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Forms of matter

K L

(gas) (iquid)  (solid)

Bose-Einstein condensate, fermionic condensate,
superfluids, supersolids, paramagnetic,
ferromagnetic, liquid crystals, ...

= © == Quantum Chromodynamics & Quark-Gluon Plasma
\ QCD QGP
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Pre-QCD era: quark model, parton model and “jet”

* Discovery of a zoo of hadrons: mesons, baryons and excited states:
Leading to quark model (1968) by Gell-Mann and Zweig

* Observation of Bjorken scaling of cross sections of deeply inelastic
scattering:
Leading to the parton model (1969) of hadrons by Feynman

/4

* Production of energetic hadrons in high-energy collisions:
Uncorrelated jet model for hadron production: De Groot and Feynman
Ruijgrok (1971)
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Hagedorn limiting temperature

Increasing number of hadron production (and decays) in high-energy collisions

Hagedorn statistic boost trap model (1968):

p(m, Vo) = 6(m — mg) + %: ]\1“ [(2‘7/3)3] /1_[1 [dmp(m;)d°p;] 54(21% —

With the solution: ,O(m, Vo) = COIlSt.m_BGm/TH

Partition function of the Hagedorn (hadron) resonance gas (HRG) model:

Vv

T 3/2 —mli_ 1
92 /dmm p(m)Ko(m/T) ~ V[ ] /dmm3/2e b — o0 when T > Ty
2

In Z(T,V) = 0
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Asymptotic freedom & confinement in QCD

Gross & Wilczek; Politzer (1973)

 4r/(11 = 2ny/3)
- In(Q%*/Acp)
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< Confinement
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Deep Inelastic Scattering
et Annihilation
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Heavy Quarkonia
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QCD: Theory for strong interaction

I l ﬂ,a | "y
LQCD = ZWVy(la! —gA; E_m)W_ZZFa# Fa,,uv
=

e SU(3) gauge symmetry (non-Abelian)
A7 /(11 — 2ns/3)
In(Q?/Adcp)

* Asymptotic freedom at short distance as(Q?) =
* Confinement at long distance

e Chiral symmetry and its spontaneous _

breaking <¢¢> # 0

e Goldstone boson and chiral condensate

e Scale and U,(1) anomaly (F*F,) # 0




Quark-gluon plasma in a MIT bag model

J Collins and M. Perry (1975) G. Baym and S Chin (1976), E. Shuryak (1978)

6n Tt 4 16T T P €
. € = 0N f— .
E=¢,,+B P= 1e B
q,9 399 Ac=4B
2
. _ T 1 T T
Massless 1t gas: € 330T P. = 3€n

First-order phase transition
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Normal nuclear
matter

Phase transition in QCD

210 250
F. Karch et al., 2014

Quark gluon plasma

(1)) = 0

(as F?) — 0




Phase structure of QCD Matter

Early Universe
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Hadron Gas

Super-
conductor

Nuclei




confinement
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QGP in heavy-ion collisions

ucleus
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Properties of QGP in A+A Collisions

Multi-messenger study of dynamics and properties of QGP

mSoft probes: collective flow - bulk

- Tyw(x) : T(x), u(z)
properties, EoS, transport ‘
properties, initial conditions Wy =&, 17,5, ¢z = Op/O0e - \ ‘l

n = lim 1 /dtdxem<[Txy(O),Txy(a:)]> -

w—0 2w

d4

e ()1 (@)

W.LW(Q) —

="Hard probes: Jet quenching, heavy quarks— Jet transport coefficients,

diffusion constant 4m2a,Ch / dy~

i= T (F7+(0)F, (v))

s
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DB: hydro3d0000:.silo

Collective flow of QGP
* Hydrod ics: uy
ydrodynamics aMT — ()

T = (e + P)utu” — Pgh” + ATH AV K :
.

2
ATH = (A 4+ A + (55— O HM Oy

s ; . i
h - x [fm]
DB: hydro3d0000.silo }
Cycle: 0 Time:0.2

..
Kl
e

— a low-momentum effective theory

— Inputs from first principle QCD (lattice QCD)
EoS p(g), transport coefficients &(T), C(T) (?7?)

— Initial condition: parton prod. & thermalization

Initial thermalization: hydrodynamic attractors, hydrodynamization,
anisotropic hydrodynamics, kinetic theory, etc

fffffff

(3+1)D viscous hydro (CLVisc) with
AMPT initial condition

‘ \
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“CMB” of the little bang: Anisotropic flow of QGP

ittle Bang

DB: hydro3d0000.silo
Cycle: 0 Time:0.2

B f(8)=fo |1 422 vncosn(p = Tn)
: - i

— — arctan

»
‘:, n (pr cos(nd))

U, 1 (pT sin(ne))

ATLAS Preliminary

e '[Ldt—eub"

2<|An|<5

2<pf, p7<3 GeV TT Power Spectrurm

~J
vn K Sn ¥ WMAP Data

user: pig
1on Jun 04 00:07:08 2012

€, Initial geometrical
anisotropy

K. Encodes transport
COfoICIGhtS Multipole moment (I
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“CMB” of the little bang: Anisotropic flow of QGP

