direct Photons
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Measuring Photons via Conversions

12

e+e-

e-

e+

ca. 1950 today

Excellent photon 
momentum resolution and 
rather pure photon samples 
at the expense of loss in 
statistics
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�direct := �inclusive � �decay = (1� 1

R
) �inclusive

withR =
(�inclusive/⇡0)meas

(�decay/⇡0)calc

How to Measure Direct Photons?

13

Calculated decay photon cocktail (π0, η, ω, ...),  
π0  measured, other hadrons from mT scaling so far  

systematic errors partially cancel in this ratio 
(efficiency, energy/momentum scale, ...)
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Decay Photon Cocktail from Measured π0 Spectrum  

■ π0 spectrum measured, heavier mesons from mT scaling

■ Only π0, η, ω relevant, the rest is negligible

14
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No Significant Direct-Photon Excess in Peripheral Pb-Pb

15

RNLO = 1 +
Ncoll · �dir,pp,NLO

�decay

NLO pQCD by W. Vogelsang

No significant direct-photon excess in peripheral Pb-Pb  
(same holds for pp at 7 TeV)
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Direct-photon Excess in Central Pb-Pb Collisions

16

15 - 20% direct-photon excess for 1 < pT < 2 GeV/c  
where contribution from pQCD photons is small

RNLO = 1 +
Ncoll · �dir,pp,NLO

�decay

NLO pQCD by W.  Vogelsang
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Direct Photon Spectrum in Central Pb-Pb Collisions  
(γdirect := γall - γdecay)

17
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Comparison of the Direct Photon Excess in 0-40%  
most central Pb-Pb collisions with Hydro Models

■ Direct photon excess appears to be larger than expected in hydrodynamic model

■ Are we missing an important photon source in these models?

18
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Systematic uncertainties 
largely correlated in pT
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Further Information from Direct Photon Elliptic Flow

19

11

Expansion In Plane

Hiroshi Masui (2008)

spatial

anisotropy

momentum

anisotropy
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dNparticles

d'
= N0 (1 + 2v2 cos(2'))

Quantifying elliptic Flow: Fourier Coefficient v2

20

QGP Physics – J. Stachel / K. Reygers: 6. Space-time Evolution of the QGP 36 
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State of the art for hadrons: higher harmonics up to n = 6:
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v�,direct
2 =

R v�,incl
2 � v�,decay

2

R � 1
with R =

�incl
�decay

= 1 +
�direct
�decay

How to Measure the Direct-Photon v2?

■ Reaction plane (RP) from charged particles in forward direction  
(2.8 < η < 5.6 [VZEROA], -3.7 < η < -1,7 [VZEROC])  

■ Inclusive photons:  

■ Decay photon v2 from cocktail calculation based on measured pion v2  
(+ higher mass hadrons)  

■ Inclusive photon v2 is weighted average of decay photon and direct photon v2. 
Thus one can calculate the direct-photon v2 as 

21

v�,incl
2 =

hcos(2('� RP
2 ))i

C
, C = resolution correction
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Measured Inclusive Photon and Calculated Decay Photon v2

■ v2(incl) < v2(decay)  
for pT > 3 GeV/c

‣ expected from v2 = 0 for 
prompt photons 

■ v2(incl) ≈ v2(decay)  
for pT < 3 GeV/c:

‣ If there is a large direct 
photon component its v2 must 
be very similar to the decay 
photon v2

‣ v2(incl) described by models 
with small Rγ predicted by the 
same models

‣ Uncertainties of v2(dir) 
strongly depend on uncertain-
ties of photon excess Rγ

22
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V0 event plane

decay + NLO
              Phys.Rev. D50 (1994) 1901-1916
decay + NLO + thermal (Shen et al.)
                         arXiv:1308.2111
decay + NLO + thermal (Holopainen et al.)
                         Phys.Rev. C84 (2011) 064903

ALI−PREL−75753
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Recap: What to expect for the Direct Photon v2 ?

