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QCD: Theory for strong interaction

Lqcp = Z VFVu (75(9“
J

e SU(3) gauge symmetry (non-Abelian)

* Asymptotic freedom & Confinement
O‘S(Q2) —
Chiral symmetry and its spontaneous

breaking <@E¢> 20

e Goldstone boson and chiral condensate

Scale and U,(1) anomaly (FM'F,,) #+ 0
o cene //Ll/
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Phase structure of QCD Matter
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EOS from lattice QCD

At T ~ 5T, ¢ still 80% of the Stefan-Boltzmann value:
qguasi-particle modes at high T
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Properties of QGP
Space-time profile: Tu(x) : T(x),u(z)

EOS: T, < ¢, P,s,c2 = 0p/Oe

Bulk transport: ;) — Jim - / dtdze™ ([Tyy (0), Toy (2)])
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EM response: = Cim "9 (5,(0)j,(x))

Jet transport: : 2 dy




Properties of QGP in A+A Collisions

Dynamical System: \ . ’
»

sSoft probes: collective flow - bulk &
properties, EoS, transport properties <= .
D N
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"Hard probes: Jet quenching — Jet transport coefficients




Hard and soft probes
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Collective flow of QGP

 Hydrodynamics: auT'LW — ()

TH = (e + P)utu” — Pgh” + ATH”

2
ATHY = n(AFu” + A¥ut) + (gn — Q)H" 0,u”

— a low-momentum effective theory

— Inputs from first principle QCD (lattice QCD)
EoS , transport coefficients , (?7?)

— Initial condition: parton prod. & thermalization




Anisotropic hydro expansion

with 3D fluctuating initial conditions
FEFR (2013)

DB: hydro3d0000.silo DB: hydro3d0000.silo
Cycle: 0 Time:0.2 1 Time:0.2
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DB: hydro3d0000.silo
Cycle:0 | Time:0.2
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Anisotropic flow of QGP

f(@)=fo|l+2) vycosn(p—Uy,)
1" (ppsinne))

V¥, = — arctan
n (pr cos(ng))

Angular Scale
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ATLAS Preliminary
_[ Ldt=8 ub"‘ , TT Power Spectrum
F § WMAP Data

2<|An|<5

[(I+1)CyY/2r (UK=)

A
‘m|

100
Multipole moment (I



Effect of viscosity

FEAMI (2015)

n/s=0.08 7=0.2 fm




Viscosity of QGP in A+A collisions

Gale, Jeon, Schenke, Tribedy & Venugopalan 2013

RHIC /s = 0.12 LHC n/s = 0.2
0.25 0.25 x , :
Vo = | RHIC 200GeV, 30-40% Vo =— | ATLAS 30-40%, EP
0.2 F|V3 =" | filed: STAR prelim. =
4 open: PHENIX
5

0.15 |

(vn2>1."2

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




QGP: a perfect fluid

Ultra-Cold Heli Quark-Gluon
Atoms bl Plasma
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Transport properties of QCD matter

1 | g y
n= lim — /dtd:veZWt<[T7’=7 (z,t),T%(0,0)])

w—0 2w
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pjon gas Arnold, Moore & Yaffe 2003

Prakash’93
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Lattice QCD: Nakamura & Sakai 2005; Meyer 2007 1
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Transport properties of QCD matter

1 | g y
n= lim — /dtd:veZWt<[T7’=7 (z,t),T%(0,0)])

w—0 2w
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¢ QCD: Nakamura & Sakai 2005; Meyer 2007 -
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Vorticity in QGP

N spectators e i

-~

\/ N 21 participants

before collision after collision




Global quark polarization

TP
P Pr

Liang and XNW, PRL 94(2005)102301
Hp
_

2E(E + my)

u: Debye mass = 1/interaction length

p/u: Local orbital angular momentum

Spin-orbital coupling = quark polarization




Lambda Polarization at RHIC

w

Py ~exp| £

2T The fastest rotating matter in nature
wr (9+1) x 10%! /sec

1

Li, Pang, Wang & Xia, PRC96 (2017) 054908

o—e AMPT primary

--- AMPT primary + feed-down
i @ ASTAR

¢ & ASTAR

First observation
of fluid vortices
formed by heavy-
ion collisions
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Jets in high-energy collisions

