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NUCLEAR MATTER UNDER EXTREME CONDITIONS
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NUCLEAR MATTER UNDER EXTREME CONDITIONS
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NUCLEAR MATTER UNDER EXTREME CONDITIONS
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MULTI-MESSENGER HEAVY-ION PHYSICS
QCD jets
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MULTI-MESSENGER HEAVY-ION PHYSICS
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DEFINING THE QUARK-GLUON PLASMA

~ / N\ Which properties of hot QCD matter can we
~/ \— determine from relativistic heavy ion data (LHC,
_—— RHIC, and future FAIR/NICA/JPAC)?

Equation of State 7" <= ¢, P,s  gSpectra, collective flow,
c; = dP/del|,,, femtoscopy

Shear and bulk viscosities Anisotropic flow vn
" Hadron gab. n/s(T,us), ¢/s(T, uB) Flow correlations
Charge diffusion Dg, Dg, Dg Balance functions
Electromagnetic emissivity Photons and dileptons

Energy-momentum transport
q,€,€2, ...
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DEFINING THE QUARK-GLUON PLASMA

/ \\/ Which properties of hot QCD matter can we
~/ \- determine from relativistic heavy ion data (LHC,
. RHIC, and future FAIR/NICA/JPAC)?

-, Equation of State T <= ¢, P, s Spectra, collective flow,
) c; = OP/0elyx, femtoscopy

\
L\ ll
Il\ ‘

, Shear and bulk viscosities s . Anisotropic flow vr
S ga%. n/s(L,ug), ¢/s(T, 1) ‘\i"i.:”F\ow correlations
S

Charge diffusion Dg, Dg, Dg t:*,v’:.f*Ba\ance functions

i: tt

Electromagnetic emissivity %Photons and dileptons

Deducmg the QGP properties from experimental data requires quarks

- exascale computing with advanced statistical methods
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THE MULTI-STAGE THEORETICAL FRAMEWORK

N N /,//~ S\ —— =
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T (fm)
Hydrodynamics Hadronic Transport

Initial State +
Pre-equilibrium dynamics

THV T
pr=~d - “hydro Cooper-Frye
+ Landau I\/\atchmg partic\ization

with lattice EoS

e Continuously connect the system’s energy-momentum tensor T+
between different stages
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GLOBAL BAYESIAN CONSTRAINTS ON QGP VISCOSITY

S. Pratt, E. Sangaline, P. Sorensen and H. Wang, Phys. Rev. Lett. 114, 202301 (2015)
J. E. Bernhard, J. S. Moreland, S. A. Bass, J. Liu and U. Heinz, Phys. Rev. C94, 024907 (2016)

J. E. Bernhard, J. S. Moreland and S. A. Bass, Nature Phys. 15, 1113-1117 (2019)
G. Nijs, W. Van Der Schee, U. Gursoy and R. Snellings,
Phys. Rev. Lett. 126, 202301 (2021) & Phys. Rev. C103, 054909 (2021)

D. Everett et al. [JETSCAPE],
Phys. Rev. Lett.126, 242301 (2021) & Phys. Rev. C103, 054904 (2021)
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e Precision hadronic measurements can

o systematically constrain the QGP viscosity

Centrality %
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BAYESIAN CONSTRAINTS ON JET TRANSPORT

JETSCAPE, Phys.Rev.C 104 (2021) 2, 024905

® First result: focus in on inclusive charged hadron
* Partons evolve with the MATTER + LBT model through 2+1D
hydrodynamic medium

C[In (%) — In(D)]

7

ET\12
In (2)]
N’
High virtuality, no T dep HTL-like, scatter off T

A

JETSCAPE

AuAu 200 GeV Posterior PbPb 2.76 TeV Posterior PbPb 5.02 TeV Posteric M
JETSCRPE

— MATTER 90% CR

# 0-10% Centrality # 0-5% Centrality # 0-10% Centrality - LBT 90% CR

8 40-50% Centrality 8 30-40% Centrality 8 30-50% Centrality o <
- « Median - « Median - MATTER+LBT1 90% CR

