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Photons as probes of the plasma
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Electromagnetic probes 
(along with jet energy loss, heavy quarks, ...):

More direct probes of the hot early 
plasma

As opposed to soft hadron 
observables:

Indirect probes of the hot plasma

Central Pb-Pb

Jean-François Paquet (Duke)



Sources of photons in heavy ion collisions
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Dominant sources of photons (excluding hadronic decays): 
prompt & thermalphotons

ÅProduced ininitial hard nucleon collisions
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Prompt photons
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Temperature [in GeV] and 
flow velocity profile

Thermal photons
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Spacetime profile of 
plasma from 

hydrodynamic simulation

Photon emission rate 
(per volume) 

for hot QCD plasma

ÅRadiated by the hot plasma

NLO pQCD[INCNLO] (▬╣dependence)
[Could also use fit to p+pdata]



Differential spectra & v2 at LHC & top RHIC ▼╝╝

LHC

Ѝ▼╝╝Ґ
2760 GeV

RHIC

Ѝ▼╝╝=
200 GeV

Ref.: Gale, Jeon, McDonald, 
Paquet, Shen, in preparation.
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Photons in the RHIC beam energy scan
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Energy deposited over extended 

time period at lower Ѝ▼╝╝

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation.

Ref.: Schenkeand Shen, PRC 97 (2018)

RHIC Ѝ▼╝╝=19.6 GeV

Photons sensitive to initial 
energy deposition



Looking at the same data in a different light
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Can use different lower ὴ
cut-offs

Centrality& ί dependence?
Use ὴ-integrated observables 

(e.g. photon multiplicity)



Centrality&Ѝ▼╝╝dependence of photon production
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PHENIX 2018 [arXiv:1805.04084]

PHENIX 2018: 

ÌÏÇὔ ρͯȢςυÌÏÇὔ

Photon multiplicity (above ὴ cutoff)
vsproxy for centrality& ί (e.g. hadron multiplicity, ╝▬╪►◄)

[fixed & very low cut-off for hadron multiplicity] 

PHENIX PRC 91 (2015)
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PHENIX 2015: 

ÌÏÇὔ ίͯὰέὴὩὴ ÌÏÇὔ

▼╝╝ ╖▄╥



Photons across centralities and Ѝ▼╝╝
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ÅScale with the number of binary collisions

ÅDepends on Ѝ▼╝╝through ὔ ȟ„ and 
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Prompt photons

Thermal photons

Temperature [in GeV] and 
flow velocity profile

Ref.: QM2017 proceedings [1704.07842]

ÅDifferent Ѝ▼╝╝& centrality =different temperature 

and flow velocity profiles
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Spacetime profile of 
plasma from 

hydrodynamic simulation

Photon emission rate 
(per volume) 

for hot QCD plasma

Ref.: Holopainen, 
PhD thesis



Ѝ▼╝╝dependence
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Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation. Preliminary 
results

Varying 

Ѝ▼╝╝at 
fixed 
centrality 

Pb-Pb

Au-Au

ÌÏÇὔ ίͯὰέὴὩὴ ÌÏÇὔ



Ѝ▼╝╝dependence
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Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation. Preliminary 
results

Varying 
centrality at 

fixed Ѝί

▼╝╝ GeV

Varying 

Ѝ▼╝╝at 
fixed 
centrality 

ÌÏÇὔ ίͯὰέὴὩὴ ÌÏÇὔ



Ѝ▼╝╝dependence
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Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation. Preliminary 
results

▼╝╝ GeV

Careful with low ▬╣
prompt photon 

calculations
(large uncertainty)

Centrality 
dependence under 

better control
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Prompt photons pQCD: not accurate at low ▬╣

Fixed centrality:

ÌÏÇὔ ÌÏÇὔ ÌÏÇὴὗὅὈ

ρȢσυÌÏÇὔ ÌÏÇὴὗὅὈ



Prompt photons

Photon vs pion multiplicity using centrality
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Ð Ð

Preliminary 
results

Thermal photons

Simple test: ▬╣cut-off dependence for thermal photons, NOTfor prompt  

ί υπςπGeV



Photon vs ὔ using centrality

ί ςππGeV; Ð Ð

Preliminary 
results

What does the data say? 

