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Medium effects on QCD radiation:

® |n high-energy heavy-ion collisions, collinear factorization (for
Q~Ecm>>Aqcp) assumed to hold in medium, with nPDF’s evolved

using DGLAP and medium-modified fragmentation functions:

1 dE T c
d vac 2
me P . ( ( )
z—>h( Q ) /O 1 — ¢ (E) 1—h 1 — ¢’ Q

® Fragmentation like in vacuum: outside the medium which should

be true for large energies (or ptfor N=0).

® P(&): probability to lose some energy (quenching weights) by any
kind of energy loss mechanism, either collisional through multiple
collisions, or radiative through multiple gluon emission. The latter is
suppose to be the dominant phenomenon at large energies.
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Models:

Medium-modified gluon radiation through interference of
production and rescattering.
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Two parameters define the medium: one characterizing the density
and strength of interactions with the medium, plus the length
(geometry, dynamical expansion).

Recent issues on radiative energy loss: |. Introduction.



Radiative eloss: qualitative arguments:
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Consider the de-coherence process |[qg> — |g>+|g> and define the
transport coefficient ghat=p2/A.
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Radiative eloss: limitations

® The extracted value of ghat depends on medium model
| <ghat<I5 GeV?*/fm = interface with realistic medium.

® Calculations done in the high-energy approximation: only soft
emissions energy-momentum conservation imposed a posteriori =

Monte Carlo.

® Multiple gluon emission: Quenching Weights independent
(Poissonian) gluon emission: assumption! = Monte Carlo (PQM,

PYQUEN,YaJEM, |EWEL, Q-PYTHIA).

® No role of virtuality in medium emissions; medium and vacuum
treated differently = modified DGLAP evolution.

Recent issues on radiative energy loss: |. Introduction.



Results for particles:  ruem - gi08 40w
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® AA\ 72 NTAA
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m—— Rad+dissoc (0-20%)
WHDG rad-+coll
mess 1+ POWLANG (Beraudo et al.)

o
mnin BDMPS-ASW rad §=25

® Behavior compatible with radiative eloss.
® Similar for charged hadrons, for D’s, and for jets.

® Reference

crucial!!!




Jets:
f B [GeV] AT LAS

o
T

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

60 P, [GeV]

“ (I Tracks
30

< e
< INSa=276 Tev 0-10%
% ATLAS ;
~ Pb+Pb ]
g’ ++ Lee=1.7 10"
4

1

ET2=ET|/2 =

A= 1/3
o CMS got
similar results,

plus particles.
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Jets:
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Jets at the LHC: energy loss without broadening via large angle
soft radiation, no modification of the hard part of the
fragmentation functions: challenge for standard radiative picture?
(but multiple splittings + energy conservation have a large effect,
Apolinario et al ’|2).

Recent issues on radiative energy loss: |. Introduction.
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Relevance on implementations:

® Calculations done in the high-energy approximation: only soft
emissions, energy-momentum conservation imposed a posteriori
= discrepancies between models (TECHQM [ ).
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Majumder & van Leeuwen [1002.2206]
® Opacity expansion: single hard valid for thin media, multiple soft
for thich ones (Caron-Huot et al 1 0).

® One way out: Monte Carlo, but how solidly grounded is it?
Recent issues on radiative energy loss: 2. Energy-momentum conservation.
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Improvements:

f q,8 f z
g X

e Current models: x<<I, hard lines are eikonal (Wilson lines, color
rotation), soft lines quasi-eikonal (non-eikonal Wilson lines, color
rotation plus transverse momentum broadening).

® Next step: all legs quasi-eikonal, complicated color structures:
(Apolinario et al '|2, Blaizot et al ’12).

® Use of SCET: some recoil can be considered (d’Eramo et al ' 10,
Vitev et al °10).

e FFurther: full recoil, elastic and radiative processes on the same
footing.
Recent issues on radiative energy loss: 2. Energy-momentum conservation.
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Elastic eloss:

® Elastic means admitting recoil of the scattering centers: more exact
kinematics 2—2@nd Z%Storically first but considered small.

