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Temperature T~105-107 K

EXPLORING THE PHASE OF MATTER
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EXPLORING THE PHASE OF MATTER

~10-14 m

Nucleus 
and electrons
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EXPLORING THE PHASE OF MATTER

~10-14 m

Nucleus 
and electrons

~10-15 m
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Strip off individual quarks and gluons?

EXPLORING THE PHASE OF MATTER
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EXPLORING THE PHASE OF MATTER

Impossible because of linearly 
increasing separation energy
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• The color averaged heavy quark free energy

T/Tc = 0.9
T/Tc = 0.94
T/Tc = 0.98

T/Tc = 1.05

T/Tc = 1.2

T/Tc = 1.5

F. Karsch, hep-lat/0403016
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Full (2+1) flavor results in Phys. Rev. D 98, 054511 (2018)

COLOR SCREENING AT HIGH TEMPERATURE
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http://www.physics.adelaide.edu.au/theory/
staff/leinweber/VisualQCD/Nobel/

Low temperature: color flux tube extends

At high temperature

The color fields are screened; 
Randomly kicked by thermal particles

WHAT DOES IT MEAN?
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Quantum Chromo-
Dynamics (QCD) 
predicts crossover to 
a system of liberated 
quarks and gluons 
above a temperature 
of ~ 2 trillion degrees ~ 
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HotQCD Collaboration, Phys.Rev. D90 (2014) 094503 

~1.5 x1012 K

Quark-Gluon Plasma
P ⇠ 1030 atm

MATTER IN EXTREME CONDITIONS

P ∼ 1030atm
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Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Lab
Large Hadron Collider (LHC) at CERN

1.2
 km

8.6 km

HOW TO ACHIEVE TRILLION DEGREE TEMPERATURE?
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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

QGP
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http://youtu.be/W3h5vQOUJTg

A “LITTLE BANG”

http://youtu.be/W3h5vQOUJTg
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A PB+PB COLLISION AT THE LARGE HADRON COLLIDER
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RELATIVISTIC HEAVY-ION COLLISIONS

t~0s t~3x10-24s t~5x10-23s t~10-8s
1 yoctosecond = 10-24 s
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RELATIVISTIC HEAVY-ION COLLISIONS

t~0s t~3x10-24s t~5x10-23s t~10-8s
1 yoctosecond = 10-24 sYoctoseconds physics!

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

t~0s t~3x10-24s t~5x10-23s t~10-8s
1 yoctosecond = 10-24 sYoctoseconds physics!

~10-14 m

Heavy-ion collisions 
are tiny and have 
ultra-fast dynamics
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Heavy-ion collisions 
are tiny and have 
ultra-fast dynamics

A variety of particles 
are emitted from the 
collisions

RELATIVISTIC HEAVY-ION COLLISIONS

t~0s t~3x10-24s t~5x10-23s t~10-8s
1 yoctosecond = 10-24 sYoctoseconds physics!

~10-14 m

Multi-messenger 
nature of heavy-ion 
physics



Chun Shen (WSU/RBRC) Theoretical Physics Colloquium /5821

MULTI-MESSENGER ASTRONOMY
EM Radiation

Gravitational Waves Neutrinos

Cosmic Rays
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Hadrons
MULTI-MESSENGER HEAVY-ION PHYSICS

Gravitational Waves Neutrinos

Cosmic Rays
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Picture from the 
ATLAS Collaboration

23

Hadrons QCD jets
MULTI-MESSENGER HEAVY-ION PHYSICS

Gravitational Waves Neutrinos
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Picture from the 
ATLAS Collaboration

24

Hadrons QCD jets

EM radiations
PHENIX zero field event display

MULTI-MESSENGER HEAVY-ION PHYSICS

Gravitational Waves
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Picture from the 
ATLAS Collaboration

25

Hadrons QCD jets

EM radiations
PHENIX zero field event display

EW bosons

MULTI-MESSENGER HEAVY-ION PHYSICS
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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)?

