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High Temperature QCD Theory
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“Getting-anr-edueatiomrom MIT is like taking a drink from a fire hose”
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RECOMMENDATION |
The progress achieved under the guidance of the 2007
Long Range Plan has reinforced U.S. world leadership

in nuclear science. The highest priority in this 2015 Plan
is to capitalize on the investments made.

® With the imminent completion of the CEBAF 12-GeV LO N G RAN G E P L AN

Upgrade, its forefront program of using electrons to

unz)/d the quark and gluogn structure of hadrons and fO I N U C LE AR S C I EN C E
nuclei and to probe the Standard Model must be
realized.

Expeditiously completing the Facility for Rare
Isotope Beams (FRIB) construction is essential.
Initiating its scientific program will revolutionize our
understanding of nuclei and their role in the cosmos. e Ma pp| ng the phase d iagra m of
The targeted program of fundamental symmetries cD

and neutrino research that opens new doors to Q

physics beyond the Standard Model must be

sustained. * Hard microscopy of QGP to see

capabilities that must be utilized to explore the how quad rks and g luons cons pIre to

properties and phases of quark and gluon matter in make a qu uid-like medium.
the high temperatures of the early universe and to
explore the spin structure of the proton.

e Characterization of liquid QGP,

The upgraded RHIC facility provides unique
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Outlines

Soft probes of QGP
Spin dynamics in heavy-ion collisions
Hard and EM probes of QGP

Interplay between soft and hard probes:
medium response

Summary and prospective



Phases and properties of QCD matter

Nf=2+1, physical pion mass continuum extrapolated Shear viscocity of hot QCD matter

+ NJL modei —_— ‘N =4 SYM
- - - DQPM model experiment
—— CHPS B This paper

HotQCD:e-Print:1407.6387; Wup-Bud: e-Print: 1309.5258 glue-matter lattice QCD e-Print: 1701.02266

Chiral crossover T.=156.5 (1.5) MeV with physical pion mass CHPS: MEM FRG spectral e-Print: 1411.7986
NJL model e-Print:1305.7180

DQPM transport model e-Print: 1605.02371

HotQCD: e-Print: 1812.08235; Wup-Bud: e-Print: 2002.02821
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https://arxiv.org/abs/1407.6387
https://arxiv.org/abs/1309.5258
https://arxiv.org/abs/2002.02821
https://arxiv.org/abs/1812.08235

Properties of QGP in A+A Collisions

Multi-messenger study of dynamics and properties of QGP

sSoft probes: collective flow - Ty(z) : T'(x), u(x)
bulk properties, EoS, transport T, < ¢ P,s,c2 = Op/de

properties, initial conditions , S
1= lim oo [ dtdoe(1,,(0), Toy(@))) e
V4

w—0 2w

d4
Wiw(a) = | 54— e’ (j,.(0) 4, (x))
"Hard probes: Jet quenching, heavy quarks—Jet transport

coefficients, diffusion constant . Am20CR / dy~
- N2-1

L (FTH(0)F, (9)




Collective flow of QGP
* Hydrodynamics: 5’MTW/ — 0

T = (e + P)utu” — Pg"" + ATH

2
AT = n(AFu” + M) + (57— O HM™ Dyu

— a low-momentum effective theory ‘::: )

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

— Initial condition: parton prod. & thermalization

—01200 47
Max: 5160
Win: 0.0000
l'
4 27
v
_24

<y . . . 4'¢
Initial thermalization: hydrodynamic attractors,

hydrodynamization, anisotropic hydrodynamics, (3+1)D viscous hydro (CLVisc) with
] _ AMPT initial condition (LG Pang 2018)
kinetic theory, etc

-



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

DB: hydro3d0000.silo
:0 Time:0.2

f(o) = fo 1+22@ncosn(¢— v,,)
=1l

1

— arctan

n

ATLAS Preliminary
JLdt =gub”

2<|An|<5

lllIIIl

g o of o o ' & | |
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(pT sin(ne))

vS§h{2} 0-5% cent.