1T 1

® Essential fordmedium response>
(Mach cones and alike) and heavy partons.

e Standardly: 2—2 matrix elements |IR-regulated by ThFT arguments,

to compute a elastic eloss probability to convolute with the radiative
one, DGHW model.

® Going from static to thermal medium changes the potential
(Djordjevic '06); also new ehat~<p;> (Majumder ’09).

® [Further steps: Monte Carlo (BAMPS and |JEWEL,YaJEM), AdS/QCD.

Recent issues on radiative energy loss:. 3. Interplay with elastic eloss. 6




Collimation

‘degradation’.

® Eguon<+/ghatL gives ghatL=50-100 GeV?,
in rough agreement with RHIC
extrapolations.

® Small kick to the gluons which go ‘out-of-
cone’ may lead to this additional jet-energy

® |n pp there is already a lot of degradation

Casalderrey-Solana,

Milhano,
Wiedemann,’|0-;
Qin and Muller;,’ | |

Ety

J- o i :
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It does matter!!!

® Calculation of eloss has to be embedded in a geometry. Surface

bias as an explanation of Raa, tangential emission, prt shape,...

* Homogeneous piece of fixed
length = ghat~| GeV?/fm.

* Density diluting as |/T =

ghat~ | GeV?%/fm.

* Medium as overlap (Ncor),
_Ta(s)Te(b-s) =3hat~10 GeV*fm.

* Hydrodynamical medium = k~2-4,
(6) = Kiaar ~ K -274(¢) |
® At present: inclusion of flow, embedding .
in event-by-event viscous hydro (JET Coll.). . -4

® Event-by-event sampling of medium (Fries et
al) does not seem not results in large effects (Ko et al.).

Recent issues on radiative energy loss: 4. Embedding in a medium.

e (GaV/fa’)
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Color reconnections:

® Medium transfers not only
\é Salgado

momentum: due to confinement, \\h

hadronization may become L "

altered by changes of the color  vacum \: l‘

flow even for large pt (Wwhere we

used to think that had ronization Medium-induced gluon radiation modifies
® Softeting of
hadronic spectra

the color structure of the shower
was like in vacuum).
(Beraudo et al

[not included yet]
]
1 ij O
s M ”%@/ '11)
i . °
) Nucleus1 i : Nucleus 1 .

— Z, Change in
j_Nucleus 2 e process ;M//m " °
Y

. | — - hadrochemistry

i k k Milhano K

v
no medium interaction after radiation medium interaction after radiation (AU renche et al
* colour properties of hadronizing system vacuum-like * colour properties of hadronizing system modified 9 | |
* radiated gluon belongs to system * radiated gluon LOST ) ‘

Recent issues on radiative energy loss: 4. Embedding in a medium. 20
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Coherence:

® [nterference between emitters in a branching process as core of

the probabilistic picture of the QCD cascade: ordering in angles —
sequence emission kernel (DGLAP SF) X non-probability emission
(Sudakov) X... Basis of the Monte Carlo (PYTHIA, HERWIG,...).

® [n-medium jet calculus since 2010: Mehtar-Tani et al, lancu et al.

vacuum

medium

angular
coherent | ordering, IR/
coll. divergent

anti-angular order for
dilute medium (IR div.),
independent emissions for:

— —

w dN/dwd6
N B O ® O N

w—0

medium-induced
“\. [Tadiation

- vacuum
radiatio

>~
~~
~—
=
—~——

o

dense: decoherence — %o o5 oi

6

IR/coll

incoherent )
divergent

quantum emission/broadening

durin

IR and coll. safe

g formation time

classical broadening

I
I
M@i—@

T

|
k} = Viw |

g

i f = Vl.m

Recent issues on radiative energy loss: 5. Jet calculus in a QCD medium.
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screening
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decoherence parameter

Qhard/w

equar

characteristic
decoherence time

Q52=qhatL, rl = QchL

Qhard=maX(rJ_- | ,Qs,wequar)

Recent issues on radiative energy loss: 5. Jet calculus in a QCD medium. 23



Implications:

® Blaizot et al ' 2: interferences suppressed by t/L. In the limit of
small t/L<<I, probabilistic decohered branching process, in-medium
splitting function, possible basis for Monte Carlo.