DB: hydro3d0000.silo
Time:0.2

f(o) = fo 1+22@ncosn(¢— v,,)
=1l

L e )

n (pT cos(ng))

| _dNn/dy

1 ==dN/dy
1==dNcn/dnx2.0
1==dE7/dnx5.0

T

arXiv: 2010.03928 0 25 0 20 40

— T

dNcp/dn , dN/dy, dET/dn [GeV]
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Bayesian inference of transport coefficients

' Calibrated to:
) amA ¥ Pb-Pb 2.76 and 5.02 TeV D u ke
Vil =G . . .
0.4 JETSCAFE — céa .ot —— Posterior median
L "aPTB 90% credible region

Nature Phys. 15 (2019) 11, 1113

,,,,,,,,,,,,,

e-Print: 2010.03928

2011.01430
2+1D viscous hydro “omporars sV
Trento initial condition 0. - - - % s o oz 00 0 e-Print: 2111.08145
Hadr transpt: SMASH, UrQMD
Uncertainties: e-Print: 2010.15130; 2010.15134 25— roster matn Cabrted o

= 2.76 and 5.02 TeV

modeling of initial condition (short distance
correlation, early non-equilibrium evolution),
transition to hadron transport ( resonances) etc.

0.16 0.20

0.20 0.24 0.28
l. " T(Gev) 5

Parkkila, et’3
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QGP: the most perfect fluid in nature

Ultra-Cold Quark-Gluon

jo2l  Atoms Helium Plasma

T

String Theory Limit

8 12 1
x10° x10°
Temperature (K)




Separating initial conditions and dynamics

Pearson correlation coefficient a_print:1601.04513

<5”07215[]9t]>
V{(602)2){(d[pe])?)

Nuclear structure & initial conditions 2
p(v, [Pt]) =

—@— STAR data

Nuclear —O— AMPT, 2 XL 7O
. - —5— AMPTB, | (, heas RN Nucleon
deformation - AMPTS g, | . SR .
‘ AMPT 52‘3, ao’Ro "c & .\. ) Slze’
Neutron skin (WY 5wy al Pb+Pb, \/axy = 5.02 TeV :
eV S8 0.2 < p; <3 GeV ' nucleon
—0.2 w = 0.4, w, = 0.11 fm \ b
e A [ Jw=0.4fm SUp-
TrlaX| I |ty @ P OO, LT — 0.3} CAw=08fm

[DOw=1.2fm Structure

salw = 1.2 fm, low viscosity

centrality (%)

/ e-Print: 2206.10449 e-Print: 2111.02908
crecoo?) [ . 17
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Global Orbital Angular Momentum

High-energy heavy-ion collisions (twisted 1nitial configuration
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Transverse gradient of fluid velocity & vorticity

Fire streak model Liang & XNW, PRL 94 (2005) 102301

dN ;)art dN ;arl
Collective longitudinal momentum [Py Vs e
‘ 2 (dNP dN’
c\S

per produced parton ———
z

dNF dNZL
Ly = —Din /$d£€ [ part . part]

part part
+

dx dx

dx dx

Woods-Saxon

2p,/ R, ~0.68GeV/fm

—h

Hard Sphere

po =+s /2¢(s) = 2.22GeV

o
o

n
o
-
S

o
=
(=
=)
=
>
-
]

dp/dx in unit of 2p /R,

Au+Au at 200A GeV .

0.75
x/(R,-b/2)

S ‘.‘.\.l Total angular momentum carried by QGP

BERKELEY LABS

1




Fluid velocity & vorticity in HUING

— 200GeV
546GeV -

900GeV |

t,

_—
&
o
-
~—
Py
=
~

No complete stopping but
approximate Bjorken scaling.

Small violation of BJ scaling
at = local angular

. - Gao, Chen, Deng, Liang, Q. Wang,
momentum or vorticity g g Q g

XNW, PRC 77 (2008)044902

. . . Deng, Huang,
BJ scaling violation and PRC 93 (2016) 6, 064907
vorticity increase at lower Pang, Petersen, Q. Wang and XNW,

colliding energies PRL 117 (2016) 19, 192301




Global spin polarization in A+A

Liang & XNW, PRL 94 (2005) 102301 ' x

nonrelativistic limit: (mq > p,u)

: . : : P ~-nk ~ —w/m or—w/T
spin-vorticity (orbital) coupling ? 4m;
p: relative momentum of .. . . 4 P
parton scattering with impact Polarization rate: Fq — <P qop > ~ W § "~
parameter b ~ 1/u d

Huang, Huovinen & XNW, PRC84 (2011) 054910




Spin polarization in equilibrium

. : Pu, Gao, Liang, Wang & XNW,
Dirac Eq. [’Y’u (’lau N qu ) — m] ¢(£E) =0 Plll{L f()09 (213%) 2;;3gOl

L
\ h n-B

Spin: vorticity Coupling Magnetic coupling (SES = §n W+ eqh Ep
1 d3p d’p . Of(Ep)
1= 5/ tamys [ (Bp = 0B:) = J(By +8B.)] = | 15550555

Polarization on the freeze-out surface:

H“( )/d*p  h [dEAP*Qp, fep(z,p)[l — frp(z, P)]
dp(p)/d®p  4m J dExp* fep(z, p)

