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Heavy-ion collisions: a cartoon of space-time evolution
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m Soft probes (low-pt hadrons): collective behavior of the medium;

m Hard probes (high-pt particles, heavy quarks, quarkonia): produced
in hard pQCD processes in the initial stage, allow to perform a
tomography of the medium
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Particles whose production involves a hard perturbative scale
(pr, M), so that it occurs on a short time-scale (Tharq < 70) and
is supposed to be under good theoretical control.
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of the formation of a hot/dense medium
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Hard Probes

Particles whose production involves a hard perturbative scale
(pr, M), so that it occurs on a short time-scale (Tharg < 7o) and

is supposed to be under good theoretical control.
would be a signature

of the formation of a hot/dense medium

The challenge for a theorist is then:
m to give an accurate description of the probe-medium
interaction (like evaluating G.+p in DIS);

m to exploit this knowledge to extract information on medium
properties (T, dNg/dy, transport coefficients...) through a
comparison with experimental data (like getting PDFs in DIS).
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Outline

m An overview on “jet-quenching” phenomenology: physical
insight, limitations and challenges posed by the various
observables;

m The standard theoretical framework: parton energy-loss due to
medium-induced gluon radiation;

m The interplay between medium modification of
color-flow and hadronization: relevance for the final
hadron spectra;

m Heavy flavor: implementation of a relativistic Langevin

equation, outcomes for charm and beauty spectra, and
comparison with the experiment.
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L Overview on phenomenology

Some highlights

m Quenching of single particle spectra (Raa(pT));

m Suppression of away-side azimuthal correlation (dN/dA¢);
m 7-hadron correlations;

m Jet-quenching:

m Inclusive jet spectra (STAR);
m Dijet imbalance (ATLAS and CMS).
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LQuenching of single-particle spectra

Inclusive hadron spectra: the nuclear modification factor
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LQuenching of single-particle spectra

Inclusive hadron spectra: the nuclear modification factor
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LQuenching of single-particle spectra

Inclusive hadron spectra: the nuclear modification factor
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Inclusive hadron spectra: the nuclear modification factor
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Hard-photon Raa =~ 1
m supports the Glauber picture (binary-collision scaling);

m entails that quenching of inclusive hadron spectra is a final state
effect due to in-medium energy loss.
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LOverview on phenomenology

LQuenching of single-particle spectra

Some CAVEAT:

m At variance wrt et e~ collisions, in hadronic collisions one starts
with a parton pr-distribution (~ 1/p%) so that inclusive hadron
spectrum simply reflects higher moments of FF

Nt 1 !
E ~ piaZ/o dZZu,leth(Z)
T r

carrying limited information on FF (but very sensitive to hard tail!)
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L Overview on phenomenology

LQuenching of single-particle spectra

Some CAVEAT:

m At variance wrt et e~ collisions, in hadronic collisions one starts
with a parton pr-distribution (~ 1/p%) so that inclusive hadron
spectrum simply reflects higher moments of FF

dnt 1 /1
a0 L T dZZ”ilDf_)h z
dpr  PT zf: 0 (2)

carrying limited information on FF (but very sensitive to hard tail!)

m Surface bias:

leading hadron

Quenched spectrum does not reflect (Lqgp)
hadronizatior crossed by partons distributed in the transverse

plane according to ncon(x) scaling, but due to
rd process its steeply falling shape is biased by the
enhanced contribution of the ones produced
close to the surface and losing a small amount
of energy!

hadronization
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LAzimuthal correlations

Two-particle azimuthal correlations

tri,

Given a high-pr trigger hadron (py'® > phrd), one studies the azimuthal

distribution of softer associated hadrons (pP™ < p3 < piF'®):

1 dN
C(a0) = Nisig d(A0)
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L Azimuthal correlations

Two-particle azimuthal correlations

tri

Given a high-pr trigger hadron (p5'® > pird), one studies the azimuthal
distribution of softer associated hadrons (p™ < p3 < plF'®):

trigger hadron
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LOverview on phenomenology

L Azimuthal correlations
Some comments:
m Jet-like away-side peak present in p+p and d+Au, but
completely quenched in Au+Au — Suppression of

back-to-back azimuthal correlations in AA is a final state
effect due to parton energy loss in the plasmal

m Interesting signal (jet-like correlations) to be measured on top
of a background due to collective flow (correlation of all the
particles with the reaction plane) to be subtracted:

Cexp(A¢) = Cﬂow(A¢) + Cjet—like(AQZ))
More explicitly:
<einA¢> = <ein(¢1—¢RP)><e—in(¢2—¢>RP)> + <ein(¢>1—¢2)>

= (va)? + (e™M1792)Y i e

exp jet—like
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LOverview on phenomenology

LAzimuthal correlations
Some comments:

m Jet-like away-side peak present in p+p and d+Au, but
completely quenched in Au+Au — Suppression of
back-to-back azimuthal correlations in AA is a final state
effect due to parton energy loss in the plasmal

m Interesting signal (jet-like correlations) to be measured on top
of a background due to collective flow (correlation of all the
particles with the reaction plane) to be subtracted:

Cexp(A¢) = Cﬂow(A¢) + Cjet—like(AQZ))
More explicitly:

<einA¢>

exp

= <ein(¢1—¢RP)><e—in(¢2—¢>RP)> + <ein(¢>1—¢2)>
=(v,)? + <€in(¢1_¢2)>jet—like

jet—like

NB: higher harmonics (v3) can give rise to non-trivial
structures in the away-side peak!
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L Overview on phenomenology

L ~-hadron correlations

~v-hadron correlations: generalities

For a given trigger photon (or Z!) one studies the associated hadrons.
Ideally the golden probe!

photon

m Parton momentum known exactly (at LO
parton

pr=pF"") — possibility to study:
m full medium-modified FF D(z);
m E-dependence of energy-loss.
m 7 does not interact with the medium
m No “surface bias”

m No contribution from flow

—— L ®m gg — g dominant over qg — vg —
knowledge of the color charge of the probe

hadrons
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L ~-hadron correlations

~v-hadron correlations: results

One can define the fragmentation function
STAR, Phys. Rev. C 82 (2010) 34909
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Lﬂ,—hadrc'n correlations

~v-hadron correlations: results

One can define the fragmentation function
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Lﬂ,—hadrc'n correlations

~v-hadron correlations: results

One can define the fragmentation function
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Experimental data display a quenching of the fragmentation function!
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ESP = ' 4 p(nR?) + F

M. Cacciari et al. EPJC 71, 1539 (2011)
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L Jets

Jets in AA collisions

m Jet reconstruction in heavy-ion environment: a challenge!

ESP = ' 4 p(nR?) + F

m p(7R?): background energy inside the jet-area in the (¢, 7)
plane (for R = 0.4, ~45 GeV at RHIC and ~90 GeV at LHC)
m F: local background fluctuations. For LHC @ 5.5 TeV!:

(AEDk®)
() = Fon— ¢>Zn

~ 310 GeV, (o) ~ 20 GeV

m Some significative experimental results:
m Inclusive jet spectrum
m Dijet imbalance

M. Cacciari et al. EPJC 71, 1539 (2011)
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Quenching of inclusive jet-spectra

doaa( ET; R™, wmin)
(Neon)dopp(ET; Rmax, wmin)

R,jqe,Z(ET; Rmax7 wmin)

m R™®*: jet radius;

min

® W™ to mimic possible cuts on particle/tower pr > pPT
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Quenching of inclusive jet-spectra

doaa( ET; R™, wmin)
(Neon)dopp(ET; Rmax, wmin)

R,jqe,Z(ET; Rmax7 wmin)

m R™®*: jet radius;
rnin.

® W™ to mimic possible cuts on particle/tower pr > pPT

Raa < 1: radiation of soft (w<w™™) or large angles (R > R™#*) gluons
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LInclusive jet spectra

Quenching of inclusive jet-spectra

dJAA(ET; Rmax’ wmin)
<Ncoll>d0'pp(ET; Rmax_min)

RJEt(ET, Rmax min) =

B R™#*: jet radius;
m W™ to mimic possible cuts on particle/tower pr > pmm.

