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EXPLORING THE PHASE OF MATTER

Solid - Plasma

Temperature T~10°-107 K
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EXPLORING THE PHASE OF MATTER

Nucleus
and electrons
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EXPLORING THE PHASE OF MATTER

Nucleus
and electrons

~10-15m
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EXPLORING THE PHASE OF MATTER

Strip off individual quarks and gluons?
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EXPLORING THE PHASE OF MATTER

Impossible because of linearly
INnCcreasing separation energy
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COLOR SCREENING AT HIGH TEMPERATURE

* [he color averaged heavy quark free energy

Full (2+1) flavor results in Phys. Rev. D 98, 054511 (2018)
Chun Shen (WSU/RBRC) Theoretical Physics Colloquium



WHAT DOES IT MEAN?

Low temperature: color flux tube extends

==
® ©

At high temperature

@ &

The color fields are screened:;
Randomly kicked by thermal particles
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http://www.physics.adelaide.edu.au/theory/
staff/leinweber/VisualQCD/Nobel/




MATTER IN EXTREME CONDITIONS

HotQCD Collaboration, Phys.Rev. D90 (2014) 094503

non-int. limit

Quantum Chromo-
Dynamics (QCD)
predicts crossover to
a system of liberated
guarks and gluons
above a temperature
of ~ 2 trillion degrees

~ degrees of freedom

Quark-Gluon Plasma
P ~ 10Yatm
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HOW TO ACHIEVE TRILLION DEGREE TEMPERATURE?

Relativistic Heavy lon Collider (RHIC) at Brookhaven National Lab
Large Hadron Collider (LHC) at CERN

y A

T o x e .

& Pb‘efpgraph: .‘Maximil:ien Brice © 2008 CERN

Emokhmven Natknal Laba ol : T e v F g~
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RELATIVISTIC HEAVY-ION COLLISIONS
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RELATIVISTIC HEAVY-ION COLLISIONS
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RELATIVISTIC HEAVY-ION COLLISIONS
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RELATIVISTIC HEAVY-ION COLLISIONS
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A “LITTLE BANG”

http://youtu.be/W3h5vQOUJTg
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http://youtu.be/W3h5vQOUJTg

A PB+PB COLLISION AT THE LARGE HADRON COLLIDER

—CMS ; CMS Experiment at LHC, CERN
o ! Data recorded: Mon Nov 8 11:30:53 2010 CEST
’ Run/Event: 150431 / 630470
Lumi section: 173
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RELATIVISTIC HEAVY-ION COLLISIONS

Initial energy

Hadronization

Kinetic
freeze-out

final detected
particle distributions

re-
e u?libr'_ium . hvdrod . N
t~0s t~3x10-24s t~o5x10-23s t~10-8s

Chun Shen (WSU/RBRC)

1 yoctosecond = 1024 s
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RELATIVISTIC HEAVY-ION COLLISIONS

final detected
particle distributions

Kinetic
freeze-out
Hadronization g.)/ TT

Initial ener Wi
density ” J """
L s ‘T{L",' ,
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Heavy-ion collisions
are tiny and have
ultra-fast dynamics

pre-.
gyrtdmics c yarodynamic | fxege streaming

L t~0s t~3x10-243 t~5x10-3s  } t~10-8s

ey e

S ——— 'h.ri .. PO | octoseCOﬂd =10=%s
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RELATIVISTIC HEAVY-ION COLLISIONS

final detected
particle distributions

Kinetic
freeze-out

Hadronization
Initial energy
density

pre-.

Viscous hydrodynamic™

.‘

-L, " 0s

|™~fxge streaming
t~3x10-24s t~5x1023s  J t~10-8s
...YOCtoseconds PNYSICS! w7 yoctosecond = 1024 s

~ - _
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Heavy-ion collisions
are tiny and have
ultra-fast dynamics
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RELATIVISTIC HEAVY-ION COLLISIONS

final detected
particle distributions

Kinetic
freeze-out

Hadronization
Initial energy
density

'*— g
collision

overlap zone

pre-

ydrody ™ ~free streaming

t~3x10-24s t~5x1023s t~108s
...YOCtoseconds PNYSICS! w7 yoctosecond = 1024 s

.‘

»' 0s

~ - _
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Heavy-ion collisions

are tiny and have
ultra-fast dynamics

A variety of particles
are emitted from the

collisions

Multi-messenger
nature of heavy-ion
ONySICS
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MULTI-MESSENGER ASTRONOMY