-o- JET Collaboration

Data from PHENIX Data from ATLAS Data from CMS
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WHERE WE ARE AND WHERE WE ARE GOING

e Quark-Gluon Plasma is the hotiest, smallest, and the most
oerfect tluid ever created in the laboratory

o A fluid has “close” to the fundamental degrees of freedom

How does the strongly coupled liguid emerge from fundamental
QCD interactions?

e Probes the inner working of QGP at multi-resolution scales
with jets and heavy-quarks

e \What is the smallest possible droplet of QGP?

e \What is the structure of QCD phase diagram?
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QCD JETS AS A MICROSCOPE FOR THE QCD MATTER
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THE JETSCAPE FRAMEWORK
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MULTI-STAGE JET EVOLUTION

Small-Q ( < Q)
Large-L£ Small-£

LBT MARTINI AdS/GFT

Wang, Zhu(13), Luo, et al.(15,18) Schenke, Gale, Jeon(09), Chesler, Rajagopal(14, 15)
Cao, et al.(16,17), He, et al.(18) Park, Jeon, Gale(17,18) Pablos, et al.(15,16,17)

Large- O ( > Q)
MATTER

Majumder(13)
Kordell, Majumder(17)
Cao, Majumder(17)

Radiation dominated
Virtuality ordered
splitting

Scattering dominated Diffusion
On-shell parton transport iInto medium

Higher-Twist AMY =4 super
formalism formalism Yang-Mills

Higher-Twist
formalism

@ Y. Tachibana
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MULTI-STAGE JET EVOLUTION

® Coherence effects -
Y. Mehtar-Tani, C. A. Salgado, K. Tywoniuk, PLB707, 156-159 (2012) QO
J. Casalderrey-Solana, E. lancu, JHEPO0S8, 015 (2011)

- Scale evolution of QGP constituent distribution _—

Kumar, Majumder, Shen, PRC101, 034908 (2020) Small-Q? Large-0?

- Less interaction for large-O? partons
— Implemented in MATT

Effective jet-quenching strength

q f( Qz) JETSCAPE, arXiv:2204.01163 ZHTL V2% 7 rwith coherence effect]
HTL

q;? [without coherence effect]

==F=10GeV ==F =500GeV

|11
M

= 10GeV =——FE =500 GeV

f(Q2) — I+ €1 ln2(Q32W) T ln4(Q52W) 10_1 T =04GeV
1 + ¢;In2(Q?) + ¢, In*(0?) Running coupling
af* = 03,0, =2 GeV
_ . c;=10,¢,=100
) 420(3) . OET 2 '
dum = C— —al™a* T In | =0 0% 510 15 20 25 30 35 40

- . 0’ (GeV?)
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JET AND SINGLE PARTICLE ENERGY LOSS

Pb+Pb collisions at 5.02 TeV JETSCAPE, arXiv:2204.01163

| I | | | | L

| |®] ATLAS [PLB 790, 108 (2019)] ‘O PbPb (0-10%), /snyv = 5.02 TeV
‘ B CMS [JHEP 05, 284 (2021)], |1;et|<2.0 Inl < 1.0 \l/ A
-~ MATTER+LBT (w/ coherence effect) - [® CMS [JHEP 1704, 039 (2017)] JETSCRAFE
& =~ MATTER+4LBT (w/o coherence effect) = 2" — MATTER+LBT (w/ coherence effect)

== MATTER+LBT (w/o coherence effect)

PbPb (0-10%), /38N = 5.02 TeV

M anti-kt, R = 0.4, |yjet| < 2.8

“r \]/ 2€)% Running Coupling_ . : :

- IETSERFE 0..=2 GeV~ Running Coupling _
1 1 1 1 1 1 I .