Raa<1: radiation of soft (w<w™) or large angles (R > R™*) gluons

Lol ¥R™.I20 | Pb+Pb@5500 Gey (I. Vitev et al. JHEP11 (2008) 093)
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Inclusive jet spectra: results

At RHIC limited kinematic acceptance wrt LHC prevents
coincidence measurements and forces to study inclusive spectrum!

u+Au at\[s, =200 GeV/c
& 10% most central events It is a “cross-section” measurement

\o VAR Preliminary (normalization to the number of AA
collisions!)...
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Inclusive jet spectra: results

At RHIC limited kinematic acceptance wrt LHC prevents
coincidence measurements and forces to study inclusive spectrum!

& - Au+Auand p+p at\[s, =200 GeV/c
AutAu: 10% most central It is a “cross-section” measurement

o yprel_lm,"fry (normalization to the number of AA
";\—\%— collisions!)...
. "‘+‘ ...allowing to study the jet-Raa
e ’ NB highest bin close to the
o 2 kinematic limit (Epeam =100A GeV)!
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LInclusive jet spectra

Inclusive jet spectra: results

At RHIC limited kinematic acceptance wrt LHC prevents
coincidence measurements and forces to study inclusive spectrum!

%:: Au+Au and p+p at\[s,, =200 GeV/c
AurAu: 10% most central It is a “cross-section” measurement
STAR Preliminary . .
— (normalization to the number of AA
;_,:—;//’\ collisions!)...
AR ”*}‘ ...allowing to study the jet-Raa
A NB highest bin close to the
4 e o . A
: ey kinematic limit (Epeam =100A GeV)!
100 anti-kt R=0.

L L L L L
10 15 20 25 30 35 40 45 50
Py (GeV/e)

Part of the radiated gluons contribute to the Et inside the jet-cone
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Dijet imbalance at LHC: looking at the event display

An important fraction of events display a huge mismatch in Et
between the leading jet and its away-side partner
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LDijet imbalance

Dijet imbalance at LHC: looking at the event display

An important fraction of events display a huge mismatch in Et
between the leading jet and its away-side partner

Central Pb+Pbys,,=2.76 TeV

w;‘i» ~__g - 0-10%centrat——
® 102 GeV ' . ]
I "ﬂ | 47Gev.
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Dijet imbalance at LHC: looking at the event display

An important fraction of events display a huge mismatch in Et
between the leading jet and its away-side partner

ATLAS

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET
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L Dijet imbalance

Dijet imbalance at LHC: looking at the ev

An important fraction of events display a huge mismatch in Et
between the leading jet and its away-side partner

T CMS/ | CMS Experiment at LHC, CERN
— > | Data recorded: Sun Nov 14 19:31:39 2010 CEST
— Run/Event: 151076 / 1328520
| Lumi section: 249

7 l —
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LDijet imbalance

Dijet imbalance at LHC: looking at the event display

An important fraction of events display a huge mismatch in Et
between the leading jet and its away-side partner

T CMS, | CMS Experiment at LHC, CERN
— % | Data recorded: Sun Nov 14 19:31:39 2010 CEST

e /\| Run/Event: 151076 / 1328520
- { | Lumi section: 249
Er(GeV) ~ . T
Leading jet T
pr:205.1 GeVic - - B

-+ Subleading jet
:70.0G

Possible to obs
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Dijet correlations: definitions

First analysis of dijet-imbalance in heavy-ion performed by ATLAS?:

m Define a sample of jet events with a /eading jet with E, >100 GeV
(1693 “jet-selected events”);

2PRL 105, 252303 (2010)
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Dijet correlations: definitions

First analysis of dijet-imbalance in heavy-ion performed by ATLAS?:

m Define a sample of jet events with a /eading jet with E, >100 GeV
(1693 “jet-selected events”);

m Look for the highest energy associated jet in the opposite
hemisphere (|A¢|>n/2) with E, >25 GeV (5% of jet-events don't
fulfill this condition in central collisions: mono-jets);

m Define the asymmetry variable

Er, — Et

1 2

A=—"— 2=
' Er, + Eq,

2PRL 105, 252303 (2010)
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Dijet correlations: definitions

First analysis of dijet-imbalance in heavy-ion performed by ATLAS?:

m Define a sample of jet events with a /eading jet with E, >100 GeV
(1693 “jet-selected events”);

m Look for the highest energy associated jet in the opposite
hemisphere (|A¢|>n/2) with E, >25 GeV (5% of jet-events don't
fulfill this condition in central collisions: mono-jets);

m Define the asymmetry variable

Er, — Et

1 2

A=—"— 2=
' Er, + Eq,

m Study the dijet distributions
1 dN 1 dN

Njetev. dTU’ Njet ev. d(A(ZS)

2PRL 105, 252303 (2010)
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Dijet

correlations: results
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Dijet correlations: results
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m Dijet asymmetry A; enhanced wrt to p+p and increasing with
centrality;

m A¢ distribution unchanged wrt p+p (jet pairs ~ back-to-back)
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Increasing A, a sizable fraction of energy around subleading jet carried by

(pT< 4 GeV) with a




Hard probes in AA collisions
LF’arton energy-loss: theory

The challenge:
Developing a rigorous theoretical setup for the study
of the “jet”"-medium interaction, providing a
consistent description of the various observables



Hard probes in AA collisions
LPa\rton energy-loss: theory
Physical interpretation of the data: !

. E (=~ pr) (1-2)FE
I

m Interaction of the high-pt parton with the color field of the medium
induces the radiation of (mostly) soft (w < E) and collinear
(kL < w) gluons;

m Radiated gluon can further re-scatter in the medium (cumulated q
favor decoherence from the projectile).



Hard probes in AA collisions
LPa\rton energy-loss: theory

LSc:me preliminaries

A hard parton with p;= [p+, Qz/2p+,0} loses its virtuality @ through
gluon-radiation. In light-cone coordinates, with pL =E + pz/ﬁ:

k2
k.= |xp,, —— Kk
S, g = | P+ 2xp,
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LPa\rton energy-loss: theory

LSc:me preliminaries

A hard parton with p;= [p+, Qz/2p+,0} loses its virtuality @ through

gluon-radiation. In light-cone coordinates, with pL =E + pz/ﬁ:

k2
k= |xpy, —— k
i a & P 2Xp+
MﬁP* 2
. P (1—a)P* pr= [(l_x)p+’2(1—x)/9+’_k]

m ki vsvirtuality: k? = x(1-x) Q%
m Vacuum radiation spectrum (our benchmark):

dk™ dk

«
rad hard ~s
dO—vaC = d C 7k+ F

m Time-scale (formation time) for gluon radiation:
AtradNQil(E/Q)N2w/k2 (sz/E)
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m On-shell partons propagating in a color field can radiated gluons.
For a single scattering (N = 1 in the opacity expansion) one has:
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LPa\rton energy-loss: theory

LSc:me preliminaries

m On-shell partons propagating in a color field can radiated gluons.
For a single scattering (N = 1 in the opacity expansion) one has:

s

: 1

< — <

(b)

m The single-inclusive gluon spectrum: the Gunion-Bertsch result

dNSB as (L as (L q°
g _ (= KPPV =Cr—=( — )
“ dkdw Ckw2<xg><““ 1]> Ckﬂ2<Ag><k%k—qy>

where Cg is the color charge of the hard parton and:

k k—q 1 do!
Ko = — K, = d oy = | dgq———
0 k2’ 1 (k_q)2 an < > / qa-el dq

NB We work under the assumption E > w >k, > T




Hard probes in AA collisions

L Parton energy-loss: theory

LHigh—pT parton produced in the medium: induced radiation spectrum

m If the production of the hard parton occurs inside the medium the
radiation spectrum is given by:

do,rad — doVa¢ + dUind
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LHigh—pT parton produced in the medium: induced radiation spectrum

(1—2)P*

m If the production of the hard parton occurs inside the medium the
radiation spectrum is given by:

rad __ vac ind
do™ =do" + do

The hard parton would radiate (losing its virtuality) also in the
vacuum:
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LHigh—pT parton produced in the medium: induced radiation spectrum

m If the production of the hard parton occurs inside the medium the
radiation spectrum is given by:

do,rad — doVa¢ + dUind

The hard parton would radiate (losing its virtuality) also in the
vacuum: only the medium-induced radiation contributes to the
energy-loss!