■ Large inverse slope parameter:  
Tslope ≈ 304 ± 51stat+syst MeV   (>>  Tc = 150 - 160 MeV)  

■ Could indicate that direct photons mostly come from early hot QGP phase 

■ Expect then small elliptic flow signal (v2 ≈ 3% or so at maximum)  
as collective flow needs time to build up 

23
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Direct Photon Elliptic Flow Appears to be Larger  
than Expected in Hydro Models

■ Maybe many direct photons 
from late stage with  
T ≈ 150 MeV?

■ Then large inverse slope 
parameter due to Doppler 
blueshift with typical hadronic 
flow velocity βflow ≈ 0.6 c?

■ However, current systematic 
uncertainties are sizable so 
that there is no big puzzle 
looking at the ALICE data 
alone

24
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due to v2(prompt) ≈ 0
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The Puzzle Actually Started at RHIC:  
Large Inverse Slope Parameter ...

■ Exponential shape of photon excess 
(consistent with thermal)

‣ Inverse slope (for 0-20%):  
221 ± 19stat ± 19syst MeV

‣ Ti from hydro: 300 ... 600 MeV

■ Hydro models below data

25

p+p

yi
el

d

Au+Au
min. bias

√sNN = 200 GeV

PHENIX:
PRL, 104, 132301 (2010); PRC, 81, 034911 (2010)  
and also arXiv:1405.3940 

NLO	
  W.	
  Vogelsang

C. Shen, U. Heinz, J.-F. Paquet, C. Gale,  
PRC 89 (2014) 4, 044910excess over 

scaled pp spectrum
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... and Large Direct Photon v2 for pT < 3 GeV/c

■ PHENIX: Data a challenge to theory

■ Charles Gale (theorist):  
„Theory a challenge to the data“ 

■ Direct photon puzzle:  
Large direct photon v2 for  
1 < pT < 3 GeV/c challenges

‣ the standard model of the space-time 
evolution of a heavy-ion collision

‣ and/or the currently used photon 
emission rates for the QGP and the 
hadron gas

26

from	
  E.	
  Kistenev,	
  Quark	
  MaUer	
  2011

PHENIX,	
  Phys.Rev.LeU.,	
  109,	
  122302	
  (2012)

http://dx.doi.org/10.1103/PhysRevLett.109.122302
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Testing “Exotic” Photon Sources By  
Measuring the Photon v3

■ Photon production resulting 
from large initial B field?

■ Could explain v2

■ Expect small v3 in these 
models

■ Inclusive photon v3 measured, 
not yet conclusive

27

)c (GeV/
T

p
0 1 2 3 4 5 6

3γ
v

0.00

0.02

0.04

0.06

0.08

0.10
,decayγ

3v

,inclγ

3v

ALICE preliminary
 = 2.76 TeVNNs0-40% Pb-Pb, 

V0 event plane

decay + NLO
              Phys.Rev. D50 (1994) 1901-1916
decay + NLO + thermal (Shen et al.)
                         arXiv:1308.2111
decay + NLO + thermal (Chatterjee et al.)
                         arXiv:1401.7464

ALI−PREL−75777

2

✓

µ

µ

e

~

B

�

FIG. 1: The coupling of the conformal anomaly to the ex-
ternal magnetic field resulting in photon production.

photon production mechanism stemming from the con-
formal anomaly of QCD⇥QED and the presence of a high
magnetic field in heavy ion collisions. We will demon-
strate that this mechanism results in a significant pho-
ton and dilepton yields that are comparable to the ones
from the “conventional” mechanism and may potentially
explain the v2 puzzle for soft direct photons.