I I N I 1 1 1
102 103 | 10°
Pt (GeV) pr (GeV)

e Simultaneous description for jet and charged hadron energy loss
e Significant coherence effects on high prcharged hadron K 4
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JET AND SINGLE PARTICLE ENERGY LOSS

JETSCAPE, arXiv:2204.01163

1 1 1 ] 1 11 T L . — T 1 T T 1 T 1 —
41" PbPb (0-5%), /snn = 2.76 TeV 7 "~ PbPb (0-5%), /38y = 2.76 TeV I
i, R0 el <2 Ny ] tE b Ity -
| |® CMS [PRC 96, 015202 (2017)] JETSLRFPE _ 2} [® cMs [EPJ c72, 1945 (2012)] JETILAFE _

O — MATTER+LBT (w/ coherence effect) 7 - —— MATTER+LBT (w/ coherence effect)

L 0" =03, Quw =2GeV i of* = 0.3, Q,, = 2 GeV

0 "N N N R N TN TN NN T NN TN NN MR NN NN TN NN NN AN N BN R N A L1 o e e
'%O 100 150 200 250 300 . 40 60 80 100
jet
pr (GeV) pr (GeV)

e The MATTER + LBT with coherence eftects can provide a good description
of parton energy loss in central Pb+Pb collisions at 2.76 TeV
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JET AND SINGLE PARTICLE ENERGY LOSS

JETSCAPE, arXiv:2204.01163

| AuAu (0-10%), /SNy = 200 GeVM : L AuAu (0-10%), /3NN = 200 GeVM _
anti-kt, R = 0.4 o |yl <0.35 .
 met| < 0.6, pRAYT > 5GeV JETSCRPE ' JETSERPE

T
® PHENIX [PRC 87, 034911 (2013)], ="
® STAR,unbiased [PRC 102, 054913 (2020)]

.6 - .6 MATTER+LBT (w/ coherence effect)
STAR, biased [PRC 102, 054913 (2020)] af* = 0.3, Qo = 2 GeV, (n+ + 7-)/2
- _ g — Uedy SW — ’

- —— MATTER + LBT (w/ coherence effect)

- af* = 0.3, Qsw =2 GeV- - -

10 15 20 25 30 ) 10 12 14 16 18 20
p‘r]ft’Ch (GeV) pr (GeV)

e The MATTER + LBT with coherence eftects can describe the collision energy
dependence of parton energy loss from 200 GeV to 5.02 TeV
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HEAVY QUARK ENERGY LOSS _

Pb+Pb collisions at 5.02 TeV (same parameter set as light hadrons)

1.4 1.4

MATTER + LBT, HTL, ts =4 GeV? J/ - = [BT w
— . MATTER +LBT, ¢;=5,¢,=0, t;=4 GeV? JEISE??’E || = MATTER :LBT
— = MATTER + LBT, ¢;=10,c, =0, t.=4 GeV? + ALICE, D", 30-50%
—— MATTER + LBT, ¢1=10,c, =100, t;=4 GeV? ALICE, D, 30-50%
-0 4 CMS, D%, 0-10%
ALICE, D, 0-10%

:.(.NJ

1.2 JETSCAFE

| 5b o iOO
pr [GeV]

e The same MATTER + LBT with coherence effects can consistently describe
the D meson energy loss in Pb+Pb collisions at 5.02 TeV
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JET SUBSTRUCTURES

Jet Fragmentation function p(py) = — Z"Nch

Njet jet de

in jet

PbPb 0-10%, /sxy = 5.02 TeV [ JETSCAPE m ATLAS

anti-k,. R — 0.4 IMATTER+LBT (w/ coherence)] [PRC 98, no.2, 024908 (2018)] M
T __ JETSCAPE i\
Yjet| < 0.3, p7* > 1 GeV IMATTER~+LBT (w/o coherence)] MDETSERFPE

Preliminary

126< pif* <158 GeV 158< pift <200 GeV 200< pr* <251 GeV 251< pi' <316 GeV

10! 102 10° 10! 102 10° 10! 10?2
piE (GeV) piE (GeV) piE (GeV) Pk (GeV)

® [he |et fragmentation function is sensitive to medium eftects in the high
virtuality phase — probing the coherence effects
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JET SUBSTRUCTURES

min(PT,la PT,z)

Prat+Prp2

Jet splitting function 2z, =

PbPb: 0-10% PbPb: 0-10% PhPb: 30-50%
5.02 TeV anti-k,, R=0.2 anti-k,, R=0.4 anti-k,, R—=0.4