Cosmic Rays

™S
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MULTI-MESSENGER HEAVY-ION PHYSICS

Hadrons Cosmic Rays

Pb-Pb /snn = 2 7€ TaV
rup R7170 2010-11-00 NNO-12 13
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Hadrons

cip

Chun Shen (WSU/RBRC)

Pb-Pb /snn = 2 7€ TV
7170 2010-11-00 001213

QCD jets

R e ’sz\iyk\.->-\‘)( SSEX

Theoretical Physics Colloguium
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MULTI-MESSENGER HEAVY-ION PHYSICS

Picture from the
ATLAS Collaboration

=

i'l\\\ N \\
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W
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MULTI-MESSENGER HEAVY-ION PHYSICS
QCD jets

Picture from the
ATLAS Collaboration

Al

e %

QN
. \

AN

Pb-Pb /sny = 2.7¢ TeV
rup 7170 2010-11-N0 0012 13

PHENIX zero field event display

- - —
e e
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MULTI-MESSENGER HEAVY-ION PHYSICS
QCD jets

Picture from the
ATLAS Collaboration

Al

e %

QN
. \

AN

Pb-Pb /sny = 2.7¢ TeV
rup 7170 2010-11-N0 0012 13

| |
CMS Experiment at LHC, CERN ‘ M ra d I at I O I I : ;
Data recorded: Sun Nov 14 04:29:43 2010 CEST

: A Run/Event: 151058 / 4096951
| Lumi section: 747

EW bosons

PHENIX zero field event display

ECal 357, pt: 22.6 GeV

ECal 358, pt: 18.9 GeV

ECal 2339, pt: 37.9 GeV
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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 Spectra, collective flow
= 0P/0el|s,, femtoscopy

| ) Shear and bulk viscosities Anisotropic flow vn
| Had;;;ga n/s(T,up), C/s(T, up) Flow correlations

Charge diffusion Dg, Do, Ds  Balance functions

Electromagnetic emissivity Photons and dileptons
Energy momentum transport

q7 627"'

Chun Shen (WSU/RBRC) Theoretical Physics Colloquium 26/58

Jets and heavy-quarks




THE JETSCAPE FRAMEWORK ~\
“The JETSCAPE framework,” arXiv:1903.07706 [nucl-th] J E IS E H F E

o A unified event-generator for the high energy nuclear physics community

Modify, input parameters e.g., G, e.

Initial hard
N-parton

distribution
e —

Detector
simulation

Nuclear Parton
Distribution
Function

Statistical

Lattice QCD .
fit test

Phenomenological input:
Transport coefficients

Energy deposition /

Hard & semi-hard
hadronization

Initial soft
Corrected
data

density distribution
Statistical emulation

Nuclear Monte-
Carlo

Success!
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MULTI-MESSENGER HEAVY-ION PHYSICS

Au+Au (central collisions): | e S —
i Direct y (PHENIX) = I, Pb-Pb (ALICE) ® h,p- Pb \'Syy = 5.02 TeV, NSD (ALICE) 2

*  Inclusive h™ (STAR) .O [ A K, Pb-Pb (CMS) — * ¥, Pb-Pb ys =276 TeV, 0-10% (CMS) -

® =0 (PHENIX) \S =276 TeV, 0-5%| | = W, Pb-Pb \s,, = 2.76 TeV, 0-10% (CMS)]
PHENIX Preliminary n e [| v 2° Pb-Po ys,, = 2.76 TeV, 0-10% (CMS) ;

GLV parton energy loss (dN’/dy = 1100 N !

5030 40 50 60 70 80 90 100
p. (GeV/c) or mass (GeV/c?)

o Different specifies of particles carry their unigque o __ dANTUdp
information about the hot QGP medium ATy, dNPPIdBp
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MULTI-MESSENGER HEAVY-ION PHYSICS

Au+Au (central collisions):

| i Illllll

| | ll7lll!
{ s

-

S
- TTT]
N

o o e 10 20 30 40 50 60 70 80 90 100
p- (GeV/c) p. (GeV/c) or mass (GeV/c?)