(pT cos(ng))

arXiv: 2010.03928

maf== Grad Model
=== C.E. Model
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é® ALICEAn=1.0
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Bayesian inference of transport coefficients

Calibrated to: D u ke

Pb—Pb 2.76 and 5.02 TeV
() .
JEISIf'E‘E';E o2 —— Posterior median
90% credible region

=

Nature Phys. 15 (2019) 11, 1113

e-Print: 2010.03928
2011.01430

200 250
Temperature (MeV)

2+1D viscous hydro

Trento initial condition 0 , 025  0.30 000 _ : _ _ _
Hadr transpt: SMASH, UrQMD T[GeV] 2 e ZUTTbEAS
e-Print: 2010.15130; 2010.15134 [ Treroys bt

PbPb vsyn

1"75.02 TeV only
= 2.76 and 5.02 TeV

Uncertainties: 020 "1am

modeling of initial condition (short distance correlation, % 0.15
early non-equilibrium evolution), transition to hadron
transport ( resonances) etc.
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Separating initial conditions and dynamics

Pearson correlation coefficient e-Print:1601.04513

2
( 2 [ ]) L <5vn5[pt]>
10 Un) Dt —
p— (6027 (@lp)?)
Nuclear structure & initial conditions n Pt
ZSRU > <+ :’S‘Ru
—@— STAR data . - -
Nuclear —C— AVPT B, | A 2 -
: ’ TTTT o R

deform —S5— AMPTR, ® @ o \ uclieon

; B AMPTB ,a, w7 5 4 «X . Sl N ; size

ation, 4 AWPT 52’3, a R 1 a ’
Neutron nucleon

skin o 0.2 < p; <3 GeV \ sub-

’ \
w = 0.4, w, = 0.11 fm ) structure
Tr|ax|||ty .('f' TEANE S LS AT AN Py B o 5o B A — 0.3 Aw=0.8fm

[TTOw=1.2fm

«w = 1.2 fm, low viscosity

20 40
centrality (%)

e-Print: 2206.10449 e-Print: 2111.02908
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Spin dynamics in heavy-ion collisions

Liang & Wang,
PRL94(2005)102301

Smoke ring structure Vector meson spin alignment
® = (X oY)
*0 (yl<108&1.2<p_<54GeVL)
o K®(lyl <1.08&1.0 <p_ <5.0 GeVrc)
—C¥=1109 £ 143 fm*

RS

filled: Au+Au (20% - 60% Centrality)
open: Pb+Pb (10% - 50% Centrality)

) STAR Au+Au 20%-50%
STAR Pre//mlnary Nature548.62 (2017) oA

PRC76.024915 (2007) ® A
PRC98.014910 (2018) ® A
PRC104.L061901 (2021) ® A

STAR prelim.
AA+A

— 1v/s=0.08

B & O
> > >l

IYle[4,5]

IYle[2,3]

(P L) -P L)

o

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

HADES prelim. SQM2021
A Au+Au 10-40%

IYle[o,1]

A Ag+Ag 10-40%

: e-Print: 2205.15689
e-Print: 1605.04024

A o Q - (f % {)’) e Shear induced spin polarization
e e Pl R = < > e Spin transport theory

. * Spin hydrodynamics

eeeos ‘.'.\.| e-Print: 2102.11919 * CME (a few percent level signal)
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Hard and EM probes in heavy-ion collisions

photons

soft hadrons

Prompt y emission

EM response dilentons Hadron properties in medium

Multiple scattering Parton energy loss

Transverse momentum broadening Jet suppression
Medium response Jet-hadron correlation

Heavy quark diffusions Heavy meson modification

11



EM emissions from the evolving QGP

e-Print: 2106.11216 2008.02902

Sources:
Total Direction production: nPPF

E:";:t Thermal production QGP: hydro evolution

Thermal Thermal production HG: hadron properties
PHENIX
STAR

\/SNN = 200 GeV

Centrality 0-20%
Au-Au Tehem = 0 fm/c Tehem = 0 fm/c

V/Sny = 200 GeV
=== Tehem =1fm/c 155 = Tehem =1 fm/c

Centrality 0-20%
‘ == Tehem = 1.5 fm/c == Tehem = 1.5 fm/c

PHENIX

Tehem = 1 fm/ [ ——— Total
Centrality 20-40%

Pre-eq.

ALICE

\/SNN = 2760 GeV
Centrality 0-20%

Ratio to
DN

Pre-eq contribution:
Sensitive to pre-eq dynamics,
medium transport properties

C/lg%:zoocev Jet-mEdium
interaction 2 10%

e-Print: 2207.12513
Out-eq contribution:

hadronic transport

e-Print: 2111.13603

SEVENEREREISS
including photons
and dileptons!