Becattini & Ferroni, EJPC 52 (2007) 597, Betz, Gyulassy & Torrieri, PRC 76 (2007) 044901, Becattini,
Piccinini & Rizzo, PRC 77 (2008) 024906, Beccatini, Csernai & Wang, PRC 87 (2013) 034905, Xie,
Glastad & Csernai, PRC 92 (2015) 064901, Deng & Huang, arXiv 1603.06117
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Consequences in A+A collisions

Globally Polarized thermal, dilepton, J/'¥, hyperons and vector mesons

Constituent quark model Liang & XNW, PRL 94 (05) 102301 y®
Liang & XNW, PLB 629(05)20
1 4 Gao et al, PRC 77 (08) 044902
Poo ~ 3 9 74

Spin dynamics with quark coalescence model:

Yang,Fang,Wang & XNW Phys.Rev.C 97 (2018) 3, 034917
Sheng, Wang & XNW, Phys.Rev.D 102 (2020) 5, 056013



The most vortical fluid in nature

= i - =

1Y) 11 O Global hyperon polarization

| O

STAR Au+Au 20%-50%
Nature548.62 (2017)
oA OA
PRC76.024915 (2007)
AA AR
PRC98.014910 (2018)
mA OA

STAR Au+Au 20%-50% lyl<1

N t ——— UrQMD-IC+VHLLE BES-I _
aturc AMPT (Li et al.) oA OA

548.62(2017) ) —— AMPT (Guo et al. BES-I

= = = Chiral kinetic x A 3 A
= = 3FD (1PT E0S) 200 GeV
----- 3FD (hadronic EoS) BEA OA Inkt

P(7.7)=7.3423.02 [%]

ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+A oA

STAR Au+Au 20%-80%

T+ E (via daughter A P,)
+E

"+ Q (via daughter A Py,

| : ALICE Pb+Pb 15-50% i<t
: B A @
"""""""""""""""""""""""""""""""""""""" T d B K

HADES 20-40% -0.5<y<0.3
¢ A Au+Au

+ A Ag+Ag

AMPT PRC99, 014905 (2019) -
CIA+A E]EO . =-0.758 £ 0.012
=[]

a, = 0732 £0.014
O = -0.758 + 0.012

102

VS (GeV)

Becattini, Buzzegoli, Niida, Pu, Tang and
Wang, arXiv:2402.04540
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Local spin polarization d-dependence of Py

Z . 6
@ V3-d1'1V6n Pz *  A+A, STAR

'@ //"‘P?,

¥

— Thec=150 MeV
—— Tdec:165 MeV

v — T4ec=173 MeV

Ru+Ru&Zr+Zr, A+A
* n=2
¢ n=3
Hydro Ru+Ru, nT/(e+P)=0.08
n=2 (o, +SIP
Fin=2 (‘”m+SIPBBP) ideal hydro [ ]
-==n=2 (0, +SIP_) I : 0.01[GeV] ]

.
B n=3 (0, *SIP

BBP)

BBP)

0.5<p <6 GeV/c, |y |<1 o, =-0_=0.732:0.014

0 20 40 60
Centrality [%]

N
rrrrrrrl |||||
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Vector meson spin alighment

Available online at www.sciencedirect.com

rorence ormser STAR: Large ¢ meson spin alignment

ELSEVIER Physics Letters B 629 (2005) 20-26 —_— T UL LML | 1T T T

www.elsevier.com/locate/physletb I~ * 4) (lyl <1.0&1.2< pT <54 GeV/C) -
0.4/ o K®(lyl <1.0& 1.0 <p_<5.0 GeV/c) |
Spin alignment of vector mesons in non-central A 4+ A collisions - W —cY-1109 + 143 fm®

Zuo-Tang Liang *, Xin-Nian Wang *"
0.35

* Department of Physics, Shandong University, Jinan, Shandong 250100, China
Y Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 7

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

p00

Received 13 December 2004; received in revised form 21 August 2005; accepted 15 September 2005
Available online 3 October 2005

Simple recombination model 0.3

I_PqPq . 1 | Nature 614, 244 (2023)

pOO =5 - " filled: Au+Au (20% - 60% Centrality) ’
3+ PqP‘7 3 0.25__ open: Pb+Pb (10% - 50% Centrality) ]
1l Ll Lol
10 107 10°
More sophisticated recombination model sy (GeV)
o 1 4 Too big to be explained by vorticity, EM, etc
p = g o §<Pq(xq> Pq)Pq(xq, pt?))

