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Extreme properties of sQGP

* The most perfect fluid ( 77/s ~ (1 - 2)/4r )
* The most opaque fluid to jets ( ghat/T> =4 - 8)

* The most vortical fluid (o/T ~ 0.001)




Sounds of QGP

Propagation of primordial sound waves in a rapidly expanding fireball

sensitivity to viscosity and initial condition L.G Pang (2016)

n/s=0.08 7=0.2 fm

What happens to jets propagating through this fluctuating
fluid and medium response?




Jet quenching in heavy-ion collisions

Parton energy loss leads to
jet suppression

Energy deposition leads to
medium excitation




Tomography with full jets

Jet profile and jet yield sensitive to jet-medium interaction
less sensitive to non-perturbative hadronization
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Background subtraction is non-trivial
Jet-induced medium excitation becomes relevant
Some of the energy lost by leading partons remain inside jet-cone




LBT: Linear Boltzmann Transport
p1-0fi(p1) = - f dpadpsdpa(fifa — fsfa) |Mizsal” (2m)*6* (> ps),
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 pQCD elastic and radiative
processes (high-twist)

* Transport of medium recoil
partons

 3+1D hydro bulk evolution

Induced radiation

jet parton

f 5545
Li, Liu, Ma, XNW and Zhu, PRL 106 (2010) 012301

medium parton
XNW and Zhu, PRL 111 (2013) 062301
He, Luo, XNW & Zhu, PRC91 (2015) 054908;




ColLBT-hydro
(Coupled Linear Boltzmann Transport hydro)
p-0f(p) =—C(p) (P u> Pou)
@MT“”(%) = 5% (z)

Zp”5(4) (= 2:)0(ply; — p - )

e LBT for energetic partons (jet shower and recoil)
* Hydrodynamic model for bulk and soft partons: CLVisc

CLVisc: (3+1)D viscous hydrodynamics parallelized on GPU
using OpenCL




v-jet propagation within CoLBT-hydro




Light and heavy quark hadron suppression

O CMS 0-10%

D: 0-10%

Cao, Luo, Qin & XNW, PRC94 (2016) 014909




Single jet suppression at LHC

anti-k, R = 0.4 jets —LBT 5.02 TeV+ATLAS 5.02 TeV
—LBT 2.76 TeV+ATLAS 2.76 TeV
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P, (GeV)

He, Cao, Luo & XNW to be published

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
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Effect of recoil partons and diffusion wake
on jet energy loss

Recoil partons within the jet
anti-k, R=0.4 jets  lyl<2.1 : cone reduce the net jet

USwy = 5.02 TeV 0-10 % energy loss

ISy = 2.76 TeV

Diffusion wake (backreaction)
reduces the thermal
background, if taken into
account, increase the net jet
Energy loss with given cone-

— w/o recoil & w/o neg. size
— w.recoill & w. neg.
w.recoil & w/o neg. Depend on jet cone-size R
200 00 400 500 600 Sensitive to radial flow

P, (GeV)
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Jet energy loss an v-jet asymmetry
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Effect of medium response

Enhancement of Frag Function Enhancement of jet shape
at small z at largerr
3.0 : LBT 0-30% w. medium response
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CLVisc Hydrodynamic model

e 3+1D viscous hydrodynamic model

* Fully parallelized on GPU with OpenCL
— 100x faster than comparable than on CPU

* Fluctuating initial conditions from AMPT

Pb+Pb /sy =2.76 TeV Pb+Pb vsun =2.76 TeV, n+ +n-
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Pang, Petersen, XNW, arXiv:1802.04449 14




Anisotropic flow and decorrelation

Pb +Pb \/ SNN 2 76 TeV Pb + Pb \/ SNN 2 76 TeV
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Correlation btw jet and bulk anisotropy

vy = (cos[n(¢"" — W,)))

5 5-10% anti-k, R =0.2 10-20%
+LBT w. fluc.
~“LBT w/o fluc.

5 L 20-30% PbPb | 3 )
ISyn = 2.76 TeV || 100 < p, <120 GeV

NN -

50-60%
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Centrality dependence of v,/

anti-k, R = 0.2 * (Syy = 5.02 TeV
60 <p <80 GeV  { \syy =276 TeV

50 100 150 200 250 300 350
<N >

part

v, closely follows the centrality dependence of v,(soft)
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Very small triangular jet anisotropy

anti-k, R = 0.2 t Sy = 5:02 TeV
60 <p <80 GeV 1 |syy=2.76 TeV

50 100 150 200 250 300 350

<Npart>

19



Summary

e Suppression of high pt
hadrons caused by energy loss _
Of |eading partons 51 5-10% anti-k, R=02 | 10-20%

+LBT w. fluc.

