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• Electromagnetic probes (EM) : Real and virtual photon (virtual photon decays into dilepton) 
• Photons do not interact with hot and dense medium induced by HIC via the strong interaction 
• Photons are emitted at all stages of the collisions
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It is a very clean probe to investigate the space-time evolution of the collision
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Direct photon puzzle (1) 
Underestimate yield by the state-of-art model at low pT 

Direct photon

C. Gale, J-F. Paquet, B. Schenke, C. Shen  
Phys.Rev.C 105 (2022) 1, 014909
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• State-of-art models (all in model) underestimate 
the low-pT region (late stage) 
– Hybrid model describing all stages 

• There is a discrepancy between PHENIX and 
STAR result 

• ALICE result is a similar trend as PHENIX within 
large experimental uncertainties (not shown 
here)
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Unexpected large direct photon v2 ~ pion v2
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Part II: Direct photon v2 ≈ pion v2, not described by models

RHIC (PHENIX): 
Large v2,dir (≈ v2,π) not reproduced by state-
of-the-art hydro models 

LHC (ALICE): 
v2,dir ≈ v2,π, but no puzzle within (large)  
exp. uncertainties 

Direct photon production dominated by late 
stage (cross over, hadron gas)? 

Particularly challenging: 
Simultaneously description of yield and v2  

“Direct photon puzzle” (2020, postponed) 
EMMI Rapid Reaction Task Force (RRTF) 
A. Marin, J.Stachel, K.R.  

C. Gale, J-F. Paquet, B. Schenke, C. Shen 
Phys.Rev.C 105 (2022) 1, 014909

20–40%

Direct photon
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4



Direct photon puzzle (2) 
Unexpected large direct photon v2 ~ pion v2

QM 2022 | Experimental overview of electromagnetic probes | K. Reygers

Direct photon puzzle

11

Part II: Direct photon v2 ≈ pion v2, not described by models

RHIC (PHENIX): 
Large v2,dir (≈ v2,π) not reproduced by state-
of-the-art hydro models 

LHC (ALICE): 
v2,dir ≈ v2,π, but no puzzle within (large)  
exp. uncertainties 

Direct photon production dominated by late 
stage (cross over, hadron gas)? 

Particularly challenging: 
Simultaneously description of yield and v2  

“Direct photon puzzle” (2020, postponed) 
EMMI Rapid Reaction Task Force (RRTF) 
A. Marin, J.Stachel, K.R.  

C. Gale, J-F. Paquet, B. Schenke, C. Shen 
Phys.Rev.C 105 (2022) 1, 014909

20–40%

Direct photon
• Large v2,dir (~ v2,π) is not reproduced by the state-of-

art model at RHIC 
• v2,dir ~ v2,π has been observed, but large 

experimental uncertainties at LHC 
• Direct photon production dominated by the late-

stage?
C. Gale, J-F. Paquet, B. Schenke, C. Shen  
Phys.Rev.C 105 (2022) 1, 014909

4



Direct photon puzzle (2) 
Unexpected large direct photon v2 ~ pion v2

QM 2022 | Experimental overview of electromagnetic probes | K. Reygers

Direct photon puzzle

11

Part II: Direct photon v2 ≈ pion v2, not described by models

RHIC (PHENIX): 
Large v2,dir (≈ v2,π) not reproduced by state-
of-the-art hydro models 

LHC (ALICE): 
v2,dir ≈ v2,π, but no puzzle within (large)  
exp. uncertainties 

Direct photon production dominated by late 
stage (cross over, hadron gas)? 

Particularly challenging: 
Simultaneously description of yield and v2  

“Direct photon puzzle” (2020, postponed) 
EMMI Rapid Reaction Task Force (RRTF) 
A. Marin, J.Stachel, K.R.  

C. Gale, J-F. Paquet, B. Schenke, C. Shen 
Phys.Rev.C 105 (2022) 1, 014909

20–40%

Direct photon
• Large v2,dir (~ v2,π) is not reproduced by the state-of-

art model at RHIC 
• v2,dir ~ v2,π has been observed, but large 

experimental uncertainties at LHC 
• Direct photon production dominated by the late-

stage?
C. Gale, J-F. Paquet, B. Schenke, C. Shen  
Phys.Rev.C 105 (2022) 1, 014909

4



Direct photon puzzle (2) 
Unexpected large direct photon v2 ~ pion v2

QM 2022 | Experimental overview of electromagnetic probes | K. Reygers

Direct photon puzzle

11

Part II: Direct photon v2 ≈ pion v2, not described by models

RHIC (PHENIX): 
Large v2,dir (≈ v2,π) not reproduced by state-
of-the-art hydro models 

LHC (ALICE): 
v2,dir ≈ v2,π, but no puzzle within (large)  
exp. uncertainties 

Direct photon production dominated by late 
stage (cross over, hadron gas)? 

Particularly challenging: 
Simultaneously description of yield and v2  

“Direct photon puzzle” (2020, postponed) 
EMMI Rapid Reaction Task Force (RRTF) 
A. Marin, J.Stachel, K.R.  

C. Gale, J-F. Paquet, B. Schenke, C. Shen 
Phys.Rev.C 105 (2022) 1, 014909

20–40%

Direct photon
• Large v2,dir (~ v2,π) is not reproduced by the state-of-

art model at RHIC 
• v2,dir ~ v2,π has been observed, but large 

experimental uncertainties at LHC 
• It is difficult to reproduce yield and v2,dir at the same 

time
C. Gale, J-F. Paquet, B. Schenke, C. Shen  
Phys.Rev.C 105 (2022) 1, 014909

4



Direct photon puzzle (2) 
Unexpected large direct photon v2 ~ pion v2

QM 2022 | Experimental overview of electromagnetic probes | K. Reygers

Direct photon puzzle

11

Part II: Direct photon v2 ≈ pion v2, not described by models

RHIC (PHENIX): 
Large v2,dir (≈ v2,π) not reproduced by state-
of-the-art hydro models 

LHC (ALICE): 
v2,dir ≈ v2,π, but no puzzle within (large)  
exp. uncertainties 

Direct photon production dominated by late 
stage (cross over, hadron gas)? 

Particularly challenging: 
Simultaneously description of yield and v2  

“Direct photon puzzle” (2020, postponed) 
EMMI Rapid Reaction Task Force (RRTF) 
A. Marin, J.Stachel, K.R.  

C. Gale, J-F. Paquet, B. Schenke, C. Shen 
Phys.Rev.C 105 (2022) 1, 014909

20–40%

Direct photon

• What is needed to solve the puzzle on the experimental side: 
• Enhancing the robustness of experimental data 
• Separate the direct photon source into individual components 
• Systematic comparison across different collision systems and energies

C. Gale, J-F. Paquet, B. Schenke, C. Shen  
Phys.Rev.C 105 (2022) 1, 014909

• Large v2,dir (~ v2,π) is not reproduced by the state-of-
art model at RHIC 

• v2,dir ~ v2,π has been observed, but large 
experimental uncertainties at LHC 

• It is difficult to reproduce yield and v2,dir at the same 
time

4



Direct photon puzzle (2) 
Unexpected large direct photon v2 ~ pion v2

QM 2022 | Experimental overview of electromagnetic probes | K. Reygers

Direct photon puzzle

11

Part II: Direct photon v2 ≈ pion v2, not described by models

RHIC (PHENIX): 
Large v2,dir (≈ v2,π) not reproduced by state-
of-the-art hydro models 

LHC (ALICE): 
v2,dir ≈ v2,π, but no puzzle within (large)  
exp. uncertainties 

Direct photon production dominated by late 
stage (cross over, hadron gas)? 

Particularly challenging: 
Simultaneously description of yield and v2  

“Direct photon puzzle” (2020, postponed) 
EMMI Rapid Reaction Task Force (RRTF) 
A. Marin, J.Stachel, K.R.  

C. Gale, J-F. Paquet, B. Schenke, C. Shen 
Phys.Rev.C 105 (2022) 1, 014909

20–40%

Direct photon

• What is needed to solve the puzzle on the experimental side: 
• Enhancing the robustness of experimental data 
• Separate the direct photon source into individual components 
• Systematic comparison across different collision systems and energies

C. Gale, J-F. Paquet, B. Schenke, C. Shen  
Phys.Rev.C 105 (2022) 1, 014909

• Large v2,dir (~ v2,π) is not reproduced by the state-of-
art model at RHIC 

• v2,dir ~ v2,π has been observed, but large 
experimental uncertainties at LHC 

• It is difficult to reproduce yield and v2,dir at the same 
time

4



Direct photon puzzle (2) 
Unexpected large direct photon v2 ~ pion v2

QM 2022 | Experimental overview of electromagnetic probes | K. Reygers

Direct photon puzzle

11

Part II: Direct photon v2 ≈ pion v2, not described by models

RHIC (PHENIX): 
Large v2,dir (≈ v2,π) not reproduced by state-
of-the-art hydro models 

LHC (ALICE): 
v2,dir ≈ v2,π, but no puzzle within (large)  
exp. uncertainties 

Direct photon production dominated by late 
stage (cross over, hadron gas)? 

Particularly challenging: 
Simultaneously description of yield and v2  

“Direct photon puzzle” (2020, postponed) 
EMMI Rapid Reaction Task Force (RRTF) 
A. Marin, J.Stachel, K.R.  

C. Gale, J-F. Paquet, B. Schenke, C. Shen 
Phys.Rev.C 105 (2022) 1, 014909

20–40%

Direct photon

• What is needed to solve the puzzle on the experimental side: 
• Enhancing the robustness of experimental data 
• Separate the direct photon source into individual components 
• Systematic comparison across different collision systems and energies

C. Gale, J-F. Paquet, B. Schenke, C. Shen  
Phys.Rev.C 105 (2022) 1, 014909

• Large v2,dir (~ v2,π) is not reproduced by the state-of-
art model at RHIC 

• v2,dir ~ v2,π has been observed, but large 
experimental uncertainties at LHC 

• It is difficult to reproduce yield and v2,dir at the same 
time

4



Direct photon puzzle (2) 
Unexpected large direct photon v2 ~ pion v2

QM 2022 | Experimental overview of electromagnetic probes | K. Reygers

Direct photon puzzle

11

Part II: Direct photon v2 ≈ pion v2, not described by models

RHIC (PHENIX): 
Large v2,dir (≈ v2,π) not reproduced by state-
of-the-art hydro models 

LHC (ALICE): 
v2,dir ≈ v2,π, but no puzzle within (large)  
exp. uncertainties 

Direct photon production dominated by late 
stage (cross over, hadron gas)? 

Particularly challenging: 
Simultaneously description of yield and v2  

“Direct photon puzzle” (2020, postponed) 
EMMI Rapid Reaction Task Force (RRTF) 
A. Marin, J.Stachel, K.R.  

C. Gale, J-F. Paquet, B. Schenke, C. Shen 
Phys.Rev.C 105 (2022) 1, 014909

20–40%

Direct photon

• What is needed to solve the puzzle on the experimental side: 
• Enhancing the robustness of experimental data 
• Separate the direct photon source into individual components 
• Systematic comparison across different collision systems and energies

C. Gale, J-F. Paquet, B. Schenke, C. Shen  
Phys.Rev.C 105 (2022) 1, 014909

• Large v2,dir (~ v2,π) is not reproduced by the state-of-
art model at RHIC 

• v2,dir ~ v2,π has been observed, but large 
experimental uncertainties at LHC 

• It is difficult to reproduce yield and v2,dir at the same 
time

4



Consistent results across different methods
• PHENIX measured direct photon with different methods 
• Non-prompt component has been extracted 
– Non-prompt = Direct photon - Prompt photon (scaled pp data) 

• x2~3 discrepancy at lower pT (late stage) is still remaining but not higher pT (early stage)

14

Beyond that, R� increases with pT , the increase being
most pronounced for central collisions, and R� continu-
ously decreases towards more peripheral collisions. This
is expected as phenomena such as jet quenching reduce
the number of decay photons from hadron decays in more
central collisions, which in turn increases R� [34, 35].