P —1 e"P? \w + “q

Sheng, Wang and XNW, Phys. Rev. D 102, 056013 (2020) q(q) ~ dm, —(u )T Foo | Dv



Polarization via strong interaction force

Chiral quark model: Manohar and Georgi (1984)

Effective interaction between quarks, gluon and Goldstone boson between A, and Aycp

= g -1 1
L =9py*(iDy + Vi + gaAuvs)h — mpyp +- 2400, 5105 — StrF,, FH™ + -

1 .
Vo= €0, +60,8" Ay = 5(E10,6 —£0,¢T)
r@w%@q at K+ |
— M/f — 1 7 — L a0+ 2 K°
E=e M = = | / _:fn 2
K K —ﬁ’q"
1 € gv

P ~~ i 4 1 _F _+ I e =
D am, S T w7 )T )P

Strong interaction



Polarization via strong interaction force

Spin Boltzmann transport equation with quark coalescence

Sheng, Oliva, Liang, Wang and XNW, PRL 131, 042304 (2023)

k- OufY, (k) == [€2 (0, K (ha, k) (2, K)

8 coal

_Cdiss(k) f)‘\/;)\Q (.Z', k):l )

1

Vv
Fxina(®: K) ~ a5

[1— e CmtM] ¢ (3 T)e, (A, k)C, (w, K)

coal

Spin alignment on the hadronization hyper surface 1 g(Zb

Poo X 5 T+
3 mbefﬁ

(C1B(2]5 + CzEé) + -
Momentum-dependence

B? 4 E? 4 Test frame - collisions frame



Barometer of strong force field fluctuations

Lk * & STAR  —— Out-of-Plane

ol R ----- In-Plane In and out-plane splitting caused
T _1- by v2 of the vector meson 045775 gev Tecw |
X —
s 1 . 040f 1 -
Sdlali X - == ﬂl 0.35} .
L 0.30¢
: ] - ' ' ' ' : 0.25}
L) m —— Out-of-Plane ----- In-Plane 0.45}
t il 0.40¢
[ a) | 5 0.35}
o1 || A o
Z k€ (d)
ol B s F2 u P2 025, i i e
N’T: 5 E "Ti62.4 GeV 200 GeV
L 0.40
o L‘A\m . ossm
. 1L l e ., ] Es 2k, 0 T pesenssewe s I S T L LTI wamn Wt
0.5 I TR . f
2F (b) . 4 : . ‘ : ‘ . . 025t (© (f)
= = = = ohe 00 05 10 15 20 25 30 1 2 3 4 51 2 3 4 5
® kr (GeV/c) A
Vsuy (GeV) “

((9sB2,/Th)?) = ((9,ES ,/Th)?) = F}

((96B2/Th)?) = ((94E2/Th)*) = F?
Sheng, Oliva, Liang, Wang and XNW, PRL 131, 042304 (2023)

kt dependence of p,, dictated by vector meson’s spectra



Hyperon spin correlations

(@]IYIE€[2.3]). n/5=0.08 10 | o [lF}SVJ
e : x10—2
//:].5 - I
§ 5 40.5
19:1 | y) —
;e;: g 0 10.0
0S Fm e 1>
0 el b L L FT T T, ;‘:_“' SR -5 ‘ -0.5
Au+ Au 62.4 GeV 20—-30%==== 0-5% -10 e — — x’l : _ —1.0
Au+Au200GeV == 20— 30% === 0—5% -10 =3 [(f) ] 5 10
~ Pb+Pb2.76 TeV ==== 20-30% 0-5% X Im .
L] ’ ‘ 5 (X 7) strong-field induced
o .. ] W-(tx 7T : ;
s | Vorticity ring: R = ( 7% vl ) hyperon spin correlation
A~ 0} riea————— wamns S
- —— Lisa, et al, PRC 104 (2021) 1, 01190
2 - — p2 _
-5 L ! . ; CAA:PA—I—CSS CAA—PA CSS
0 n/4 /2 3n/4 T
Ap =1y — ol "
gv 1%
Pang, Petersen, Wang & XNW, Eig =5 |@de——Faone—""2b 7 | D
PRL 117(2016) 192301 dmy (u- P)T (u-p)T

Ly, Yu, Liang, Wang & XNW, e-Print: 2402.13721



Jet physics in heavy-ion collisions
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Jets in high-energy collisions

* Uncorrelated jet model for hadron production: De Groot and Ruijgrok (1971)
* Asymptotic freedom of QCD: Gross & Wilczek, Politzer (1973)
Partons in QCD: Ellis, Gaillard & Ross (1976), Georgi & Machacek (1977)

e Jetsin QCD: Sterman & Weinberg (1977)
--tools for studying QCD and new discoveries

S Bethke J. Phys. G26 (2000) R27

32
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Jets in pp collisions at LHC

CMS preliminary, 60 nb’ s =7 TeV
1L <
%10 «  Iyl<D.5 (x1024)
O] 0.5<dyl<1.0 («256) °
5 1.0+dyl<c1 S («64)
= 1.5dyi<2.0 (x16)
Q.- 2.0<dyi<2 5 («4) d
2 2.5dyi<3.0 (x1)
2
R~
10 NLO pQCD+NP* ' |
U Exp. uncertainty 3 * . 1. 1
10" s Anti-k, R=0.5 PF 192 | 2 "-':__ A
S

20 30 100 200

xropr/ 530,005

- 7/’\\

s ss r‘n‘ﬁl ‘||\||
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Jets in Heavy-ion Collisions
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Jets in heavy-ion collisions

Multiple scattering
Transverse momentum broadening

Parton energy loss
Jet suppression

35
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Hard and soft probes

ALICE, Pb-Pb |
VSN =I2.76 TeV, [n | <10.8

(J X N3]
l:;;;f

the e
shbene
(XX 1]

0-5% (x256)
5-10% (x128
10-20% (x64
20-30% (x32
30-40% (x16}
40-50% (x8) |
50-60% (x4) |
60-70% (x2) | |/
70-80% (x1) | /e
— pp - reference pp reference