Tµ⌫ () e, P , s
<latexit sha1_base64="yMKfmlSp4o6Gd1ymWR72jp0DOPU="></latexit>

c2s = @P/@e|s/n
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Electromagnetic emissivity

Equation of State

DB , DQ, DS
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Charge diffusion

Shear and bulk viscosities
⌘/s(T, µB), ⇣/s(T, µB)
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Spectra, collective flow, 
femtoscopy

Anisotropic flow vn 
Flow correlations

Balance functions

Photons and dileptons
Energy-momentum transport
q̂, ê, ê2, ...
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Jets and heavy-quarks
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THE JETSCAPE FRAMEWORK

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

“The JETSCAPE framework,” arXiv:1903.07706 [nucl-th]
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MULTI-MESSENGER HEAVY-ION PHYSICS

RAA = dNAA/d3p
⟨TAA⟩dNpp/d3p

• Different specifies of particles carry their unique 
information about the hot QGP medium

K. Reygers [PHENIX], Acta Phys. Polon. B37, 727-732 (2006) P. Foka and M.A. Janik, Rev. Phys.1, 172-194 (2016)
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MULTI-MESSENGER HEAVY-ION PHYSICS

• Let’s focus on soft particles with momentum below 3 GeV (99% of all particles)

K. Reygers [PHENIX], Acta Phys. Polon. B37, 727-732 (2006) P. Foka and M.A. Janik, Rev. Phys.1, 172-194 (2016)

• Their momentum information carries the system’s 
thermodynamic and dissipative properties RAA = dNAA/d3p

⟨TAA⟩dNpp/d3p
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SOFT PROBES OF HEAVY-ION COLLISIONS
thermal radiation

Hadrons are free at 
the late stage of 
evolution; they lose 
(part of) their memory 
along the way

Electromagnetic 
radiation is the unique 
soft and penetrating 
probe of heavy-ion 
collisions over the full 
space-time volume
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Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the

27

Inflation

Plank 2013

E V E N T- B Y- E V E N T  F L U I D  D Y N A M I C S

• Evolve many initial shapes using viscous fluid dynamics 

• Convert energy density to particles (“freeze-out”) 

• Determine     coefficients of particle distributions 

• Average and compare to experimental data
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GLOBAL BAYESIAN CONSTRAINTS ON QGP VISCOSITY

D. Everett et al. [JETSCAPE], arXiv:2011.01430 [hep-ph]

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, arXiv:2010.15134 [nucl-th]

• Precision hadronic measurements 
systematically constrain the QGP viscosity
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PHOTON AS A MICROSCOPE FOR THE QCD MATTER 

a

b d

γ

Ep
dNγ

d3p
∝ fa(p)
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PHOTONS ARE TOMOGRAPHIC PROBES OF THE QGP

Electromagnetic probes emerge from entire space time volume 
Hadrons emerge from the freeze-out surface

http://youtu.be/oMFboC7O1DU

http://youtu.be/oMFboC7O1DU
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PHOTONS PROBES OF THE INNER WORKING OF QGP
C. Gale, J. F. Paquet, B. Schenke and C. Shen, arXiv:2009.07841 [nucl-th]
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THERMAL PHOTON TOMOGRAPHY
C. Shen, U. Heinz, J. F. Paquet, I. Kozlov, and C. Gale, Phys. Rev. C 91, 024908 (2015)

• We observe a two-wave structure in thermal photon emission
• Thermal photon v2 is mostly coming from the transition region, 

T = 150~200 MeV, τ = 3 ~ 8 fm @ RHIC
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DOPPLER EFFECT IN HEAVY-ION COLLISIONS

E
dN
d3p

∼ ∫ d4x
pμuμ

exp[pμuμ/T] ± 1 Tslope ∼ T
1 + v
1 − v

EMMI RRTF 2014
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J. Adam et al. [ALICE], Phys. Lett. B 754, 235-248 (2016)A. Adare et al. [PHENIX], Phys. Rev. C91, 064904 (2015)