The high statistics of the 2014 data set allows to di-
vide the data sample into nine centrality bins, from 0%–
10% to 80%–93%, 10% bins each, except for the last one
which is slightly larger. The resulting R� are shown in
Fig. 13. Up to 50%–60% centrality, data from the earlier
calorimeter measurement [38] are also shown.

For most bins the overall shape of R� as a function of
pT is similar to what is observed in Fig. 12, with a notable
di↵erence for panel (i), which is the most-peripheral cen-
trality 80%–93%. Below 5 GeV/c, the most-peripheral
Au+Au data show no significant excess above unity and
are very consistent with the direct-photon result from
p+p collisions, which is also shown in panel (i).

2 4 6 8
 [GeV/c]

T
p

1

1.5

2

2.5

γ
R

20%−(a) 0%
Au + Au

 = 200 GeVNNs

2 4 6 8
 [GeV/c]

T
p

1

1.5

2

2.5

γ
R

40%−(b) 20%

PHENIX

2 4 6 8
 [GeV/c]

T
p

1

1.5

2

2.5

γ
R

60%−(c) 40% 
This paper
PRC 91, 064904

2 4 6 8
 [GeV/c]

T
p

1

1.5

2

2.5

γ
R

93%−(d) 60% 
PRL 104, 132301
PRL 109, 152302

FIG. 12. The ratio, R� = �incl/�hadr, as a function
of conversion photon pT in 0%–20%, 20%–40%, 40%–60%
and 60%–93% centrality bins. The 2014 Au+Au data atp
sNN = 200GeV are compared to results from previous

PHENIX publications for the same system and
p
sNN .

The MC sampling method is used to calculate both
the statistical and systematic uncertainties on �

dir and
all quantities derived from the direct photon pT spectra.
This method propagates the error correctly in the pres-
ence of unphysical values of R� < 1 and pT and centrality
dependent correlations of uncertainties; it is discussed in
detail in Appendix B.

B. Direct-photon invariant yield

The direct-photon spectra are calculated from R� and
�
hadr using Eq. 8. The results for all 10% centrality se-
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FIG. 13. R� of direct photons as a function of conversion
photon pT in 0%–10% to 80%–93% centrality bins.

lections are given in Fig. 14. 1 Figure 15 compares the
direct-photon spectra with previous measurements, as
shown in broader centrality bins (a) 0–20%, (b) 20–40%,
(c) 40–60%, and (d) 60–93%. Each panel also presents
the Ncoll-scaled pQCD calculation [12] and a fit to direct-
photon data from p+p collisions at

p
s = 200GeV [39–

41]. The p+p fit is performed with a pQCD-inspired
functional form [42]:

d
3
N

d2pT dy
=

App

(1 + (pT

p0
)2)n

, (9)

where the parameters are App = 1.60 ·10�4 (GeV/c)�2,
p0 = 1.45 GeV/c and n = 3.3. The error band around the
central fit function represents the uncertainty propagated
from both the data and the unknown true functional form

1
As the yields in the most-peripheral bin, 80%–93%, are mostly

upper limits on the measurement, this bin will not be included

for estimation of any further derived quantities in every 10%

centrality selection.

arXiv:2203.17187  
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FIG. 13. R� of direct photons as a function of conversion
photon pT in 0%–10% to 80%–93% centrality bins.

lections are given in Fig. 14. 1 Figure 15 compares the
direct-photon spectra with previous measurements, as
shown in broader centrality bins (a) 0–20%, (b) 20–40%,
(c) 40–60%, and (d) 60–93%. Each panel also presents
the Ncoll-scaled pQCD calculation [12] and a fit to direct-
photon data from p+p collisions at

p
s = 200GeV [39–

41]. The p+p fit is performed with a pQCD-inspired
functional form [42]:
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=

App

(1 + (pT

p0
)2)n

, (9)

where the parameters are App = 1.60 ·10�4 (GeV/c)�2,
p0 = 1.45 GeV/c and n = 3.3. The error band around the
central fit function represents the uncertainty propagated
from both the data and the unknown true functional form
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As the yields in the most-peripheral bin, 80%–93%, are mostly

upper limits on the measurement, this bin will not be included

for estimation of any further derived quantities in every 10%

centrality selection.
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• x2~3 discrepancy at lower pT (late stage) is still remaining but not higher pT (early stage)
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Beyond that, R� increases with pT , the increase being
most pronounced for central collisions, and R� continu-
ously decreases towards more peripheral collisions. This
is expected as phenomena such as jet quenching reduce
the number of decay photons from hadron decays in more
central collisions, which in turn increases R� [34, 35].

The high statistics of the 2014 data set allows to di-
vide the data sample into nine centrality bins, from 0%–
10% to 80%–93%, 10% bins each, except for the last one
which is slightly larger. The resulting R� are shown in
Fig. 13. Up to 50%–60% centrality, data from the earlier
calorimeter measurement [38] are also shown.

For most bins the overall shape of R� as a function of
pT is similar to what is observed in Fig. 12, with a notable
di↵erence for panel (i), which is the most-peripheral cen-
trality 80%–93%. Below 5 GeV/c, the most-peripheral
Au+Au data show no significant excess above unity and
are very consistent with the direct-photon result from
p+p collisions, which is also shown in panel (i).
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FIG. 12. The ratio, R� = �incl/�hadr, as a function
of conversion photon pT in 0%–20%, 20%–40%, 40%–60%
and 60%–93% centrality bins. The 2014 Au+Au data atp
sNN = 200GeV are compared to results from previous

PHENIX publications for the same system and
p
sNN .

The MC sampling method is used to calculate both
the statistical and systematic uncertainties on �

dir and
all quantities derived from the direct photon pT spectra.
This method propagates the error correctly in the pres-
ence of unphysical values of R� < 1 and pT and centrality
dependent correlations of uncertainties; it is discussed in
detail in Appendix B.

B. Direct-photon invariant yield

The direct-photon spectra are calculated from R� and
�
hadr using Eq. 8. The results for all 10% centrality se-
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lections are given in Fig. 14. 1 Figure 15 compares the
direct-photon spectra with previous measurements, as
shown in broader centrality bins (a) 0–20%, (b) 20–40%,
(c) 40–60%, and (d) 60–93%. Each panel also presents
the Ncoll-scaled pQCD calculation [12] and a fit to direct-
photon data from p+p collisions at
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s = 200GeV [39–

41]. The p+p fit is performed with a pQCD-inspired
functional form [42]:

d
3
N

d2pT dy
=

App

(1 + (pT

p0
)2)n
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where the parameters are App = 1.60 ·10�4 (GeV/c)�2,
p0 = 1.45 GeV/c and n = 3.3. The error band around the
central fit function represents the uncertainty propagated
from both the data and the unknown true functional form
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As the yields in the most-peripheral bin, 80%–93%, are mostly
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Beyond that, R� increases with pT , the increase being
most pronounced for central collisions, and R� continu-
ously decreases towards more peripheral collisions. This
is expected as phenomena such as jet quenching reduce
the number of decay photons from hadron decays in more
central collisions, which in turn increases R� [34, 35].

The high statistics of the 2014 data set allows to di-
vide the data sample into nine centrality bins, from 0%–
10% to 80%–93%, 10% bins each, except for the last one
which is slightly larger. The resulting R� are shown in
Fig. 13. Up to 50%–60% centrality, data from the earlier
calorimeter measurement [38] are also shown.

For most bins the overall shape of R� as a function of
pT is similar to what is observed in Fig. 12, with a notable
di↵erence for panel (i), which is the most-peripheral cen-
trality 80%–93%. Below 5 GeV/c, the most-peripheral
Au+Au data show no significant excess above unity and
are very consistent with the direct-photon result from
p+p collisions, which is also shown in panel (i).
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The MC sampling method is used to calculate both
the statistical and systematic uncertainties on �

dir and
all quantities derived from the direct photon pT spectra.
This method propagates the error correctly in the pres-
ence of unphysical values of R� < 1 and pT and centrality
dependent correlations of uncertainties; it is discussed in
detail in Appendix B.

B. Direct-photon invariant yield

The direct-photon spectra are calculated from R� and
�
hadr using Eq. 8. The results for all 10% centrality se-
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FIG. 13. R� of direct photons as a function of conversion
photon pT in 0%–10% to 80%–93% centrality bins.

lections are given in Fig. 14. 1 Figure 15 compares the
direct-photon spectra with previous measurements, as
shown in broader centrality bins (a) 0–20%, (b) 20–40%,
(c) 40–60%, and (d) 60–93%. Each panel also presents
the Ncoll-scaled pQCD calculation [12] and a fit to direct-
photon data from p+p collisions at

p
s = 200GeV [39–

41]. The p+p fit is performed with a pQCD-inspired
functional form [42]:
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=

App

(1 + (pT

p0
)2)n

, (9)

where the parameters are App = 1.60 ·10�4 (GeV/c)�2,
p0 = 1.45 GeV/c and n = 3.3. The error band around the
central fit function represents the uncertainty propagated
from both the data and the unknown true functional form
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As the yields in the most-peripheral bin, 80%–93%, are mostly

upper limits on the measurement, this bin will not be included

for estimation of any further derived quantities in every 10%
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Beyond that, R� increases with pT , the increase being
most pronounced for central collisions, and R� continu-
ously decreases towards more peripheral collisions. This
is expected as phenomena such as jet quenching reduce
the number of decay photons from hadron decays in more
central collisions, which in turn increases R� [34, 35].

The high statistics of the 2014 data set allows to di-
vide the data sample into nine centrality bins, from 0%–
10% to 80%–93%, 10% bins each, except for the last one
which is slightly larger. The resulting R� are shown in
Fig. 13. Up to 50%–60% centrality, data from the earlier
calorimeter measurement [38] are also shown.

For most bins the overall shape of R� as a function of
pT is similar to what is observed in Fig. 12, with a notable
di↵erence for panel (i), which is the most-peripheral cen-
trality 80%–93%. Below 5 GeV/c, the most-peripheral
Au+Au data show no significant excess above unity and
are very consistent with the direct-photon result from
p+p collisions, which is also shown in panel (i).
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FIG. 12. The ratio, R� = �incl/�hadr, as a function
of conversion photon pT in 0%–20%, 20%–40%, 40%–60%
and 60%–93% centrality bins. The 2014 Au+Au data atp
sNN = 200GeV are compared to results from previous

PHENIX publications for the same system and
p
sNN .

The MC sampling method is used to calculate both
the statistical and systematic uncertainties on �

dir and
all quantities derived from the direct photon pT spectra.
This method propagates the error correctly in the pres-
ence of unphysical values of R� < 1 and pT and centrality
dependent correlations of uncertainties; it is discussed in
detail in Appendix B.

B. Direct-photon invariant yield

The direct-photon spectra are calculated from R� and
�
hadr using Eq. 8. The results for all 10% centrality se-
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photon pT in 0%–10% to 80%–93% centrality bins.

lections are given in Fig. 14. 1 Figure 15 compares the
direct-photon spectra with previous measurements, as
shown in broader centrality bins (a) 0–20%, (b) 20–40%,
(c) 40–60%, and (d) 60–93%. Each panel also presents
the Ncoll-scaled pQCD calculation [12] and a fit to direct-
photon data from p+p collisions at

p
s = 200GeV [39–

41]. The p+p fit is performed with a pQCD-inspired
functional form [42]:
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=

App

(1 + (pT
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, (9)

where the parameters are App = 1.60 ·10�4 (GeV/c)�2,
p0 = 1.45 GeV/c and n = 3.3. The error band around the
central fit function represents the uncertainty propagated
from both the data and the unknown true functional form
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As the yields in the most-peripheral bin, 80%–93%, are mostly

upper limits on the measurement, this bin will not be included

for estimation of any further derived quantities in every 10%
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• Excellent statistics and high-quality data have been released by PHENIX at RHIC 
• Non-prompt component has been extracted 
– Non-prompt = Direct photon - Prompt photon (scaled pp data) 

• x2~3 discrepancy at lower pT (late stage) is still remaining but not higher pT (early stage)
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FIG. 21. Scaling factors, ↵, extracted from fitting Eq. 10 to
integrated direct and nonprompt-photon yields as a function
of dNch/d⌘. Values were obtained for di↵erent pT integration
ranges tabulated in Table IV.

the thermal contribution with an exponential function
results in an inverse slope of ⇡0.36 GeV/c, while for
the pre-equilibrium contribution a larger inverse slope
of ⇡0.52 GeV/c is found, for the more central collisions.
Fitting the same pT range for the combined thermal and
pre-equilibrium spectra from the model gives an inverse
slope of ⇡0.425 GeV/c. While the shape is reproduced
well, the overall yield predicted by the calculations falls
short compared to the data, in particular, below 2 GeV/c
where the nonprompt-photon yield appears to be a factor
of two to three larger.

