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Properties of QGP in A+A Collisions

Dynamic System:

/) \

"Hard probes: Medium response to strong interaction

Jet quenching

sSoft probes: Bulk properties of medium
collective flow
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Hydro description of A+A Collisions

 Hydrodynamic: ({)MT’W/ — ()

TH = (e + P)utu” — Pgh¥ + ATH

2
AT = (A 4 Aut) + (5 — QH™ Sy

— a low-momentum effective theory

— Inputs from first principle QCD (lattice QCD)
EoS , transport coefficients ,

— Initial condition: parton prod. & thermalization




Initial conditions for hydro

2D fluctuating geometry: MC- Glauber, MC-KLN
2D fluctuating geometry + QM: |IP-Glasma

3D fluctuating geometry +QM: HIJING, AMPT, NeXus, UrQMD
(3+1)D ideal hydro with AMPT initial condition

DB: hydro3d0000.silo DB: hydro3d0000.silo

Cycle: 0 Time:0.2 Cycle:0 | Time:0.2

Volurme

Var: pressure

y [fm]




Event-by-event hadron distributions

) \\15?,. o
$ \\s‘e:;.c;.:c'a

X g‘\ﬁ':’:?,?? Q

5

14
by ve;,




Event-by-event hadron distributions
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Dih
adron correlation

Au+Au
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— ng, Wang & XNW 2013
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Effects of tran. & long. fluctuations

Pang, Wang and XNW PRC 81 (2012) 031903
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Anisotropic flow & relics of minijets

Pang, Wang & XNW 2013

PbPb 2.76 TeV, 5-10%
—o— C12(An=0.0)

a = C12(6<IAnI<9.0)
—~ { \\\\ ________________ — VEP(2<p <3 GeV/e)
\ | R A
e

\I “\

Y\




Anisotropic flow & relics of minijets
Ci2(An =0) — Ci2(An = 2.5)] B(0,0)

0.4 Ydro Pb+Pb 2.76 TeVin p1" €[3,3.5GeV/c, pt™ €[1,1.5]GeV/c
' : (a) 0-5% (b) 10-20% 1
o—o Hydro 7 o\

6—o Hydro scaled
m ® CMS Pb+Pb

Pang, Wang & XNW 2013



Jet Quenching phenomena at RHIC

|, of direct y and n°
o d+Au FTPC-Au 0-20%

— p+p min. bias IV/QTAR
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Au+Au (central collisions):
Direct y (PHENIX Preliminary)
Inclusive h™ (STAR)
7% (PHENIX Preliminary)
GLV parton energy loss (ng/dy =1100)
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Parton Transport in Medium
Saages
S

Multiple scattering

.
o Oy
oo D
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Liang, Zhou & XNW 2008

Color Lorentz force

Transverse momentum broadening: <Ak%> . /dycj(y)
Jet radiative energy loss:

A sN dt; ~q(€) s )
=2 [ Gasie (- 92 [ i@ s ne )

Guo & XNW’00
Zhang,Wang, XNW’03

Jet transport coefficient:

PQCD @Bomps9s)
p(y)xG(x) ’amo AdS/CFT (Liu,Rajagopal & Wideman’06)
lattice QCD (Majumder’12)




Jet Quenching phenomena at RHIC

Zhang, Owns, Wang, XNW, PRL 98 (2007) 212301
Zhang, |Owns, Wang, (2009) 032302

= PHENIX Preliminary
pQCD n=1.2p,

: 8GeV<p™<15Gev STAR 200GeV
LO NLO ¢=1.28 AR T A d+Au x15
_ Vi e AuAu 20-40%
LO —— NLO ¢=1.48 .

