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A taste of QGP

Temperature

® deconfinement A
® restoration of chiral high ez‘glzglée’lfllzlec':';me"ts
symmetry || ' Quark-Gluon
® asymptotic freedom :.::'..:{;.
® high T: gas of free ¢ 20
quarks & gluons ® G\ low energy experiments
® Intermediate I: hagnic (AGS, SPS)
strongly coupled phase ) Color superconductor  p,q,
Nuclei Neutron stars —

system

What are the relevant degrees of freedom!?
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Azimuthal asymmetry

ty

naive picture
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Azimuthal asymmetry

initial

e [fm™]

X
MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)
® space anisotropy = momentum anisotropy
> ® imprint of quantum fluctuations!
® equilibration = hydrodynamical flow!
—_— —

vp = (COS [n(gb — \Ifn)]>

naive picture
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The QGP flows

Schenke, Jeon Gale PRC82 (2010), PRL 106
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® higher harmonics are
more sensitive to
viscosity and granularity
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v,(viscous)/v,(ideal)

1.4

® transport coefficients can be found

® hierarchy of v, coefficients
consistent with almost perfect
iquid

viscosity
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Luzum, Ollitrault et al.

initial state granulanty

((50—0 4)/V (60—0 2) i
V(G=0.8)/V, (54=0.2)




Bulk observables: An almost perfect liquid of
quark-gluon matter is formed in the collision.

Can we explore this state with other
observables?



Hard probes

ALICE+CMS reach in 1 yr. pA(Ap) collisions
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The T-shirt plot

CMS (* preliminary)

PbPb\/s = 2.76 TeV

2 | I | I

1.8—I L dt = 7-150 ub

4 EmE *Z (0-100%) p! > 20 GeVie
L W (0-100%) p’ > 25 GeVic

—@— lIsolated photon (0-10%)
- b-quarks (0-100%)

(via

secondary J/vy)

—8&— *qglg-jet (0-5%) [n|<2
—F— * b-jet (0-100%) [n|<2

0.8 4 F .
0.6/- S :
B ) 4 - ’ * +
R | e 1
02—_ Iﬁﬁ .... F&— Charged particles (0-5%) _— N _—
0_1 A R T B R 1 1 1 1 1 1 1 L
0 20 40 60 80 100 100 150 _ 200 250
p.(m.) (GeV) jetp_(GeV)

® jet quenching :: key discovery of RHIC

® colorless probes unmodified - baseline ok

® universal suppression at high-pt
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300

: Jets - new probes!!

Bjorken ‘82

Gyulassy, Plumer, Wang 1995

Baier, Dokshitzer, Mueller, Peigne, Schiff

1996

Gyulassy, Levai, Vitev 1997
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Jets

K. Tywoniuk (UB)

® what we see as sprays
of particles in the
detector are
originating from one
parton

® 3 way to probe the

quarks and gluons

® definingajetisa

contract between
theory and experiment
: jet algorithms




Two main features

Resummation of double logarithms + single Iog corrections

! = / dw/ s log?
- ;7 — g _N S
p-k 1—(:089 . w/ Qo QO
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Two main features
Resummation of double logarithms + single Iog corrections

! = / dw/ s log? -
— 5 g _N S
p-k (1—(3089 ) w/Qo 5 Qo

Color coherence = angular ordering

large-angle emissions
are restored with
the total charge!

- 0 < qu P
g CVS 5 ng OZSCA
dwd2kL B (4= a) dwko’L k2 0> 0yq
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QCD jet in vacuum

thadr ™ A2
_1 QCD

-
k -
I -

tformgq _-" w—

m OPAL data, Q = 90 GeV
o ALEPH data, Q) = 130 GeV | ~ - —

artons ~~-._ 1 hadrons
l=1In(1/x) ﬁ” { P "1

* probabillistic picture, factorization

AN /dl

* jet scales :: perturbative
\+' * angular ordering :: essential for small x
| e MLLA + LPHD (K factor)

* good description

K. Tywoniuk (UB) |



How do |ets propagate In the backgrouna
created In heavy-ion collisions?




\, | Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

CMS CMS Experiment at LHC, CERN
L
1

Subleading Jet
70 GeV
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Leading Jet

</ \Run/Event; 183013
L~ __Lumisection: 1114

205 GeV

Photon
(191GeV)

CMS Experiment at LHC, CERN
» Data recorded: Mon Dec..5-23:36:38

3056273

2011 EDT

Jet

(98 GeV)




Modified jets |

—h
Q

N

Event Fraction
o

PbPb \'s,, =2.76 TeV
~—— PYTHIA+HYDJET

[CMS Coll. arXiv:1202.5022]

10° £

. CMS
3 1
: f Ldt = 150 ub .
: §
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3 NS
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® jets are back-to-back

0.3

.O
N

o
—

CMS f Ldt = 150 b’

e PbPb\s, =2.76TeV
~~ PYTHIA+HYDJET

120 < P < 150 GeV/c

1

A= (pT,1-pT,2)/(pT,1+pT,2)

® |arge dijet energy asymmetry

® recall: jets are suppressed (factor ~2)

K. Tywoniuk (UB)




Modified jets Il

[CMS Coll. HIN-12-013]

10 CMS Preliminary

e PbPb
pp reference

Systematic uncertainty Jetp. >100GeV/c, ml <2

50% - 100%

Track P, >1GeV/c,r<0.3

E=1In(1/2) E=1In(1/2) E=1In(1/2) E=1In(1/2)

® modifications of intra-jet particle distribution
on the edges of the jet

. Tywoniuk (UB) |5
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PRC 84 (2011) 024906

Modified jets Il
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excess in leading

jet direction

0.1 0.2 0.3

A,

0.4

low p; excess away
from leading jet

10-15 %
of the jet
energy Is
found at
AR>0.8




QCD jet in medium

_ -1
ﬁ ”’/
Q—l _ - A 1
S _ - —
- 1
M, =E0, =\ 1 =
L jet = e Tl jet
R 4
QGP S
% ~

New scales: o
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Jet scales in the medium

e 7 < Qs_l (Dipole regime) ° r; > Qs_l (Decoh. regime)
A
A
! 6u 1
@ch T Qs_l 4 rl Qs
| '
screening
Amed ~ % Q? 7"3_ v Amed ~ 1 v Iength
Aped ~ 1 — expl—— Q212
med ™~ eXp 19 s r T = quL
the decoherence parameter Qs? = C|L characteristic momentum

scale of the medium

]‘CJ_ < Qhard

Mehtar-Tani, Salgado, KT 1009.2965; 1102.4317; 1112.5031; 1205.57397
Casalderrrey-Solana, lancu 1105.1760
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Onset of decoherence

12 Qhard
D 10 r
o 8:-
z\?; | induced Amed — 0 Coherence
- vacuum o
S Ll attion Amed — 1 Decoherence
,..3 7 coherence
s 2
O PE— | a 1 L 1 . . .
0 01 02 e0-3 04 05 In wW—0 limit, only vacuum-like:
Cr dw sin6 do
AN, = Asor & A [©(cos @ — cosb,5) + Amed ©(cosb,5 — cosb)] .

T w 1—-cosf

Q _ ( -} ) ® decoherence opens phase space
hard = MHax T, - s at large angles Omax=Qnard/W

k1 < Qnard ® modification of angular ordering
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Resolving jet substructure

2 2
In terms of angles: Apeq =1 — e@g\et/i

| -
TN 0 =1/\/qL? jet definition (Qje=R)!

Coherent inner ‘core’
* branchings occurring inside the medium

with © < 8.
* hard modes (with k;>Q:x)
* the core interacts w/ medium coherently

e sensitive to energy loss

A large ﬂ”action’ of the jets contain 90% of their energy

within a coherent core of ®@~0. !

Casalderrrey-Solana, Mehtar-Tani, Salgado, KT 1210.7765
Perez-Ramos, Mathieu PLB 718 (2013) 1421 [arXiv:1207.2854]; Perez-Ramos, Renk arXiv:1401.5283

[ ———
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Resolving jet substructure
In terms of angles: Apeq =1 — e~ et/

'Soft edge’ of the jet
® softer components of the jet

occupy the full angular range
® do not carry a large energy fraction!

e will be sensitive to effects of
decoherence

®* modification of jet fragmentation
function

® sensitive to the angle Oc

Mehtar-Tani, KT 1401.8293
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Factorization of radiation

* coherence i leading contribution to
inclusive spectra at high energies
Q3
/V< * separation Iin angles :: only the total
KNS S charge radiates