The integrated nonprompt direct-photon yield exhibits
a power-law relation with (dNch/d⌘)↵ [8]. Fitting the
power ↵ for multiple nonoverlapping pT ranges results in
values consistent with ↵ = 1.12 ± 0.06(stat) ± 0.14(sys)
with no apparent dependence on pT . The model calcu-
lations in [14] predict that the radiation from the HG
phase scale with ↵ close to 1.2, while those from the hot
and dense QGP phase exhibit closer to a (dNch/d⌘)2 de-
pendence. Because the QGP phase has a larger relative
contribution to the pT spectrum with increasing pT , it
is expected that ↵ increases with pT . However, the pT

dependence of ↵ from the pre-equilibrium phase needs
further theoretical understanding.

In conclusion, the 10-fold increase in statistics com-
pared to previous samples of Au+Au collisions recorded
by PHENIX enabled detailed measurements of the radi-
ation from the hot and expanding fireball. The exper-
imentally observed inverse slopes of the pT spectra are
qualitatively consistent with predictions for thermal and
pre-equilibrium radiation. However, there seems to be
more photons emitted from Au+Au collisions than can
be accounted for in model calculations. Furthermore, al-
though this work presents no new data on the azimuthal
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FIG. 22. Nonprompt direct-photon yields for (a) 0%–20% and
(b) 20%–40% compared with model predictions from Ref. [10,
46]. (c,d) ratios of the yields from data to the sum of yields
from thermal and pre-equilibrium contributions.

anisotropy, maximum anisotropy is observed for photons
⇡2–3 GeV/c. In this pT range, the yield is larger than
what would be expected from a rapidly but anisotropi-
cally expanding hadronic fireball. Finally, the centrality
dependence of the nonprompt direct-photon yield, ex-
pressed in terms of the scaling power ↵(pT ), shows no
indication of changing with pT .
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46]. (c,d) ratios of the yields from data to the sum of yields
from thermal and pre-equilibrium contributions.

anisotropy, maximum anisotropy is observed for photons
⇡2–3 GeV/c. In this pT range, the yield is larger than
what would be expected from a rapidly but anisotropi-
cally expanding hadronic fireball. Finally, the centrality
dependence of the nonprompt direct-photon yield, ex-
pressed in terms of the scaling power ↵(pT ), shows no
indication of changing with pT .
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• Excellent statistics and high-quality data have been released by PHENIX at RHIC 
• Non-prompt component has been extracted 
– Non-prompt = Direct photon - Prompt photon (scaled pp data) 

• x2~3 discrepancy at lower pT (late stage) is still remaining but not higher pT (early stage)
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FIG. 16. nonprompt direct-photon yield as a function of con-
version photon pT in (a) 0%–20%, (b) 20%–40%, (c) 40%–
60%, and (d) 60%–93% centrality bins.

nonoverlapping finer pT regions and for 10% centrality
classes. The integrated nonprompt yields are shown in
Fig. 20. The ↵ values are determined for each pT se-
lection by fitting the data with Eq. 10. The fits are also
shown in the figure. All ↵ values, both for the direct pho-
ton yield and the nonprompt component, are tabulated
in Table IV and shown in Fig. 21. It is evident that the
values for the direct component, for higher pT ranges, are
consistent with the prompt component, ↵ = 1.25± 0.02,
corresponding to Ncoll scaling. However, they tend to
be smaller, but still consistent within systematic uncer-
tainties, with previous measurements [8] for the lower pT
ranges.

With increasing pT , the ↵ values for the nonprompt
component are slightly lower than those from direct pho-
tons. The systematic uncertainties are larger due to the
subtraction. The values of ↵ for the nonprompt compo-
nent, as shown in Fig. 21, are remarkably constant with
no evident pT dependence.
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VI. CONCLUDING DISCUSSION OF THE
RESULTS

The PHENIX collaboration has measured
direct-photon production in Au+Au collisions atp
sNN = 200GeV using photon conversions to e

+
e
�

pairs. A large yield of direct photons below a pT of
3 GeV/c is observed for all centrality bins except for the
most peripheral bin of 80%–93% with dNch/d⌘ = 7.4,
where it seems to be consistent with the prompt-photon
production with little or no radiation from a fireball.
The next centrality bin from 70%–80% with dNch/d⌘

= 15.5 already shows a significant yield with properties
very similar to that of the radiation from the more
central bins.
The nonprompt direct-photon spectra are isolated by
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FIG. 21. Scaling factors, ↵, extracted from fitting Eq. 10 to
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the thermal contribution with an exponential function
results in an inverse slope of ⇡0.36 GeV/c, while for
the pre-equilibrium contribution a larger inverse slope
of ⇡0.52 GeV/c is found, for the more central collisions.
Fitting the same pT range for the combined thermal and
pre-equilibrium spectra from the model gives an inverse
slope of ⇡0.425 GeV/c. While the shape is reproduced
well, the overall yield predicted by the calculations falls
short compared to the data, in particular, below 2 GeV/c
where the nonprompt-photon yield appears to be a factor
of two to three larger.

The integrated nonprompt direct-photon yield exhibits
a power-law relation with (dNch/d⌘)↵ [8]. Fitting the
power ↵ for multiple nonoverlapping pT ranges results in
values consistent with ↵ = 1.12 ± 0.06(stat) ± 0.14(sys)
with no apparent dependence on pT . The model calcu-
lations in [14] predict that the radiation from the HG
phase scale with ↵ close to 1.2, while those from the hot
and dense QGP phase exhibit closer to a (dNch/d⌘)2 de-
pendence. Because the QGP phase has a larger relative
contribution to the pT spectrum with increasing pT , it
is expected that ↵ increases with pT . However, the pT

dependence of ↵ from the pre-equilibrium phase needs
further theoretical understanding.

In conclusion, the 10-fold increase in statistics com-
pared to previous samples of Au+Au collisions recorded
by PHENIX enabled detailed measurements of the radi-
ation from the hot and expanding fireball. The exper-
imentally observed inverse slopes of the pT spectra are
qualitatively consistent with predictions for thermal and
pre-equilibrium radiation. However, there seems to be
more photons emitted from Au+Au collisions than can
be accounted for in model calculations. Furthermore, al-
though this work presents no new data on the azimuthal
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FIG. 22. Nonprompt direct-photon yields for (a) 0%–20% and
(b) 20%–40% compared with model predictions from Ref. [10,
46]. (c,d) ratios of the yields from data to the sum of yields
from thermal and pre-equilibrium contributions.

anisotropy, maximum anisotropy is observed for photons
⇡2–3 GeV/c. In this pT range, the yield is larger than
what would be expected from a rapidly but anisotropi-
cally expanding hadronic fireball. Finally, the centrality
dependence of the nonprompt direct-photon yield, ex-
pressed in terms of the scaling power ↵(pT ), shows no
indication of changing with pT .
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nonoverlapping finer pT regions and for 10% centrality
classes. The integrated nonprompt yields are shown in
Fig. 20. The ↵ values are determined for each pT se-
lection by fitting the data with Eq. 10. The fits are also
shown in the figure. All ↵ values, both for the direct pho-
ton yield and the nonprompt component, are tabulated
in Table IV and shown in Fig. 21. It is evident that the
values for the direct component, for higher pT ranges, are
consistent with the prompt component, ↵ = 1.25± 0.02,
corresponding to Ncoll scaling. However, they tend to
be smaller, but still consistent within systematic uncer-
tainties, with previous measurements [8] for the lower pT
ranges.

With increasing pT , the ↵ values for the nonprompt
component are slightly lower than those from direct pho-
tons. The systematic uncertainties are larger due to the
subtraction. The values of ↵ for the nonprompt compo-
nent, as shown in Fig. 21, are remarkably constant with
no evident pT dependence.
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VI. CONCLUDING DISCUSSION OF THE
RESULTS

The PHENIX collaboration has measured
direct-photon production in Au+Au collisions atp
sNN = 200GeV using photon conversions to e

+
e
�

pairs. A large yield of direct photons below a pT of
3 GeV/c is observed for all centrality bins except for the
most peripheral bin of 80%–93% with dNch/d⌘ = 7.4,
where it seems to be consistent with the prompt-photon
production with little or no radiation from a fireball.
The next centrality bin from 70%–80% with dNch/d⌘

= 15.5 already shows a significant yield with properties
very similar to that of the radiation from the more
central bins.
The nonprompt direct-photon spectra are isolated by
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the thermal contribution with an exponential function
results in an inverse slope of ⇡0.36 GeV/c, while for
the pre-equilibrium contribution a larger inverse slope
of ⇡0.52 GeV/c is found, for the more central collisions.
Fitting the same pT range for the combined thermal and
pre-equilibrium spectra from the model gives an inverse
slope of ⇡0.425 GeV/c. While the shape is reproduced
well, the overall yield predicted by the calculations falls
short compared to the data, in particular, below 2 GeV/c
where the nonprompt-photon yield appears to be a factor
of two to three larger.

The integrated nonprompt direct-photon yield exhibits
a power-law relation with (dNch/d⌘)↵ [8]. Fitting the
power ↵ for multiple nonoverlapping pT ranges results in
values consistent with ↵ = 1.12 ± 0.06(stat) ± 0.14(sys)
with no apparent dependence on pT . The model calcu-
lations in [14] predict that the radiation from the HG
phase scale with ↵ close to 1.2, while those from the hot
and dense QGP phase exhibit closer to a (dNch/d⌘)2 de-
pendence. Because the QGP phase has a larger relative
contribution to the pT spectrum with increasing pT , it
is expected that ↵ increases with pT . However, the pT

dependence of ↵ from the pre-equilibrium phase needs
further theoretical understanding.

In conclusion, the 10-fold increase in statistics com-
pared to previous samples of Au+Au collisions recorded
by PHENIX enabled detailed measurements of the radi-
ation from the hot and expanding fireball. The exper-
imentally observed inverse slopes of the pT spectra are
qualitatively consistent with predictions for thermal and
pre-equilibrium radiation. However, there seems to be
more photons emitted from Au+Au collisions than can
be accounted for in model calculations. Furthermore, al-
though this work presents no new data on the azimuthal
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FIG. 22. Nonprompt direct-photon yields for (a) 0%–20% and
(b) 20%–40% compared with model predictions from Ref. [10,
46]. (c,d) ratios of the yields from data to the sum of yields
from thermal and pre-equilibrium contributions.

anisotropy, maximum anisotropy is observed for photons
⇡2–3 GeV/c. In this pT range, the yield is larger than
what would be expected from a rapidly but anisotropi-
cally expanding hadronic fireball. Finally, the centrality
dependence of the nonprompt direct-photon yield, ex-
pressed in terms of the scaling power ↵(pT ), shows no
indication of changing with pT .
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nonoverlapping finer pT regions and for 10% centrality
classes. The integrated nonprompt yields are shown in
Fig. 20. The ↵ values are determined for each pT se-
lection by fitting the data with Eq. 10. The fits are also
shown in the figure. All ↵ values, both for the direct pho-
ton yield and the nonprompt component, are tabulated
in Table IV and shown in Fig. 21. It is evident that the
values for the direct component, for higher pT ranges, are
consistent with the prompt component, ↵ = 1.25± 0.02,
corresponding to Ncoll scaling. However, they tend to
be smaller, but still consistent within systematic uncer-
tainties, with previous measurements [8] for the lower pT
ranges.