R

q

1 1 10 10
P, (GeV/c)

hard probes

S ‘.'.\.l 36
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Deeply Inelastic Scattering

i 5
S

Quark distribution in collinear factorized pQCD parton model:

Fi@) = [ ey (A5 (0)6 () 4)

quarks carrying momentum fraction x of the nucleon (nucleus)

37



Multiple scattering and gauge invariance

T

Quark distribution in collinear factorized pQCD parton model:

Py = [ e A0y £y (0,7 L)yl

— Y i
L(0,y7;01) =Pexp ig/O d&‘h(éi%)}
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TMD parton distribution in DIS

'JJJ Belitsky, Ji and Yuan (2002)
P \

L U T _
Fhla) = [ GG T A0 L0, A

'C(O?y) :ﬁﬁ(OO,O,(_))J_) £|\(Ooay_7gL)

— O

Lj(—00,y™,¥1) =Pexp [—ig / d€A+(§,?ﬁ)]

Y
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Jet Transport in Medium

%

B} . v
i0y, L(0,y) = L(0,y) [iDJ_(y) + 9/_ d£F+J_(€7yJ_)]
h L, Classical Lorentz force

—

Wiy, §L)=iDi(y)+g / i d¢~F. (¢ ,y1) Jet Transport Operator

Fia ) = [ e (A O)y expl I (y7) - B Joly )| AY) (R

Liang, XNW & Zhou (2008)

40



Momentum Broadening

2-gluon correlation approximation

(TeW o (y™)™)a

_ (2n)! [ 2 -1

~ ool | 2N, TpF /dﬁﬁpﬁ(fN)d€_<N | Fyo (0)FT(E7) | N>]

1
Ne

Dipole approximation

1 . 1 Liang, XNW & Zhou’08
—(Tr {L‘,ﬁ(—oo, 00; 01 )Ly (—oo, oo;yj)}) A exp [—— /dﬁfvd(&v)yi)] Majumder & Muller’07
Y c 4 Kovner & Wiedemann’01

BDMPS’96
A (k1 — 1) B}
] il . q
fA(aS,k’L)N 7TA/d g1 exp [ A N( 7QJ_) ——pA(gw)XGN(X) |.\-z0
N Jet transport parameter
A= (akt) = [ degalen) port p

41



Jet transport coefficient

1R

drasCo(R) / Ak, ¢(0,k,)
N2 -1 (2m)2 k2

OR ~

D= [ o [dgue i R iR ) P (0) )

do
ir(y) = A’k K
iny) = (o) [ s K

_ 4rasCr(R) ( )/ d*k | »

242




Pr Broadening

fx(z, kr) ~1/(k7 +pg)®

43



EM Radiation: Single scattering

EM field carried by a fast charge particle before and after scattering

AN

EM Radiation by scattering:
Interference between initial
and final state radiation d2I 9

Bethe Heitler




EM Radiation: multiple scattering

Classical radiation of a /\. |
point charge (Jackson, p671) \ ! J

d2I 62 k X ?7; E X ?77;_|_1
o = 17 | 2 ( ;

Lorentz Invariant form: )

JM k pz—l p'L
) ( ) _ L EM current of a charged through a scattering

45



Two Limits: (In)coherent radiation

exp|tk - (z; — x;)] = expliAx;; /T¢] | 2

= w(l —cos)  wh?

Photon formation time:

Coherent Limit: T > Ay single coherent scattering
Pi—1 i ik-x; P1 PN
J (k) = - et & —
a Z:(k'pil k'pz) k-pt  k-pn
Incoherent Bethe Heitler Limit: T K Axy;

dgl 62 2
o = s | ler - +2RW
T, A >N

I i I 2
d = ( d> ocN—a
BH

w% N )\’mfp w% s

46



LPM Interference

- 2 _ q1
Tf w02 0° = Ncohﬁ
Ncoh)\ ~ Ty
2F
— Ncoh — 5
\/w<qL>)\
N # of scattering for a

co coherent radiation

Effective spectra




Radiation in QCD: Colors Makes the Difference

C
k
— — Nk
Pi pf Pi pf

Rg) N1 —

QCD: gluons carry color: interference incomplete

Pi Py

> 2 - (d1 — ];:
§ ¢ RY m g2 (qi 1)
a K« (¢ — ]‘CL)Q

Gluon multiple scattering (BDMP’96)

QeD dN/dy
0 y
Qcp dN/dy
[TavTc] / ! \
0 y
as N, (g3
AE . <qJ_> L2
4 A
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Parton propagation in QCD medium

s

Zhang, Qin and XNW arXiv:1905.12699

 —

ng 0 _ . 27'('053 dki ¢N(O7 E_L) g CA - -
n P ——= N (1, k
dlidz /y dy, [PA(ZU1 7yJ_) N, 7T/ (27r)2 ki 7T27r qg(z) li Ng( 1, L)

|

medium TMD gluon distr.

