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lets In QCD

e aJetis an energetic and collimated bunch of
particles produced in high energy collisions

* Partons to Hadrons: at high energy large
separation between short and large distance
ohysics (QCD-factorization). Hard scale: Q » A acp

e Jets are originated from highly virtual partons that
degrade thelir virtuality by successive branchings



lets In QCD

Elementary branching process is enhanced in the collinear
region

dw d?k |
w k3

dPNOéSCR

| ——

kJ_,w
‘ i :Cd:i 0 < 1 k;i < Q°

—> Collimated jets
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lets In QCD

The jet Is a coherent object, at each step of the cascade the total
color charge Is conserved: successive branchings are ordered In
angles
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dN /dl

lets In QCD

OPAL data, Q = 90 GeV

e ALEPH data, Q) = 130 GeV

e MLLA + LPHD (limiting
spectrum Qo = Aacb)

* perturbative jet scale
Q=ER

e color coherence =

angular ordering (AO)




|ets In the QGP

* How does the medium interact with a jet!

Color coherence will be altered inside a
colored medium (quantum disentanglement)

QGP ,z”/ [




General Picture

e jets at sufficiently high-pr
are collimated

—

," * the medium resolves only
R/ the total charge { Cjet) = O

~ N\
= -

two main medium effects:

* Ciet INduces BDMPS radiation: onset of rapid branching &
broadening (multiple-scatterings)

J. -P. Blaizot, F. Dominguez, E. lancu, Y. M. -T. (2013)

* coherent structure (AQO) is weakened :: antiangular radiation

(quasi-collinear & long form times)

3 Y. M.-T, K. Tywoniuk, C. A. Salgado, PRL (2011)



BDMPS: iInduced g-radiation
W, kJ_
e Scatterings with the :
medium can induce x 3
gluon radiation x 0 ox :
* The radiation mechanism
s closely related to

transverse momentum .
broadenin
9 N 7

o A Ctime t =2
Ak? m_% (Debye mass)?

where the quenching parameter ¢ = N Sy T

mean free path

IS related to the collision rate In a thermal bath

[Baier, Dokshitzer, Mueller, Peigné, Schiff (1995-2000) Zakharov (1996)]
9



BDMPS: iInduced g-radiation

How does it happen? After a certain number of scatterings
coherence between the parent quark and gluon tluctuation is
broken and the gluon is formed (decoherence is faster for soft

gluons)

tr = o b =t = /=
f—<qi>—dtf g f = lbr = g

maximum frequency for this mechanism w. = =§ L?




BDMPS: iInduced g-radiation

dN  o,Cp [2w, L
W— = X Olg—
dw T W thr

e mean energy loss dominated by «hard» emissions W ™~ We
« soft gluon emissions w < Wwe

= Short branching times t,» < L and large phase-space

when . L > 1 Multiple branchings are no longer negligible

tbr

= High gluon multiplicity regime:
Dominant in jet shapes and differential energy loss



Decoherence of multi-g branching

|
— Ty —
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>

0 t L

Color randomization: re-scatterings with color
charges in the medium quickly destroy color
coherence of partons in the jet



Decoherence of multi-g branching

Incoherent emissions

* Forlarge media two subsequent
emissions are independent and
therefore factorize

coherent emissions (suppressed!)

* Interferences are suppressed
by a factor t,,/L < 1

(o)
X | bg—
tbr

color
coherence
Angular-Ordering

Y. M.-T, K. Tywoniuk, C. A. Salgado (2010)
J. Casalderray-Solana, E. lancu (2011)



Decoherence of multi-g branching

0 t L

Successive branchings are then independent and quasi-local.

Time-scale separation:  tpy <t ~ L



Inclusive Gluon Distribution

J. -P. Blaizot, F. Dominguez, E. lancu, Y. M. -T. arXiv:1311.5823

The inclusive distribution of gluons with momentum K inside a
parton with momentum p is defined as :




Inclusive Gluon Distribution

J. -P. Blaizot, F. Dominguez, E. lancu, Y. M. -T. arXiv:1311.5823

e We assume no pt-broadening during the branching

* pbroadening is accounted for classically in a diffusion term

% D(z.k.1) = a. /O dz [2K(2) D (x)2, k)2, t) — K(2) D (z, k. )

—% ((,%)2@(1@2) D (2, k. 1)

gain (real) loss (virtual) collision




Radiative corrections to the
quenching parameter

The quenching parameter as a (local) transport coefficient
IS defined as

2
) D do,
q:< L) Zp/q 1<><Oz Cr p log(Q?/m3,)
q

The hard scale Q depends ———
on the process and is :
related to the typical :
transverse momentum in X
the problem: Q* ~ §L



Radiative corrections to the
quenching parameter

P—q
::;k

+ g
X X

D P—q-—k
| k
q |
l

correction to pt-broadening due  correction due to the prob. of
to single-gluon radiation No emission (unitarity)

dainel 1)
S L 2 2 / (
! /q,k[(q TR L d?q d?k dw
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Radiative corrections to the
quenching parameter

1- Single scattering requires the time scale of the fluctuation to be
smaller than the BDMPS formation time at which multiple scatterings
become important, i.e.,

At < \Jw/iy ~ b  oOr Vwido < k¥ < p?