] s = AuAu 0-5%
LO === NLO ¢=1.68 e 2 e

--- ppx1.5u=1.2M

pp x1.5 u =0.8-1.8M
----- 20-40% pQCD NLO
——0-5% AuAu—h’h" p=1.2M e, =1.68

Au+Au—y+h” STAR Pre. 8<p;<16GeV

200GeV ° 3<p:<4GeV

» 4<pl<6GeV

— p;=10GeV p:=2,4,6,8,10GeV
NLO pQCD p=0.5p; ly,.y,I<1.0 ¢, =1.68GeV/fm



Jet quenching at LHC

be'baw =276 TeV

—&— Charged Particle 0 - 5% (CMS)
—&— Charged Particle 0 - 5% (ALICE)
—— lIsciated Photon 0 - 10% (CMS)
—fr— 2"  0-10%(CMS)

Ch. hadron (YaJEM-D)
Ch. hadron (KT-N)
Ch, hadron {JEWEL)
Ch. hadron (HT-W)
Ch. hadron (GLV)

Muller, Schukfrat & Wyslouch 2012



Jet transport coefficient

Chen, Greiner, Wang, XNW, Xu, PRC 81(2010) 064908
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Deng & XNW PRC 81 (2010) 024902




Jet transport coefficient

'MARTINI-AMY

o Au+Au at RHIC |

Pb+Pb at LHC |
I

0 005 01 0.15 02 0.25 03 035 04 045 0.5
T (GeV/c)

JET Collaboration (to be published)




MC approach to jet medium interaction

=

llaboration

3+1D hydro + Jettransport + Hadronization

Berkeley-Wuhan Hybrid MC

3+1D hydro + Linear Boltzmann Jet Transport

Jet-induced medium excitation & anisotropic flow
Jet quenching in an anisotropic/expanding medum




Linear Boltzmann jet transport

p1-0fi(p1) = —/dpzdpsdp4(f1f2 — fsfa) IMia—sal” (2m)64 () ps),
fz(p) T (271')353(]7@' — ﬁo)(SS(f— _’0 — tﬁz)[l — 1, 3]
1 .
ff(pi) — (g?)'é.'u/T ] (Z o 27 4)
do 9 o 3
— = [M12-34|/167"s = YT
ng B QCYSNC R N t—t()
Induced radiation  dzd2k, dt 77]‘341 P)(p - u)gsin( 2T )

Li, Liu, Ma, XNW and Zhu, PRL 106 (2010) 012301
XNW and Zhu, PRL 111 (2013) 062301



Jet-induced medium excitation

t=4fm/c
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v-jets in an expanding medium

2

Similar results

by

. o .. h
Dai, Vitev and Vs _§+?¥?ngﬁon

Zhang, PRL . —S+I+Rec. |
110 (2013) 10 0
032302 t (fm/c)

— LBT: ATLAS |
-— LBT: CMS




Broadening of jet transv. profile

1 1 pr(r — Ar/2,7 + Ar/2)
)= N 2 0B

pT(O: R)

R=0.3




Medium mod. of frag function

Seen in CMS & ATLAS single jets XNW and Zhu, PRL 111(2013)062301

* » t=0.6 (fm/c)
—t=17 (fm/c)

XNW, Huang & Sarcevic (1996)

Energy of reconstructed jet dominated by leading particle
Suppression of fragmentation functions relative to initial energy




Broadening of y-hadron correlation

v-hadron from AMPT calculation
v-jet from LBT

—e—vy-hadron(/6.0) (10mb)
—— y-hadron(/4.5) (6mb)

y-hadron(/2.5) (3mb) 0-10% PbPb

i v-hadron(/1.5) (1mb)

P, () ~ 15 GeV/c| ., barton(/2.0) (10mb) vs=2.76 TeV
~-#-- y-parton(/1.5) (6mb)

1<p " <2GeVic y-parton (3mb) ® CMS

y-parton (1mb) . PP
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Jet azimuthal angle broadening is
smaller but still finite

Li, Liu, Ma, XNW and Zhu, PRL 106 (2010) 012301
Ma and XNW, PRL 106 (2011) 162301




Summary

Hard probes and anisotropic flows provide unprecedented
constraints on the transport properties of the sQGP in A+A

Future: mapping out T-dependence at RHIC & LHC
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Hydro dynamics of dense matter

THY _ GV

DB: hydro3d0000.silo

Cycle: 0 { Time:0.2
Volume ]
Var: pressure
—616.0 b
262.0 1
308.1 1
5 -
154.1 ]
—0.1200 :
Max: 616.0
Min: 0.0000 1
= ]
2 o4
o ]
_5
-10 T T T T T T T T T T T T T T T T T

-10 -5 5

o
x [fm]

user plig
Mon Jun 04 00:07:08 2012

EOS of QGP

BERKELEY LAB



QGP in p+p & p+A collisions?