12



Jet Quenching at RHIC & LHC

B Directy (PHENIX Preliminary) 2 POPB\E [ =2.76 TeV S c 2
5 . —e— Chargec Particle © - 5% (CMS) ‘ l / V ~

¥ Inclusive h* (STAR) B R e , ~

® 0 (PHENIX Preliminary) gl B D IVI PS 9 6 : ! E ! l

—©&— Isclated Photon 0 - 10% (CMS)

GLV parton energy loss (ng/dy =1100) 5 —fr— Z° 0-10%(CMS) 4

JETSCAPE Matter M. Xie et. al, 2206.01340

JETSCAPE LBT LIDO, 2010.13680
10

A JET Collaboration ~ [1 C. Andres et. al, KLN LHC, 1606.04837

14 16 15
pr (GeVic) §
AT T BT DN AT L ST B e L IR AN 0 T ]

l,p of direct y and ° © C. Andres et. al, KLN RHIC, 1606.04837

1 3 12 L 5003 C. Andres et. al, Hirano LHC, 1606.04837
C. Andres et. al, Hirano RHIC, 1606.04837
~:& M. Xie et. al, 2003.02441

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

0.55 0.6 ‘99.65 0.7 075 0.8
ZT=p;ssoprT
R R T A A AN 7 €3 Y A G A |

o d+Au FTPC-Au 0-20%

. ——p+p min. bias ié\-pn

* Au+Au Central

Au+Au at RHIC

Pb+Fb at LHC
0.2 03 04 05
T (GeV)

P L 208y g LSTOMEY, e-Print: 2203.16352

1.9£0.7 T=470 MeV,




.0 {Au+Au, 0.2 TeV

.0 {Pb+Pb, 2.76 TeV

.0 {Pb+Pb, 2.76 TeV

.0 {Pb+Pb, 5.02 TeV

Bayesian inference of jet transport coefficient
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10! 102
pr [GeV/c]

10! 102
pr [GeV/c]

10! 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

JETSCAPE

LIDO

QLBT-HQ
1 QLBT-WB

This work 95% CI

20 posterior samples

o JET

e-Print: 2208.14419

With data probing T< 0.317 (hydro)




Heavy quark transport coefficient

e-Print: 2107.11713

MC@sHQ, elastic K=1.5 mmm QLBT-WB 95% C.R. (E=10GeV)

Heavy qua rk tra nsport dyna mics: MC@sHQ, ela+rad K=0.8  mmmm QLBT-HQ 95% C.R. (E=10GeV)
QPM(Catan?a), BM c-quark lattice Ding et.al
Elastic vs inelastic processes, quasi-particle i ook Tt oot

Duke-LGV, 90% C.R.

Bulk matter evolution: flow and initial conditions

Hadronization: coalescence

Heavy meson transport in QGP and hadronic matter
High pt contributions from gluon fragmentation

e-Print: 1803.03824 e-Print: 1803.07894

Duke
—— Duke —— LBL-CCNU Duke
Pb-Pb @ 2.76 TeV —— LBL-CCNU — — Catania QPM — LBL-CCNU
— — Catania Catania pQCD C — — Catania QPM
0-20% — — TAMU S ommon Catania pQCD T =250 MeV
— — Frankfurt PHSD — — Frankfurt PHSD T =300 MeV
Nantes col.+rad. Nantes col.+rad. (tune 1) b u I k

Nantes col. Nantes col.

— — TAMU

— — Frankfurt PHSD {fime:2)
Nantes col.+rad.
Nantes col.

medium

a——

A (GeV / fm)
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Parton energy loss and broadening

* Improved opacity expansion T

—— LO+NLO

e-Prints: 2009.13667, 1903.00506, 1910.02032
* Overlapping formation times

e-Print: 2111.05348
 Resummation of multiple emissions

e-Prints: 2011.06522, 2002.01517

e Corrections due to flow and density gradient (beyond eikonal)
— Gradient tomography e-Prints: 2202.08847; 2204.05323

* Non-local quantum correction
e-Prints: 2109.12041, 2203.09407

QZ =~ <ki>median X L1+2\/a

S

16
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Jets and their substructures

Space-time structure of medium-induce gluon emission, color-

(in)coherence e-Prints: 1301.6102, 1801.09703,
— VLE before formation time +MIE(no coherence)+VE 1907.04866

— Multi-stage & muti-scale jet in-medium evolution

Inclusion of medium response e-Print: 1503.03313, 0804.3568,
— BT, JEWEL, MATTER+LBT ... 1705.00050