Hard probes in AA collisions

L Parton energy-loss: theory

LHigh—pT parton produced in the medium: induced radiation spectrum

® ' & o : w
<= - —

m If the production of the hard parton occurs inside the medium the
radiation spectrum is given by:

rad __ vac ind
do™ =do" + do

The hard parton would radiate (losing its virtuality) also in the
vacuum: only the medium-induced radiation contributes to the
energy-loss!

m The medium length L introduces a scale to compare with the g/uon
formation-time tso., — non-trivial interference effects!
In the vacuum (no other scale!) ¢ = 2w/k? played no role.
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Gluon-spectrum do™®d written as an expansion in powers of (L/A\!)

m For the amplitude one has (i: number of elastic interactions)

Mrad:Mo+M1+M2+...
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LHigh—pT parton produced in the medium: induced radiation spectrum

rad

Gluon-spectrum do™®d written as an expansion in powers of (L/A\!)

m For the amplitude one has (i: number of elastic interactions)
Mrad =Moo+ Mi+My+...

m Squaring and taking a medium average one has (at N=1 order):

<|Mrad|2> _ |MO|2 + <|M1‘2> + 2R6<M‘2/irt>/\/lé +...
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LPa\rton energy-loss: theory
LHigh—pT parton produced in the medium: induced radiation spectrum

rad

Gluon-spectrum do™®d written as an expansion in powers of (L/A\!)

m For the amplitude one has (i: number of elastic interactions)
Mrad =Moo+ Mi+My+...
m Squaring and taking a medium average one has (at N=1 order):

<|Mrad|2> _ |MO|2 + <|M1‘2> + 2R6<M‘2/irt>/\/lé +...

m Physical interpretation:



Hard probes in AA collisions
arton energy-loss: theory

-p7 parton produced in the mediu uced radiation spectrum

Gluon-spectrum do™2d

written as an expansion in powers of (L/\")
m For the amplitude one has (i: number of elastic interactions)
M= Mo+ My + My + ...
m Squaring and taking a medium average one has (at N=1 order):
(IM™2Y = | Mol + (IM1|?) + 2Re(M3THIMG + ...

m Physical interpretation:

& & @
< < —

{|M1]?): contribution to the radiation spectrum involving
color-exchange with the medium



Hard probes in AA collisions
arton energy-loss: theory

-p7 parton produced in the medium: induced radiation spectrum

rad

Gluon-spectrum do™®d written as an expansion in powers of (L/\!)

m For the amplitude one has (i: number of elastic interactions)
M= Mo+ My + Mo+ ...
m Squaring and taking a medium average one has (at N=1 order):
(IMPIPY = Mol + (|My[?) + 2Re(MF™ Y MG + . ..

m Physical interpretation:

Pradl
A R T

2Re( MY M: reducing the contribution to the spectrum by
vacuum radiation, involving no color-exchange with the medium
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LPa\rton energy-loss: theory
LHigh—pT parton produced in the medium: induced radiation spectrum

doind hard ~ s [ L 5 ’ 2 sin(wy L)
Y dwdk 97 R <Ag1) <[(Ko — K1)? + Ki — Ky ==

In the above w; =(k—q)?/2w and two regimes can be distinguished:
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Y dwdk 97 R <Ag1) <[(Ko — K1)? + Ki — Ky ==

In the above w; =(k—q)?/2w and two regimes can be distinguished:
m Coherent regime LPM (w;L < 1): do™?=0 — do™d = doVac
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LPa\rton energy-loss: theory
LHigh—pT parton produced in the medium: induced radiation spectrum

doind hard ~ s [ L 5 ’ 2 sin(wy L)
Y dwdk 97 R <Ag1> <[(Ko — K1)? + Ki — Ky ==

In the above w; =(k—q)?/2w and two regimes can be distinguished:
m Coherent regime LPM (w;L < 1): do™?=0 — do™d = doVac
= Incoherent regime (wiL>1): do™ ~ ((Ko—K;)? +K§7Ko>



Hard probes in AA collisions
LPa\rton energy-loss: theory
LHigh—pT parton produced in the medium: induced radiation spectrum

da.ind hard s L 5 2 2 Sin(quL)
wdwdk =do CR? <)\§1> <[(KQ — K]_) + Kl — KO] 1-— u"lL

In the above w; =(k—q)?/2w and two regimes can be distinguished:
m Coherent regime LPM (w;L < 1): do™?=0 — do™d = doVac
= Incoherent regime (wiL>1): do™ ~ ((Ko—K;)? +K§7Ko>

The full radiation spectrum can be organized as
dotd — JgCB 4 ggvac 4 ggvac

gain loss

where

doSB = dohard cp & (L/Ael) (Ko — K1)?) (dwdk/w)

do¥s _doh“dc (L/Ael)< D (dwdk/w)

gain

dopis = (1 - L/Agl) dohard CR;; K3 (dwdk/w)

loss
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LHigh—pT parton produced in the medium: induced radiation spectrum

Behavior of the induced spectrum depending on the gluon formation-time

ttorm = oJ]__l = 2w/(k - q)2

M 2w/k2, due to the transverse
g-kick received from the medium. Why such an expression?

differing from the vacuum result ¢
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Behavior of the induced spectrum depending on the gluon formation-time

ttorm = oJ]__l = 2w/(k - q)2

M 2w/k2, due to the transverse
g-kick received from the medium. Why such an expression?

Consider for instance the (K2) contribution, with the hard parton
produced off-shell p;=[py, @*/2p.,0] and radiating an on-shell gluon,
which then scatters in the medium

differing from the vacuum result ¢
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LPa\rton energy-loss: theory
LHigh—pT parton produced in the medium: induced radiation spectrum

Behavior of the induced spectrum depending on the gluon formation-time

ttorm = oJ]__l = 2w/(k - q)2

differing from the vacuum result t{35 = 2w/k2, due to the transverse
g-kick received from the medium. Why such an expression?

Consider for instance the (K2) contribution, with the hard parton
produced off-shell p;=[py, @*/2p.,0] and radiating an on-shell gluon,

which then scatters in the medium

off — shell on — shell — (k — q)2
O e kg = {Xp+’2xp+’k_q
k ' k _ q 2
f P = |:(1_X)p+a()7q_k:|
- 2(1=x)p+

The radiation will occur in a time set by the uncertainty principle:
tiorm ~ QY (E/Q) ~ 2w/(k — q)?
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LPa\rton energy-loss: theory
LHigh—pT parton produced in the medium: induced radiation spectrum

Behavior of the induced spectrum depending on the gluon formation-time

ttorm = oJ]__l = 2w/(k - q)2

differing from the vacuum result t{35 = 2w/k2, due to the transverse
g-kick received from the medium. Why such an expression?

Consider for instance the (K2) contribution, with the hard parton
produced off-shell p;=[py, @*/2p.,0] and radiating an on-shell gluon,

which then scatters in the medium

off — shell on — shell — (k — q)2
O e kg = {Xp+’2xp+’k_q
k ' k _ q 2
f P = |:(1_X)p+a()7q_k:|
- 2(1=x)p+

The radiation will occur in a time set by the uncertainty principle:
tiorm ~ QY (E/Q) ~ 2w/(k — q)?

— if tform = L the process is suppressed!