With increasing pT , the ↵ values for the nonprompt
component are slightly lower than those from direct pho-
tons. The systematic uncertainties are larger due to the
subtraction. The values of ↵ for the nonprompt compo-
nent, as shown in Fig. 21, are remarkably constant with
no evident pT dependence.
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pairs. A large yield of direct photons below a pT of
3 GeV/c is observed for all centrality bins except for the
most peripheral bin of 80%–93% with dNch/d⌘ = 7.4,
where it seems to be consistent with the prompt-photon
production with little or no radiation from a fireball.
The next centrality bin from 70%–80% with dNch/d⌘

= 15.5 already shows a significant yield with properties
very similar to that of the radiation from the more
central bins.
The nonprompt direct-photon spectra are isolated by
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the thermal contribution with an exponential function
results in an inverse slope of ⇡0.36 GeV/c, while for
the pre-equilibrium contribution a larger inverse slope
of ⇡0.52 GeV/c is found, for the more central collisions.
Fitting the same pT range for the combined thermal and
pre-equilibrium spectra from the model gives an inverse
slope of ⇡0.425 GeV/c. While the shape is reproduced
well, the overall yield predicted by the calculations falls
short compared to the data, in particular, below 2 GeV/c
where the nonprompt-photon yield appears to be a factor
of two to three larger.

The integrated nonprompt direct-photon yield exhibits
a power-law relation with (dNch/d⌘)↵ [8]. Fitting the
power ↵ for multiple nonoverlapping pT ranges results in
values consistent with ↵ = 1.12 ± 0.06(stat) ± 0.14(sys)
with no apparent dependence on pT . The model calcu-
lations in [14] predict that the radiation from the HG
phase scale with ↵ close to 1.2, while those from the hot
and dense QGP phase exhibit closer to a (dNch/d⌘)2 de-
pendence. Because the QGP phase has a larger relative
contribution to the pT spectrum with increasing pT , it
is expected that ↵ increases with pT . However, the pT

dependence of ↵ from the pre-equilibrium phase needs
further theoretical understanding.

In conclusion, the 10-fold increase in statistics com-
pared to previous samples of Au+Au collisions recorded
by PHENIX enabled detailed measurements of the radi-
ation from the hot and expanding fireball. The exper-
imentally observed inverse slopes of the pT spectra are
qualitatively consistent with predictions for thermal and
pre-equilibrium radiation. However, there seems to be
more photons emitted from Au+Au collisions than can
be accounted for in model calculations. Furthermore, al-
though this work presents no new data on the azimuthal
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FIG. 22. Nonprompt direct-photon yields for (a) 0%–20% and
(b) 20%–40% compared with model predictions from Ref. [10,
46]. (c,d) ratios of the yields from data to the sum of yields
from thermal and pre-equilibrium contributions.

anisotropy, maximum anisotropy is observed for photons
⇡2–3 GeV/c. In this pT range, the yield is larger than
what would be expected from a rapidly but anisotropi-
cally expanding hadronic fireball. Finally, the centrality
dependence of the nonprompt direct-photon yield, ex-
pressed in terms of the scaling power ↵(pT ), shows no
indication of changing with pT .
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obvious pT dependence over the observed range; furthermore,
the

√
s and centrality dependence, if any, must be small.

To further analyze the data Rγ is converted to a direct-
photon pT spectrum γ dir using the hadron-decay-photon
spectra calculated in Sec. II E:

γ dir = (Rγ − 1)γ hadr. (5)

Figure 9 presents the calculated direct-photon pT spectra.
In addition to the systematic uncertainty on Rγ , the hadron-
decay-photon spectra contribute ≈10% to the systematic un-
certainties. These uncertainties cancel in γ hadr/γ π0

, but need
to be considered here. Each centrality and energy selection is
compared to the expected prompt-photon contribution from
hard-scattering processes based on perturbative-quantum-
chromodynamics (pQCD) calculations from [10,60]. Shown
are the calculations at the scale µ = 0.5 pT , which were ex-
trapolated down to pT = 1 Gev/c. The scale was selected
as it typically gives a good description of prompt-photon
measurements in p + p collisions (see also Fig. 10). To rep-
resent hard scattering in Au+Au collisions, the calculation
is multiplied with the nuclear-overlap function TAA for the
given event selection [61], assuming an inelastic p + p cross
sections of σinel = 33.8 mb at 39 GeV σinel = 35.61 mb at
62.4 GeV. Table I gives the values. Below 1.5 GeV/c, there
is a clear enhancement of the data above the scaled pQCD
calculation, consistent with the expectation of a significant
thermal contribution.

TABLE I. The values of TAA obtained from Ref. [61].

√
sNN Centrality class TAA

(GeV) selection (mb−1)

62.4 0%–20% 18.44 ± 2.49
62.4 20%–40% 6.77 ± 0.82
62.4 0%–86% 6.59 ± 0.89
39 0%–86% 6.76 ± 1.08
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FIG. 9. Direct-photon pT -spectra in MB (0%–86%) Au+Au col-
lisions at √

sNN = (a) 62.4 and (b) 39 GeV. Also shown for 62.4 GeV
are the centrality bins (c) 0%–20% and (d) 20%–40%. Data points
are shown with statistical (bar) and systematic (box) uncertainties,
unless the central value is negative (arrows) or is consistent with zero
within the statistical uncertainties (arrows with data point). In these
cases the upper limits are given with confidence levels of 95%.

To characterize the enhancement, the data is fitted with a
falling exponential function given by

1
2π

d2N
d pT dy

≈ exp
(

− pT

Teff

)
. (6)

The data sets were fitted below a pT of 1.3 GeV/c, where
statistics are sufficient. Table II summarizes the results, which
are also shown in Fig. 9. Systematic uncertainties were
obtained with the conservative assumption that the uncer-
tainties are anticorrelated over the observed pT range. All
values are consistent with a common inverse slope Teff of
≈0.170 GeV/c. For the MB and 0%–20% centrality Au+Au
sample at 62.4 GeV, the data in the range from 0.9 to
2.1 GeV/c is also fitted. The values are slightly above
0.24 GeV/c and are larger than the value extracted for
the lower-pT range. A possible increase of Teff with pT is
consistent with the values obtained from Au+Au at 200 GeV
[35] and Pb+Pb at 2.76 TeV [39], which were fitted in the
higher-pT range. See a more detailed discussion in the next
section.
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, but need
to be considered here. Each centrality and energy selection is
compared to the expected prompt-photon contribution from
hard-scattering processes based on perturbative-quantum-
chromodynamics (pQCD) calculations from [10,60]. Shown
are the calculations at the scale µ = 0.5 pT , which were ex-
trapolated down to pT = 1 Gev/c. The scale was selected
as it typically gives a good description of prompt-photon
measurements in p + p collisions (see also Fig. 10). To rep-
resent hard scattering in Au+Au collisions, the calculation
is multiplied with the nuclear-overlap function TAA for the
given event selection [61], assuming an inelastic p + p cross
sections of σinel = 33.8 mb at 39 GeV σinel = 35.61 mb at
62.4 GeV. Table I gives the values. Below 1.5 GeV/c, there
is a clear enhancement of the data above the scaled pQCD
calculation, consistent with the expectation of a significant
thermal contribution.

TABLE I. The values of TAA obtained from Ref. [61].
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sNN Centrality class TAA
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unless the central value is negative (arrows) or is consistent with zero
within the statistical uncertainties (arrows with data point). In these
cases the upper limits are given with confidence levels of 95%.

To characterize the enhancement, the data is fitted with a
falling exponential function given by

1
2π

d2N
d pT dy

≈ exp
(

− pT

Teff

)
. (6)

The data sets were fitted below a pT of 1.3 GeV/c, where
statistics are sufficient. Table II summarizes the results, which
are also shown in Fig. 9. Systematic uncertainties were
obtained with the conservative assumption that the uncer-
tainties are anticorrelated over the observed pT range. All
values are consistent with a common inverse slope Teff of
≈0.170 GeV/c. For the MB and 0%–20% centrality Au+Au
sample at 62.4 GeV, the data in the range from 0.9 to
2.1 GeV/c is also fitted. The values are slightly above
0.24 GeV/c and are larger than the value extracted for
the lower-pT range. A possible increase of Teff with pT is
consistent with the values obtained from Au+Au at 200 GeV
[35] and Pb+Pb at 2.76 TeV [39], which were fitted in the
higher-pT range. See a more detailed discussion in the next
section.
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To further analyze the data Rγ is converted to a direct-
photon pT spectrum γ dir using the hadron-decay-photon
spectra calculated in Sec. II E:

γ dir = (Rγ − 1)γ hadr. (5)

Figure 9 presents the calculated direct-photon pT spectra.
In addition to the systematic uncertainty on Rγ , the hadron-
decay-photon spectra contribute ≈10% to the systematic un-
certainties. These uncertainties cancel in γ hadr/γ π0

, but need
to be considered here. Each centrality and energy selection is
compared to the expected prompt-photon contribution from
hard-scattering processes based on perturbative-quantum-
chromodynamics (pQCD) calculations from [10,60]. Shown
are the calculations at the scale µ = 0.5 pT , which were ex-
trapolated down to pT = 1 Gev/c. The scale was selected
as it typically gives a good description of prompt-photon
measurements in p + p collisions (see also Fig. 10). To rep-
resent hard scattering in Au+Au collisions, the calculation
is multiplied with the nuclear-overlap function TAA for the
given event selection [61], assuming an inelastic p + p cross
sections of σinel = 33.8 mb at 39 GeV σinel = 35.61 mb at
62.4 GeV. Table I gives the values. Below 1.5 GeV/c, there
is a clear enhancement of the data above the scaled pQCD
calculation, consistent with the expectation of a significant
thermal contribution.

TABLE I. The values of TAA obtained from Ref. [61].

√
sNN Centrality class TAA

(GeV) selection (mb−1)

62.4 0%–20% 18.44 ± 2.49
62.4 20%–40% 6.77 ± 0.82
62.4 0%–86% 6.59 ± 0.89
39 0%–86% 6.76 ± 1.08
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FIG. 9. Direct-photon pT -spectra in MB (0%–86%) Au+Au col-
lisions at √

sNN = (a) 62.4 and (b) 39 GeV. Also shown for 62.4 GeV
are the centrality bins (c) 0%–20% and (d) 20%–40%. Data points
are shown with statistical (bar) and systematic (box) uncertainties,
unless the central value is negative (arrows) or is consistent with zero
within the statistical uncertainties (arrows with data point). In these
cases the upper limits are given with confidence levels of 95%.

To characterize the enhancement, the data is fitted with a
falling exponential function given by

1
2π

d2N
d pT dy

≈ exp
(

− pT

Teff

)
. (6)

The data sets were fitted below a pT of 1.3 GeV/c, where
statistics are sufficient. Table II summarizes the results, which
are also shown in Fig. 9. Systematic uncertainties were
obtained with the conservative assumption that the uncer-
tainties are anticorrelated over the observed pT range. All
values are consistent with a common inverse slope Teff of
≈0.170 GeV/c. For the MB and 0%–20% centrality Au+Au
sample at 62.4 GeV, the data in the range from 0.9 to
2.1 GeV/c is also fitted. The values are slightly above
0.24 GeV/c and are larger than the value extracted for
the lower-pT range. A possible increase of Teff with pT is
consistent with the values obtained from Au+Au at 200 GeV
[35] and Pb+Pb at 2.76 TeV [39], which were fitted in the
higher-pT range. See a more detailed discussion in the next
section.
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To further analyze the data Rγ is converted to a direct-
photon pT spectrum γ dir using the hadron-decay-photon
spectra calculated in Sec. II E:

γ dir = (Rγ − 1)γ hadr. (5)

Figure 9 presents the calculated direct-photon pT spectra.
In addition to the systematic uncertainty on Rγ , the hadron-
decay-photon spectra contribute ≈10% to the systematic un-
certainties. These uncertainties cancel in γ hadr/γ π0

, but need
to be considered here. Each centrality and energy selection is
compared to the expected prompt-photon contribution from
hard-scattering processes based on perturbative-quantum-
chromodynamics (pQCD) calculations from [10,60]. Shown
are the calculations at the scale µ = 0.5 pT , which were ex-
trapolated down to pT = 1 Gev/c. The scale was selected
as it typically gives a good description of prompt-photon
measurements in p + p collisions (see also Fig. 10). To rep-
resent hard scattering in Au+Au collisions, the calculation
is multiplied with the nuclear-overlap function TAA for the
given event selection [61], assuming an inelastic p + p cross
sections of σinel = 33.8 mb at 39 GeV σinel = 35.61 mb at
62.4 GeV. Table I gives the values. Below 1.5 GeV/c, there
is a clear enhancement of the data above the scaled pQCD
calculation, consistent with the expectation of a significant
thermal contribution.