BLUE-SHIFTED BLACK BODY RADIATION

• How to extract 
physical 
information from 
the inverse slope 
of direct photon 
spectra?
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DECODING THE INVERSE SLOPE
C. Shen, U. Heinz, J.-F. Paquet and C. Gale, Phys. Rev. C 89, 044910 (2014)

• About 50-60% of photons are emitted from T = 165~250 MeV, 
they are strongly blue shifted by radial flow

• All photons with T < 250 MeV at RHIC and < 300 MeV at LHC 
carries Teff within the experimental fitted region
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CENTRALITY SCALING OF DIRECT PHOTON YIELD
Gale, Paquet, Schenke, and Shen, Initial Stages 2021

PHENIX Collaboration, Phys.Rev.C91 (2015) 6, 064904  
STAR Collaboration, Phys.Lett.B770 (2017) 451-458; Phys.Rev.C79 (2009) 034909 

• The direct photon yield shows a 
stronger centrality dependence 
than charged hadrons

dNγ
thermal/dy

dNch/dy
∝ ⟨T4V4⟩

⟨sV3⟩
∝ ⟨T⟩τf

Thermal photons:

dNγ
prompt/dy

dNch/dy
∝ Ncoll

Npart

Prompt photons:

1 < pγ
T < 3 GeV
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CENTRALITY SCALING OF EM PROBES
Gale, Paquet, Schenke, and Shen, Initial Stages 2021

PHENIX Collaboration, Phys.Rev.C91 (2015) 6, 064904  
STAR Collaboration, Phys.Lett.B770 (2017) 451-458; Phys.Rev.C79 (2009) 034909 

R. Rapp and H. van Hees, Phys. Lett. B 753, 586-590 (2016)

Direct photons Thermal Dileptons

1 < pγ
T < 3 GeV

• Low mass thermal dileptons showed a similar excitation function, 
which has strong correlation with fireball lifetime dNγ

thermal/dy
dNch/dy

∝ ⟨T⟩τf
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THE DIELECTRON EXCESS SPECTRUM: LIFETIME INDICATOR 

A broadened -spectral function consistently describes the low mass dielectron 
excess for different collisions energies, which is correlated with fireball lifetime

ρ
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THERMAL DILEPTON AS A QGP THERMOMETER
R. Rapp and H. van Hees, Phys. Lett. B 753, 586-590 (2016)

dRll

dM
∝ (MT)3/2exp(−M/T)

• Thermal dilepton invariant mass spectrum is 
independent of blue-shift effects and can 
reveal true medium temperature
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PROBING EARLY STAGES OF COLLISIONS

0-20% Au+Au 200 A GeV 
2 ≤ pT ≤ 3 GeV

0-20% Au+Au 200 A GeV 
0.4 ≤ pT ≤ 1 GeV

C. Shen, U. W. Heinz, J. F. Paquet, I. Kozlov and C. Gale, Phys. Rev. C91, 024908 (2015)

• High  thermal photons are emitted from high temperature fluid cells 
at early time

pT
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EFFECTS OF PRE-EQUILIBRIUM STAGE ON HADRONS 

τ (fm) 
0+
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0.4
<latexit sha1_base64="jTrf4FjcM2tiBlJjOtfXjklxEKM=">AAAB6nicbVDLSsNAFJ3UV62vqks3g0VwFSZtiborunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jpAni68CFwzn3cu89fsyZ0gh9WKWV1bX1jfJmZWt7Z3evun/QVVEiCe2QiEey72NFORO0o5nmtB9LikOf054/u8r83j2VikXiTs9j6oV4IljACNZGukV2c1StIfvCRQ6qw5y4bkEaDejYaIkaKNAeVd+H44gkIRWacKzUwEGx9lIsNSOcLirDRNEYkxme0IGhAodUeeny1AU8McoYBpE0JTRcqt8nUhwqNQ990xliPVW/vUz8zxskOjj3UibiRFNB8kVBwqGOYPY3HDNJieZzQzCRzNwKyRRLTLRJp5KHkMH9evkv6dZtp2E3bpq11mURRxkcgWNwChxwBlrgGrRBBxAwAQ/gCTxb3Hq0XqzXvLVkFTOH4Aest0/TSo2l</latexit>