e | et's focus on soft particles with momentum below 3 GeV (99% of all particles)

e [heir momentum information carries the system’s AN/ dp

: . . . , R, =— "=
thermodynamic and dissipative properties AL (T )YANPP [ dBp
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SOFT PROBES OF HEAVY-ION COLLISIONS

prompt photons thermal radiation decay photons Elec tromagne fic

radiation Is the unigque
soft and penetrating
porobe of heavy-ion
collisions over the full
space-time volume

Hadrons are free at
the late stage of
evolution; they lose
pre-equilibrium ‘ (part of) their memory

photons . W
thermal radiation a‘ong the Way

overlap zone
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HADRON FLUCTUATION POWER SPECTRUM

Inflation

Angular scale
0.2°

Plank 2013 CMS PbPb \/s,, =2.76 TeV
' ' - L, =120 ub™
0.3< p. < 3.0 GeV/c

2.5-5.0%, HF
0-2.5%, HF

0-1%, HF+NPixel
0-0.2%, HF+NPixel
0-0.02%, HF+NPixel

500 1000 1500 2000 2500
Multipole moment, /¢
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GLOBAL BAYESIAN CONSTRAINTS ON QGP VISCOSITY

dN,./d J. E. Bernhard, J. S. Moreland and S. A. Bass, Nature Phys. 15, 1113-1117 (2019)
= y

ETSTARE :g%% | , G. Nijs, W. Van Der Schee, U. Gursoy and R. Snellings, arXiv:2010.15134 [nucl-th]
s AN /dNx2.0 | D. Everett et al. [JETSCAPE], arXiv:2011.01430 [hep-ph]

— dE1/dNX5.0

0.35 -~
100% C.I. (Prior) . A\

0.30 5 90% C.I. (Prior) JETSCAFPE
90% C.I. (Posterior)

B 60% C.| (Posterior)

025 4

dNcn/dn , dN/dy, dE+/dn [GeV]

0.20 -

N
N

0.1;

0.10 -

0.0 5

0.0 -

0.15 0.20 0.25 0.30 10.35 0.15 0.20 025 0.30 0.35
T [GeV] T [GeV]

0.00

e Precision hadronic measurements
R systematically constrain the QGP viscosity

Centrality %
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PHOTON AS A MICROSCOPE FOR THE QCD MATTER

a . Y
D "TooOoooO - a
s dN’
P X fo(P)
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PHOTONS ARE TOMOGRAPHIC PROBES OF THE QGP

~ Temp (GeV)

= Eo6
0.4

0.2

Charged Hadrons ermal Photons oversample = 10
http://youtu.be/oMFboC701DU

Electromagnetic probes emerge from entire space time volume

Hadrons emerge from the freeze-out surface
Chun Shen (WSU/RBRC) Theoretical Physics Colloquium 34/58


http://youtu.be/oMFboC7O1DU

PHOTONS PROBES OF THE INNER WORKING OF QGP

-

QCD Hadronic
crossover matter

VNN,

600

-
o

N oo
N O
o

7N\
-
N
C
O
-
O
L
5 0.0
0,
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>
Ip)
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|_

Energy density (GeV/fm

| | |

M e

o O o
o

OI .

T (fM)

Chun Shen (WSU/RBRC) Theoretical Physics Colloquium



THERMAL PHOTON TOMOGRAPHY

C. Shen, U. Heinz, J. F. Paquet, |. Kozlov, and C. Gale, Phys. Rev. C 91, 024908 (2015)

0.40m

MCGIb. n/s=0.08
0-20% Au+Au @ 200 A GeV
1 <pp <4 GeV

7 (fm/C)

 \We observe a two-wave structure in thermal photon emission

* Thermal photon vz is mostly coming from the transition region,
T =150~200 MeV, T=3 ~8fm @ RHIC

Chun Shen (WSU/RBRC) Theoretical Physics Colloquium 36/58




DOPPLER EFFECT IN HEAVY-ION COLLISIONS

EMMI RRTF 2014
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BLUE-SHIFTED BLACK BODY RADIATION

(a)l | | | (b)l | | |
I +25(stat) +33(stat)
x 10° 11239 £7(syst) MeV/c £ 26155V MeV/c
< 10°
2 N, W
> 10!
S b
= 102} » &
o L] 9
Z[R 1073
=i ¢ (]
~ 1074
— | =
& 5
1077 F0-20% 0-40% T
| | | | | | | |
(C)I | | | (d)l | | |
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100L*
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10—1 a A/SNN = 200GeV
LS
102 xﬁ
103 §
104
ofwas [ ] jaedf
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® How to extract
physical
information from
the Inverse slope
of direct photon
spectra”?