TABLE I. The values of TAA obtained from Ref. [61].

√
sNN Centrality class TAA

(GeV) selection (mb−1)

62.4 0%–20% 18.44 ± 2.49
62.4 20%–40% 6.77 ± 0.82
62.4 0%–86% 6.59 ± 0.89
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sNN = (a) 62.4 and (b) 39 GeV. Also shown for 62.4 GeV
are the centrality bins (c) 0%–20% and (d) 20%–40%. Data points
are shown with statistical (bar) and systematic (box) uncertainties,
unless the central value is negative (arrows) or is consistent with zero
within the statistical uncertainties (arrows with data point). In these
cases the upper limits are given with confidence levels of 95%.

To characterize the enhancement, the data is fitted with a
falling exponential function given by

1
2π

d2N
d pT dy

≈ exp
(

− pT

Teff

)
. (6)

The data sets were fitted below a pT of 1.3 GeV/c, where
statistics are sufficient. Table II summarizes the results, which
are also shown in Fig. 9. Systematic uncertainties were
obtained with the conservative assumption that the uncer-
tainties are anticorrelated over the observed pT range. All
values are consistent with a common inverse slope Teff of
≈0.170 GeV/c. For the MB and 0%–20% centrality Au+Au
sample at 62.4 GeV, the data in the range from 0.9 to
2.1 GeV/c is also fitted. The values are slightly above
0.24 GeV/c and are larger than the value extracted for
the lower-pT range. A possible increase of Teff with pT is
consistent with the values obtained from Au+Au at 200 GeV
[35] and Pb+Pb at 2.76 TeV [39], which were fitted in the
higher-pT range. See a more detailed discussion in the next
section.
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centrality bins (c) 0%–20% and (d) 20%–40%. Data points are shown
with statistical (bar) and systematic (box) uncertainties.

obvious pT dependence over the observed range; furthermore,
the

√
s and centrality dependence, if any, must be small.

To further analyze the data Rγ is converted to a direct-
photon pT spectrum γ dir using the hadron-decay-photon
spectra calculated in Sec. II E:

γ dir = (Rγ − 1)γ hadr. (5)

Figure 9 presents the calculated direct-photon pT spectra.
In addition to the systematic uncertainty on Rγ , the hadron-
decay-photon spectra contribute ≈10% to the systematic un-
certainties. These uncertainties cancel in γ hadr/γ π0

, but need
to be considered here. Each centrality and energy selection is
compared to the expected prompt-photon contribution from
hard-scattering processes based on perturbative-quantum-
chromodynamics (pQCD) calculations from [10,60]. Shown
are the calculations at the scale µ = 0.5 pT , which were ex-
trapolated down to pT = 1 Gev/c. The scale was selected
as it typically gives a good description of prompt-photon
measurements in p + p collisions (see also Fig. 10). To rep-
resent hard scattering in Au+Au collisions, the calculation
is multiplied with the nuclear-overlap function TAA for the
given event selection [61], assuming an inelastic p + p cross
sections of σinel = 33.8 mb at 39 GeV σinel = 35.61 mb at
62.4 GeV. Table I gives the values. Below 1.5 GeV/c, there
is a clear enhancement of the data above the scaled pQCD
calculation, consistent with the expectation of a significant
thermal contribution.

TABLE I. The values of TAA obtained from Ref. [61].

√
sNN Centrality class TAA

(GeV) selection (mb−1)

62.4 0%–20% 18.44 ± 2.49
62.4 20%–40% 6.77 ± 0.82
62.4 0%–86% 6.59 ± 0.89
39 0%–86% 6.76 ± 1.08
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FIG. 9. Direct-photon pT -spectra in MB (0%–86%) Au+Au col-
lisions at √

sNN = (a) 62.4 and (b) 39 GeV. Also shown for 62.4 GeV
are the centrality bins (c) 0%–20% and (d) 20%–40%. Data points
are shown with statistical (bar) and systematic (box) uncertainties,
unless the central value is negative (arrows) or is consistent with zero
within the statistical uncertainties (arrows with data point). In these
cases the upper limits are given with confidence levels of 95%.

To characterize the enhancement, the data is fitted with a
falling exponential function given by

1
2π

d2N
d pT dy

≈ exp
(

− pT

Teff

)
. (6)

The data sets were fitted below a pT of 1.3 GeV/c, where
statistics are sufficient. Table II summarizes the results, which
are also shown in Fig. 9. Systematic uncertainties were
obtained with the conservative assumption that the uncer-
tainties are anticorrelated over the observed pT range. All
values are consistent with a common inverse slope Teff of
≈0.170 GeV/c. For the MB and 0%–20% centrality Au+Au
sample at 62.4 GeV, the data in the range from 0.9 to
2.1 GeV/c is also fitted. The values are slightly above
0.24 GeV/c and are larger than the value extracted for
the lower-pT range. A possible increase of Teff with pT is
consistent with the values obtained from Au+Au at 200 GeV
[35] and Pb+Pb at 2.76 TeV [39], which were fitted in the
higher-pT range. See a more detailed discussion in the next
section.
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FIG. 11. Direct-photon yield normalized to (dNch/dη)1.25 in the
low-pT region for 0%–20% centrality in Pb+Pb at 2760 GeV,
Au+Au at 200 GeV, and Au+Au at 62.4 GeV. (a) gives the normal-
ized yield and two exponential fits to the data in the pT region below
1.3 GeV/c and from 0.9 to 2.1 GeV/c. The dashed line extrapolates
the fits beyond the fit ranges. (b) shows the ratio of the data sets to
the fit in the range 0.9 to 2.1 GeV/c range.

the extrapolated fit for 0.9 < pT < 2.1 GeV/c. The result is
shown in Fig. 11(b). Within the uncertainties the ratios are
consistent with unity over the fit range for all three

√
sNN . Be-

low 1 GeV/c, where there is no data from
√

sNN = 2760 GeV,
the other two energies also agree very well.

The similarity of the spectra in the pT range up to
≈ 2 GeV/c indicates that the source that emits these photons
must be very similar, independent of

√
sNN , a finding that

would be consistent with radiation from an expanding and
cooling fireball evolving through the transition region from
QGP to a hadron gas till kinetic freeze-out. This would nat-
urally occur at the same temperature and similar expansion
velocity, independent of the initial conditions created in the
collisions.

Above 2 GeV/c, the normalized direct-photon yield be-
comes

√
sNN dependent. The

√
sNN = 200 GeV Au+Au data

remain consistent with the exponential fit until pT ≈3 GeV/c,
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FIG. 12. Inverse slopes, Teff , obtained from fitting the combined
data from central collisions shown in Fig. 11 is compared to the fit
results of the individual data sets at 62.4, 200, and 2760 GeV. Also
included is the value for √

sNN = 39 GeV obtained from fitting the
MB data set in the lower-pT range.

where prompt-photon production from hard-scattering pro-
cesses starts to dominate (see Fig. 10). In contrast, the Pb+Pb
data from

√
sNN = 2760 GeV begin to exceed the exponen-

tial pT ≈ 2 GeV/c, while prompt-photon production only
becomes the main photon source above 4 to 5 GeV/c, where
the Ncoll-scaled pQCD calculation describes the heavy ion data
well.

This leaves room for additional contributions to the direct-
photon spectrum in the range from 2 to 5 GeV/c beyond
prompt-photon production, which are

√
sNN dependent. Such

contributions could reflect the increasing initial temperature
that would be expected with increasing collision energy.

C. pT dependence of the scaling variable α

In this final section, the scaling behavior of the direct-
photon yield with (dNch/dη)α will be revisited. So far, a
fixed value of α = 1.25 was used to calculate the normalized
inclusive direct-photon yield. This value was obtained from
the scaling relation Ncoll∝(dNch/dη)α [40]. Here, α will be de-
termined from the direct-photon data itself as a function of pT .
For this purpose, the direct-photon pT spectra are integrated
above a minimum pT value (pT,min) of 0.4 Gev/c, 1.0 Gev/c,
1.5 Gev/c, and 2.0 Gev/c. Panels (a) to (d) of Fig. 13 show
the integrated yields as a function of dNch/dη for all data
sets shown in Fig. 10. The systematic uncertainties, shown
as boxes, give the uncertainty on the integrated yield and the
uncertainty on dNch/dη. The A + A data are compared to a
band representing the integrated yields obtained from the fit
to the p + p data at

√
s = 200 GeV, with the functional form

given in Eq. (7), scaled by Ncoll. The width of the band is given
by the uncertainties on the p + p fit and on Ncoll, combined
quadratically. Panels (b) to (c) also show the integrated yields
from the Ncoll-scaled pQCD calculations for

√
s = 200 and

2760 GeV.
It is clear from Fig. 10 that all A + A data follow a similar

common trend. The PHENIX data in each panel of Fig. 13 is
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• No √sNN dependence of Teff has been observed 
– Late stage emission is dominated by near phase transition (0.4 - 1.3 GeV/c) 
– Early stage and thermalized emissions are also NOT dependent on collision 

energies  (0.9 - 2.1 GeV/c) 
– AuAu @ 200 GeV: 514±61 MeV, PbPb @ 2760 GeV: 406±41 MeV (2 - 4 GeV/c) 

• Direct photon yield is proportional to (dN/dη)α 
– α = 1.11 ± 0.02 (stat.)          (syst.) 

• The theoretical prediction is α ~ 1.6  
– HG (pT<1 GeV) ~ 1.23 
– QGP (1<pT<4 GeV) ~ 1.83
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FIG. 11. Direct-photon yield normalized to (dNch/dη)1.25 in the
low-pT region for 0%–20% centrality in Pb+Pb at 2760 GeV,
Au+Au at 200 GeV, and Au+Au at 62.4 GeV. (a) gives the normal-
ized yield and two exponential fits to the data in the pT region below
1.3 GeV/c and from 0.9 to 2.1 GeV/c. The dashed line extrapolates
the fits beyond the fit ranges. (b) shows the ratio of the data sets to
the fit in the range 0.9 to 2.1 GeV/c range.

the extrapolated fit for 0.9 < pT < 2.1 GeV/c. The result is
shown in Fig. 11(b). Within the uncertainties the ratios are
consistent with unity over the fit range for all three

√
sNN . Be-

low 1 GeV/c, where there is no data from
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sNN = 2760 GeV,
the other two energies also agree very well.

The similarity of the spectra in the pT range up to
≈ 2 GeV/c indicates that the source that emits these photons
must be very similar, independent of
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sNN , a finding that

would be consistent with radiation from an expanding and
cooling fireball evolving through the transition region from
QGP to a hadron gas till kinetic freeze-out. This would nat-
urally occur at the same temperature and similar expansion
velocity, independent of the initial conditions created in the
collisions.
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sNN dependent. The
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where prompt-photon production from hard-scattering pro-
cesses starts to dominate (see Fig. 10). In contrast, the Pb+Pb
data from

√
sNN = 2760 GeV begin to exceed the exponen-

tial pT ≈ 2 GeV/c, while prompt-photon production only
becomes the main photon source above 4 to 5 GeV/c, where
the Ncoll-scaled pQCD calculation describes the heavy ion data
well.