CMS pPb \/s =5.02 TeV|N>110 | (d) N>110, 1 OGeVIc<p <3.0GeV/c
p p @7 TeV

1< ptrlg <2 GeVlic P
1< p““c <2 GeV/c/

Collective flow in high multiplicity events of p+p & pA?

But no jet quenching! Werner et al ‘12, Bozek & Broniowski’13

Maybe from initial state: glasma? Venugapalan & Dusling et al, ‘12

But large values of v3!

See talks by Roland (G1)



Transport properties of QCD matter

1 . - -
it / dtdze™ ([T (z, £), T (0, 0)])
77 15 f4 w—0 2w

S 167 T4

plon gas
Prakash’93

Arnold, Moore & Yaffe 2003

Bluhm, Kampfer &
Redlich 2010




Viscosity of QGP in A+A collisions

Heinz & Song 2010 Gale, Jeon, Schenke, Tribedy & Venugopalan 2013
RHIC n/s = 0.12 LHC n/s = 0.2
0.25 - : 0.25 , :
V2 = | RHIC 200GeV, 30-40% Vo = | ATLAS 30-40%, EP
0.2 V3 = | filled: STAR prelim. -
open: PHENIX

Fluctuation + viscous hydro required to fit all v,
Viscosity at LHC is larger than at RHIC

See talk by Schenke ( Wednesday, IUPAP prize)



Phase structure of QCD matter

T, =175% (MeV) o

AT=170 MeV
0 T,=175 MeV
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Quark number scaling of v2

] ] STAR: Phys. Rev. Lett. 92, 052302(04)
Anisotropic flow
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Hard probes of dense matter

Jet quenching via parton energy loss
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Running coupling in jet quenching

Solid: LHC
"I Dashed: RHIC

Buzzatti, Gyulassy
| : 2013




Gamma-jet asymmetry

XNW & Zhu’13 )
0-10%

E ++ﬂ+ .

=

+|'|¥ ® ATLAS
AE/E =~ 15% - %

L

Rapid expansion & recoiled parton " ' ‘ 1"0 o Ly

0-10% PbPb
\s=2.76 TeV
e CMS

., /... Shower parton

/' __ S+Induced
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10 0
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Dijet asymmetry at LHC

Qin & Muller’ 2012 He, Vitev & Zhang’ 2012

® ATLAS Pb-Pb0-10% i ® ATLAS Pb-Pb 10-20%
—— PYTHIA —— PYTHIA
=== PYTHIA + medium mee= PYTHIA + medium

"]

(1/6) do/dA y

2D theory, p+p
O pQCD, A+A, p, ™"
NLO pQCD, A+A :-,' .

(1/0) d(T/dAJ

R—cone =03 PYTHIA
A  VNUBMS (ELASTIC)
P} = 60 GeV/IC VNVEMS (RADIATION)
CMS 0-10% (R=0.3)

P77 >30GeV/C

i+, Coleman-Smith, Muller |

r;}l \"'\'| Young, Schenke, Jeon & Gale, 2012
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Multiple scattering & angular ordering

| - .
y X - A <

1 k7
Formation time —~ —
Ty 2w

2w

T (w) ~ o0~ kr/w~ (d/0)

Color coherence is rapidly lost in medium, Blaizot, Dominguez,

. Y . lancu, Mehtar-Tani’ 12
independent emission is enhanced by L/t; |, .~ + . salgado, Tywoniuk'10
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Hard QCD Physics @ CCNU

* Jet physics:
— W?2Z?%: Enke Wang, XNW, Benwei Zhang, Hanzhong Zhang —
High-twist approach to parton energy loss

— Bowen Xiao — hard processes at small x
— Guangyou Qin — AMY jet quenching, and flow
— Defu Hou — jet quenching in AdS/CFT
— Chunbin Yang — Oregon-Wuhan (Hwa-Yang) recombination
— Fuming Liu -- Direct photons
* Experiments:
— ALICE@LHC, STAR@RHIC
* Lattice QCD
— Hengtong Ding