. dp 2k, -1 I — k)2
N;tahc—/—soft - / ¥ i 5 <1 - COS[ ( = _L) )y1]> — GLV

2T (lj_ — EJ_) 2(]_2(1 —
Tf Formation time of the gluon emission Y1 /75
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Parton energy loss and jet transport

dE,, 2C q04 . dr? L PP (x—z

- ‘'~ F 7’?_ q(x)/dszZP(z) sin” 42((1 — z)g (High-twist approach)
dE.; 3k qi do L.

17 :/W q, (k)ﬁ@ e <%>q Elastic energy loss

Jet transport coefficient:

pQCD (BDMPS'96)
p(y)a;G(x) ’xNO — <q3_ > Ad S/CFT (Liu,Rajagopal &Wideman’06)
NCQ — )\ Iatt|ce QCD (Majumder’12)

A A7, Cp
q(y) =

Extract jet transport coefficient from parton energy loss
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Jet tomography via leading hadrons

Energy loss distribution or medium induced splitting function

jet parton

~ 2C . dl? .o 2 (2 — x0)
APa ; ~ S J_P 2 L >
—ag(2) s /dazq(w)/ I (2)sin 4z(1 — 2)E § %
*

Modified frag function & hadron spectra:

—~

Dc/h(zh) ~ [Pa—m,g(Z) + Aﬁa—m,g<z)] 02 Da/h(zh)

dO’h — Z fa, &) fb X dO_ab—)C-I—X =y ﬁc/h

a,b,c

Parton energy loss leads to suppression of leading hadrons

1-z
Z

51

51



BERKELEY LABS

Jet Quenching phenomena at RHIC

Au+Au (central collisions):

Direct y (PHENIX Preliminary) o d+Au FTPC-Au 0-20%

Inclusive h™ (STAR)

70 (PHENIX Preliminary) . - — p+p min. bias Ef: AR

GLV parton energy loss (ng/dy =1100)
* Au+Au Central

14 16
p; (GeVic)
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Jet quenching phenomenology

Suppression of single hadron spectra at RHIC and LHC

Best 2 fits with different model calculations :

=== GLV-CUJET o PHENIX 2008 (0-5%) e CMS (0-5%)
—— MARTINI-AMY (0-10%) ° * Alice (0-5%)

McGill-AMY * PHENIX 2012 (0-5%)

SIETOI GLV-CUJET

STET

80

ollabora

tion

90 100
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Jet transport coefficient

JET Collaboration: arXiv:1312.5003

McGill-AM ,
-- GLV-CUJET BDMPS'96

Au+Au at RHIC

Pb+Pb at LHC
0.2 0.3 0.4 0.5
T (GeV)

T=370 MeV, RHIC

(12403 )
q“{ 9+07 GoV/Im At 100 Mev, LHC




Jet transport coefficient

Bayesian parameter estimation

V\ vl
JETSCAFE JETSCAPE Matter M. Xie et. al, 2206.01340

20 JETSCAPE LBT LIDO, 2010.13680

— MATTERIn MATTER+LBT 2 E MATTER/LBT2
Prior 90%
----LBT in MATTER+LBT 2

-o- JET Collaboration

JET Collaboration ﬁ] C. Andres et. al, KLN LHC, 1606.04837

¢ C. Andres et. al, KLN RHIC, 1606.04837
C. Andres et. al, Hirano LHC, 1606.04837
C. Andres et. al, Hirano RHIC, 1606.04837
+ M. Xie et. al, 2003.02441