This leaves room for additional contributions to the direct-
photon spectrum in the range from 2 to 5 GeV/c beyond
prompt-photon production, which are
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contributions could reflect the increasing initial temperature
that would be expected with increasing collision energy.
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In this final section, the scaling behavior of the direct-
photon yield with (dNch/dη)α will be revisited. So far, a
fixed value of α = 1.25 was used to calculate the normalized
inclusive direct-photon yield. This value was obtained from
the scaling relation Ncoll∝(dNch/dη)α [40]. Here, α will be de-
termined from the direct-photon data itself as a function of pT .
For this purpose, the direct-photon pT spectra are integrated
above a minimum pT value (pT,min) of 0.4 Gev/c, 1.0 Gev/c,
1.5 Gev/c, and 2.0 Gev/c. Panels (a) to (d) of Fig. 13 show
the integrated yields as a function of dNch/dη for all data
sets shown in Fig. 10. The systematic uncertainties, shown
as boxes, give the uncertainty on the integrated yield and the
uncertainty on dNch/dη. The A + A data are compared to a
band representing the integrated yields obtained from the fit
to the p + p data at

√
s = 200 GeV, with the functional form

given in Eq. (7), scaled by Ncoll. The width of the band is given
by the uncertainties on the p + p fit and on Ncoll, combined
quadratically. Panels (b) to (c) also show the integrated yields
from the Ncoll-scaled pQCD calculations for

√
s = 200 and

2760 GeV.
It is clear from Fig. 10 that all A + A data follow a similar

common trend. The PHENIX data in each panel of Fig. 13 is

024914-12

+0.09
-0.08

Phys. Rev. C 107, 024914

Non-prompt photon

• No √sNN dependence of Teff has been observed 
– Late stage emission is dominated by near phase transition (0.4 - 1.3 GeV/c) 
– Early stage and thermalized emissions are also NOT dependent on collision 

energies  (0.9 - 2.1 GeV/c) 
– AuAu @ 200 GeV: 514±61 MeV, PbPb @ 2760 GeV: 406±41 MeV (2 - 4 GeV/c) 

• Direct photon yield is proportional to (dN/dη)α 
– α = 1.11 ± 0.02 (stat.)          (syst.) 

• The theoretical prediction is α ~ 1.6  
– HG (pT<1 GeV) ~ 1.23 
– QGP (1<pT<4 GeV) ~ 1.83

9



Energy and system size dependence of direct photon
N. J. ABDULAMEER et al. PHYSICAL REVIEW C 107, 024914 (2023)

7−10

6−10

5−10

4−10

3−10

2−10

1−10

]
-2

 [(
G

eV
/c

)
1.

25
)η

/d
ch

dy
)/

(d
N

T
N

/d
p

2
) 

(d
T

 pπ
(1

/2

   (0-20%)γDirect
 ALICE Pb+Pb 2760 GeV
 PHENIX Au+Au 200 GeV
 PHENIX Au+Au 62.4 GeV

Exp. fit
 < 1.3 GeV/c

T
0.4 < p

 < 2.1 GeV/c
T

0.9 < p

(a)

0.5 1 1.5 2 2.5 3 3.5 4
 [GeV/c]

T
p

0

1

2

3

4

5

no
rm

al
iz

ed
 y

ie
ld

 / 
fit

(b)

FIG. 11. Direct-photon yield normalized to (dNch/dη)1.25 in the
low-pT region for 0%–20% centrality in Pb+Pb at 2760 GeV,
Au+Au at 200 GeV, and Au+Au at 62.4 GeV. (a) gives the normal-
ized yield and two exponential fits to the data in the pT region below
1.3 GeV/c and from 0.9 to 2.1 GeV/c. The dashed line extrapolates
the fits beyond the fit ranges. (b) shows the ratio of the data sets to
the fit in the range 0.9 to 2.1 GeV/c range.

the extrapolated fit for 0.9 < pT < 2.1 GeV/c. The result is
shown in Fig. 11(b). Within the uncertainties the ratios are
consistent with unity over the fit range for all three

√
sNN . Be-

low 1 GeV/c, where there is no data from
√

sNN = 2760 GeV,
the other two energies also agree very well.

The similarity of the spectra in the pT range up to
≈ 2 GeV/c indicates that the source that emits these photons
must be very similar, independent of

√
sNN , a finding that

would be consistent with radiation from an expanding and
cooling fireball evolving through the transition region from
QGP to a hadron gas till kinetic freeze-out. This would nat-
urally occur at the same temperature and similar expansion
velocity, independent of the initial conditions created in the
collisions.

Above 2 GeV/c, the normalized direct-photon yield be-
comes

√
sNN dependent. The
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sNN = 200 GeV Au+Au data
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cesses starts to dominate (see Fig. 10). In contrast, the Pb+Pb
data from
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the Ncoll-scaled pQCD calculation describes the heavy ion data
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fixed value of α = 1.25 was used to calculate the normalized
inclusive direct-photon yield. This value was obtained from
the scaling relation Ncoll∝(dNch/dη)α [40]. Here, α will be de-
termined from the direct-photon data itself as a function of pT .
For this purpose, the direct-photon pT spectra are integrated
above a minimum pT value (pT,min) of 0.4 Gev/c, 1.0 Gev/c,
1.5 Gev/c, and 2.0 Gev/c. Panels (a) to (d) of Fig. 13 show
the integrated yields as a function of dNch/dη for all data
sets shown in Fig. 10. The systematic uncertainties, shown
as boxes, give the uncertainty on the integrated yield and the
uncertainty on dNch/dη. The A + A data are compared to a
band representing the integrated yields obtained from the fit
to the p + p data at
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given in Eq. (7), scaled by Ncoll. The width of the band is given
by the uncertainties on the p + p fit and on Ncoll, combined
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FIG. 11. Direct-photon yield normalized to (dNch/dη)1.25 in the
low-pT region for 0%–20% centrality in Pb+Pb at 2760 GeV,
Au+Au at 200 GeV, and Au+Au at 62.4 GeV. (a) gives the normal-
ized yield and two exponential fits to the data in the pT region below
1.3 GeV/c and from 0.9 to 2.1 GeV/c. The dashed line extrapolates
the fits beyond the fit ranges. (b) shows the ratio of the data sets to
the fit in the range 0.9 to 2.1 GeV/c range.

the extrapolated fit for 0.9 < pT < 2.1 GeV/c. The result is
shown in Fig. 11(b). Within the uncertainties the ratios are
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low 1 GeV/c, where there is no data from
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the other two energies also agree very well.

The similarity of the spectra in the pT range up to
≈ 2 GeV/c indicates that the source that emits these photons
must be very similar, independent of
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sNN , a finding that

would be consistent with radiation from an expanding and
cooling fireball evolving through the transition region from
QGP to a hadron gas till kinetic freeze-out. This would nat-
urally occur at the same temperature and similar expansion
velocity, independent of the initial conditions created in the
collisions.

Above 2 GeV/c, the normalized direct-photon yield be-
comes

√
sNN dependent. The

√
sNN = 200 GeV Au+Au data

remain consistent with the exponential fit until pT ≈3 GeV/c,
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FIG. 12. Inverse slopes, Teff , obtained from fitting the combined
data from central collisions shown in Fig. 11 is compared to the fit
results of the individual data sets at 62.4, 200, and 2760 GeV. Also
included is the value for √

sNN = 39 GeV obtained from fitting the
MB data set in the lower-pT range.

where prompt-photon production from hard-scattering pro-
cesses starts to dominate (see Fig. 10). In contrast, the Pb+Pb
data from

√
sNN = 2760 GeV begin to exceed the exponen-

tial pT ≈ 2 GeV/c, while prompt-photon production only
becomes the main photon source above 4 to 5 GeV/c, where
the Ncoll-scaled pQCD calculation describes the heavy ion data
well.

This leaves room for additional contributions to the direct-
photon spectrum in the range from 2 to 5 GeV/c beyond
prompt-photon production, which are

√
sNN dependent. Such

contributions could reflect the increasing initial temperature
that would be expected with increasing collision energy.

C. pT dependence of the scaling variable α

In this final section, the scaling behavior of the direct-
photon yield with (dNch/dη)α will be revisited. So far, a
fixed value of α = 1.25 was used to calculate the normalized
inclusive direct-photon yield. This value was obtained from
the scaling relation Ncoll∝(dNch/dη)α [40]. Here, α will be de-
termined from the direct-photon data itself as a function of pT .
For this purpose, the direct-photon pT spectra are integrated
above a minimum pT value (pT,min) of 0.4 Gev/c, 1.0 Gev/c,
1.5 Gev/c, and 2.0 Gev/c. Panels (a) to (d) of Fig. 13 show
the integrated yields as a function of dNch/dη for all data
sets shown in Fig. 10. The systematic uncertainties, shown
as boxes, give the uncertainty on the integrated yield and the
uncertainty on dNch/dη. The A + A data are compared to a
band representing the integrated yields obtained from the fit
to the p + p data at

√
s = 200 GeV, with the functional form

given in Eq. (7), scaled by Ncoll. The width of the band is given
by the uncertainties on the p + p fit and on Ncoll, combined
quadratically. Panels (b) to (c) also show the integrated yields
from the Ncoll-scaled pQCD calculations for

√
s = 200 and

2760 GeV.
It is clear from Fig. 10 that all A + A data follow a similar

common trend. The PHENIX data in each panel of Fig. 13 is
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• No √sNN dependence of Teff has been observed 
– Late stage emission is dominated by near phase transition (0.4 - 1.3 GeV/c) 
– QGP stage and thermalized emissions are also NOT dependent on collision 

energies  (0.9 - 2.1 GeV/c) 
– AuAu @ 200 GeV: 514±61 MeV, PbPb @ 2760 GeV: 406±41 MeV (2 - 4 GeV/c) 

• Direct photon yield is proportional to (dN/dη)α 
– α = 1.11 ± 0.02 (stat.)          (syst.) 

• The theoretical prediction is α ~ 1.6  
– HG (pT<1 GeV) ~ 1.23 
– QGP (1<pT<4 GeV) ~ 1.83
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FIG. 11. Direct-photon yield normalized to (dNch/dη)1.25 in the
low-pT region for 0%–20% centrality in Pb+Pb at 2760 GeV,
Au+Au at 200 GeV, and Au+Au at 62.4 GeV. (a) gives the normal-
ized yield and two exponential fits to the data in the pT region below
1.3 GeV/c and from 0.9 to 2.1 GeV/c. The dashed line extrapolates
the fits beyond the fit ranges. (b) shows the ratio of the data sets to
the fit in the range 0.9 to 2.1 GeV/c range.

the extrapolated fit for 0.9 < pT < 2.1 GeV/c. The result is
shown in Fig. 11(b). Within the uncertainties the ratios are
consistent with unity over the fit range for all three

√
sNN . Be-

low 1 GeV/c, where there is no data from
√

sNN = 2760 GeV,
the other two energies also agree very well.

The similarity of the spectra in the pT range up to
≈ 2 GeV/c indicates that the source that emits these photons
must be very similar, independent of

√
sNN , a finding that

would be consistent with radiation from an expanding and
cooling fireball evolving through the transition region from
QGP to a hadron gas till kinetic freeze-out. This would nat-
urally occur at the same temperature and similar expansion
velocity, independent of the initial conditions created in the
collisions.

Above 2 GeV/c, the normalized direct-photon yield be-
comes

√
sNN dependent. The

√
sNN = 200 GeV Au+Au data

remain consistent with the exponential fit until pT ≈3 GeV/c,
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where prompt-photon production from hard-scattering pro-
cesses starts to dominate (see Fig. 10). In contrast, the Pb+Pb
data from

√
sNN = 2760 GeV begin to exceed the exponen-

tial pT ≈ 2 GeV/c, while prompt-photon production only
becomes the main photon source above 4 to 5 GeV/c, where
the Ncoll-scaled pQCD calculation describes the heavy ion data
well.

