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JETS

o |JET QUENCHING :

a tool to probe the Quark-
Gluon-Plasma and QCD
dynamics at high parton
density

CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520

Lumi section: 249

\

Leading jet
pr:205.1 GeV/c

Subleading jet
py:70.0 GeV/c

® in-medium jet modification: departures from p-p baseline
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JETS in HIC

® How does the medium interact with a jet?

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

[see talk by C. Salgado]




Basics: Radiative Energy Loss

® Scatterings with the medium can induce gluon
radiation

® The radiation mechanism is closely related to

transverse momentum broadening

AkT ~ At

. LC time { = T
® where the quenching parameter

. Ak3 m%3  (Debye mass)?
j = ~ = =

At A mean free path

is related to the collision rate in a thermal bath

Baier, Dokshitzer, Mueller, Peigné, Schiff (1995-2000) Zakharov (1996) Arnold, Moore, Yaffe (2001)
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Basics: Radiative Energy Loss

How does it happen! After a certain number of scatterings

coherence between the parent quark and gluon fluctuation is
broken and the gluon is formed (decoherence is faster for soft

gluons)

o= - et =
— = — lbr = ~
F=7 f -

qt) Gty

dN a,Cr 2w,
W — —

dw T

® The BDMPS spectrum

with w. = %QLZ is the characteristic frequency for the LPM effect

aN

Mean Energy Loss: AR E/dww ——~a R
W
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Basics: Radiative Energy Loss

® Mean energy loss dominated by «hard» emissions W ~ W¢

® Soft gluon emissions w < we

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

L
When ozst— 2 1 Multiple branchings are no longer negligible
br

= High gluon multiplicity regime:

Dominant in jet shapes and differential energy loss
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Decoherence of multiple-gluon branchings

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




Decoherence of multiple-gluon branchings

incoherent em|SS|ons

® For large media two subsequent
emissions are independent and
therefore factorize

coherent emissions
(suppressed!) |

® Interferences are
suppressed by a factor

L
tbr/L < 1 X g Oést_>
br

Note that this is not the case in a

vacuum shower where color coherence

is responsible for Angular-Ordering Y.M.-T, K. Tywoniuk, C.A. Salgado (2010-2012)
8 J. Casalderray-Solana, E. lancu (2011)




Decoherence of multiple-gluon branchings

0 t

Successive branchings are then independent and quasi-local.

Time-scale separation: lpr KT ~ L




Gluon distribution

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

— D({,U, k, tL)




Gluon distribution

Given the branching and elastic rates K(t) and C(t) respectively,
with t being the ordering variable, it is then straightforward to write
the evolution equation for D

9,

o Dl k1 —aS/ = [ PKEQID (/2 (k~ @~ /2 1r)

—K(Z,Q,I)D(m,k—l,t[,)] —/C(l)D(w,k—l,tL)

l

Integrating over kt: R. Baier; A. H. Mueller, D. Schiff, D.T. Son (2001)
S.Jeon, G. D. Moore (2003) [see lancu’s talk]

gain (real)

loss (virtual) collision

X




Radiative corrections to pt-broadening

In the diffusion approximation (small momentum transfer) the
equation for D reduces to

1
iD(.il:,k,tL) — ozs/
0

otr,

Diffusion coefficient

Inelastic correction (radiation) can be

elastic quenching absorbed in a redefinition of cj(kQ)

parameter

’{52
LK) = 2. / ds / (Q+172 12 K(Q.1, 2 p*, 1)
Q.l




Radiative corrections to pt-broadening

We find a Double-Log enhancement in the radiative correction

- Change of variables to see the role of time scales
o,

(w, k) — (At:? , k)
At

Double-Log approximation: single scattering T

; aSCA /dAt dk2

|
|
— X

A. H. Mueller, B.Wu, T. Liou arXiv: 1304.7677
Divergence when At — 0

Shows the failure of the instantaneous interaction assumption




Renormalization of the quenching parameter

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

At < \Jw/dy ~tbr  or Vwdo < k* < p?

2- We define now an initial transport coeff. q — qo(Atp)
measured at a initial time

A

q1 =

o ,Ca [T dA

The double logs correspond to gluons that are formed before the
medium resolves the system «gluon-emitter» (no LPM suppression)
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| - Single scattering requires the time scale of the fluctuation to
be smaller than the BDMPS formation time at which multiple
scatterings become important (LPM suppression), i.e.,

At < \Jw/Gy ~toe  or Vwdo < k* < p?