Let us begin by reminding the basics of conformal
anomaly. In field theory the divergence of the dilatational
current S

µ

is equal to the trace of the energy-momentum
tensor. In QCD, this divergence does not vanish signal-
ing the breaking of scale invariance due to dimensional
transmutation and the running coupling:
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Let us now consider the coupling of QCD scale
anomaly to electromagnetism. This coupling can lead
to the production of photons in external magnetic field
as described by the diagram of Fig. 1. To evaluate the
contribution of this diagram, we need to consider the
coupling of the scalar meson to photons. This coupling
is described by the triangle quark diagram, and leads to
the following e↵ective interaction [14–16]:
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where ↵ is the fine structure constant. The resulting
width of � decay into two photons is given by [14–16]
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Using R = 5 for six quark flavors (all of which contribute
to the triangle diagram) and the values m

�

= 550 MeV,
f

�

= 100 MeV discussed above, we get from (6) the value
�(� ! ��) ' 5 KeV. This is in the middle of the range
(2÷ 10 KeV) for the two photon decay width of f0(600)
meson listed by PDG [30], supporting the identification
of the lightest � dilaton with this meson. This allows us
to fix the value g

���

' 0.02 GeV�1. Now we have all the
information necessary to evaluate the diagram of Fig. 1.

To compute the photon production rate from the di-
agram of Fig. 1, we evaluate the imaginary part for the
photon self-energy, see [31, 32]. A straightforward cal-
culation yields for the production rate at mid-rapidity
(q

z

= 0) the following expression:
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Since we consider production of photons in the QCD
plasma, it is appropriate to use the hydrodynamic spec-
tral function of the bulk mode ✓ [33, 34]:
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, (8)

where �
s

= (4/3⌘ + ⇣)/(✏ + p) is the sound attenuation
length and ⌘ and ⇣ are shear and bulk viscosities. The
second term describes the sound peak at q0 = c

s

|q|. The
sound mode does not contribute to the production of real
photons since the width of the sound peak is not large
enough to reach the null dispersion of photons. Therefore
the photon production is dominated by the bulk viscosity
⇣:

⇢

✓

(q0 = |q|) ⇡ 9q0
⇡

⇣, (9)

In deriving Eq. (7) we neglected the z-component of
the magnetic field, because it is expected to be an order

  

Magnetic Field in Heavy Ion Collisions
Computed numerically at origin in pancake approximation
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Low energy quarks which are produced in early stages will be polarized
in the direction perpendicular to reaction plane to some degree. 

Magnetic field falls off rapidly: early time dynamics

Kharzeev, McLerran & HJW ('07)

Basar, Kharzeev, Skokov., arXiv:1206.1334

http://arxiv.org/abs/arXiv:1206.1334
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Intermediate Summary: The Direct Photon Puzzle

■ The two parts of the puzzle

‣ Direct photon yields at low pT (1 < pT < 3 GeV/c) not described by hydro models
‣ Large direct photon v2, similar in magnitude to pion v2, not described by hydro 

models

■ A challenge to the “standard model” of the evolution of heavy-ion collisions

■ What are we missing?

‣ Maybe many more photons from late stage close to Tc and hadron gas phase (need 
factors 10 - 20 increase in HG rate!)

‣ Maybe just bremsstrahlung from the HG? 
‣ Exotic new photon source, e.g., related to large initial B field?
‣ Large initial flow before hydro evolution starts?
‣ Glasma photons, i.e., large photon production in very early gluon-rich phase?
‣ …

28
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II. High pT Particle Production 
and Jets
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Hadron Suppression in Pb-Pb:  
An Effect Related to the Medium

■ Hadron suppression in Pb-Pb 
w.r.t. to scaling expected for 
hard processes

■ An effect of the medium

‣ No suppression in p-Pb
‣ No suppression of color 

neutral probes in Pb-Pb

30

ALICE, Eur.Phys.J. C74 (2014) 9, 3054
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Jet Transport Parameter from Data

■ Fit of various models to RAA(pT) at RHIC and the LHC

■ Jet transport parameter  
(for Eparton = 10 GeV, QGP thermalization at τ0 = 0.6 fm/c): 
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peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as
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dence of the scaled jet transport parameter q̂/T 3 in di↵er-
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There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as