_ 1 A7 2 _ 2
e Casalderrey et al ’12: Aped ~ 1 — e 297 =1 — 7 (9/0)
jet resolution scale, that
:eads to: ’ ri=0L, 0=V 2/ghatl3, Amed= |/\/qhatL
D A A
— Y .\'
=» 0=0ec<O.: unresolved zgi

jet constituents, fragment
as in vacuum, no medium

effect for z>Qo/EO..

-> @=@jet>9c: jet
constituents resolved, soft
decohered radiation at
large angles.

Recent issues on radiative energy loss: 5. Jet calculus in a QCD medium. 24



Summary:

Standard picture of medium-induced

radiation computed in the soft collinear limit.

Finite energy
corrections:
non-eikonal

Wilson lines,
SCET.

Recent issues on radiative energy loss.

AN

Multiple emissions and
probabilistic picture,
interplay of medium

and vacuum scales: jet

Interplay with
elastic
scattering.

Embedding in a
realistic model
of the medium.

calculus, role of
< \J (| coherence.

Monte Carlo
for QCD
branching in
a colored
medium
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Summary:

® Energy loss in QCD is a very interesting subject!!!:
=» Calculation of QCD radiation in 2 medium: link between
weak and strong coupling, relations with high-energy QCD, with
effective theory techniques, with resummations, questions on
factorisation,...
=?» A precise understanding of the mechanisms of energy loss is
required for any accuracy in characterizing the dense medium
produced in high-energy heavy-ion collisions.

® Not mentioned here: jet reconstruction in a large background
(Cacciari et al, Apolinario et al), NLO corrections, eloss in Glasma,
AdS/CFT issues, ghat in lattice, weak versus strong coupling,...

branching in
a colored

. - medium
Recent issues on radiative energy loss. 26




Summary:

® Energy loss in QCD is a very interesting subject!!!:
=» Calculation of QCD radiation in a medlum link between
weak and strong coupling, relations with high-energsy QCD, with

effectiv Thanks to you all for your attentlon”’ lons on
factorls i

= A pr .
require Thanks to Alejandro and the

Pmduc organizers for the invitation!!!

oy loss is
medium

® Not men Many congratulatlons to Guy.'.'.'.'.' round
(Cacciari et"al, APOITNArTo et a1}, NLO Corrections, €ioss 1h Glasma,

AdS/CFT issues, ghat in lattice, weak versus strong coupling,...

branching in
a colored

. - medium
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Backup:

Recent issues on radiative energy loss.
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Factorization:

® The usual tool 77" = ¢ (0% @ f,(22.Q?) ® o(1. . Q
to
compute particle

T'l.

RHIC SPS

production is Marginal
collinear

factorization (for

Q~Ecm>>AqcD): Spectators

® Nuclear corrections - no medium, o6 69

QGP or not - to parton densities and O O
fragmentation functions poorly known. o® oo

Participants

® Nuclear effects usually discussed

through the ratio measured/expected: dNk

nuclear modification factor, =1 in RE (v, pr) = dydpr

absence of nuclear effects ABUHPT) = "\ aNg,
* <*' Coll> dydpr

Recent issues on radiative energy loss: |. Introduction. 29



Radiation: dead cone, ang. ordering

Xn-1,KTn-
n-15%1,n- Xn-Z,kT,n-Z X ,|(T,|
X0, Qh / T Qo
da; d k’% i , kgﬁ Q2> ki >k, > > kT > Qp
dP; = 5 w; = ;. (922 5
r; ki W; T K Tpoy L Tpog K ... K 11 < T
Ct vt ~ ct(l — 02) = 02 = m*/E*, 60* — 6+ 62