This leaves room for additional contributions to the direct-
photon spectrum in the range from 2 to 5 GeV/c beyond
prompt-photon production, which are

√
sNN dependent. Such

contributions could reflect the increasing initial temperature
that would be expected with increasing collision energy.

C. pT dependence of the scaling variable α

In this final section, the scaling behavior of the direct-
photon yield with (dNch/dη)α will be revisited. So far, a
fixed value of α = 1.25 was used to calculate the normalized
inclusive direct-photon yield. This value was obtained from
the scaling relation Ncoll∝(dNch/dη)α [40]. Here, α will be de-
termined from the direct-photon data itself as a function of pT .
For this purpose, the direct-photon pT spectra are integrated
above a minimum pT value (pT,min) of 0.4 Gev/c, 1.0 Gev/c,
1.5 Gev/c, and 2.0 Gev/c. Panels (a) to (d) of Fig. 13 show
the integrated yields as a function of dNch/dη for all data
sets shown in Fig. 10. The systematic uncertainties, shown
as boxes, give the uncertainty on the integrated yield and the
uncertainty on dNch/dη. The A + A data are compared to a
band representing the integrated yields obtained from the fit
to the p + p data at

√
s = 200 GeV, with the functional form

given in Eq. (7), scaled by Ncoll. The width of the band is given
by the uncertainties on the p + p fit and on Ncoll, combined
quadratically. Panels (b) to (c) also show the integrated yields
from the Ncoll-scaled pQCD calculations for

√
s = 200 and

2760 GeV.
It is clear from Fig. 10 that all A + A data follow a similar

common trend. The PHENIX data in each panel of Fig. 13 is
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subtracting the prompt-photon contribution, which is es-
timated through a fit to the direct-photon data from p+p

collisions at
p
s = 200GeV, measured by PHENIX, and

scaled by Ncoll. Results are obtained for the pT range
from 0.8 to 5 GeV/c and for 0%–93% central collisions,
covering a system size spanning two orders of magnitude
in dNch/d⌘ from ⇡7 to 620. The wealth of data enabled
PHENIX to carry out double-di↵erential analyses of the
shape of the momentum spectra and the rapidity density
dN�/dy in pT and dNch/d⌘.

For the centrality selections from 0%–10% to 70%–
80%, all nonprompt direct-photon spectra are very sim-
ilar in shape, exhibiting increasing Te↵ from 0.2 to
0.4 GeV/c over the pT range from 0.8 to 4 GeV/c. The
changing Te↵ is not surprising, because the spectra are
time integrated over the full evolution of the expanding
fireball, from its earliest pre-equilibrium state, through
the QGP phase, crossing over to a HG, and further ex-
panding and cooling until hadrons eventually stop inter-
acting. Throughout the evolution the system cools, and
thus earlier phases are characterized by higher tempera-
tures. In turn, the contributions from the earliest times
of the evolution are likely to dominate the emission at
higher pT , consistent with the observation of an increas-
ing Te↵ with pT .

In the lower pT range from 0.8 to 1.9 GeV/c, the spec-
tra are well described by a Te↵ = 0.26 GeV/c. This is
consistent with what is expected for radiation from the
late QGP stage until freeze-out [14]. During this period
of the evolution, the temperature drops from ⇡170 MeV
near the transition to ⇡110 MeV when the system freezes
out. At the same time the system is rapidly expanding

10 210
 0≈η

 |η/dchdN

5−10

4−10

3−10

2−10

1−10

1

10

/d
y

γno
np

ro
m

pt
dN

 = 200 GeVNNsPHENIX Au + Au, 
γNonprompt  

 < 1.2 GeV/c
T

0.8 < p
 < 1.6 GeV/c

T
1.2 < p

 < 2.0 GeV/c
T

1.6 < p 
 < 3.0 GeV/c

T
2.0 < p

 < 4.0 GeV/c
T

3.0 < p
 < 5.0 GeV/c

T
4.0 < p

FIG. 20. Integrated nonprompt direct-photon yield versus
charged particle multiplicity at midrapidity for di↵erent pT
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and thus, the radiation is blue shifted. This compen-
sates the temperature drop and results in an average Te↵

= ⇡0.26 GeV/c, with only minor variations with cen-
trality of the collision. In Ref. [14], a moderate increase
of Te↵ with centrality was predicted. While the data fa-
vors a Te↵ independent of centrality, they are not precise
enough to exclude a moderate change.
Above a pT of 2 GeV/c, the inverse slope of the spec-

tra continues to increase with pT . Between pT = 2 and
4 GeV/c the average inverse slope is Te↵ ⇡0.376 GeV/c.
This Te↵ is larger than what can be accommodated by
a rapidly expanding HG, thus suggesting that emissions
from earlier times in the evolution starts to dominate
the spectra. Expected initial temperatures at RHIC are
⇡375 MeV with maximum Te↵ in the range of 0.35 to
0.4 GeV/c, depending on viscosity [14]. Thus, it is likely
that an additional contribution from the pre-equilibrium
stage is needed to account for the measured Te↵ .
In Fig. 22, the measured nonprompt direct-photon

spectra are compared to a recent calculation including
contributions from the pre-equilibrium phase [10, 46].
These calculations predicted that the pre-equilibrium
radiation becomes the dominant source above a pT of
3 GeV/c. In the range 2 < pT < 4 GeV/c, a fit of
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• Direct photon yield is proportional to (dN/dη)α 
– α = 1.11 ± 0.02 (stat.)          (syst.) 
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FIG. 11. Direct-photon yield normalized to (dNch/dη)1.25 in the
low-pT region for 0%–20% centrality in Pb+Pb at 2760 GeV,
Au+Au at 200 GeV, and Au+Au at 62.4 GeV. (a) gives the normal-
ized yield and two exponential fits to the data in the pT region below
1.3 GeV/c and from 0.9 to 2.1 GeV/c. The dashed line extrapolates
the fits beyond the fit ranges. (b) shows the ratio of the data sets to
the fit in the range 0.9 to 2.1 GeV/c range.

the extrapolated fit for 0.9 < pT < 2.1 GeV/c. The result is
shown in Fig. 11(b). Within the uncertainties the ratios are
consistent with unity over the fit range for all three

√
sNN . Be-

low 1 GeV/c, where there is no data from
√

sNN = 2760 GeV,
the other two energies also agree very well.

The similarity of the spectra in the pT range up to
≈ 2 GeV/c indicates that the source that emits these photons
must be very similar, independent of

√
sNN , a finding that

would be consistent with radiation from an expanding and
cooling fireball evolving through the transition region from
QGP to a hadron gas till kinetic freeze-out. This would nat-
urally occur at the same temperature and similar expansion
velocity, independent of the initial conditions created in the
collisions.

Above 2 GeV/c, the normalized direct-photon yield be-
comes

√
sNN dependent. The

√
sNN = 200 GeV Au+Au data

remain consistent with the exponential fit until pT ≈3 GeV/c,
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FIG. 12. Inverse slopes, Teff , obtained from fitting the combined
data from central collisions shown in Fig. 11 is compared to the fit
results of the individual data sets at 62.4, 200, and 2760 GeV. Also
included is the value for √

sNN = 39 GeV obtained from fitting the
MB data set in the lower-pT range.

where prompt-photon production from hard-scattering pro-
cesses starts to dominate (see Fig. 10). In contrast, the Pb+Pb
data from

√
sNN = 2760 GeV begin to exceed the exponen-

tial pT ≈ 2 GeV/c, while prompt-photon production only
becomes the main photon source above 4 to 5 GeV/c, where
the Ncoll-scaled pQCD calculation describes the heavy ion data
well.

This leaves room for additional contributions to the direct-
photon spectrum in the range from 2 to 5 GeV/c beyond
prompt-photon production, which are

√
sNN dependent. Such

contributions could reflect the increasing initial temperature
that would be expected with increasing collision energy.

C. pT dependence of the scaling variable α

In this final section, the scaling behavior of the direct-
photon yield with (dNch/dη)α will be revisited. So far, a
fixed value of α = 1.25 was used to calculate the normalized
inclusive direct-photon yield. This value was obtained from
the scaling relation Ncoll∝(dNch/dη)α [40]. Here, α will be de-
termined from the direct-photon data itself as a function of pT .
For this purpose, the direct-photon pT spectra are integrated
above a minimum pT value (pT,min) of 0.4 Gev/c, 1.0 Gev/c,
1.5 Gev/c, and 2.0 Gev/c. Panels (a) to (d) of Fig. 13 show
the integrated yields as a function of dNch/dη for all data
sets shown in Fig. 10. The systematic uncertainties, shown
as boxes, give the uncertainty on the integrated yield and the
uncertainty on dNch/dη. The A + A data are compared to a
band representing the integrated yields obtained from the fit
to the p + p data at

√
s = 200 GeV, with the functional form

given in Eq. (7), scaled by Ncoll. The width of the band is given
by the uncertainties on the p + p fit and on Ncoll, combined
quadratically. Panels (b) to (c) also show the integrated yields
from the Ncoll-scaled pQCD calculations for

√
s = 200 and

2760 GeV.
It is clear from Fig. 10 that all A + A data follow a similar

common trend. The PHENIX data in each panel of Fig. 13 is
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FIG. 19. Integrated direct-photon yield (1–5 GeV/c) versus
charged-particle multiplicity at midrapidity. The present data
is compared to a previous compilation of data from [8, 45] and
the Ncoll scaled fit to p+p data. Also given are fits with Eq. 10
to di↵erent data; the solid line is a fit to the present data
resulting in ↵ = 1.11 ± 0.02(stat) +0.09
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line is from fitting previously published PHENIX data [45]
that gave ↵ = 1.23 ± 0.06 ± 0.18.

subtracting the prompt-photon contribution, which is es-
timated through a fit to the direct-photon data from p+p

collisions at
p
s = 200GeV, measured by PHENIX, and

scaled by Ncoll. Results are obtained for the pT range
from 0.8 to 5 GeV/c and for 0%–93% central collisions,
covering a system size spanning two orders of magnitude
in dNch/d⌘ from ⇡7 to 620. The wealth of data enabled
PHENIX to carry out double-di↵erential analyses of the
shape of the momentum spectra and the rapidity density
dN�/dy in pT and dNch/d⌘.

For the centrality selections from 0%–10% to 70%–
80%, all nonprompt direct-photon spectra are very sim-
ilar in shape, exhibiting increasing Te↵ from 0.2 to
0.4 GeV/c over the pT range from 0.8 to 4 GeV/c. The
changing Te↵ is not surprising, because the spectra are
time integrated over the full evolution of the expanding
fireball, from its earliest pre-equilibrium state, through
the QGP phase, crossing over to a HG, and further ex-
panding and cooling until hadrons eventually stop inter-
acting. Throughout the evolution the system cools, and
thus earlier phases are characterized by higher tempera-
tures. In turn, the contributions from the earliest times
of the evolution are likely to dominate the emission at
higher pT , consistent with the observation of an increas-
ing Te↵ with pT .