Hadronization & recombination

— Resolving RAA and jet v2 puzzle e-Print: 2103.14657

Jet substructure and grooming & clustering

t,
— soft drop grooming: reducing non perturbative effect Z,
— Clustering: perturbative splitting  e-Prints: 1402.2657, 1502.01719, 1704.05066 t3 0
g
1 | | 1z

— proxy of formation time

Tr R _Print-
f Ez,(1— zg>93 e-Print: 2012.02199 t;

‘ \
anx:



Jet suppression & medium response

Suppression of single jets and charged hadrons |nC|USi0n Of medium response necessd ry'
e-Print:1808.07386

1.6

Jets R=0.4 0-10% M d -f- t- f . t h d
1.4} Hadrons 0-5% /5 = 2.76 ATeV e_Pr|nt220401163 odirication o Je S ape an
ATLAS Jets R=0.4 0-10% . q
1.2 - Corrected ATLAS Jets R=0.4 0-10% e Lyes =2/7T 1 T T T T T T T — fragmentatlon fU nCtIOH
CMS Hadrons 0-5% [PbPb (0-10%), /sy = 5.02 TeV §
1r Corrected CMS Hadrons 0-5% e § 1.4—|n| < 1.0 i [ CoLBT-hydro
I Hybrld ok ® CMS [JHEP 1704, 039 (2017)] JETSCAFE - s0d @ cms
T L — afi*=0.25 _ =
o ° 1.0\ == ofiz — o, - = 254 o.10%
0.6 | 9 } | 2 afi* = 0.30 ¢ & 0-10% Pb+Pb
? o T o o o = g o8k " af*=035 e Tr—pLo4- . = 20 A
04 ] o o ; | — = L = vsnn = 5.02 TeVv
=T (] 3 - i 0.6 . S
’ s ] - g
0.2 | ® T, = 145 MeV — k. € {0.420,0.445} - 0.4 Qs =2 GeV 7
T, =170 MeV — k. € {0.470,0.495} 0.2B iie G =qm Q% ] —
0 - ' F‘-" : JS(MATTER + LBT) | 05 : : : : :
10 100 0.0 L Y L — 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Hadron or Jet Pr (GeV) 10 10 r
pr (GeV)
12 — 1.2 — 1.2 . —— T 0.0
Prediction for 0-10% AA_ Prediction for 0-10% AA ® ATLAS [PLB 790, 108 (2019)] 2.5 1 CoLBT-hydro 0-10%
104 ¢ STAR, charged jets, \/syy =200 GeV 104 ¢ (CMS, charged particles 1.0F ® CMS [JHEP 05, 284 (2021)], |nje:|<2.0 | CoLBT-hydro 10-30%
¢ ATLAS, /sy =5.02 TeV L — ofic = 0.25 i 2.0+ ATLAS 0-10%
0.81 ¢ ALICE, /sy =5.02 Tev 0.8 0.8F == afi* = 0.30 A - ATLAS 10-30%
. %‘ - L e afi* = 0.35 | ==k + 15 4
0.6 1 . 3 06 20.61 P .
o [&] . e
« & _"5!.,!.:-.1.!.-’!- oo + | T SRRSO SRR [0
041 04 0.4 ®7 i .
AW : PbPb (0-10%), /3nv = 5.02 TeV
i anti-kr, R = 0.4, |yju| < 2.8 0.5
021 0.2 0.2 Q/ A\ JS(MATTER+LBT)| Pb+Pb /sy =5.02 TeV p#>60 GeV/c
o A—aTun 2 y sw=2 GeV 0.0 T T T T T T T T
0.0 , . i .JFEEHFE .1 .qHTL.f(Q.) .Q vE T 00 05 10 15 20 25 30 35 40
' 1 2 3 0.0 0.0 102 10°
10 10 10 100 10! 102 et _Iog(ZT)
p%gt or p7C_harged jet [GeV/c] pr [GEV/C] T (GeV)

e-Print: 2010.13680 e-Print: 2101.05422 ColLBT

MATTER + LBT

, N
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Search for jet-induced diffusion wake

triggered-jet-hadron correlation
Diffusion (DF) wake leads to (a)
depletion of soft hadron yield
in the back of jet direction

|Ag| > n/2

pt = 0-2-GeV/c

)
ie)
<
J 15
o
-~
2
T

: Jet 1.0
e-Print: 2203.03683
time: 3.0 fm/c 75 -50 -25 00 25
AN =nn = Njet
/ MPI ’(\T 0.0
" E
. % ~0.1
o pr = 0-2 GeVJ/c 3
g -0.2
3
, , Pb+Pb 2 o
. RS 0-10% Pb+Pb
i DF-wake S 041 /5 =5.02 Tev
X -2 0 2
An = nNp — Njet
1s n