+ X. Feal et. al, Quark Jet, 1911.01309

[s2]
—
~~~

<O

9
8
7
6
5
4
3
2

S. Cao et al. [JETSCAPE], Phys. Rev. C 104, no.2, 024905 (2021)

/\l A
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BERKELEY LABS



Bayesian inference of jet transport coefficient

0 {Au+Au, 0.2 Tev

(8,16) GeV

(12,20) GeV

By |

zr

(8,16) GeV
Au+Au, 0.2 TeV

(12,20) GeV

Sty

0.5
zr

.0 {Au+Au, 0.2 TeV

0-10%

ity

10-20%

el

i}

10 20
pr [GeV/c]

10 20
pr [GeV/c]

pr [GeV/c]

10 20
pr [GeV/c]

10 20
pr [GeV/c]

pr [GeV/c]

.0 {Pb+Pb, 2.76 TeV

(8,15) GeV

o

(8,16) GeV

$

EEHH

(19.2,24.0) GeV

%EE

(24.0, 28.8) GeV

HHRR

(28.8, 35.2) GeV

aci=lc

(35.2,48.0) GeV

g

5 10 15
p_la_ssoc [GeV/c]

5 10 15
p7§ssoc [GeV/c]

5 10 15
p_lqssoc [GeV/c]

5 10 15
p?ssoc [GeV/c]

5 10 15
p7a_ssoc [GeV/c]

5 10 15
p7a_ssoc [GeV/c]

.0 {Pb+Pb, 2.76 TeV

0-5%

&=
g

5-10%

/’_.dﬂ

10-20%

-~
e

20-30%

/ﬁ

30-40%

A

40-50%

~

10! 10?
pr [GeV/c]

10! 10?
pr [GeV/c]

10! 102
pr [GeV/c]

10! 102
pr [GeV/c]

.0 {Pb+Pb, 5.02 TeV

0-5%

~

5-10%

,ﬁ

10-30%

e

30-50%

e

10! 102
pr [GeV/c]

L BN BN BN BN BN BN

=
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10! 102
pr [GeV/c]

10! 102
pr [GeV/c]

10! 102
pr [GeV/c]

101! 102
pr [GeV/c]

e-Print: 2208.14419

10! 10?
pr [GeV/c]

LIDO e-Print: 2010.13680
JETSCAPE e-Print: 2102.11337

QLBT: e-Print: 2107.11713

Strong T-dependence
Weak E-dependence

Information-Field approach to
priors is free of long-range correlation

IF Bayesian e-Print: 2206.01340 Xie, Ke, Zhang & XNW, PRC 108, L011901 (2023)

JETSCAPE
LIDO
QLBT-HQ
1 QLBT-WB
This work 95% CI

o JET

20 posterior samples

With data probing T< 0.317 (hydro)




Jet energy and background subtraction

E GeV]
s oy 1UEV] % E_[GeV)

120 Calorimeter o
100 Towers Calorimeter
% fl Towers

Jet energy as defined in the jet reconstruction algorithm
Uncorrelated background should be subtracted

Jet-induced medium response is correlated with jet: not background
Some of the energy lost by leading partons remain inside jet-cone
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Monte Carlo Simulations of Jet Quenching

e LBT: Linear Boltzmann Transport model

— CCNU +LBNL

JEWEL: Jet Evolution with Energy Loss

— K. Zapp at al @CERN

LIDO: Linearized Diffusion plus boltzmann
partonic transport mOdel

— Weiyao Ke et al @ Duke

JETSCAPE: MATTER + LBT
— JETSCAPE Collaboration
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LBT: Linear Boltzmann Transport

p1-0f1 = —/dpzdpsdp4(f1f2 — f3f4)\M12_>34|2(27r)454(2p¢) + inelastic

dN, 2C q g " .o k2 (t—to)
o ~ P -
Induced radiation d2d%k  di — (2)@(p - u)sin 22(1—2)E
 pQCD elastic and radiative jet parton R
processes (high-twist) %m
* Transport of medium recoil —E\A
partons ( and back-reaction) recoil parton

Back-reaction

* 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;
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Medium response reduces jet energy loss

T

>
D
S
A
="
<
v

Recoil partons within the jet
cone reduce the net jet energy
loss —change pt dependence

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

Depend on jet cone-size R
Sensitive to radial flow
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Energy and pT dependence

anti-k, R = 0.4 jets —LBT 5.02 TeV+ATLAS 5.02 TeV
—LBT 2.76 TeV+ATLAS 2.76 TeV

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
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Jet anisotropy v,

d]VJ et
dg

— a[l + 205" cos(2(iet — ¥)) + - - -] Hard-soft correlation

5-10 % 10-20%
B=0.76+0.26 anti—k, R =0.2
B=1.17+0.30

20-30%

Pb+Pbvs =5.02TeV
B=0.91+0.34

Pb+Pb —— LBT 2.76 TeV
anti-k, R=02 —=LBT 5.02TeV
¢ ATLAS 2.76 TeV
v ATLAS 5.02 TeV

#

100 <p"' <200 GeV

50-60%

100 < p‘iTc' <120 GeV — power fit
=0.91+0.30 B=1.32+0.46

50 100 150 200 250 300 350 400
(Np'a It )

- . Yayun He et al, 2201.08408
e v 2 62
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https://arxiv.org/abs/2201.08408

Jet energy loss and y(Z°)-jet asymmetry

002

_— # p+p: CMS & Pb+Pb: CMS 0-30%
> CMS
—p+p: PYTHIA = Pb+Pb: LBT 0-30% | p60 Gevie e T

0.016 anti-KT jet R=0.3 —— Sherpa pp Z+jets

pop ***'p+p: Leading jet *** Pb+Pb: Leading jet "t p.>30 GeVic —— Pb-Pb Z+jets
I*|<1.6 Sherpa pp Z+1jet
0012 8| MpTms Pb-Pb Z+1jet
< d 3 p S — - - Sherpa pp Z+(>2)jets
o 0.01 ) . == Pb-Pb Z+(22)jets

S 1 E o : ‘ p. >80 GeV ' I \s=5.02TeV

‘ 2 : Z(Il)+jet

—ll 0.006 ¥s=2.76 TeV
LR ={]3

0.004
0.002
0

60 80 100 120 140 160
py (GeV)