Hard probes in AA collisions

L Parton energy-loss: theory

LHigh—pT parton produced in the medium: induced radiation spectrum

Integrating the lost energy w over the inclusive gluon spectrum:

dnird Cras [ 12 E
AEY = [ d d g _ s(HD )\ 2,, E
(AE) / / k dwdk 4 ()‘?gl> e HD
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LHigh—pT parton produced in the medium: induced radiation spectrum

Integrating the lost energy w over the inclusive gluon spectrum:
dNind C 2 E

(AE>:/dw/dkw £ TR (1D 2 =

dwdk 4 A 15

m [? dependence on the medium-length;




Hard probes in AA collisions

L Parton energy-loss: theory

LHigh—pT parton produced in the medium: induced radiation spectrum

Integrating the lost energy w over the inclusive gluon spectrum:
dNind C 2 E

(AE>:/dw/dkw £ TR (1D 2 =

dwdk 4 A 15

m [? dependence on the medium-length;

m p: Debye screening mass of color interaction ~ typical momentum
exchanged in a collision;



Hard probes in AA collisions
LPa\rton energy-loss: theory

LHigh—pT parton produced in the medium: induced radiation spectrum

Integrating the lost energy w over the inclusive gluon spectrum:

dNi"d Cra 2 E
- g ROs @ 2 £
<AE>_/dw/dkwdwdk 2 (A§1> L% In s

m [? dependence on the medium-length;

m p: Debye screening mass of color interaction ~ typical momentum
exchanged in a collision;

m 3/ /\21 often replaced by the transport coefficient §.



Hard probes in AA collisions

LPa\rton energy-loss: theory
LHigh—pT parton produced in the medium: induced radiation spectrum

100.00 10000
1000
g -
S 100 5 100
3 4
T
0.10 0.10 LHC: E,/u= 1000
RHIC: E,,/pu= 100
S E,/u=10
001 001
. 1 2 3 4 5
x LA,

(M. Gyulassy, P. Levai and I. Vitev, PRL 85, 5535 (2000))

m Vacuum-radiation rapidity flat (50% of jet energy!);

Medium-induced energy-loss concentrated at small x

6
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LBeyond the inclusive gluon spectrum

How to address more differential observables?

m So far we focused on inclusive spectrum of radiated gluons: a
parton radiating gluons of energy w; and w, simply contributes
twice to such a spectrum;
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m So far we focused on inclusive spectrum of radiated gluons: a
parton radiating gluons of energy w; and w, simply contributes
twice to such a spectrum;

m A more differential information (e.g. exclusive one, two... gluon
spectrum) is desirable in order to deal with more exclusive
observables (jet fragmentation, jet-shapes...);



Hard probes in AA collisions
LF’arton energy-loss: theory

LBeyond the inclusive gluon spectrum

How to address more differential observables?

m So far we focused on inclusive spectrum of radiated gluons: a
parton radiating gluons of energy w; and w, simply contributes
twice to such a spectrum;

m A more differential information (e.g. exclusive one, two... gluon
spectrum) is desirable in order to deal with more exclusive
observables (jet fragmentation, jet-shapes...);

m ldeally one would like to follow a full parton-shower evolution in the
plasma, described by modified Sudakov form factors

tdt/ as(t', z)
A = _ - SVt p /
(t,t) exp{ /to ” /dz o (z,t)],

where medium effects are included as corrections to the DGLAP
splitting functions:
P(z,t) = P"(z) + AP(z,1t)

As an evolution variable one can use the parton virtuality t= Q?



Hard probes in AA collisions
LF’artcm energy-loss: theory
8Y Y

LBeyond the inclusive gluon spectrum

Evaluation of modified splitting functions

m Vacuum-radiation spectrum

dkt dk o (2CRY , dk’
dNYvae = == _ K

g CR Kkt K2 271 < X )
allows to identify the soft limit of P¥*°(z) (where z=1—x):

dN7* g 1 2Cr
g = -s _—_pvac pvac ~
e e G S
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LF’arton energy-loss: theory

LBeyond the inclusive gluon spectrum

Evaluation of modified splitting functions

m Vacuum-radiation spectrum

dkt dk o (2CRY , dk’
dNYvae = == _ K

g CR Kkt K2 271 < X )
allows to identify the soft limit of P¥*°(z) (where z=1—x):

dN7* g 1 2Cr
g = -s _—_pvac pvac ~
e e G S

m Medium-corrections to the splitting function are then obtained
through the matching with the induced radiation spectrum:

27Tt dNind
AP(zt) =~

where k*=2z(1—2z)t.



Hard probes in AA collisions

LPa\rton energy-loss: theory

LBeyond the inclusive gluon spectrum

Color connections in the medium

The interaction of the radiated gluon with the medium is given by
color exchange
"M The color structure of the jet shower is modified

N

[not included yet]

W

Vacuum

Medium-induced gluon radiation modifies
the color structure of the shower

Torino, December 2008 Jets in heavy-ion collisions at RHIC and LHC 29

Parton-medium interaction involves color-exchange® which can affect

3Fig. from C.A. Salgado lectures
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The interaction of the radiated gluon with the medium is given by
color exchange
"M The color structure of the jet shower is modified

N
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Vacuum
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m correlation between subsequent emissions;
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Hard probes in AA collisions

L Parton energy-loss: theory

LBeyond the inclusive gluon spectrum

Color connections in the medium

The interaction of the radiated gluon with the medium is given by
color exchange
"M The color structure of the jet shower is modified

N

[not included yet]

W

Vacuum

Medium-induced gluon radiation modifies
the color structure of the shower

Torino, December 2008 Jets in heavy-ion collisions at RHIC and LHC 29

Parton-medium interaction involves color-exchange® which can affect
m correlation between subsequent emissions;

m color connections at the end of the evolution (hence hadronization)

3Fig. from C.A. Salgado lectures



Hard probes in AA collisions

LHigh—pT parton in the medium: color-exchange effects

...Hence the interest in studying
medium-modification of color-flow for
high-pT probes*

m | will mainly focus on leading-hadron spectra...

m ...but the effects may be relevant for more differential
observables (e.g. jet-fragmentation pattern)

“A.B, J.G.Milhano and U.A. Wiedemann, J.Phys.G G38 (2011) 124118 and
arXiv:1109.5025 [hep-ph] 4+ work in progress
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LHigh—pT parton in the medium: color-exchange effects

“Factorization” in AA collisions: medium-modified FFs

Omed Ovac med

d AA—h+X _ Zd AA—F+X <Df4>h(z MF))
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“Factorization” in AA collisions: medium-modified FFs

AA—h+X
do Omed

= Zd e X ® (DL (2, 1)) an

= Zdofa‘lﬂf”@? (P(AE))aa® D" (2, 17)

e.loss prob. vacuumFF

People usually apply a vacuum FF to a parton with a degraded energy,
described by the energy-loss probability P(AE):
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LHigh—pT parton in the medium: color-exchange effects

“Factorization” in AA collisions: medium-modified FFs

AA—h+X
do Omed

= Zd e X ® (DL (2, 1)) an

= Zdoﬁ‘;‘?”x@ (P(AE))aa® D" (2, 17)

e.loss prob. vacuumFF

People usually apply a vacuum FF to a parton with a degraded energy,
described by the energy-loss probability P(AE):

Underlying assumption

A high-energy parton with low-virtuality Q fragments

E1
Al ~ = — ARG~ Q0c . Teor

0
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LHigh—pT parton in the medium: color-exchange effects

“Factorization” in AA collisions: medium-modified FFs

AA—h+X
do Omed

= Zd e X ® (DL (2, 1)) an

= Zdoiflﬂf”@? (P(AE))aa® D" (2, 17)

e.loss prob. vacuumFF

People usually apply a vacuum FF to a parton with a degraded energy,
described by the energy-loss probability P(AE):

Underlying assumption
A high-energy parton with low-virtuality Q fragments

E1
Al ~ = — ARG~ Q0c . Teor

0

Does the above factorization hold if the medium modifies the color flow?