0.50
0.45
0.40

—~~

2 0.35
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® 0.30
S
© 0.25

—

0.20

DECODING THE INVERSE SLOPE

C. Shen, U. Heinz, J.-F. Paquet and C. Gale, Phys. Rev. C 89, 044910 (2014)

- - baseline

O O photon spectrum w. equilibrium rates
® @ photon spectrum w. viscous rates
— PHENIX

0.50

- = Dbaseline

0.45} © o0 photon spectrum w. equilibrium rates "

® ® photon spectrum w. viscous rates
— ALICE

0.40

—~

2 0.35
o
v 0.30
S
G .25
—

0.20

0.15 (a) 0.15

.-* " MCGlb., n/s=0.08, AuAu @ RHIC, 0-20% .+~ MCGIlb., n/s=0.08, PboPb @ LHC, 0-40%

O']Oo.lo 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 O']OQIO 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
T (GeV) T (GeV)

° ohotons with T < 250 MeV at RHIC and < 300 MeV at LHC
carries Teff Within the experimental fitted region

® About 50-60% of photons are emitted from T = 165~250 MeV,
they are strongly blue shifted by radial flow
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CENTRALITY SCALING OF DIRECT PHOTON YIELD

: - ® [he direct photon yield shows a

— Prompt+pre.eq+thermal (slope=1.23) .

i R gL stronger centrality dependence
than charged hadrons

;<3GeV

f Thermal photons:

dNY o Idy  (T*V,)

thermal

dN¢<h/dy (sV3)

Prompt photons:

Chun Shen (WSU/RBRC) Theoretical Physics Colloquium 40/58



CENTRALITY SCALING OF EM PROBES

— Prompt+pre.eq+thermal (slope=1.23)
| === Prompt (slope=1.07)
| A PHENIX

& STAR

1 <pl<3GeV

Au+Au 200 GeV

NG
chh/dn

103

- hadronic 0.3GeV <M < 0.7GeV |
20 | |

- Thermal Dileptons

L - -

10
\/SNN (GGV)

e | ow mass thermal dileptons showed a similar excitation function,

which has strong correlation with fireball litetime AN

Chun Shen (WSU/RBRC)
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THE DIELECTRON EXCESS SPECTRUM: LIFETIME INDICATOR

/dy) (20 MeV/c?)

ch
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O
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e
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Q
©
-
40
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(7))
N
)
O
X
LL

STAR — Rapp Sum

AU+AU 0-80% -..... Rapp Rho
— - Rapp QGP

/43 Data
Cocktail Uncert.

27 GeV x10°

—
<
B

%10

—
R

PHSD Sum == 200 GeV Au+Au

— - PHSD Rho 3 GeV U+U
—_ PHSD QGP = 193 GeV U+l

PHSD a1
PHSD Delta

(-
A\

wedp= 62.4 GeV Au+Au
- 39 GeV
e 27 GeV
19.6 GeV

ch
(—
N

w17 .3 GeV In+In

/dy)/(dN /dy)
= 0

€XCeSS

- o °©

T
M, (GeV/c?)

0.40<M,<0.75 GeV/c’

STAR preliminary .}

-
-
’ -
’
”
P
-~
-
-
-

Theory lifetime:
= =200 GeV =+193 GeV
w624 GeV =m39 GeV

wm 7.3 GeV

lifetime (fm/c)

A broadened p-spectral function consistently describes the low mass dielectron

excess for different collisions energies, which is correlated with fireball lifetime

Chun Shen (WSU/RBRC)
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THERMAL DILEPTON AS A QGP THERMOMETER

'l

In-In— W' w +X NA60 Data | - Central AA Collisions
hadronic r
QGP

total thermal

L [(20 MeV) ]

T,=235 MeV
| T.=170 MeV

-

>
~
=
25 I
yd
o
)
o
=
-
Q
E
O

11 | . L o . |
, | | | | | | | | | | | | | | lll
02 04 06 08 1 12 14 16 18 2 2 100

. " 2 12
Dimuon Invariant Mass Mup (GeV/c™) S\ (GeV)

10

dR, e [hermal dilepton invariant mass spectrum |

— X (MT)Mexp(—M/T) independent of blue-shift effects and can
am reveal true medium temperature
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PROBING EARLY STAGES OF COLLISIONS