Luo, Cao, He & XNW, PLB782(18)707 Zhang, Luo, XNW, Zhang, arXiv:1804.11041
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Hadron + Jet constraints on ghat

t ATLAS, jets
ALICE, jets

Weiyao Ke & XNW, JHEP 05, 041(2021) | STAR, chg.jets+

: Ll
uﬂ!ﬂuﬂ i
& L] ‘
1]

p=10 GeV/c
p =100 GeV/c

102 100 10!
pr [GeV/c] pr [GeV/c]

JETSCAPE
p=100 GeV/c

JET Collab.

0.3 0.4 0.5
T [GeV]

pr [GeV/c] pr [GeV/c]
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Parton propagation inside nuclei in DIS

Multiple scattering, p; broadening, parton energy loss, hadronization,
hadronic interaction in nuclei
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Gluon Saturation and ghat in cold nuclei

4 2

. qbo(ngBaQSmuQ”,uQ:ankJ_ < QS? ki ki
d(@a, ki, 1) = TG = T
qbo(xGakJ_?MQ)‘,u?:kiy kJ_ > QS7

\

4? d*k
Qwn.Q%0s) = i atalhs) [ Tawolae. ki),

(w5, @ b1) = / )

b2
~ Qh(wp, Q*)AY? 1 - =
RA

Yuanyuan Zhang & XNW 2104.04520

fffffff

‘ \
B:RK:


https://arxiv.org/abs/2104.04520

Jet transport coefficient in nuclei

A global extraction of the jet transport coefficient in nuclei

o ~ 0.02 GeV*/fm

SIDIS (n*) SIDIS (z*) Xe . SIDIS (n*)

@ HERMES @ HERMES . ] @ HERMES ® ‘
| _)/;/} | | / 0.1 § (xg, Q%) (GeV?/im)
0, 0

l

\
i
{

{
\

A(p?) (GeV?)

A(p}) (Gev?)

O PHENIX
Central

L AP @y
- o e N w

o
©

Data on: DIS, SIDIS(=), Drell-Yan, J/y (pA), Y (pA)
Ru, Kang, Wang, Xing & Zhang PRD 103 (2021) 3, L031901
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Jet quenching in DIS of large nuclei

Multiple gluon emission: modified DGLAP

ab(};('zha QQ) Oés(Q2)

01n Q2 27 /z 2 |:fYq—>qg( Q2)Dh( @)+ }

.. §=0.016 Ge;-ﬁm "v;;;";.., <E>=10.742~18.3;1‘3..G“é.\ll"'--..,v ’?a%bc(za QQ) — 7&—>bc<z) + A/ya—>bc(za Q2>7

“ﬂ'gﬁ gez xm " NN ] <Q%=2.252 GeV? - 2.655 GV~
q eV /fm % .

1
MD

+ Crz(1+ (1 —2)?)] /dy_(j(y_)ZL sin?(xppTy ™ /2)

(1—2)1+(1-2)2)

Ag—qg(2; K%) EQ {CA

gut ~ 0.02 GeV?/fm

Ry a:o 016 GeV¥/im
£ E-ui. 328 - .60 ! [ o= ——00.024 GoV m Deng & XNW, PRC 81 (2010) 024902

~<Q?%>=1.889 — 2.595 GeV? < §=0.032 GeV/
: e - e Chang, Deng & XNW PRC 89 (2014) 3, 034911
Chang, Deng & XNW, PRC 92 (2015) 5, 055207
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Nuclear modification of dijets at EIC

7_7’7, o il L B

[ Ry $O.E) o 7+ =
UJ_/(27T)2 ?NQ(ZL7ZQL7I€L7UJ_)

Yuanyuan Zhang & XNW 2104.04520

Q? =200 GeV?, x5 = 0.2

lL =11 =2GeV/c

A=208, Ag=1 Q? =200 GeV?,zp5 = 0.2
ST (1) =2 Gevy/e

1.0 1.5 2.0
1, — il

Large rapidity gap oy = small formation time 1; LPM > ©p~ A5/ os ~ A4/3
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https://arxiv.org/abs/2104.04520

eHUING: electron Heavy lon Jet Interaction Generator

* Pythia for ¥*+N = jet shower processes
* Simple model for saturation in gluon TMD distribution
 Elastic scattering with TMD distr. asdg(zg, k1, Q%) = —

Kharzeev & Levin PLB 523 79-87]
* Induced gluon emission

iy = T o, [P [t ) BT
* Multi-scale evolutlon for multiple gluon emlssion

e QZI Q52’ HOZ
e String hadronization

Weiyao Ke, et al to be published soon
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Suppression of single hadron spectra

Effect of hadron
absorption in CLAS?

{ HERMES, m*

71

/1



Transverse momentum broadening

1.6
He

| Gen
1.4 H-T
HERMES, n*

12 t
1.0 ‘e
0.8

0.6
00 ©5 10 15 00 05 10 1.5 00O 035 10 15 00 ©O5 10 IL5

pf [GeV?] pf [GeV?] pf [GeV?] p? [GeV?]

modification of p; spectra due to suppression of low pr hadrons due to parton energy loss + p; broadening
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Modification of dihadron correlation

f:ﬂ)
UH"‘"NGe+N—>h+--- e+Kr-h+-- e+ Xe—->h+ -

I Gen. 2> 0.5
HT Excluding {+, —}

HERMES
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Summary

* Precision quantification of QGP properties and initial conditions

— Transport properties, initial conditions (nucleon structure): multi-correlation
observbales

— Jet transport coefficient: precision jet substructure, high precision di(y/Z°)-
hadron correlation (high Lum LHC, RHIC: sPHENIX, STAR )

— Jet-induced medium response; improved & refined jet tomography

* Spin dynamics: broaden the study of spin polarization (alignment): a
window to emerging properties of QGP

* Theoretical advancement: precision calculations (NLO, resummation,
gradient corrections etc), initial thermalization

* Al/ML tools essential for precision quantification of QGP properties:
demand for computing resources; implementations in data analyeses
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