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

Typically p? ~ gL

The factor of 2 comes from the restriction of the LPM effect!
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The DLs are resummed assuming strong ordering in formation

time (or energy) and transverse mom. of overlapping successive
gluon emissions (a la BFKL or DGLAP)

(jO Cj 1 4n

X

|
|
|

X

At() ~ 1/mD < L

]
Aty < Aty < L y
X

Aty < At < ...At, < L

Hence, we can write an RG equation for the quenching parameter

(AL, p? P’ dk?
GAL k

(At, k%)

0 log(At/AtO)




Gluon distribution (ll)

We end-up with 2 coupled equations

| - Distribution of gluons as a function of time

D@ k) =, [ dK(0) [2D(a/2k/2 )~ D, k1)

1 /0

2
1 (8_k> QD(CI%kat)

lI- The quenching parameter

A A 2 ke 2
06LLE ) =ozs/ diz 1(At, q°)
Olog(At/Atp) it 4

the transport coefficient runs up to

i .-P Blaizot,Y. M. -T.
the typical (local) scale g2 ~ A J. -P. Blaizot

(in preparation)




Renormalized Energy Loss

As a consequence, the DLs not only affects the pt-broadening
but also the radiative energy loss expectation:

AL = /dwde/dw

Typically the transport coefficient runs up to the scale p” ~ (L

e _
AE ~ a,dol? — AF ~ a.ioL? |14 0‘2 2 10g? (GoL/m3)
T

When the logs become large (asymptotic behavior)

q’\L >\/4aiNc




Radiative Energy Loss Revisited

Path-length dependence of mean energy-loss:

- weak coupling (BDMPS) AE ~ L?

ll- strong coupling (ADS/CFT) AE ~ L3

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

lll- weak coupling (BDMPS+Dlogs) AF ~ 2T

where 0 <~y =+4a,N./m <1

Large quenching parameter may not imply a strong QGP!
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® For large media: in-medium gluon branchings
are independent: Probabilistic picture

® Radiative corrections to this picture are
important and can be absorbed in a
renormalization of the quenching parameter
without spoiling the probabilistic picture.

® Phenomenological implications: see talks by

E. lancu (Tue 10:30)
K. Tywoniuk (Thu 14:10)
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THANK YOU!



BACK-UP



Basics: Radiative Energy Loss

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

5 d
Dl x a2 Cg p log(Q?/m%)

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

dN
Mean Energy Loss: AE E/dww o Qs qL?




Building Blocks of in-medium jet evolution

| - The rate of elastic scatterings C

Il - The rate of inelastic scatterings K




|- Rate of elastic scatterings

dQO'el dQUel
C(lt) = p—p 52 (1) / U p o

® when there are no branchings partons scatter off the color charges of
the medium and acquire a transverse momentum fk | after a time

At =t — ty with a probability P

® The broadening a probability obeys the evolution equation

9 Pkt t)——/ Lot Pk — 11 t0)
at() y ULy VO ) — (27_‘_)2 y VO y ULy LO ) 4

0
dtg




lI- Rate of inelastic scatterings

the dipole cross-
section is related to the
collision rate

3 independent variables:
Transverse momenta generated in the
splitting (in the amp. and complex. conj.)

Q=q—zp
P=q —zp

Transverse momentum acquired by collisions

p—p=l




lI- Rate of inelastic scatterings

- We work in the approximation
of small branching times:

At =t —t1 ~ th, K t1,1o

Hence, one can neglect the difference At everywhere except in the 3-point function,

L L L 00
0 t1 0 0

Therefore, independent branchings can be described by the quasi-local
branching rate K and t is the ordering variable

Pyg(2)
2(1 = 2)p*]?

K(Q,l z,pT;t) =

Re/ dAt/ (P-Q)S(g)(P,Q,l,z,p+;t+At,t)
0 P

zpt, q




Radiative corrections to pt-broadening

Let us consider a highly energetic particle passing through the medium :
X ~ | .The broadening acquired during a single scattering or a branching is small
compared to the total broadening. This allows us to expand the distribution D

for small transverse momentum exchange [, < k|

<iz::’kLﬂtk+ﬁﬁ

pr—"" i i
b & ©8

0 1 o 0

D(z.k—10)=D(x.k)—1l-—D(z. k) + — ' D(z.k)+---

Hence, the elastic term, where the quenching parameter appears
naturally as a diffusion coefficient, yields

42 1. 0\’
/ (27_‘_)2 C(l,tL)D(ZE,k — l,tL) ~ Zqo(tL) (‘9_k D (ib,k,tL) .




Radiative corrections to the inelastic rate

DL region: The transverse wave length of the gluon’ is typically
larger than the gluon-quark-antiquark system and fluctuates
over a much smaller time than the branching time of gluon

AL>TLor g K 7“11 and At < At ~ t, (w)




Radiative corrections to the inelastic rate

+ Topologies

amp.™

to—t to—t
2 1 SC 1 2 1
E/ dAt Gy r4 HsT4 log2< — ) E/ dAt" doz(r)
0 2T 0

riomp

We obtain a correction to the radiation rate

,C(tz,tl) — /C()(tg,tl) -+ /t2 dt’ ]Co(tg,t’) [0‘3(7’/‘/) + 50‘3(75’)] /C(t’jtl)

30