0-20% Au+Au 200 A GeV 0-20% Au+Au 200 A GeV
0.4 < pr < 1GeV A 2<p,<3GeV

[(GeVFm)

&
Y
x*x
=
)
O
<
—i
9
=
e

o)
=
\
2,
e

6 8 10 12
7 (fm/C) 7 (fm/c)

« High prthermal photons are emitted from high temperature tluid cells
at early time
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EFFECTS OF PRE-EQUILIBRIUM STAGE ON HADRONS

Gale, Paquet, Schenke, and Shen, in preparation
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DIRECT PHOTON OBSERVABLES AT RHIC

o o
4 D

d3N,/dyprdpr (GeV~2)
=

Au-Au
Vsyn = 200 GeV
Centrality 0-20%

= |PG—(0.1 fm)—KeMP25T+(0.8 fm)—hydro
we |PG—(0.4 fm)—hydro
w= = |PG—(0.1 fm)—~KeMP@a5T-(0.4 fm)—~hydro
A PHENIX 2014
€ STAR2017

(=)
S

0 2

4 5
pr (GeV)

Au-Au
\"'SNN =200 GeV
| Centrality 0-20%

e  |PG—(0.1 fm)—~KoMPaST+(0.8 fm)—~hydro
we  |PG—(0.4 fm)—~hydro

we v IPG—~(0.1 fm)—~KoMPaS5T—+(0.4 fm)—~hydro
A PHENIX 2015
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d>N,/dyprdpr (GeV~?)
e 3 7

(=)
S

Au-Au
VsSan = 200 GeV
Centrality 20-40%

w [PG~>(0.1 fm)—>KaMPaST+(0.8 fm)—~hydro
wee  |PG—>(0.4 fm)—hydro
* IPG—(0.1 fm)—~KeMPaST+(0.4 fm)—~hydro
PHENIX 2014
STAR 2017

0 2

4 6
pr (GeV)

Au-Au
VSNN = 200 GeV

| Centrality 20-40%

w= |PG—(0.1 fm)—~KeMP@ST—(0.8 fm)—~hydro
wews  |PG—(0.4 fm)—~hydro
_ ==+ |PG—(0.1 fm)—~KeMPaST—+(0.4 fm)—~hydro
A PHENIX 2015
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d3N,/dyprdpr (GeV~?)
o

Au-Au
Vsyn = 200 GeV
Centrality 40-60%

= |PG~>(0.1 fm)—~Ke&MP25T(0.8 fm)—hydro

we |PG—(0.4 fm)—hydro

== = IPG—(0.1 fm)—~KeMPa5T-(0.4 fm)—~hydro
A PHENIX 2014

0 2

4 6
pr (GeV)

Au-Au
VSyn = 200 GeV

| Centrality 40-60%

e |PG—(0.1 fm)—~KoMP2ST+(0.8 fm)—~hydro
wes  |PG—(0.4 fm)—~hydro
we v IPG~(0.1 fm)—~KoMPoST—+(0.4 fm)—hydro




DIRECT PHOTON OBSERVABLES AT LHC

d3N,/dyprdpr (GeV~2)

|Pb-Pb
: VSyn = 2760 GeV
1 Centrality 0-20%

w |PG—>(0.1 fm)—>KaMP@5T7+(0.8 fm)—hydro
we  |PG—(0.4 fm)—hydro
A ALICE 2015

2

4 6
pr (GeV)

VSyn = 2760 GeV
Centrality 0-20%

w |PG~>(0.1 fm)—>KeMPaST—~(0.8 fm)—~hydro
m  |PG—>(0.4 fm)—~hydro
4 ALICE2018
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d3Nv/dyppoT (GeV"z)

{Pb-PR
: \,"ISNN = 2760 GeV

w— |PG—>(0.]1 fm)—>KsMP@aST>(0.8 fm)—~hydro
we  |PG—>(0.4 fm)—~hydro
A ALICE 2015

| Centrality 20-40%
0 2

4
pr (GeV)

Pb-Pb
VSyn = 2760 GeV
Centrality 20-40%

= |PG—>(0.1 fm)—>KaMPaST>(0.8 fm)—hydro
wems  |PG—(0.4 fm)—~hydro
4 ALICE 2018

pr (GeV)
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d3N,/dyprdpr (GeV~2)

10" ;