. dn; F3(n;)(F2(An,n;) + Fi1(An)),
t t t

Jj1

F(An):[7

Jet-distr  MPI DF-wake

_ N
- jr}' |||||
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particle 32 flattened fc output EOS
spectra features features 128 layer

Pion Spectra . " .
15x48 15x48 8x24 20%24 Input " Average of normalized Average of normalized Average of normalized

jet image, 0.25<y;, <0.50 jet image, 0.50<y;, < 0.60 jet image, 0.60<y;, <0.70

X <)% 64 Features, 20x24 conv [ \ — ) : . u
% £3x37 : : ,
L re s
=0 “' 64 Features, 10x12 conv | ) : P L

) 64 Features, 5x6 conv [ = i e .

v P RO T

,\ Dense 100, BN < DT : :
8x8 conv, 16 7x7x16 conv, 32 Dropout 0.5 R ) o
dropout(0.2) dropout(0.2) dropout(0.5) d
bn, PReLu bn, avgpool, PReLu bn,sigmoid ’

5 =1

Average of normalized Average of normalized Correlation of x;, with
jet image, 0.70<x;, < 0.85 jet image, 0.85<x;, <1 per-pixel of jet image

00

-0.4 -0.2 0.0 0.2 -0.2 0.0 0.2 ¥ 0.0 0.2 0.4
Translated Pseudorapidity n Translated Pseudorapidity n Translated Pseudorapidity n

, o s 20 .25 30 Use jet imagine to predict jet energy loss & initial prod point

fraction of training data

e '\I e-Print: 1612.04262 e-Print: 2105.13761 e-Print: 2106.11271, 2012.07797
L L AL ‘III

Translated Azimuthal Angle ¢

®
o
X

= 0%+5% TP
—@— 0%+10% TP
=== 0%+5% FN
—©— 0%+10% FN

tion accuracy
o
o

CLVisc + IPGlasma

o
~
Translated Azimuthal Angle ¢

Prediction probability
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Deep learning assisted jet tomography

x&1.0 &y<-1.0

o

C

08&y>1.0

DL network
selection

PCN (point cloud network)

o b b s
T T 17T | T 1T 11 | LI ‘ T 1T 11
o e Lo b
LI | L | L [ LI
L1 11 I L 11| | - ‘ L1
LI L L LI B B
1111 I 1 11| | 1111 ‘ 1111
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X 3
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e-Print: 2206.02393
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TMD glyion distr.

|
=N _ . 27 dk? on(0,k1)| «
s (i ¥ _____i L Y S_[)
/y Y1 |pa(yr,yL) N, o (27)2 K2 Ty a9(%)

Ca
2

Ny, k1)

(2m)2

-\ — N2 2 . 47T2CA d2ki— 2 2 2\ £1/3 1
dy QA(y ) — Qs(xBaQ 7bJ_) N mtA(bJ_) —OCS(:LL)qb(:EG?kJ-Mu )f% Qso(l’B,Q )A 1—- _A

He

Gen
H-T
{ HERMES, n*
-
|

Gen 'Zﬁﬁ,"—.ﬁ_-
HERMES, m* "
0 05 10 05 1.0

15 00 oO. 0 15 00 05 1.0
p? [GeV? pZ [GeV?] pZ [GeV?

Parton energy loss in cold nuclear medium, saturation scale in jet-nucleon interaction
Hadronization mechanism Jet modifications

Connection to small systems of strongly interaction matter: initial conditions
Collection phenomena in EIC (flow?) e-Print: 2104.04520

> , 1907.11808
(:ml ’ll\ll

BERKELEY LABS



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

23
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Theory support

Theory alliances, topical collaborations
& base program (especially universities & labs without a major facility)

Theoretical nuclear physics is essential for establishing new
scientific directions, and meeting the challenges and realizing
the full scientific potential of current and future experiments.
We recommend increased investment in the base program
and expansion of topical programs in nuclear theory.
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Jet structure and Medium response

time: 3.0 fm/c
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