\”333) *allows to separate the treatment of the

two different processes :: jet calculus

1
CO dZ vacC L me
D@ Q.1) = [ 07 (4:Q) Dyitapu 1

small angle, vacuum- medium Induced,
Ike evolution large angle radiation

Mehtar-Tani, KT 1401.8293
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Induced radiation

me ) /fbrl Multiple scattering in the medium:

— Amprcoh thr = W/Cj

kbr — Nchoh kb =V qw

r

tb Amfp — tbr :: Landau-Pomeranchuk-Migdal effect
r

® any coherent color current In the medium experiences
interactions @ stimulates radiation/new color currents

® cascade In the medium

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996),
Wiedemann (2000), Gyulassy, Levai, Vitev (2000), Arnold, Moore, Yaffe (2001)
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Induced radiation

me _ kbrl Multiple scattering in the medium:

— Amprcoh thr = W/Cj

kbr — IMZNCOh kbr — qu
tb Amfp — tbr :: Landau-Pomeranchuk-Migdal effect
r
Bethe-Heitler regime Factorization regime LPM regime
tor ~ >\mfp tbr ~ L
A WBH K w K W
wpH = A2 ~ Am2, we = GL" 4

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996),
Wiedemann (2000), Gyulassy, Levai, Vitev (2000), Arnold, Moore, Yaffe (2001)
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Multiple emission regime

* Independent emission
e possible In large media
e very soft radiation at large angles!

K. Tywoniuk (UB) 25

Medium cascade

WBH < W < o’ W

0> 0 = (q/w )1/4

Blaizot, Dominguez, lancu, Mehtar-Tani 1209.4585




* independent emission

e possible in large media
e very soft radiation at large angles!

10+ xgyg = 0.005

+ BH regularization
= Analytic (infinite length)

0.01 |

0.001 0.01

K. Tywoniuk (UB)

0.1

1

Medium cascade

Multiple emission regime

WBH < W < o’ W
0 > Hbr — (qA/w3)1/4

Blaizot, Dominguez, lancu, Mehtar-Tani 1209.4585

Evolution equation for D™Med;

e probabllistic interpretation

e turbulent flow: no Iintrinsic
accumulation of energy

e effective Iin transporting sizeable
energy to large angles

Jeon, Moore hep-ph/0309332; Baier, Mueller, Schiff, Son hep-ph/0009237
Blaizot, lancu, Mehtar-Tani 1301.6102
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Jet suppression

jet
e _ PN (1) [ )
AA — i T
Taa d?oip(pL)/d?p.
1
Medium spectrum: s
2

et 1 2 _jet T 6l
d* Ny, py, (P1) 2/ d_xDmed (x pPL L) ol (5) "o
Tand?py o ¢ Cx d?p; 04 |
\/ dQU%e% 0.2 L

m rum: L p”
acuum spectru 2y, X PL 0

we = 60-100 GeV, wpy = 1.5 CeV
w. = 80 GeV, wgy = 0.5-2.5 GeV mmmm
CMS Prelim. e

Mehtar-Tani, KT 1401.8293

governed by ‘core’ interactions!
assuming quark jets

allows to fix We and WeH (fixing L = 2.5 Im)

K. Tywoniuk (UB) 26

50

low-pT sensitive to sub-leading resolved subjets

100

150 200 250 300 350 400

p1 |GeV]
Qs = 3.6 GeV




Momentum broadening

Average broadening (x~1, 8<8.): <O <}

BH regularlzatlon SO

O 2
jet d k

o ()] e

* energy Is transported via branching!

P(k) D(x), i

gfrac—in—cone

* [ittle energy Is recovered up to large
cone angles, |0-15 % Is missing -

* jet axis : AQjet ~ QJ/E ~ 0.036 Wy

* sensitive to Bethe-Hertler regime! Mehtar-Tani, KT 1401.8293
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Decoherence

Going beyond the inclusive jet spectrum, the Ojet = 0.3
assumption of fully coherent jets fails miserably! O. = 0.08

E / O: /
dw jet 46

Q Ddecoh . Q A
med (:C’ ’qu) / ! /QO/w 0’

w W

max de

S ™
o
N\
€
A
e
3
Q
X

:- vacuum )
partial

decoherence
coherence

o 'w dNg/dw d6
(CTRE N

.........................

o

01 02 03 04 05
0
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0
( Amed(ﬁ’)as(w’ﬁ’ 7%(&)9)

Calculate the decoherence (antiangular) contribution from
2nd emission In DLA w/ running coupling.