IP-Glasma Hydrodynamics Transport

KoMPoSTIP-Glasma Hydrodynamics Transport

0.1
<latexit sha1_base64="QsBFvLaqNTOsqcsfHixc4w57/CY=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgKiR9WLsrunFZ0dZCG8pkOmmHTh7MTIQS+gluXCji1i9y5984aYL4OnDhcM693HuPG3EmlWV9GIWV1bX1jeJmaWt7Z3evvH/Qk2EsCO2SkIei72JJOQtoVzHFaT8SFPsup3fu7DL17+6pkCwMbtU8oo6PJwHzGMFKSzeWaY/KFcts1Vstq4oy0mjkpNpEtmktUYEcnVH5fTgOSezTQBGOpRzYVqScBAvFCKeL0jCWNMJkhid0oGmAfSqdZHnqAp1oZYy8UOgKFFqq3ycS7Es5913d6WM1lb+9VPzPG8TKO3cSFkSxogHJFnkxRypE6d9ozAQlis81wUQwfSsiUywwUTqdUhZCirOvl/+SXtW0a2btul5pX+RxFOEIjuEUbGhCG66gA10gMIEHeIJngxuPxovxmrUWjHzmEH7AePsEETmN0A==</latexit>

0.8
<latexit sha1_base64="sI549OGvOG6IyHvxMnUXTmH+Ru0=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgKiSt1nZXdOOyon1AG8pkOmmHTh7MTIQS+gluXCji1i9y5984SYP4OnDhcM693HuPG3EmlWV9GIWV1bX1jeJmaWt7Z3evvH/QlWEsCO2QkIei72JJOQtoRzHFaT8SFPsupz13dpX6vXsqJAuDOzWPqOPjScA8RrDS0q1lNkblimU2641q/RxlpFZr5sSqItu0MlQgR3tUfh+OQxL7NFCEYykHthUpJ8FCMcLpojSMJY0wmeEJHWgaYJ9KJ8lOXaATrYyRFwpdgUKZ+n0iwb6Uc9/VnT5WU/nbS8X/vEGsvIaTsCCKFQ3IcpEXc6RClP6NxkxQovhcE0wE07ciMsUCE6XTKS1DSFH/evkv6VZNu2bWbs4qrcs8jiIcwTGcgg0X0IJraEMHCEzgAZ7g2eDGo/FivC5bC0Y+cwg/YLx9AgsHjcs=</latexit>

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

PHENIX Collaboration, Phys.Rev.C91 (2015) 6, 064904; Phys. Rev. C 94, 064901 (2016); STAR Collaboration, Phys.Lett.B770 (2017) 451-458 

Gale, Paquet, Schenke, and Shen, in preparation
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ALICE Collaboration, Phys. Lett. B 754, 235-248 (2016); Phys.Lett.B 789 (2019) 308-322 

DIRECT PHOTON OBSERVABLES AT LHC
Gale, Paquet, Schenke, and Shen, in preparation
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PROBING THE EARLY-STAGE CHEMICAL EQUILIBRATION
Account for chemical non-equilibration in the pre-
equilibrium phase by suppressing the photon rate 

dNγ

d3p
= Suppression(τ)∫ d4x

dRγ

d3p
Estimated from Phys.Rev.Lett. 122 (2019) 142301 

Phys. Rev. C 94, 064901 (2016)