0

Infrared (soft) and collinear (mass) divergencies.

vt
O, Angular ordering: |qgbarg> — |qgbar>+|g>
qu — Qqqtcoha teoh ™ W’/l\%ﬁ Dg ~ ]-/'I‘T
equar ,
qu: “ >DQ:>(99<961(7
kTHQ
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Radiation: dead cone, ang. ordering

X”"/’Ig’”' | /Xn-z,kT,n-z X KT,

2

14F gqg=01 \— Collinear divergence Dead cone i

121 Massless 0
D joF
g : Charm

Gl
O Tt Bottom
~ 6F

R % N B S.

3 9 - /\

OF

ol L o Dead cone angle: 60 = m/E >

0.01 0.1 1
0 (rad)
equar ;
_ Yqq
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Model list:

Model

Diagrams

Ingredients

Parameter

ASW

ok 8

Static

Physical Process

scattering qhat
centers,
GLV / 2 % e» | Poissonian |dNg/dy, T /
WHDG(elastic) .” y. QW s, T
Ty 9 e Eﬁ"é":;f?+ q, 5" .
D i w TEin oA | CpEs o
GMW P} ﬁ ' J TP modified

DGLAP

ghat, T

AMY (elastic)

k>>T
1/g>T ¢
ol

10T . 1’5@
P S

| medium, os, T
rate egs.
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Radiative eloss: limitations

® The extracted value of ghat depends on medium model
| <ghat<I5 GeV?*/fm = interface with realistic medium.

dI k™, dl dI
e Calcula W= = /O o az AE= / dw W=~ Ily soft
emissions steriori =
Monte Ca dI k2;maz dI dI
P(AE —w—:/T h2w—""_  AE= / dw w

(AE) dw 0 T dwdk? dw

e Multip'- ~ -
o0 n n l[

P | n / wW; W; X —/ w(— )
( OISSON P(AFE) = 2 0”' H dw; dw AFE — ; i | exp ¢ 7 QM,
PYQU

Prrunc(AE) = pb(AE) + Pyt (AE)O(E — AE) + 5(E — AE) [~ deP(e)

® NO IUIC WUl Vil LUCLIIL] T 1TIGUIULTLD GIHTHOIIVITDy 1TIGAUIUILTL AllJd va\_dum

treated differently = modified DGLAP evolution.
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Radiative eloss: light hadrons (I)

STAR

3-4®0.4-1 GeV/c 1T (b)

Tt —e Au + Au 0-20%
o) —o—p+p
0 .

3-4® 1-2 GeV/c 5

‘I‘A'q)' (fad)d
Forward peak:
trigger particle

Pjet

Backward peak

N
Sl

Phad

Ptrigger

Recent issues on radiative energy loss: |. Introduction.

3
o
10

-
Q

PHENIX Au+Au (central collisions):

[ Direct y
| A
- M ®
B GLV parton energy loss (dN’/dy = 1100)
B m
. ++++++J++ _______ +* ________ % —
- Aﬁégé
B A A
ﬁ“ @f@ﬁ # LI
E | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | |
0 2 4 6 8 10 12 14 16
p; (GeV/c)
Near side, lAdl < 0.63 Away slde Ao - nl < 0.63
:‘7- e e "1 & d+Aumin bias
a1 .| 7 O Au+Au 20-40%
g STAR = O_AutAu0-5% |
by =
10'E % k El3 R
% 3l s T
I | | ] | | | \T-.
egil I | | | |
g L l ; ' ]’ 4k
al [ L] It .
[ o % {] % %{
I X i
PRI BTN NN S S N R T PR TR | L g L .I
04 06 08 ¥ R R TR 1
z; = p_(assoc) / p.(trig)
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Radiative eloss: light hadrons (ll)

NA et al ’'09
1.2 B 1
PHENIX inclusive r° | STAR - dihadron correlations
1 sl ~
0.8F :
é : e T <« 0.6 \\\_ I
& ol =
0.6 —
i — i \ -
I 0.4+ ——
0.4 I