2- We define now an initial transport coeff. ¢ — Go(Ato)
measured at a initial time

a,Ca (L dAt [P dk? asCya , 2< p? )
51~ — — Go(Atg) ~ lo -
o 7T /Ato At Joonr K do(Ato) or 008 do At

[A. H. Mueller, B. Wu, T. Liou arXiv: 1304.7677]

The double logs correspond to gluons that are formed before the

medium resolves the system «gluon-emitter» (no LPM suppression)
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Radiative corrections -

C

uenching

0 the

DAl dme

LErr

The DL's are resummed assuming strong ordering in formation time
(or energy) and transverse mom. of overlapping successive gluon
emissions (a la BFKL or DGLAP)

A

qdo
|
|
|

X

A

d1

N

|
|
X

Ato ~ 1/mD < L

Aty < At; < L

A

dn

X

Atg K At € AL, K< L



Gluon distribution |

We end-up with 2 coupled equations

1 - Distribution of gluons as a function of time

iD(m,k,t) = Q4 /dz K(z,q) 2D(x/z,k/z,t) — D(z, k,t)]

dt
1 /0\".
_Z <(3’_k> QD(QZ,k,t)
lI- The quenching parameter

04(At, k) ., " dg? (AL q?) | P Blaizot Y.M.T
810g(At/AtO) ° ; 2 ’ (in preparation)

the transport coefficient runs up to the typical (local) scale k* ~ GAt;
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Radiative energy loss revisitec

As a conseqguence, the DL's not only enhance the pt-broadening
but also the radiative energy loss expectation:

AL = /dwde/dw

When the logs become large (asymptotic behavior)

5
mp

4dag Ne
7L \/ P
AE ~ adoL? (q>

To be compared to the ADS/CFT (strong coupling) estimate  AE ~ L’

- [F. Dominguez et al (2008) C. Marquet (2009)]



Understanding jet modifications at
LHC

Nuclear modification factor Raa = dNaa/ ( dNpp X Neor )

T T T T T T
We = 60 GeV, WBH = 0.5 GeV RS

Solving the evolution equation
we = 50 GeV, wpy ~ 0 GeV for D convoluted with an initial
L2 ¢ CMS data (preliminary) @ 1 —n
ALICE data (preliminary) m power |OW SpeCtrum pJ_

L =2-3fm

g = 6-2.5 GeV2/fm

50 100 150 200 250 300 350 400
p1 [GeV]

K. Tywoniuk, Y. M. -T. (in preparation)



Understanding jet modifications at
LHC

Dijet asymmetry
integrating D and excluding lﬁ Ro<)

out-cone gluons

q\ L L2 | " BH regularization =~
Hmed ~ > R 11 L
W
. . O !
e |ittle energy Is recovered up to large =
o A I N\
cone angles, R~0.8 Lot R
.= 0.8}
e siriking effect due to multiple '% N P M-
. _ © Uirwpg =Y. SN\
branching + broadening oF | @e=2GeV e
* Possible explanation for energy - 2 — 100 GV -
transfer to large angles and soft y

modes in asymmetric dijet events 0 50 100 150 200

We
observed by CMS (2012) K. Tywoniuk, Y. M. -T. (in preparation)



Understanding jet modifications at
LHC

Fragmentation functions

e MLLA distribution for pp vacuum

® medium-induced energy loss &
broadening depletes energy inside
the cone

e responsible for dip in the ratio

e small angle radiation due to AAO/
decoherence: novel ingredient

e soft gluons, produced with large
formation time :: not affected by
broadening

e responsible for enhancement at
large | = shift of humpbacked
plateau!

Ratio

dN / dl

T SRS B = S N R U R S e MR
e N Y | e E | T

DO

) —
ot =

Vacuum limiting spectrum
VAN ~ 0.5 Medium-modified shower
med wo/ AAO

- WBH = 0.5 GeV
we = 70 GeV
Qs = 2 GeV

CMS Pl’reliminarif, 0-10% ®

Qo = 0.270 GeV % .
Q = 30.00 GeV L

|=—1Inzx

K. Tywoniuk, Y. M. -T. (in preparation)



Summary anc

outlook

e For large media: in-medium gluon branchings are
independent: Probabillistic picture

 Radiative corrections to this picture are important and
can be absorbed in a renormalization of the quenching

parameter without spoiling the

orobabilistic picture.

 Phenomenology: agreement with observed nuclear
modity. factor, FF's and dijet asymmetry ; need for more
detailed analysis and implementation in an event

generator
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