--tools for studying QCD and new discoveries

— Theo
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AL T Deep Inelastic Scattering
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ete” Annihilation
Hadron Collisions

Heavy Quarkonia o

s C“S[M:?
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/' \15

QCD
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N

213 MeV — 0.1184
178 MeV — - 0.1153
J

4 trocks
7.8 GeV

S Bethke J. Phys. G26 (2000) R27
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Jetomography of QGP

Multiple scattering
Transverse momentum broadening

Parton energy loss
Jet suppression




Parton scattering in medium

L e B _
Fhlafy) = [ GGl T A 0)* 0,50 )14

fA(CC k'J_ A/dQC]J_eXp[ (k_L ;qu_) ]fN( )

pr broadening and Jet transport coefficient:
pQCD (BDMPS’96)
P(Q)ZCG(x) ’LE?’UO Ad S/C FT (Liu,Rajagopal &Wideman’06)
Iattice QCD (Majumder’12)
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Parton energy loss and jet quenching

dx 7rq

dE, .4 N 2C 40 A(x)/d d€2 5 fi(x — xg) Jetparton

ZETZP( s L= 2)E g ‘%Q:

|
=2.76 TeV, |n||<08

e 0-5% (x25p)
* 5-10% (x138)
e 10-20% (xg4)
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Jet Quenching phenomena at RHIC
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Au+Au (central collisions):

B Directy (PHENIX Preliminary) o d+Au FTPC-Au 0-20%
Inclusive h* (STAR)
— p+p min. bias 73:[" R
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* Au+Au Central

GLV parton energy loss (dN%/dy = 1100)
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Jet quenching phenomenology

Suppression of single hadron spectra at RHIC and LHC

Best y? fits with different model calculations :
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Jet transport coefficient

JET Collaboration: arXiv:1312.5003

McGill-AM
- GLV-CUIJET

Au+Au at RHIC

Pb+Pb at LHC

0.4 0.5

T=370 MeV, RHIC
T=470 MeV, LHC




Calorimeter
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Jet-induced medium response




LBT: Linear Boltzmann Transport

p1-0f1 = —/dPQdP3dP4(f1f2 — f3f4)|M12—>34|2(27T)454(Zp7;) + inelastic

dN 2C s k2 (t—t
g A A qin2 7 ( 0)

. ~ P(2)é(p -
Induced radiation 77755 "7 Tkt (2)q(p - u) 42(1— 2)E

jet parton

pQCD elastic and radiative >
processes (high-twist) %m
Transport of medium recoil _&
partons ( and back-reaction) Back-reaction recoil parton

CLVisc 3+1D hydro bulk evolution

Li, Liu, Ma, XNW and Zhu, PRL 106 (2010) 012301
XNW and Zhu, PRL 111 (2013) 062301; He, Luo, XNW & Zhu, PRC91 (2015) 054908;




Medium response in gamma-jet profile

Enhancement of jet shape at larger r

LBT 0-30% w. medium response
mm pi;fS()C > 1 Gev

LBT 0-30% w/o. medium response
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Luo, Cao, He & XNW, arXiv:1803.06785




Energy and pT dependence

—

lyl<21 0-10%

100 200 300 400 500 600 700 800 900 1000
p, (GeV)

He, Cao, Chen, Luo, Pang & XNW 1809.02525

Weak pT dependence: initial jet spectra and pT dependence of energy loss AE
Week energy dependence: increase of jet energy loss and the slope of initial spectra




Single jet anisotropy
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Jet energy loss and y(Z°)-jet asymmetry
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Zhang, Luo, XNW, Zhang, arXiv:1804.11041




Summary

QGP in heavy-ion collisions: most perfect, vertical and opaque fluid

Hard probes and anisotropic flows provide unprecedented
constraints on the transport properties of the QGP in A+A
Future: mapping out T-dependence at RHIC & LHC
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