0.2

o-lllIlllllllllllllllllllIlllIlllIlllIlllllll o lllllllllllllIllllllllllllllllllllllllllll

0 2 46 8 1012141618202 03 04 05 06 0.7 08 09 1
Py [GeV] Zy
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Radiative eloss: light hadrons (ll)

NA et al '09

1.2
- PHENIX inclusive t°

0.8
40 ? RAA
35 Iaa
= Total
30—
25 E— RAA
O Ly
. 5— Total
15— Small-T extrapolation
10 .,__ i ase 1) I
= m— Case ii) i
SE = Case 111) L
: 1 I 1 1 1 I 1 1 1 l | 1 1 l | 1 1 I 1 1 1 I 1 | 1 I
% 2 3 3 8 10 12 14
K= a /[283/4]

Recent issues on radiative energy loss: . Introduction.

i 0.8-— \

| STAR - dihadron correlations

- \-‘
L —]
S Case 1): q(t)=0 for <1,
Y

Case 1i1): ﬁ(‘c)zcigilg) for T<t,

llllllllllllllllllllllllllllllllllllllllllllllll

3 4 5 6 7 8 9 10 11 12
K= (‘i/[2£3/4]
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Radiative eloss: non-photonic e’s
® Prediction from radiative energy loss: AE(8)>AE(q)>AE(Q).

® Non-photonic electrons not conclusive: benchmark,
hadronization, collisional, resonances dynamical medium ...

L_C K
1.4f referredfortight
L »
. I 1.2} !
® Very difficult observable: disentangle | o |NA etal
1 ; ‘09
[ 70
- o08fftl|e i
. e [
¢, b, heavy mesons,... = % |
e ) 0.6} 60w
é B . STAIR charg;ed hadrc]>nspT>16 GeV/cI — IIII: DGLVIR+EL I ] 0,4:-
oC | ------- :DVGLR —emo=-. IV:vanHees EL | [ -
| — — II: BDMPS c+b ---- V:BDMPSc 1 0l 5
0:. - 40:—.-... ol b b by
a i 0 0 § 10 15 20 25 30
m H K= g/[2e%]
- u
1% t |
. \ﬁ\ I .J ] i b3 22f
[ IS8 ) . ﬂ ----------- - s Data: STAR 208
N - ] i charm only FONLL 18F
- i - !
Tif=f--F----= i 2
- 08} I
& | ® 12F
P 06F 10f,
10 F « d+Au E [ 8 :
e Au+Au (0-5%) - 0.41 6f yHd.of<1
: ! N : ! . ! : L [ ab
2 4 6 8 10 02 : ol T
P (GeVic) o5

K= §/[2¢*] 37
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Jets (l):

® Single-particle inclusive distributions suffer from several biases:
steep partonic spectrum which enhances small energy losses
(trigger bias), geometric bias towards the surface,...

® They come from our inability to reconstruct the energy of the
‘parton’: we cannot distinguish a low energy, little degraded one
from a high energy, highly degraded one.

Jets are the most direct of all hard probes of the medium.

As close as you can get to the original quark or gluon near its time of creation

® |ets come

\; y with a
A A A quark jet V definition:
quark quark jet? + gluon jet? |1/ hadron .
(LO) (NLO) (LO) jet(s?) clusterlng or

- - - reconstruction
| Salam, 0906.1833 | algorithm.
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Jets (I):

® Single-particle inclusive distribut’
steep partonic spectrum which en
(trigger bias), geometric bias towal

10° J/y
10°
First results appeared in HP2008! )
Au+Au 0-20% ple, ~21 GV [Putschke HPO8] D 1
STAR preliminary ) T :
—— Jes@RHIC® 0

Hard cross sections:
Pb-Pb, \s = 5.5 TeV
CMS, lyl<2.5

[mb/G eV]
5;