Charged jets Charged jets Charged jets

ol el 60 < p** <80 GeV Fr= 80 < p** <100 GeV 60 < p " <80 GeV
|77<:h,jet‘ <0.7 _ ‘nch,jet‘ <0.5

= 1-0

pp
— - MATTER (vacuum) [ALICE-PUBLIC-2020-006]

_ MATTER+LBT M PbPb M M

Soft Drop, Zeut =0.2, 6 —0 AETSCAPE

Preliminary Preliminary

(w/ coherence effect) JETSCAFE [ALICE-PUBLIC-2020-006] JEVSCAFE

Preliminary

e Consistent with almost no medium modifications in the hardest splittings as in
data
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SYSTEMATIC CONSTRAINTS ON JET TRANSPORT

JETSCAPE Preliminary

* Going beyond the first JETSCAPE

Bayesian analysis of the jet transport:
» mOre Observab‘es (jet RAA) are % mv .mv ’ ATLAS276TV, " ALICE276TV

iNncluded In the calibration
® coherence effects In MATTER are
parameterized

ATLAS 2.76 TeV MS 2.76 Te MS 2.76 Te CMSZ?GTV CMS276TV
JetR =04 0-10% etR = 9% etR = 5% Jet R = 0.4 0-5%

e Effective jet quenching strength: i
~ 2) ',
qurL - J(Q _ ,
motivated by Kumar, Majumder, Shen, PRC101, 034908 (2020) m aan . - ) // |
Nexp(cs(1 = xp)) e e e e e e 0w w0 e m s e e e
I + ¢ In(Q?/A}cp) + ¢ In(Q%/ Ap) 1? | _

f(Q*) = Twhen Q < Agcp

(0% =

ALICE 5.02 TeV ALICE 5.02 TeV CMS 5.02 TeV CMS 5.02 TeV CMS 5.02 TeV
JetR =0.20-10% JetR = 0.4 0-10% JetR=020 0 JetR = 0.3 0-10% JetR = 0.4 0-10%

100 60 80 100
p. [GeV] p. [GeV]

Chun Shen (WSU/RBRC) 13th Workshop on MPI at the LHC 25/29



THE ERA OF MULTI-MESSENGER HEAVY-ION PHYSICS

e RHIC: STAR upgrade and sPHENIX program
Probing QCD at high net baryon density

Study fully resolved jets, Upsilon states, and
heavy quarks as QGP structure probes

e | HC: ALICE, CMS, ATLAS upgrades

High energy and high luminosity frontier
Precision measurements for rare probes

e HADES, FAIR, J-PAC-HI

Phase structure of hot QCD matter

e Future Electron-lon Collider

Tomography of nucleon and nucleus
smallest QGP droplet?
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THE XSCAPE PROJECT (2020 - 2024)

| Experimental
Exchange : Simulations
Hardq,g, QQ, v+

Exchange Exchange

Partially-
corrected
observable

' Fully-
. corrected
1 observable '

'C
0/7& /}29/

Pre Equib. -Stoch-Visc Fluid

Full Events

Initial State
Hadronic Transport
(final state)

Experimental Data

Exchange

Hadronic

Hadronic Transport (concurrent)

e A unified event-generator for high energy nuclear physics community
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SUMMARY

e Multi-messenger heavy-ion physics has entered a precision era

Bayesian Inference is essential to fully exploit the multi-messenger data

e The JETSCAPE framework is a unified theoretical tool to study both the
soft and hard observables in a same setting

Unravel how strongly-coupled nature of QGP is emerged at different
length scales

Interplay between collective dynamics and high energy parton shower

o Current JETSCAPE extensions to small systems and baryon-rich
QGP with the upcoming experiments would bring a golden age to
guantitatively study hot and dense QCD matter
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THE JETSCAPE COLLABORATION
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QCD EQUATION OF STATE

A. Monnai, B. Schenke and C. Shen, Int. J. Mod. Phys. A36, 2130007 (2021)
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e QCD equation of state are constrained by Lattice QCD calculations
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