Phys.Rev.C91 (2015) 6, 064904
Phys.Lett.B770 (2017) 451-458 

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

Direct photon v2 
is sensitive to 
the early-stage 
chemistry

Data are from:
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SHRINKING QGP DROPLETS

• Collective 
behavior 
persists in 
small collision 
systems

RHICLHC

B. Schenke, C. Shen and P. Tribedy, Phys. Rev. C 102, 044905 (2020) 

• Hot small QGP 
droplets?
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SMALL SYSTEMS WITH DIFFERENT GEOMETRY

• Hydrodynamic response converts spatial gradients into measured 
momentum anisotropy

C. Aidala et al. [PHENIX], Nature Phys. 15, 214-220 (2019)
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SMALL SYSTEMS WITH DIFFERENT GEOMETRY

• How about thermal radiation from these small collisions?

C. Aidala et al. [PHENIX], Nature Phys. 15, 214-220 (2019)
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PREDICTION OF THERMAL RADIATION IN SMALL SYSTEMS
C. Shen, J. F. Paquet, G. S. Denicol, S. Jeon and C. Gale, Phys. Rev. C95, 014906 (2017)

• Thermal photon radiation can leave visible 
imprint at low  pT Rγ

pA
a signature of 
hot QGP medium
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Shen, et al.
Shen, et al.

PHENIX, QM 2018

• The preliminary PHENIX data shows a promising sign of thermal 
photon enhancement in central pAu collisions

• Precise hadron and photon measurements together could provide 
strong evidence of hot QGP in central pAu collisions

WHAT DOES THE MEASUREMENT SAY?
C. Aidala et al. [PHENIX], Nature Phys. 15, 214-220 (2019)
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OTHER INTERESTING TOPICS ABOUT EM PROBES

• EM emission rates from first-principles lattice QCD calculations

• Effects from early strong magnetic field

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

• Probing the effect of chiral symmetry restoration

• UPC Breit-Wheeler process and vacuum birefringence

G. Jackson et al., JHEP 1911, 144 (2019)]precision calculations of EM spectral functions

P. M. Hohler and R. Rapp, Phys. Lett. B 731, 103-109 (2014)in-medium  spectral functionρ R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, 1 (2000)

QGP transport properties G. Vujanovic et al., Phys. Rev. C 101, 044904 (2020)
C. Shen et al., Phys. Rev. C91, 024908 (2015)

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

probing extreme electromagnetic fields J. Adam et al. [STAR], arXiv:1910.12400 [nucl-ex]
S. Klein et al., Phys. Rev. D102, 094013 (2020)

potentially enhance photon elliptic flow
X. Wang et al., Phys. Rev. D102, 076010 (2020)
G. Basar et al., Phys. Rev. Lett. 109, 202303 (2012)
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THE ERA OF MULTI-MESSENGER HEAVY-ION PHYSICS

• RHIC: STAR upgrade and sPHENIX program

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

• LHC: ALICE, CMS, ATLAS upgrades

• HADES, FAIR, NICA, J-PAC-HI

• Future Electron-Ion Collider

Probing QCD at high net baryon density

High energy and high luminosity frontier
Precision measurements for rare probes

Phase structure of hot QCD matter

Tomography of nucleon and nucleus
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THE BEST FRAMEWORK
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THE NEXT GENERATION XSCAPE FRAMEWORK
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• A unified event-generator for high energy nuclear physics community
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SUMMARY
• The vibrant experimental programs with precision measurements 

have been driving heavy-ion physics to the multi-messenger era
Unified theoretical + statistical frameworks are essential 
to unravel physics

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

• Further embracing high  observables can fully characterize the 
properties of QGP

pT
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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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PHOTON SPECTRA IN SMALL SYSTEMS
C. Shen, J. F. Paquet, G. S. Denicol, S. Jeon and C. Gale, Phys. Rev. C95, 014906 (2017)
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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)