* Jet (with R) energy loss . . LBT wo fluc.
influenced by transport 2|
Shower partons & medlum o L 20-30% PbPb || 30-40%
response ' (Sxx =276 TeV || 100 <p_<120 GeV
* Medium response leadsto | ENETEE S

modification of jet frag
function and jet shape

* Anisotropy of jet suppression
correlates well with medium
anisotropy
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Effect

PbPb / pp

PbPb / pp

160 <p_ o < 180 GeV

+ CMS data

—w/o recoil

—w. recoil

. 160<p. <180 GeV .
L CMS data Py, je ¢

- /=01

cut —w. recoil

i+ B=00

—w/o recoil

PbPb / pp

v CMSdata  200<p, , <250 GeV

— w/o recoil

— W. recoil

- 200<p.  <300GeV .
+ CMS data Py jet

' —w/o recoil
- /. =0.1
cut — w. recoil

4 B=0.0

of medium response on jet substructure

jet splitting function
® The inclusion of medium

response will
lead to stronger modification

of the
groomed jet splitting function.

groomed jet mass

® |arge angle scattering

leads to the
enhancement of the

mass tail .

pA N
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Enhancement of soft hadrons

PLB777(2018)86
—jet+j.im.e 5< P}l <7GeV/c |A¢—n|<m/2
--jet-only o
-4 PHENIX

—jet+j.i.m.e
- -jet-only

# PHENIX Onset of soft hadron

enhancement is at
—jet+j_i_m_e f|X€d pt ~ 16 GEV

- -jet-only
-+ STAR

Pl >60GeV/c |A¢—m| <0.543
Pb+Pb( 0-10% )@ 5.02TeV

—jet+j.i.m.e
- -jet-only

Frrrrrer ‘
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Azimuthal distribution of soft hadrons
from jet-induced medium excitation

PLB777(2018)86
* Au+Au jet+m.e. + Au+Au jet-only

(@) 0<pt<1GeV/c
o 0=0.946

+ 0=0.837
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Wide angle distribution of soft hadrons

— random direction — pos X — neg_Xx — pos.y

1 < p} <2GeV/c




t spectra

je

Energy dependence of

dzs/dedy (nb/GeV)
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Relativistic hydrodynamics

0, T" = 0
ATH = 7 (5) = TH(C) (9" — uPu)

— a low-momentum effective theory

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

— Initial condition: parton prod. & thermalization time
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gamma-jet fragmentation function

Preliminary

oo =03 ColLBT-
@® ® PbPb502 0 10%




Jet Quenching phenomena at RHIC

AutAu (central collisions):

Direct y (PHENIX Preliminary) = o d+Au FTPC-Au 0-20%
Inclusive h™ (STAR)
— p+p min. bias S;:I\ R

n® (PHENIX Preliminary)
GLV parton energy loss (dNDJ‘dy =1100)
* Au+Au Central

1/Nyigger AN/A(AG)

16
p; (GeVic)
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Jet Quenching phenomena at LHC

5.8 pb”" (5.02 TeV pp) + 350.68 ub™ (5.02 TeV PbPb)

ALICE, 0-10% Pb-Pb, |, = 2.76 TeV
1. " |B'ly|<24 8<pl? <16 GeVic
[¢]D°ly<1.0 Away side

[ "% ] charged hadrons |y| < 1.0 ¢ n™-hadron (v, bkg)
Ap-n| < 1.1

¢ di-hadron (v bkg)
Ao <0.7°




Jet transport coefficient

»ns MARTI —— McGill-AM
--=- GLV-CUJET

| Au+Au at RHIC

Pb+Pb at LHC

0.2 0.3
T (GeV)

JET Collaboration: Phys.Rev. C90 (2014) 1, 014909
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Hard probes of medium properties

S a7 — 2q7 - L7
b 2ptq=z
07
x
LT optg2(1 - 2)

TMD gluon distribution or
Jet transport coefficient q

Yuanyuan Zhang, et al 2018
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Linear Boltzmann Transport (LBT)

. ] .
pQCD elastic and radiative Li, Liu, Ma, XNW & Zhu, PRL 106 (2011)012301

processes (high-twist) XNW & Zhu, PRL 111 (2013), 062301
 Transport of medium recoil  He, Luo, XNW & Zhu, PRCO1 (2015) 054908;
partons
 3+1D hydro bulk evolution

gluon: elastic only at t=6 fm/c gluon: elastic + radiation at t=6 fm/c
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Energy dependence of jet spectra

dZS/dedy (nb/GeV)
1/2p dzs/dedh (pb/GeV)
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Gamma-jet profile

/6 TeV

p+tp @ 2

76 TeV

Pb+Pb @ 2
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