{Pb-Pb
: V‘.SNN = 2760 GeV

w— |PG>(0.1 fm)—KoMPa5T+(0.8 fm)—~hydro
we=  |PG—>(0.4 fm)—hydro

1 Centrality 40-60%
0 2

4 6
pr (GeV)

Pb-Pb
VSyn = 2760 GeV

1 Centrality 40-60%

e |PG~>(0.1 fm)—>KoMPa5T+(0.8 fm)—hydro
wes  |PG-+(0.4 fm)—~hydro




PROBING THE EARLY-STAGE CHEMICAL EQUILIBRATION

Account for chemical non-equilibration in the pre-
equilibrium phase by suppressing the photon rate
dN, , dR,
—— = Suppression(7) | d " x—
7 Pp 7

Estimated from Phys.Rev.Lett. 122 (2019) 142301

Gale, Paquet, Schenke, and Shen, Initial Stages 2021

0.200 1a5AG

Isyny = 200 GeV
V2NN =
0.175 | centrality 20-40%

: §?§22§?§”‘ . | Direct photon v
IS sensitive to
the early-stage

chemistry

/Sy = 200 GeV
; | Centrality 20-40% Data are from:

Phys.Rev.C91 (2015) 6, 064904
Phys.Lett.B770 (2017) 451-458
pr (GeV) Phys. Rev. C 94, 064901 (2016)
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B. Schenke, C. Shen and P. Tribedy, Phys. Rev. C 102, 044905 (2020)

e (Collective

behav

persist
small co

or
-

systems

e Hot small QGP
droplets?
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- XeXe 5.44 TeV
pPb 5.02 TeV

ALICE Xe+Xe 5.44 TeV
ALICE p+Pb 5.02 TeV

IP-GLASMA + MUSIC HYDRODYNAMICS + URQMED
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SHRINKING QGP DROPLETS

Au+Au 200 GeV
— == J4+U 193 GeV
== Ru+Ru 200 GeV
Zr+Zr 200 GeV
0+0 200 GeV
e SHe+-Au (pr > 0.2 GeV)

d+Au (pr > 0.2 GeV)
p+Au (pr > 0.2 GeV)

-~ p+p 500 GeV

STAR Au+Au 200 GeV

STAR U+U 193 GeV L
PHENIX d+Au v3{2, |An| > 2}

. 5
‘-l



SMALL SYSTEMS WITH DIFFERENT GEOMETRY

®

0.18Fp+Au \s,, =200 GeV 0-5% d+Au \s,, =200 GeV 0-5%

—@- v, Data PHENIX
—4— v, Data

—— v, SONIC

= = v IEBE-VISHNU

* Hydrodynamic response converts spatial gradients into measuread
momentum anisotropy
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SMALL SYSTEMS WITH DIFFERENT GEOMETRY

®

0.2
0.18FpP+Au sy, = 200 GeV 0-5% d+Au |s,, =200 GeV 0-5% (b)

0.16F % v Pala PHENIX

—4— v. Data
0.14 ’
== v_SONIC

0.12F = = v_iEBE-VISHNU
< 0.1

0.08
0.06
0.04
0.02

e How about thermal radiation from these small collisions”
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PREDICTION OF THERMAL RADIATION IN SMALL SYSTEMS

— pQCD
— MiN. bias:

~
pPb

0-5% p+Pb @ 5.02 TeV (a)

p+Pb @ 5.02 TeV

+ 0-20% 1

Y
pAu

COHRENNOOHRENNOORHNNOOHENN
CUOUOUIOUIOUOUIOUIOUIOUIOUIO UTO U

p+Au @ 200 GeV

PHENIX 1
.. min. bias -

Y
dAu

) p— total
. ==- thermal

y
SHeAu

R

. . . | | . SHe+Au @ 200 GeV
0.5 1.0 1.5 2.0 2.5 3.0 . . 0 30 40 50
pr (GeV) pr (GeV)

e Thermal photon radiation can leave visible | a signature of

imprint at low pTR]ZA ' hot QGP medium |

Chun Shen (WSU/RBRC) Theoretical Physics Colloquium




WHAT DOES THE MEASUREMENT SAY?

VSyn = 200 GeV, n| < 0.35
NN = 200 GeV 0-5% - ® | p+Au, 0-5 %
—&- v, Data
—4— v, Data

—— v, SONIC
= = v, iEBE-VISHNU

p+Au |s

— Thermal, Shen, et al.
pPQCD, Shen, et al.