Hard probes in AA collisions

LHigh—pT parton in the medium: color-exchange effects

From partons to hadrons

The final stage of any parton shower has to be interfaced with some
hadronization routine. Keeping track of color-flow one identifies
color-singlet objects whose decay will give rise to hadrons
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m In PYTHIA hadrons come from the fragmentation of gg strings,
with gluons representing kinks along the string (Lund model);
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LHigh—pT parton in the medium: color-exchange effects

From partons to hadrons

The final stage of any parton shower has to be interfaced with some
hadronization routine. Keeping track of color-flow one identifies
color-singlet objects whose decay will give rise to hadrons

m In PYTHIA hadrons come from the fragmentation of gg strings,
with gluons representing kinks along the string (Lund model);

m In HERWIG the shower is evolved up to a softer scale, all gluons are
forced to split in qg pair (large-N.!) and singlet clusters (usually of
low invariant mass!) are thus identified.
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Vacuum radiation: color flow

m Color flow treated in the large-N, limit;
m Gluon splitted into a gg pair;
m The red lines form the color-singlet cluster Cy, with pg:pf+k/2:

2 2 2
- (1-3) Co — Ky K &
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leading hadron

whose decay will give rise to the leading hadron;
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LHigh—pT parton in the medium: color-exchange effects

Vacuum radiation: color flow

m Color flow treated in the large-N, limit;

Gluon splitted into a qg pair;

The red lines form the color-singlet cluster Cy, with pg:pf+k/2:

2 2 2
- (1-3) Co — Ky K &
P+ (1 2) Pt ® _<pf+2> 2x(1-x) 2
—_———

leading hadron

whose decay will give rise to the leading hadron;

m The second end-point of the gluon, color-connected with the rest of
the event, will only contribute to the soft part of the spectrum
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Medium-induced radiation: color flow

m Reminder: if the production of the hard parton occurs inside the
medium the radiation spectrum is given by:

do_rad — doVac + dUind

The hard parton would radiate losing its virtuality also in the
vacuum: only the induced radiation contributes to the energy-loss!
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Medium-induced radiation: color flow

m Reminder: if the production of the hard parton occurs inside the
medium the radiation spectrum is given by:

do_rad — doVac + dUind

The hard parton would radiate losing its virtuality also in the
vacuum: only the induced radiation contributes to the energy-loss!

m In the case of a quark projectile the radiation spectrum is given by
the sum of three color channels:

do™d = + doa, + doa,a
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LHigh—pT parton in the medium: color-exchange effects

Medium-induced radiation: color flow

m Reminder: if the production of the hard parton occurs inside the
medium the radiation spectrum is given by:

do_rad = doV?° 4+ dUind
The hard parton would radiate losing its virtuality also in the
vacuum: only the induced radiation contributes to the energy-loss!

m In the case of a quark projectile the radiation spectrum is given by
the sum of three color channels:

do™d = + doa, + doa,a
— 4 do_ind + dgind

aai aja

: correction to vac. rad. to ensure probability conservation.
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Quark projectile: color-flow analysis

m The aa; channel: leading hadron from cluster C; (in red)

» v P

t=p

Pt = (1—-x/2) py (vacuum—like!), sC = (pr + k/2)° o k?/2x
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LHigh—pT parton in the medium: color-exchange effects

Quark projectile: color-flow analysis

m The aa; channel: leading hadron from cluster C; (in red)

» v P

1l

t=p 1 t=p

Pt = (1—-x/2) py (vacuum—like!), sC = (pr + k/2)° o k?/2x

m The aja channel: leading hadron from cluster C> (in green)

P (=)py (<2, s =(prtt)=2prt ~ET (559)

where a medium particle has momentum components ~ T
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fragment into lighter sub-clusters.



Hard probes in AA collisions

LHigh—pT parton in the medium: color-exchange effects

Hadronization: cluster-decay (HERWIG)

m Hadronization in HERWIG occurs through the decay of color-singlet
clusters
m Light clusters (s<s.=16 GeV?) undergo a 2-body decay into
hadrons;
m Heavy clusters (s >s.=16 GeV?) before hadronization
fragment into lighter sub-clusters.

m Let us make some estimates in the limit E>w>k, > T:
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m For the cluster C; one finds st ~2.5 GeV?;
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Hadronization: cluster-decay (HERWIG)

m Hadronization in HERWIG occurs through the decay of color-singlet
clusters
m Light clusters (s<s.=16 GeV?) undergo a 2-body decay into
hadrons;
m Heavy clusters (s >s.=16 GeV?) before hadronization
fragment into lighter sub-clusters.

m Let us make some estimates in the limit E>w>k, > T:
py ~100 GeV, x~0.2, k; ~1GeV, T ~0.5GeV

m For the cluster C; one finds st ~2.5 GeV?;
m On the other hand for the cluster C, one gets s> ~40 GeV?.
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LHigh—pT parton in the medium: color-exchange effects

Hadronization: cluster-decay (HERWIG)

m Hadronization in HERWIG occurs through the decay of color-singlet
clusters
m Light clusters (s<s.=16 GeV?) undergo a 2-body decay into
hadrons;
m Heavy clusters (s >s.=16 GeV?) before hadronization
fragment into lighter sub-clusters.

m Let us make some estimates in the limit E>w>k, > T:
py ~100 GeV, x~0.2, k; ~1GeV, T ~0.5GeV

m For the cluster C; one finds st ~2.5 GeV?;
m On the other hand for the cluster C, one gets s> ~40 GeV?.

, already softer than Cy, can have very large invariant mass and,

before hadronization, . This will
of hadrons produced !




Hard probes in AA collisions

LHigh—pT parton in the medium: color-exchange effects

Hadronization: string-fragmentation (PYTHIA)

high-pT quark Medium

| Nucleus 1
|

hard process
i Nucleus 2

v

Radiated gluon is part of the string
fragmenting into the leading hadron
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LHigh—pT parton in the medium: color-exchange effects

Hadronization: string-fragmentation (PYTHIA)

Medium

| Nucleus 1

hard process
i Nucleus 2

%

Radiated gluon is part of the string
fragmenting into the leading hadron

=~

high-pT quark Medium

| Nucleus 1 i |
|

hard process
i Nucleus 2
i i

| /

Gluon color decohered: its energy is lost
and cannot contribute to the leading
hadron
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m Evaluation of color-differential radiation
spectrum: QCD-based result!

m Some numerical results: relying on the particular
hadronization scheme



Hard probes in AA collisions

LHigle-r parton in the medium: color-exchange effects

In the forthcoming slides:

m Evaluation of color-differential radiation
spectrum: QCD-based result!

m Some numerical results: relying on the particular
hadronization scheme

The presence of channels with the
always

entails a softening of the hadron spectrum
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Color differential radiation spectrum
Its general expression is quite cumbersome due to the presence
of different time-scales; however in order to get a physical
insight it is sufficient to focus on some limiting regimes
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Color differential radiation spectrum
Its general expression is quite cumbersome due to the presence
of different time-scales; however in order to get a physical
insight it is sufficient to focus on some limiting regimes

Two time-scales for the color-differential spectrum

ml/w=2w/ : gluon-momentum;
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LHigh—pT parton in the medium: color-exchange effects

L Color-differential radiation spectrum

Color differential radiation spectrum
Its general expression is quite cumbersome due to the presence
of different time-scales; however in order to get a physical
insight it is sufficient to focus on some limiting regimes

Two time-scales for the color-differential spectrum
ml/wi=2w/ : gluon-momentum;

m 1/wo=2w/k?: final gluon-momentum.
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Radiation spectrum: the incoherent limit (tr < L)

The aa; channel (C; cluster!) gets contribution from the diagrams:

¢ ® /w
= <
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L Color-differential radiation spectrum

Radiation spectrum: the incoherent limit (tr < L)

The aa; channel (C; cluster!) gets contribution from the diagrams:

o
3 . /‘,ﬂw
| 4
- -
The radiation spectrum reads:

dorad | oo Cras [ L
+ _ hard ~F ©s [ = B 2 2
k|, U7 2w < > [((ko—Ka)") + (K3)|
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L Color-differential radiation spectrum

Radiation spectrum: the incoherent limit (tr < L)

The aa; channel (C; cluster!) gets contribution from the diagrams:

o
3 . /‘,ﬂw
| 4
- -
The radiation spectrum reads:

dorad | oo Cras [ L
+ _ hard ~F ©s [ = B 2 2
k|, U7 2w < > [((ko—Ka)") + (K3)|

Physical interpretation:

m (Cr/2)((Ko—K1)?): 50% GB spectrum by on-shell quark (F);




Hard probes in AA collisions
LHigh—pT parton in the medium: color-exchange effects

L Color-differential radiation spectrum

Radiation spectrum: the incoherent limit (tr < L)

The aa; channel (C; cluster!) gets contribution from the diagrams:

. 3”‘ M . w
- -
The radiation spectrum reads:
dO’rad incoh.