Slopes vs ὔ

Note: STAR also has data [PRB 770 (2017) 451]
but uncertainties too large

Ref.: PHENIX PRC 91 (2015)
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Photon vs pion multiplicity using centrality

ί ςππGeV; Ð Ð

What does the data say? 
Few centralities and large uncertainties but 

little sign of ▬╣dependence

Slopes vs ὔ

Note: STAR also has data [PRB 770 (2017) 451]
but uncertainties too large

Thermal

Prompt

Ref.: PHENIX PRC 91 (2015)

Preliminary 
results
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Summary & outlook

Å Realistic calculation of photon production across wide range of centrality/ί

Å Photon multiplicity vs centrality/ί can provide additional insights

Å Prediction for centrality dependence cleaner and more robust

Å Prediction for ▼╝╝difficult because of prompt photons

Å Jet-medium photons: include medium effects to improve prompt photons
Å Calculate centrality dependence of other production mechanisms 

PHENIX PRC 91 (2015)

[arXiv:1805.04084]
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Ref.: Charles Gale, Sangyong Jeon, Scott McDonald (McGill), Jean-François 
Paquet (Duke) & Chun Shen (Wayne State/RIKEN BNL), in preparation

Questions?



Backup slides
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QM2017



Photon vs pion multiplicity using Ѝ▼╝╝
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π υϷcentrality; Ð Ð

Preliminary 
results

Thermal photons Prompt photons

Difficult to draw conclusion from slope



Thermal photons
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Preliminary 
results

Sqrt(s) Centrality



Prompt photons

21

Preliminary 
results

Sqrt(s) Centrality



Ѝ▼╝╝dependence
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Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation. Preliminary 
results

▼╝╝ GeV

Careful with low ▬╣
prompt photon 

calculations
(large uncertainty)

Centrality 
dependence under 

better control



Centrality&Ѝ▼╝╝dependence of photon production
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Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation.

RHIC Ѝ▼╝╝=19.6, 39, 62.4 & 200 GeV;  

LHC Ѝ▼╝╝Ґ2760 & 5020GeV

Photon multiplicity (above ὴ cutoff)
vshadron multiplicity (proxy for centrality& ί )

ÌÏÇὔ ▼ͯ■▫▬▄ÌÏÇὔ



Centrality&Ѝ▼╝╝dependence of photon production
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Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation.PHENIX 2018 [arXiv:1805.04084]

PHENIX:
Measured photon multiplicity in 
Pb+Pb, Au+Auand Cu+Cuhas slope 
ͯ Ȣ vs charged hadron multiplicity 

Photon multiplicity (above ὴ cutoff)
vshadron multiplicity (proxy for centrality& ί )

[fixed & very low cut-off for hadron multiplicity] 



Photon vs pion multiplicity using centrality

ί ςππGeV; Ð Ð

Preliminary 
results

What does the data say? 
(few centralities and large uncertainties)

Slopes vs ὔ

Note: STAR also has data [PRB 770 (2017) 451]
but uncertainties too large

Prompt

Ref.: PHENIX PRC 91 (2015)



Photon vs pion multiplicity using centrality

ί ςππGeV; Ð Ð

Preliminary 
results

What does the data say? 
Few centralities and large uncertainties

Slopes vs ὔ

Note: STAR also has data [PRB 770 (2017) 451]
but uncertainties too large

Ref.: PHENIX PRC 91 (2015)



Differential spectra & v2 in RHIC beam energy scan
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Energy & baryon number deposited 
over extended time period at lower 

Ѝ▼╝╝

άLƴǎǘŀƴǘŀƴŜƻǳǎέ ŜƴŜǊƎȅ ŘŜǇƻǎƛǘƛƻƴ
(high collision energy limit)

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation.