S
PH ENIX
preliminary

e The preliminary PHENIX data shows a promising sign of thermal
ohoton enhancement in central pAu collisions

® Precise hadron and photon measurements together could provide
strong evidence of hot QGP in central pAu collisions
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OTHER INTERESTING TOPICS ABOUT EM PROBES

e EM emission rates from first-principles lattice QCD calculations
orecision calculations of EM spectral functions o
* Probing the effect of chiral symmetry restoration

_ _ , R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, 1 (2000)
Iﬂ—medlum p SpeC’[I’a\ fUﬂCtIOﬂ P. M. Hohler and R. Rapp, Phys. Lett. B 731, 103-109 (2014)

e Quantifying out-of-equilibrium dynamics with photons and dileptons

C. Shen et al., Phys. Rev. C91, 024908 (2015)

QGP transport prOperties G. Vujanovic et al., Phys. Rev. C 101, 044904 (2020)

B. S. Kasmaei and M. Strickland, Phys. Rev. D102, 014037 (2020)

o UPC Breit-Wheeler process and vacuum birefringence

J. Adam et al. [STAR], arXiv:1910.12400 [nucl-ex]

pl’Obiﬂg extreme e‘eCtrOmagnetiC flelds S. Klein et al., Phys. Rev. D102, 094013 (2020)

o Effects from early strong magnetic field
pO’[en’[iaHy enhance pho’[Qn eHip’[iC flow G. Basar et al., Phys. Rev. Lett. 109, 202303 (2012)

X. Wang et al., Phys. Rev. D102, 076010 (2020)
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THE ERA OF MULTI-MESSENGER HEAVY-ION PHYSICS

e RHIC: STAR upgrade and sPHENIX program [ S

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

LHC: ALICE, CMS, ATLAS upgrades

High energy and high luminosity frontier
Precision measurements for rare probes

e HADES, FAIR, NICA, J-PAC-HI
Phase structure of hot QCD matter

e Future Electron-lon Collider
Tomography of nucleon and nucleus
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D = wr b
COLLABORATION

THE BEST FRAMEWORK

Hydro+ Femtoscopy
&

Dynamical correlations

initialization BES-hydro é.g‘
N particle

3D- BEST EoS cumulants

MCGilauber MUSIC
model

Experimental
measurements

Spectra
&
Anomalous hydrodynamics SMASH flow
T analysis
Spectators Electromagnetic fields potential

Stochastic Fluctuations

/

(5 R @ é’ T T8 5 C
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THE NEXT GENERATION XSCAPE FRAMEWORK

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

Exchange Exchange

Partially-
corrected
observable

' Fully-
. corrected
1 observable '

'C
0/7@ /}‘(9/

Pre Equib. -Stoch-Visc Fluid

Initial State
Hadronic Transport
(final state)

Full Events
Experimental Data

Exchange

Hadronic

Hadronic Transport (concurrent)

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

® [he vibrant experimental programs with precision measurements
have been driving heavy-ion physics to the multi-messenger era

Unitied theoretical + statistical frameworks are essential
to unravel physics

e The combined hadronic + EM probes analysis is a powerful tool to
elucidate soft dynamics of hot QCD matter

o Further embracing high p,observables can fully characterize the
properties of QGP
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STATUS OF THE DIRECT PHOTON FLOW PUZZLE

C. Shen, Nucl. Phys. A 956, 184-191 (2016)
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PHOTON SPECTRUM AND ELLIPTIC FLOW

Gale, Paquet, Schenke, and Shen, Initial Stages 2021
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Au-Au

VSyn = 200 GeV
Centrality 20-40%
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L

Total, Tchem = 1 fm
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PHENIX 2015
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PHOTON SPECTRA IN SMALL SYSTEMS

C. Shen, J. F. Paquet, G. S. Denicol, S. Jeon and C. Gale, Phys. Rev. C95, 014906 (2017)

0-5% p+Pb @ 5.02 TeV (a)

thermal

short-lived
resonances

prompt
T>180 MeV
155 MeV <T'<180 MeV

05 1.0 15 2.0
pr (GeV)
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THERMAL RADIATION IN PP COLLISIONS?

C. Shen, J. F. Paquet, G. S. Denicol, S. Jeon and C. Gale, Phys. Rev. C95, 014906 (2017)
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