< - d”hard%% <L> [<(K°*K1)2> + <K§>}

Physical interpretation:
m (Cr/2)((Ko—K1)?): 50% GB spectrum by on-shell quark (F);
m (Cr/2)(K3): 50% vac. rad. by off-shell quark (F).
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The aja channel (C; cluster!) gets contribution from the diagrams:

o= | e

— —
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L Color-differential radiation spectrum

Radiation spectrum: the incoherent limit (tr < L)

The aja channel (C; cluster!) gets contribution from the diagrams:

o= | e

— —

The radiation spectrum reads (Cr = Ca/2 in the large-N. limit!):

dO'rad incoh. s L C .
“axdk |, =do" dﬂ[() (;) ({(Ko—K1)?)+{K})) + (A;) CFKS}
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L Color-differential radiation spectrum

Radiation spectrum: the incoherent limit (tr < L)

The aja channel (C; cluster!) gets contribution from the diagrams:

o= | e

— —

The radiation spectrum reads (Cr = Ca/2 in the large-N. limit!):

i“‘“’h;dghardas[(L) (%) (((Ko—Ka)?)+(KD)) + (fl) CFK%}

- 2
aja T q

N do.rad
dxdk

Physical interpretation:

m (Cr/2)((Ko—K1)?): 50% GB spectrum by on-shell parton (R);
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L Color-differential radiation spectrum

Radiation spectrum: the incoherent limit (tr < L)

The aja channel (C; cluster!) gets contribution from the diagrams:

o= | e

— —

The radiation spectrum reads (Cr = Ca/2 in the large-N. limit!):

i“‘“’h;dghardas[(L) (%) (((Ko—Ka)?)+(KD)) + (fl) CFK%}

- 2
aja T q

N do.rad
dxdk

Physical interpretation:
m (Cr/2)((Ko—K1)?): 50% GB spectrum by on-shell parton (R);
m (Cr/2)(K3): 50% vac. rad. by off-shell parton (F).
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L Color-differential radiation spectrum

Radiation spectrum: the incoherent limit (tr < L)

The aja channel (C; cluster!) gets contribution from the diagrams:

o= | e

— —

The radiation spectrum reads (Cr = Ca/2 in the large-N. limit!):

i“‘“’h;dghardas[(L) (%) (((Ko—Ka)?)+(KD)) + (fl) CFK%}

- 2
aja T q

N do.rad
dxdk

Physical interpretation:
m (Cr/2)((Ko—K1)?): 50% GB spectrum by on-shell parton (R);
m (Cr/2)(K3): 50% vac. rad. by off-shell parton (F).

m CrKZ: vac. rad. by off-shell parton (R) + elastic scatt.;
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L Color-differential radiation spectrum

Radiation spectrum: the incoherent limit (tr < L)

The (vacuum radiation + unitarity corrections):
rad (incoh. .
xjid: = x%;: _+d herd 22 (ALgI) %(—3}(3)
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LHigh—pT parton in the medium: color-exchange effects
LColor—diffel'ential radiation spectrum

Radiation spectrum: the incoherent limit (tr < L)

The (vacuum radiation + unitarity corrections):
o T @
rad (incoh. ra
Wl RS ety () Sead

The inclusive (a + aa; 4+ aja) induced radiation-spectrum:

; incoh.
do.lnrl O are «a L
k* = doPardCr— <> (Ko — K1)? — K§ + K7)

dk+dk 72 \ A
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L Color-differential radiation spectrum

Radiation spectrum: the totally coherent limit (tf > L)

coher.
Xdorad _ do_hard L s K2
- el “R5 20
dxdk aa )\g 27
d rad coher.
o
X =0 no color—flow effect!
dxdk .
rad |coher. rad
XdO' _ XdU _do_hardLCR s K2
- el 270
dxdk |, dxdk | .. )\g 2w
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L Color-differential radiation spectrum

Radiation spectrum: the totally coherent limit (tf > L)

d rad |coher.
g

L «
hard S 2
X =do —Cr—K
el 20
dxdk aa )\g 27
d rad coher.
o
X =0 no color—flow effect!
dxdk .
coher.
dorad o dUrad d hard L C s K2
X =X —do — Cr—KG,
el 2
dxdk |, dxdk | .. )\g 2w

m The color-inclusive result reduces to the vacuum-radiation

rad } _ vac ind ‘ ind o vac
do coher do + dO’a coher + dUaal coher do

room for parton energy-loss due to !
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L Color-differential radiation spectrum

Radiation spectrum: the totally coherent limit (tf > L)

coher.
Xdorad _ do_hard L s K2
- el “R5 20
dxdk aa )\g 27
d rad coher.
o
X =0 no color—flow effect!
dxdk .
rad |coher. rad
XdO' _ XdU _do_hardLCR s K2
- el 270
dxdk |, dxdk | .. )\g 2w

m The color-inclusive result reduces to the vacuum-radiation

d()'md} = dgVvac + dO';nd‘ + dO’md — dovac

coher coher ad1 |coher

room for parton energy-loss due to !

m The medium may simply provide a color-rotation, but leading
hadrons always arise from Cy/C clusters:
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From partons to hadrons: modified color-flow effects

m Incoherent limit (wg/1L > 1):

m do™£0: medium-induced radiation;
m do,, ,#0: color-flow softens the hadron spectrum.
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L Color-differential radiation spectrum

From partons to hadrons: modified color-flow effects

m Incoherent limit (wg/1L > 1):
m do™£0: medium-induced radiation;
m do,, ,#0: color-flow softens the hadron spectrum.

m Coherent limit (wp/1L < 1):

m do™=0: NO medium-induced radiation:

m do, ,=0: NO color-flow.
m A particular kinematic window w; L < 1< wpl

do ind K07 do ind QKg, do_;nd ~ —3K%

aal 212
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L Color-differential radiation spectrum

From partons to hadrons: modified color-flow effects

m Incoherent limit (wg/1L > 1):
m do™£0: medium-induced radiation;
m do,, ,#0: color-flow softens the hadron spectrum.

m Coherent limit (wp/1L < 1):

m do™=0: NO medium-induced radiation:

m do, ,=0: NO color-flow.

m A particular kinematic window w; L < 1< wpl

ind inc 2 ind 2
doind ~ K3, dold ~ 2Kg, do™ ~ —3K3
m do™1=0: NO medium-induced radiation:

m do, ,#0: color-flow softens the hadron spectrum!
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L Color-differential radiation spectrum

From partons to hadrons: modified color-flow effects

m Incoherent limit (wg/1L > 1):

m do™£0: medium-induced radiation;
m do,, ,#0: color-flow softens the hadron spectrum.

m Coherent limit (wp/1L < 1):

m do™=0: NO medium-induced radiation:

m do, ,=0: NO color-flow.
m A particular kinematic window w; L < 1< wpl
do ind K07 do ind QKSa do_;nd ~ _3K%

321 ala

ind _

m do™®=0: NO medium-induced radiation;
m do, ,#0: color-flow softens the hadron spectrum!