Figure ref.: Modified from Schenke
and Shen



Centrality&Ѝ▼╝╝dependence of photon production
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Ref.: QM2015 proceedings [1704.07842]

RHIC

LHC

Ref.: Gale, Jeon, McDonald, Paquet, Shen, in preparation.

RHIC Ѝ▼╝╝=200 GeV

LHC Ѝ▼╝╝Ґ2760GeV
RHIC Ѝ▼╝╝=19.6, 39, 62.4 & 200 GeV

LHC Ѝ▼╝╝Ґ2760 & 5020GeV

Another approach: integrate photon spectra ὨὔȾὨὴ above ὴ cutoff &

plot with respect to hadron multiplicity (proxy for centrality&Ѝί ) 



Photon vs pion multiplicity using centrality
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ί υπςπGeV; Ð Ð

Preliminary 
results

Thermal photons Thermal+promptphotons

Simple test: ▬╣cut-off dependence for thermal photons, NOTfor prompt  

Prompt photon slope: 1.35



Prompt photons
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PHENIX 
collaboration

33Jean-François Paquet (Duke)



Aurenche et al: 
prompt photons 
in p+p

Jean-François Paquet (Duke) 34



Prompts
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xT
pT

Sqrt(s) 4̂.5*dN/dpT
dN/dp
T



Prompts
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xT

Sqrt(s) 4̂.5*dN/dpT

PHENIX, PRD86 (2012) 072008



More about photons in BES

Jean-François Paquet (Duke) 37



Jean-François Paquet (Duke)
38

S
p

a
tia

l 
ra

p
id

ity
 o

f 
p

la
s
m

a
S

p
a

tia
l ra

p
id

ity o
f p

la
s
m

a

Center-of-mass energy of collision

Baryon chemical potential to 
temperature ratio

Temperatureaveraged over 
the plasmaΩs lifetime

(depends on freeze-out energy 
density)

Center-of-mass energy of collision
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Thermal photons: 
radiated by the hot plasma

Spacetime profile of 
plasma from 

hydrodynamic simulation

Spacetime evolution of plasma described with 
hydrodynamic model

See Chun ShenΩs talk on Wednesday at 11h30
(Collective dynamics III Session)

Ref.: Denicol, Gale, Jeon, Monnai, 
Schenke, Shen (2018)

Ref.: Shen & Schenke(2018)

Jean-François Paquet (Duke)



Photon thermal rates
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Temperature100 MeV 180 MeV 300+ MeV

Photon rate from 
hadronic degrees of 

freedom

Photon rate from quark and 
gluon (QGP) degrees of 

freedom Baryon chemical potential
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QGP photon rate Hadronic photon rate
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19.6 GeV 39 GeV 62.4 GeV 200 GeVMid-
rapidity

Jean-François Paquet (Duke)
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Higher fraction 
of v2 from high T 

photons

Larger photon v2

19.6 GeV 39 GeV 62.4 GeV 200 GeVMid-
rapidity

Jean-François Paquet (Duke)



Probing the dynamical plasma
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άInstantaneousέ energy deposition
(high collision energy limit)

Space-time 4-volume (above freeze-
out) versus time

Energy 
deposited 
dynamically

Energy 
deposited 
instantaneously

Dynamic

Instantaneou
s

Cooling
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Effect of energy deposition (instantaneous vs dynamic) visible in photons

Thermal photons
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Effect of energy deposition (instantaneous vs dynamic) visible in photons

Thermal+prompt photons
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Effect of energy deposition (instantaneous vs dynamic) visible in photons

Thermal+prompt photons
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Thermal+prompt photons



Summary

Å
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Contributions to vn
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Simple derivation
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Comparison with available 
data
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Spectra at 200 GeV
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v2 at 200 GeV

Jean-François Paquet (Duke) 54



Spectra at 39 & 62.4 GeV: 
0-40% centrality calculation vs 0-86% data
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Transition temperature for 
photon rates
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QGP vs hadronic photon rates around Tc
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Photon production for different transition T
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QM2017
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