DI (2:Q,L) = DU (2;Q, L) + ADYOM (;Q, L)

med

28 w INTVIRNITAT OF RARCTI O A




Fragmentation function

5r Coh ]
Coh + Decoh
4L Vacuum |

CMS Prelim.: medium, 0-10% e
CMS Prelim.: vacuum

<

® vacuum baseline reproduced
by MLLA :valid close to the <.
humpbacked plateau =

® allow the jet energy to vary
(due to energy loss)

: : 9 |, - Coh + Decoh |
O Coher‘en‘t Je‘t quench”’]g CMS Preliminary, 0-10% e
important for intermediate / = 19| '

® decoherence plays main role \
0.5 } |

at large /(small x) . . . .
0 1 2 3 4 5

14
Mehtar-Tani, KT 1401.8293

Ratio
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Summary

o QGP created in heavy-ion collisions has many unforeseen
and Iinteresting properties

® challenges our understanding of QCD

* jet quenching is a powerful tool to access properties (e.g.
q, € etc.) of the hot and dense QGP
® resolved sub-jets are a consequence of color

transparency (pQCD)

® separation of scales (angles)

® jet'core i energy loss
® |et'edge’ : modification of fragmentation function
® |arge angle ;i transport In the medium

K. Tywoniuk (UB) 30
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Transport coefficient

5 Elastic scattering kernel:
< < 2
Ry T Y Vi@ - D
q) =
HTL qQ(qQ + mQD)

i) =omn) [ TV

o diffusion In kr
e calculable in thermal pQCD

Quark-Gluon Gas  Gluon-Gluon Gas ® radiative corrections
; ----'<qi>-=u2 ----- <q12_>=u2
_GTE ) e 4TE )
RPN EPEPETITE PR BT - i v/ L IR R P . . L N R o — 2
105 10 15 20 25 30 35 40 45 50 CI_5-| GeV4/im

E arton [GEV]

S ——

Armesto, Cole et al. arXiv:1106.1106
Liou, Mueller, Wu NPA916 (2013); Blaizot, Dominguez, lancu, Mehtar-Tani arxiv: 1311.5823
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Jet probabilistic evolution

* probability of A=BC splitting

—0ss) *Altarelli-Parisi splitting function

* Markovian (branching) process

K. Tywoniuk (UB) 33



Jet probabilistic evolution
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* probability of A=BC splitting

—0O(0, — 0sy) *Altarelli-Parisi splitting function

* Markovian (branching) process

resummation of multiple
branchings

angular ordering built in
basis for MC models




Jet probabilistic evolution

7 * probability of A=BC splitting
; (04 — 0sp) ©Altarelli-Parisi splitting function
* Markovian (branching) process

® resummation of multiple
branchings

® angular ordering built in
® basis for MC models

Sudakov form factor
probability of no splitting of particle A A4(b1,60) = exp / / Z d(P5¢
between two angles/momenta (scales) O BC

K. Tywoniuk (UB) 33




The medium scale

How is the medium resolved
e medium fluctuates with typical
transverse wave length Q1

e zero color on average, A > Qs
o resolved by A < Qs

Q= (t) = gt

K. Tywoniuk (UB) 34



The medium scale

How is the medium resolved
e medium fluctuates with typical
transverse wave length Q1

e zero color on average, A > Qs
o resolved by A < Qs

K. Tywoniuk (UB) 34



The medium scale
/ \ How is the medium resolved

e medium fluctuates with typical
transverse wave length Q1

e zero color on average, A > Qs
o resolved by A < Qs
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One emitter Two emitters
1/Qs 1/Qs

—

Qhard — mMax (TJ__la Qs)

kJ_ < Qhard

AO completely broken,

vacuum coherence | . A1 co
radiation up to k

(at large angles)

radiation as total radiation as
charge independent charges

¢¢

medium-induced”
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One emitter Two emitters
1/Qs 1/Qs

—

Qhard — mMax (TJ__la Qs)

kJ_ < Qhard

AO completely broken,
radiation up to k

vacuum coherence
(at large angles)

radiation as
independent charges

radiation as total
charge

¢¢

medium-induced”

~ S - - — — — — - - — S . —— —_—

= importance of medium-resolved sub-jets!
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