Quenching of hadron spectra not due to enhanced rate of gluon radiation,
but to a change of color-connections of the hard parton in the medium
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m The calculation can be repeated in the case of a gluon-projectlie;
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LHigh—pT parton in the medium: color-exchange effects

L Color-differential radiation spectrum

Further developments

m The calculation can be repeated in the case of a gluon-projectlie;

m The analysis can be in principle performed for any number of elastic

scatterings: for N=2 in 4 of 5 color-channels the leading fragment
is connected with the medium!
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L Color-differential radiation spectrum

Gluon projectile: color channels

high-pT gluo Medium high-pT gluor Medium
i Nucleus 1 Nucleus 1
i bi
hard proces: hard proces:
m__Nucleus 2 m__ Nucleus 2
m mm

Only 4 color channels contribute in the soft (w < E) limit

m two with “vacuum-like" color-connections
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LHigh—pT parton in the medium: color-exchange effects

L Color-differential radiation spectrum

Gluon projectile: color channels

Kj ]

v

high-pT gluon
aneTd Medium Medium

i Nucleus 1 i _Nucleus 1

i i

hard proces: hard process
m_Nucleus 2 m_Nucleus 2
m Mm m
1
m m

Only 4 color channels contribute in the soft (w < E) limit

m two with “vacuum-like" color-connections
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L Color-differential radiation spectrum

Gluon projectile: color channels

Medium

high-pT gluoy high-pT gluo

i Nucleus 1 Nucleus 1

hard proces: hard proces:

m Nucleus 2 m Nucleus 2
m Mm

Only 4 color channels contribute in the soft (w < E) limit
m two with “vacuum-like" color-connections

m two with “projectile-medium” color-connections
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L Color-differential radiation spectrum

Gluon projectile: color channels

k

Ik Ik
Medium Medium
high-pT gluoy high-pT gluo)
i Nucleus 1 k Nucleus 1 k
i i
i k i k
hard proces: hard proces:
m Nucleus 2 m Nucleus 2
m mm m
| |
m m

Only 4 color channels contribute in the soft (w < E) limit
m two with “vacuum-like" color-connections

m two with “projectile-medium” color-connections
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LHigh—pT parton in the medium: color-exchange effects

Numerical results

Numerical results
m Effects on single-hadron spectra (HERWIG cluster-decay)
m Checks with the Lund string model (PYTHIA)
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Hadron-Ra4: implementing modified color-flow

m Any theory model based on the factorization
partonic energy loss ® vacuum fragmentation

will provide a nuclear modification factor :
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LHigh—pT parton in the medium: color-exchange effects

Numerical results

Hadron-Ra4: implementing modified color-flow

m Any theory model based on the factorization

partonic energy loss ® vacuum fragmentation

will provide a nuclear modification factor :
m It is possible to supplement it with the further suppression arising
from the parton-medium color-connection:

Raa(pr) ~ (1 - 1) + fi F[V2(4/3)pr]

m f;: fraction of in-medium showers with the leading fragment
color-connected with the medium

m [ suppression due to parton-medium color connection,
leading to high invariant-mass singlet clusters — fission into
lighter clusters responsible for softening of the spectra
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Numerical results

Hadron-R44: numerical results

s08-
~0.7+
To6r
osf- /.
0.4+
03-
0.2
0.1-
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LHigh—pT parton in the medium: color-exchange effects
Numerical results

Hadron-R44: numerical results

Baseline R, ghat = 1 GeWim '
Baseline & color flow, £ 50%, Q = 760 MeV
Baseline & color flow, £ 100%, Q = 760 MeV|
®  ALICE (preliminary)
0| © CMS (preliminary)

Run(Pr)

1‘00
pr[Gev]

m Black line: parton e-loss ® vacuum fragmentation;

m Colored lines: parton e-loss ® fragm. with modified color-flow
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LHigh—pT parton in the medium: color-exchange effects

Numerical results

Hadronization a la PYTHIA
(work in progress)
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Numerical results

Leading-hadron distribution

Primary leading-hadron distribution

Eoperragmen ™20 G By 0773 GV, T=200 Mev/
0,09 111
r — In-medium ISR (<x>=0,52, <x°>=0053)
0.08— In-medium FSR ¢=0.1 (<x>=057, <x'>=0.087)
r ~ In-medium FSR ¢=0.2 (<x>=0.55, <x’>=0.075)
0.07— In-medium FSR g=0.3 (<x>=0,54, <x°>=0.065)
- r In-medium FSR ¢=0.4 (<x>=0,52, <x">=0.058)
3 0.06— =
o ]
o 0.05— B
k] L ]
Z ooa- B
~ ]
3
Z 0.03— B
a L ] i ]
0.02 e 4
L 7 : ]
0.01— ) B
F e NS 4
o v L e N
10 15 30 35

20 25
p; leading hadron (GeV)

from the projectile (black curve)

and does not contribute to the leading hadron
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Numerical results

Full fragmentation function

Jet Fragmentation

B qeri™50 O, E gyt gron™5 OOV, B0, =01, T=200 MeV

T— T T T T T T T T T T
10 |
5 — In-medium FSR channel E|
E — ~ In-medium ISR channel (leading+subleading strings) |
Fy ~ - In-medium ISR channel (only leading string) 1
by ]

— \
L1 N
Q B
S ]
+ ]
2 o1 E
2 E E|
35 E E|
Zi L ]
§, —

< b FsR XN, =0077 1
00L= ISR x'IN,,,=0051 4
E ISR (only leading string): XN, =0.051 3

0.001 . | . | . | . I .

5] 10 50 60

(ISR).

Single-hadron spectrum sensitive to higher moments of FF!
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LHigh—pT parton in the medium: color-exchange effects

Numerical results

Medium-induced radiation + further branching

Primary leading hadron distribution
E, =28GeV, E =3GeV, E, =2GeV, T=200MeV
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Effect not washed-out by possible radiation outside the medium
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LHigh—pT parton in the medium: color-exchange effects

L Color-flow analysis: conclusions

Our main message

Color-exchange with the medium leads to a

m this, for the same amount of parton energy-loss, entails a
softening of the hadron spectrum,

m the hadron Raa could be reproduced with milder values of §
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L Heavy flavor

LPl’eliminaries

Gluon radiation by a heavy quark

- ) K2
MJLP do_rad do hard & C dfdkL - 1
@ I+ P
p+

(1—a)P*
m Color charge Cr (< Ca) known;
m Reduction of the gluon formation time:

2w - 2w
ttorm = 2 —  tform = m

Coherence effects less relevant!

m Gluon radiation at angles is suppressed (dead-cone effect!)
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L Preliminaries

Heavy quark energy loss versus RHIC data

m If soft-gluon radiation were the only energy loss
mechanism, we would expect pr spectra of heavy quark
hadrons (and their decay electrons) much less quenched.
Such expectation was wiped away by RHIC data!

m Substantial suppression of

2 [ (et+e)2
@ | Au+Au (central) Vsy=200 GeV
L PN e oG LR o830 heavy-flavor non-photonic
"""" PN S electrons, on the same level as

~— =~ BDMPS c+bd= 10 GeV/fm

to that one of light hadrons.

ns

——— DGLV Rad+EL
01} van Hees Elastic L
A

DGLV charm Rad+EL
Collisional dissociation
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L Heavy flavor

L Preliminaries

Heavy quark energy loss versus RHIC data

m If soft-gluon radiation were the only energy loss
mechanism, we would expect pr spectra of heavy quark
hadrons (and their decay electrons) much less quenched.
Such expectation was wiped away by RHIC data!

5 [ : .
e I m Substantial suppression of
L PN e oG LR o830 heavy-flavor non-photonic
Pt e electrons, on the same level as

to that one of light hadrons.

m Disagreement with the
predictions of radiative energy

——— DGLVRad+EL

01k 20 ooe el L loss models, with realistic values

DGLV charm Rad+EL
Collisional dissociation

T T R of gluon density.
p; (GeVic)
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L Heavy flavor

L Preliminaries

Heavy quark energy loss versus RHIC data

m If soft-gluon radiation were the only energy loss
mechanism, we would expect pr spectra of heavy quark
hadrons (and their decay electrons) much less quenched.
Such expectation was wiped away by RHIC data!