T

do/dp
o

<" 2 10°
3 107
1 R TiX
-5
. 10 1 event (0.5 nb™ AN\ \f —\
g 10° i
. 'q"?o. : Il Iy +jet 7%ietl
$.§)'8-1() V 1 (b 107 | | IIIIII| | | IIIIIII | IIItIIIIII
A lot of work still needed 1 10° io 10°
N . e p, [GeV/c] orE ' [GeV]
quark ﬁl quark jet? N + .
‘ (LO) (NLO) (LO) 1 jets? clusterlng or
B A W W W reconstruction
- Salam, 0906. 1833 . algorithm.
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Jets (ll):
® Techniques for background substraction (the underlying event),

designed to deal with the pileup at the LHC, can be applied in HI.
e Note: typically several 100 GeV are deposited per unit in Nx®.

R=0.4 [FastJet] |

An example hard event
pr ~ 100 GeV
Generated with Pythia

| k R=04 [Fastlet] |

Mixed into LHC HI environment

HydJet, dN.,/dy ~ 1600 y ”‘_ Ui
il '!;-|' '.'s.-l;-"'!f:" e

. 1 £ A8 [ .
3 -]>; [T; ‘!| ri » l.. L ’I s 545 .f_
-2 G ‘ I s
1 ‘ I . I 1 3 1
I

' T _' ! il
|| Il e '-‘_ ]
i
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Jets (ll):
® Techniques for background substraction (the underlying event),

designed to deal with the pileup at the LHC, can be applied in HI.
e Note: typically several 100 GeV are deposited per unit in Nx®.

]| scaled pp ———-
'L raw Pb-Pb - - - -

. __Pb-Pb with subtraction

X k, R=0.4 |
3 10 |
9 lyl <5 |
2!
2(
1
1(

LHC, Pb Pb, Vs = 5.5 TeV
Hydjet, dN/dy = 1600

o0 100 150 200

oOF—F———— - - ———
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Monte Carlo (l):

<
10
O\
O\
4

® Assumption: hadronization is not affected by the medium: looks

OK at RHIC for pt>7-10 GeV.

® The splittings are modified: either radiatively (Q-PYTHIA) or
radiative+collisionally (JEWELL, PYQUEN); or the evolution is
enlarged due to momentum broadening (Ya]EM).

® Underlying ingredients: factorization no emission/emission/no
emission/... (Sudakov/splitting/Sudakov/...) holds in the medium, and

the evolution scale (t,kt,0) can be related with the medium length
— both to be proved (Jet Calculus in a medium).
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Monte Carlo (ll):

® The MC’s generically reproduce the expectations:

— Particle spectrum softens (jet quenching).
— Emission angle enlarges (jet broadening).
— Intra-jet multiplicity enlarges.

Recent issues on radiative energy loss: 2. Energy-momentum conservation.
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Monte Carlo (ll):
f Q-PYTHIA )

Fragmentation function Angular distribution

dN/dz

E.

o
ot=100 GeV > 10

L=2fm
g=5 GeV’Ifm
g=50 GeV’/fm

L=2 fm
(=50 GeV*/fm

=5 GeV“/fm

dN/do

0O 01 02 03 04 05 06 07 08 09 e1

0 0.10.2 0.3 0.4 0.50.6 0.7 0.80.9 1 0 246 8101214161820
y 4 (GeV)
- » '\ J

® |[ntense activity at RHIC and the
LHC: jet reconstruction in a large
background (small clustering
parameters versus out-of-'cone’

medium modification).
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O Z-axXis

Ejet

lon=2w/k2 (©272)



Monte Carlo (ll):

(
Fragmentation functiorQ-PYTHIAAngular distribution
2N mewor | Eeh ]
\é Missing items: e.g.
A
. W
Vacuum
.
"
Medium-induced gluon radiation modifies
Q] the color structure of the shower

|coh=2(1.)/|(T2 (t2,Z2)§

[not included yet]
parameters versus out-or- cone

medium modification).

Recent issues on radiative energy loss: 2. Energy-momentum conservation.
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