■ Result relies on standard hydro description of the medium evolution

Jet Coll., Phys.Rev. C90 (2014) 014909
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Energy Dependence of the Hadron Suppression

■ Suppression factor depends on 
parton energy loss and on 
steepness of the initial parton 
spectrum

‣ More steeply falling spectrum 
gives larger suppression for 
same ΔE 
 

■ Stronger suppression with 
increasing √s:

‣ Increase of medium density 
dominates over effect of flatter 
initial parton spectra
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p/π and K/π Ratios vs. pT in pp and Pb-Pb

33
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π, K, p RAA

34

π, K, p RAA similar at high pT: Leading-parton energy loss followed by 
fragmentation in QCD vacuum (as in pp) for pT,hadron > 8 GeV/c?

ALICE, PLB 736 (2014) 196
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Quark Mass Dependence of the Energy Loss:  
D Mesons vs. Pions ■ Heavy quarks:  

Gluon radiation suppressed for 
angles θ ≲ mquark/Equark:  
“dead cone effect”

■ ΔEgluon > ΔEu,d,s > ΔEc > ΔEb

■ Pions for pT < 40 GeV/c mostly 
from gluon fragmentation

■ Different shape of initial parton  
pT spectra, different frag. functions 
for D mesons and pions

■ In spite of all that:  
Pion and D meson RAA(pT) very 
similar (contrary to naïve 
expectation)

■ However, reproduced by parton 
energy loss models* 

35

* e.g., Djordjevic, PLB 734 (2014) 286,  
         T. Renk, PRC 89 (2014) 054906 
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Quark Mass Dependence of the Energy Loss:  
D Mesons vs. B Mesons

■ B mesons energy loss probed 
indirectly via non-prompt J/Ψ  
(B → J/Ψ)

■ pT ranges chosen so that  
⟨pT⟩D ≈ ⟨pT⟩B ≈ 10 GeV/c

■ Less suppression of non-prompt  
J/Ψ compared to D mesons

■ Reproduced by models which 
have the dead cone effect built 
in (WHDG, Djordjevic) 

■ Evidence for smaller energy loss 
for b quarks due to the dead 
cone effect
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Studying Parton Energy Loss with Jets

■ Why jets?

‣ Leading particle energy loss is 
not the full story (information 
reduction)

‣ A tool to study the modification 
of the parton shower evolution 
due to the medium through  
jet shapes, frag. functions, etc  

■ Jets reconstructed with jet 
resolution parameter R = 0.2 
and 0.3 are suppressed 
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Control Experiment: No Jet Suppression in p-Pb collisions  
(Charged Jets)

38

Similar conclusions for jets with R = 0.2 … 0.4 and particle spectra
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Studying the Lateral Jet Profile:  
Ratio of Jet Cross section for R = 0.2 and 0.3 (Charged Jets)

■ No centrality dependence of 
σ(R = 0.2) / σ(R = 0.3)

■ Described by PYTHIA (pp)

■ No indication of lateral jet 
shape modification due to 
the medium
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A First Look at Jet Chemistry with  
Two-Particle ΔΦ-Δη Correlations
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Conclusions

■ Direct photons

‣ Low pT (pT < 3 GeV/c) direct-photon excess not well described by standard hydro 
models

‣ Large direct photon v2 (similar to pions) at low pT not well described
‣ Qualitatively similar to findings at RHIC (currently larger uncertainties at the LHC)
‣ “Direct photon puzzle” (mostly at RHIC with current uncertainties)  

■ High pT particle production and jets

‣ High pT particle and jet suppression due to medium formed in Pb-Pb collisions
‣ pQCD elastic + radiative energy loss models appear to be consistent with the data 

(e.g., less suppression for b quarks) 
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Jet RAA (R = 0.2) Described by  
In-Medium Shower Monte Carlo Codes 
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Azimuthal Anisotropy v2 at High pT (above ~ 8 GeV/c) 
Believed to be due to Parton Energy Loss 
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(ALICE), Phys. Lett. B719, (2013) 18 
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