5 [ : .
e I m Substantial suppression of
L PN e oG LR o830 heavy-flavor non-photonic
Pt e electrons, on the same level as

to that one of light hadrons.

m Disagreement with the
predictions of radiative energy

——— DGLVRad+EL

01k 20 ooe el L loss models, with realistic values

DGLV charm Rad+EL
Collisional dissociation

T T R of gluon density.
p; (GeVic)

m Indication of importance of collisional energy-loss for HQs
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L Heavy flavor

LThe Langevin approach

A possible tool to study the
heavy-quark dynamics in the QGP:
the relativistic Langevin equation

m Trivial extensions of jet-quenching calculations to the massive
case simply describe the energy-loss of heavy quarks, which
remain external probes crossing the medium;

m The Langevin equation allows to follow the relaxation to
thermal equilibrium.®

®W.M. Alberico et al., EPJC 71, 1666 (2011) and QM2011 proceedings
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Update of the HQ momentum in the plasma: the recipe

Ap'

= —np(p)p' + £(t) ,
—_— =~

determ. stochastic

At

with the properties of the noise encoded in

EEIEN=D(PIRE  H(p)=r(p)BD + 51 (PO~
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Update of the HQ momentum in the plasma: the recipe

Ap'

= —np(p)p' + £(t) ,
—_— =~

determ. stochastic

At

with the properties of the noise encoded in

ERIEPN =D RIFS D R)=r (P +rr(p)—BP)

Transport coefficients to calculate:

1 (Ap?
m Momentum diffusion k1= 5% and k=

(Ap})
At
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LThe Langevin approach

Update of the HQ momentum in the plasma: the recipe

Ap'

= —np(p)p' + £(t) ,
—_— =~

determ. stochastic

At

with the properties of the noise encoded in

ERIEPN =D RIFS D R)=r (P +rr(p)—BP)

Transport coefficients to calculate:

1(ApT) (Ap7) .
2 At At
m Friction term (dependent on the discretization schemel!)

m Momentum diffusion k1= and r; =

oy ke(p) 1 [ 5 0ki(p)  d—1ki(p) —kT(p)
P =o7e e ) e T2 2

fixed in order to insure approach to equilibrium (Einstein relation):
Langevin < Fokker Planck with steady solution
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LHeavy flavor

LThe Langevin approach

o
R

pH(p) (Gev™)

For t > 1/1p one approaches a relativistic Maxwell-Jiittner distribution

fms(p)

In a static medium...

L t=8fm T=400 MeV } T=400 MeV
HTL (u=2nT)| t=4 fm HTL (u=mT)
& t=1fm <«—t=1fm
=2 fm| t=2m
i t=4fm T ’
1 1 1 1 1 1 1 1
0 1 2 3 0 1 2 3
p (GeV) p (GeV)

o Eo/T

= 4 M2T Ko(M/T)’

6

with /d3p fvs(p) =1

(Test with a sample of ¢ quarks with pp=2 GeV/c)

SA.B., A. De Pace, W.M. Alberico and A. Molinari, NPA-831, 59 (2609)
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LThe Langevin approach

In an expanding fluid...

The fields u#(x) and T(x) are taken from the output of two
longitudinally boost-invariant (“Hubble-law" longitudinal expansion
v, = z/t)

x* =(rcoshn,ry,7sinhn) with 7=+t2—22
1

V1-v2

ut =%, (coshn, v ,sinhn) with 5=

hydro codes’.

"P.F. Kolb, J. Sollfrank and U. Heinz, Phys. Rev. C 62 (2000) 054909
P. Romatschke and U.Romatschke, Phys. Rev. Lett. 99 (2007) 172301
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LHeavy flavor

LThe Langevin approach

In an expanding fluid...

The fields u#(x) and T(x) are taken from the output of two
longitudinally boost-invariant (“Hubble-law" longitudinal expansion
v, = z/t)

x* =(rcoshn,ry,7sinhn) with 7=+t2—22
1

V1-v2

ut =%, (coshn, v ,sinhn) with 5=

hydro codes’.
m u"(x) used to perform the update each time in the fluid rest-frame;

m T (x) allows to fix at each step the value of the transport
coefficients.

"P.F. Kolb, J. Sollfrank and U. Heinz, Phys. Rev. C 62 (2000) 054909
P. Romatschke and U.Romatschke, Phys. Rev. Lett. 99 (2007) 172301
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LEvaluation of transport coefficients

Evaluation of x7/,(p)

It's the stage where the various models differ!
We account for the effect of 2 — 2 collisions in the medium

8Similar strategy for the evaluation of dE/dx in S. Peigne and A. Peshier,
Phys.Rev.D77:114017 (2008).
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LEvaluation of transport coefficients

Evaluation of x7/,(p)

It's the stage where the various models differ!
We account for the effect of 2 — 2 collisions in the medium

Intermediate cutoff |t|* ~ m%® separating the contributions of

m hard collisions (|t| > [t[*): kinetic pQCD calculation

8Similar strategy for the evaluation of dE/dx in S. Peigne and A. Peshier,
Phys.Rev.D77:114017 (2008).
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LHeavy flavor

LEvaluation of transport coefficients

Evaluation of x7/,(p)

It's the stage where the various models differ!
We account for the effect of 2 — 2 collisions in the medium

Intermediate cutoff |t|* ~ m%® separating the contributions of
m hard collisions (|t| > [t[*): kinetic pQCD calculation

m soft collisions (|t| < |t|*): Hard Thermal Loop approximation
(resummation of medium effects)

8Similar strategy for the evaluation of dE/dx in S. Peigne and A. Peshier,
Phys.Rev.D77:114017 (2008).
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LEvaluation of transport coefficients

Transport coefficients x7/,(p): hard contribution

1 *
50t = 1)

Fug/q(hard)_}i nB/F(k)/ 1i"B/F(k/)/
4 C22E ), 2k , 2k’ »

—_ 2
x (2m)* WP + K — P/ — K') [ Mg q(s. )| o

L T2E ), 2k ). 2K

- gt = 1)

x (27)* (P + K = P' — K') [Mg/q(s, t)|” a7

where: (|t| = ¢*>—w?)

&/atard) _ 1 ng,F(k) 1i”B/F(k/)/ 1
p
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Transport coefficients x7/,(p): soft contribution

When the exchanged 4-momentum is soft the t-channel gluon feels the
presence of the medium and requires resummation.
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L Heavy flavor

LEvaluation of transport coefficients

Transport coefficients x7/,(p): soft contribution

When the exchanged 4-momentum is soft the t-channel gluon feels the
presence of the medium and requires resummation.

The blob represents the dressed gluon propagator, which has longitudinal
and transverse components:

-1 -1

A(z,9) = —————, Av(z,q)= ,
() g%+ MNy(z,q) 7(z.9) 22— q>—Ty(z,q)

where medium effects are embedded in the HTL gluon self-energy.
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L Heavy flavor

LResults

Results for RHIC

Heavy-flavor electrons: Raa
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m Left panel: Raa(pr) in central events;

m Right panel: integrated Raa vs centrality
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L Heavy flavor

LResults

Results for LHC (work in progress!)

D mesons vs ALICE results

LHC@2.76 TeV, 0-20%

T T T
15 LangevmnHTLZ i
®  ALICE D’ 0-20%
A ALICE D'0-20%
1+
2
['4
0.5
| . I

5
p, {Gevic)

High-p7 D-meson suppression nicely reproduced
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LResults

Results for LHC (work in progress!)

Displaced vs CMS data a LICE potent

non-prompt J/ g in Pb-Pb coll. at \[s,=2.76 TeV non-prompt J/' g in Pb-Pb coll. at \[S,;=2.76 TeV, hI<0.9 (ALICE)
3 = .
< 14 o 14l o p>0.5GeVic
E e Langevin diffusion en. loss E 4 p>5Gevic
12— 12—~ T
F m CMS |n|<2.4, pT>6.5 GeV/c E
i 1=
pe = L] . LX) . .
0.8— 0.8 A
C ° r A,
[ ° L] I A
0.6~ . 0.6~ A
C . C
04 P " 04l
02 02
oC I | | | | | | ol I | | | | | |
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 _ 400

art ‘part

m Flat behavior of CMS result vs centrality a bit puzzling;
m ALICE capability to go to low-pt of interest!



Hard probes in AA collisions
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LResults

Results for LHC (work in progress!)

Elliptic flow

4
p; (GeVic)

m Charm has a much larger elliptic flow with respect to RHIC

m Modest elliptic flow of bottom
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Gluon projectile: numerical results

Primary leading hadron distribution

Euonragman=30 G&V, Eogy,0,=3 GV, T=200MeV
————— e ————
[ — Color-chame 1] |
F Color-channel 2|
L -~ Color-chanel 3
-+ Color-channel 4
— Color-channdl 5
> -+ Color-channd 6
3 01— B
QL
o |
ks
3 |
=l
2 F
H
Z 005~ -
f=3 L
|- X
I e
% 5 25

R —
p; leading hadron (GeV)

Color-exchange effects present even in the case of a gluon-projectile
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