In the lower pT range from 0.8 to 1.9 GeV/c, the spec-
tra are well described by a Te↵ = 0.26 GeV/c. This is
consistent with what is expected for radiation from the
late QGP stage until freeze-out [14]. During this period
of the evolution, the temperature drops from ⇡170 MeV
near the transition to ⇡110 MeV when the system freezes
out. At the same time the system is rapidly expanding
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FIG. 20. Integrated nonprompt direct-photon yield versus
charged particle multiplicity at midrapidity for di↵erent pT
integration ranges.

and thus, the radiation is blue shifted. This compen-
sates the temperature drop and results in an average Te↵

= ⇡0.26 GeV/c, with only minor variations with cen-
trality of the collision. In Ref. [14], a moderate increase
of Te↵ with centrality was predicted. While the data fa-
vors a Te↵ independent of centrality, they are not precise
enough to exclude a moderate change.
Above a pT of 2 GeV/c, the inverse slope of the spec-

tra continues to increase with pT . Between pT = 2 and
4 GeV/c the average inverse slope is Te↵ ⇡0.376 GeV/c.
This Te↵ is larger than what can be accommodated by
a rapidly expanding HG, thus suggesting that emissions
from earlier times in the evolution starts to dominate
the spectra. Expected initial temperatures at RHIC are
⇡375 MeV with maximum Te↵ in the range of 0.35 to
0.4 GeV/c, depending on viscosity [14]. Thus, it is likely
that an additional contribution from the pre-equilibrium
stage is needed to account for the measured Te↵ .
In Fig. 22, the measured nonprompt direct-photon

spectra are compared to a recent calculation including
contributions from the pre-equilibrium phase [10, 46].
These calculations predicted that the pre-equilibrium
radiation becomes the dominant source above a pT of
3 GeV/c. In the range 2 < pT < 4 GeV/c, a fit of
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FIG. 11. Direct-photon yield normalized to (dNch/dη)1.25 in the
low-pT region for 0%–20% centrality in Pb+Pb at 2760 GeV,
Au+Au at 200 GeV, and Au+Au at 62.4 GeV. (a) gives the normal-
ized yield and two exponential fits to the data in the pT region below
1.3 GeV/c and from 0.9 to 2.1 GeV/c. The dashed line extrapolates
the fits beyond the fit ranges. (b) shows the ratio of the data sets to
the fit in the range 0.9 to 2.1 GeV/c range.

the extrapolated fit for 0.9 < pT < 2.1 GeV/c. The result is
shown in Fig. 11(b). Within the uncertainties the ratios are
consistent with unity over the fit range for all three

√
sNN . Be-

low 1 GeV/c, where there is no data from
√

sNN = 2760 GeV,
the other two energies also agree very well.

The similarity of the spectra in the pT range up to
≈ 2 GeV/c indicates that the source that emits these photons
must be very similar, independent of

√
sNN , a finding that

would be consistent with radiation from an expanding and
cooling fireball evolving through the transition region from
QGP to a hadron gas till kinetic freeze-out. This would nat-
urally occur at the same temperature and similar expansion
velocity, independent of the initial conditions created in the
collisions.

Above 2 GeV/c, the normalized direct-photon yield be-
comes

√
sNN dependent. The

√
sNN = 200 GeV Au+Au data

remain consistent with the exponential fit until pT ≈3 GeV/c,
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FIG. 12. Inverse slopes, Teff , obtained from fitting the combined
data from central collisions shown in Fig. 11 is compared to the fit
results of the individual data sets at 62.4, 200, and 2760 GeV. Also
included is the value for √

sNN = 39 GeV obtained from fitting the
MB data set in the lower-pT range.

where prompt-photon production from hard-scattering pro-
cesses starts to dominate (see Fig. 10). In contrast, the Pb+Pb
data from

√
sNN = 2760 GeV begin to exceed the exponen-

tial pT ≈ 2 GeV/c, while prompt-photon production only
becomes the main photon source above 4 to 5 GeV/c, where
the Ncoll-scaled pQCD calculation describes the heavy ion data
well.

This leaves room for additional contributions to the direct-
photon spectrum in the range from 2 to 5 GeV/c beyond
prompt-photon production, which are

√
sNN dependent. Such

contributions could reflect the increasing initial temperature
that would be expected with increasing collision energy.

C. pT dependence of the scaling variable α

In this final section, the scaling behavior of the direct-
photon yield with (dNch/dη)α will be revisited. So far, a
fixed value of α = 1.25 was used to calculate the normalized
inclusive direct-photon yield. This value was obtained from
the scaling relation Ncoll∝(dNch/dη)α [40]. Here, α will be de-
termined from the direct-photon data itself as a function of pT .
For this purpose, the direct-photon pT spectra are integrated
above a minimum pT value (pT,min) of 0.4 Gev/c, 1.0 Gev/c,
1.5 Gev/c, and 2.0 Gev/c. Panels (a) to (d) of Fig. 13 show
the integrated yields as a function of dNch/dη for all data
sets shown in Fig. 10. The systematic uncertainties, shown
as boxes, give the uncertainty on the integrated yield and the
uncertainty on dNch/dη. The A + A data are compared to a
band representing the integrated yields obtained from the fit
to the p + p data at

√
s = 200 GeV, with the functional form

given in Eq. (7), scaled by Ncoll. The width of the band is given
by the uncertainties on the p + p fit and on Ncoll, combined
quadratically. Panels (b) to (c) also show the integrated yields
from the Ncoll-scaled pQCD calculations for

√
s = 200 and

2760 GeV.
It is clear from Fig. 10 that all A + A data follow a similar

common trend. The PHENIX data in each panel of Fig. 13 is
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FIG. 19. Integrated direct-photon yield (1–5 GeV/c) versus
charged-particle multiplicity at midrapidity. The present data
is compared to a previous compilation of data from [8, 45] and
the Ncoll scaled fit to p+p data. Also given are fits with Eq. 10
to di↵erent data; the solid line is a fit to the present data
resulting in ↵ = 1.11 ± 0.02(stat) +0.09

�0.08(sys), and the dashed
line is from fitting previously published PHENIX data [45]
that gave ↵ = 1.23 ± 0.06 ± 0.18.

subtracting the prompt-photon contribution, which is es-
timated through a fit to the direct-photon data from p+p

collisions at
p
s = 200GeV, measured by PHENIX, and

scaled by Ncoll. Results are obtained for the pT range
from 0.8 to 5 GeV/c and for 0%–93% central collisions,
covering a system size spanning two orders of magnitude
in dNch/d⌘ from ⇡7 to 620. The wealth of data enabled
PHENIX to carry out double-di↵erential analyses of the
shape of the momentum spectra and the rapidity density
dN�/dy in pT and dNch/d⌘.

For the centrality selections from 0%–10% to 70%–
80%, all nonprompt direct-photon spectra are very sim-
ilar in shape, exhibiting increasing Te↵ from 0.2 to
0.4 GeV/c over the pT range from 0.8 to 4 GeV/c. The
changing Te↵ is not surprising, because the spectra are
time integrated over the full evolution of the expanding
fireball, from its earliest pre-equilibrium state, through
the QGP phase, crossing over to a HG, and further ex-
panding and cooling until hadrons eventually stop inter-
acting. Throughout the evolution the system cools, and
thus earlier phases are characterized by higher tempera-
tures. In turn, the contributions from the earliest times
of the evolution are likely to dominate the emission at
higher pT , consistent with the observation of an increas-
ing Te↵ with pT .

In the lower pT range from 0.8 to 1.9 GeV/c, the spec-
tra are well described by a Te↵ = 0.26 GeV/c. This is
consistent with what is expected for radiation from the
late QGP stage until freeze-out [14]. During this period
of the evolution, the temperature drops from ⇡170 MeV
near the transition to ⇡110 MeV when the system freezes
out. At the same time the system is rapidly expanding
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FIG. 20. Integrated nonprompt direct-photon yield versus
charged particle multiplicity at midrapidity for di↵erent pT
integration ranges.

and thus, the radiation is blue shifted. This compen-
sates the temperature drop and results in an average Te↵

= ⇡0.26 GeV/c, with only minor variations with cen-
trality of the collision. In Ref. [14], a moderate increase
of Te↵ with centrality was predicted. While the data fa-
vors a Te↵ independent of centrality, they are not precise
enough to exclude a moderate change.
Above a pT of 2 GeV/c, the inverse slope of the spec-

tra continues to increase with pT . Between pT = 2 and
4 GeV/c the average inverse slope is Te↵ ⇡0.376 GeV/c.
This Te↵ is larger than what can be accommodated by
a rapidly expanding HG, thus suggesting that emissions
from earlier times in the evolution starts to dominate
the spectra. Expected initial temperatures at RHIC are
⇡375 MeV with maximum Te↵ in the range of 0.35 to
0.4 GeV/c, depending on viscosity [14]. Thus, it is likely
that an additional contribution from the pre-equilibrium
stage is needed to account for the measured Te↵ .
In Fig. 22, the measured nonprompt direct-photon

spectra are compared to a recent calculation including
contributions from the pre-equilibrium phase [10, 46].
These calculations predicted that the pre-equilibrium
radiation becomes the dominant source above a pT of
3 GeV/c. In the range 2 < pT < 4 GeV/c, a fit of
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Dileptons in HIC

• Low mass region (IMR), Mll < 1.5 GeV/c2, is sensitive to the 
late-stage temperature  

• Intermediate mass region (IMR), 1.5 < Mll < 2.5 GeV/c2, is 
sensitive to the early-stage temperature 

• ρ-meson mass spectrum is affected by the surrounding 
medium (τρ = 1.3 fm/c < τfb) 

• Mass spectrum for 1.0 < Mll < 1.5 GeV/c2, is affected by V-A 
chiral mixing of ρ and a1 is expected 
– Mass modification is sensitive to chiral symmetry restoration (CSR)

1−10 1−10×2 1 2 3 4 5 6 7 8 910
)c (GeV/

T
p

5−10

4−10

3−10

2−10

1−10

1

10

210

310-2 )c
 (G

eV
/

yd Tpd Tp
di
r

γ
N2 d

 
ev

N π2
1

 = 5.02 TeVNNsPb, −10% Pb−0

Rapp et al. Thermal + Prompt, NPA 933 (2015) 256 

McGill group, Thermal + Prompt, NPA 967 (2017) 184 

Chatterjee et al., Thermal, PRC98, 024911 (2018)

Chatterjee et al., Thermal + Prompt

Fig. 53: Direct photon differential invariant yield for central 0–10% Pb–Pb collisions at p
sNN =

5.02 TeV as predicted by several models [209, 547–550].
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Fig. 54: Model predictions for the invariant mass spectrum of e+e� pairs in central (0–10%) Pb–Pb
collisions at psNN = 5.5 TeV. Left panel: in-medium radiation plus decays of the r meson at the end
of the system evolution by R. Rapp et al.. Right panel: Expectations from the PHSD model including
the in-medium r meson, qq ! e+e�, qq ! e+e�g, and q(q)g ! e+e�q(q), hadronic sources, and
semileptonic decays of cc̄ and bb̄.

is utilised to learn more about open heavy-flavour production in pp collisions at LHC energies [552,553].
The model by R. Rapp et al., an approach that has been proven to provide a quantitative description

of the existing dilepton results [554], is based on two ingredients that are put into a realistic space-
time evolution [555]. The thermal dilepton radiation is modelled by emission rates from the hadronic
phase and the Quark–Gluon Plasma [530, 556]. A hadronic many-body approach [529] is used for the
medium-modified spectral functions of r and w mesons. In addition, the equation of state is updated to a
cross-over transition around Tc = 170 MeV extracted from with recent lattice QCD computations, and
hadro-chemical freezeout at Tchem = 160 MeV [557]. Figure 54 (left) shows the calculations performed
for central Pb–Pb collisions at psNN = 5.5 TeV for in-medium radiation plus decays of the r meson
at the end of the system evolution. The pair-yield is estimated for the rapidity range |ye| < 0.85 and
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The model by R. Rapp et al., an approach that has been proven to provide a quantitative description

of the existing dilepton results [554], is based on two ingredients that are put into a realistic space-
time evolution [555]. The thermal dilepton radiation is modelled by emission rates from the hadronic
phase and the Quark–Gluon Plasma [530, 556]. A hadronic many-body approach [529] is used for the
medium-modified spectral functions of r and w mesons. In addition, the equation of state is updated to a
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Fig. 54: Model predictions for the invariant mass spectrum of e+e� pairs in central (0–10%) Pb–Pb
collisions at psNN = 5.5 TeV. Left panel: in-medium radiation plus decays of the r meson at the end
of the system evolution by R. Rapp et al.. Right panel: Expectations from the PHSD model including
the in-medium r meson, qq ! e+e�, qq ! e+e�g, and q(q)g ! e+e�q(q), hadronic sources, and
semileptonic decays of cc̄ and bb̄.

is utilised to learn more about open heavy-flavour production in pp collisions at LHC energies [552,553].
The model by R. Rapp et al., an approach that has been proven to provide a quantitative description

of the existing dilepton results [554], is based on two ingredients that are put into a realistic space-
time evolution [555]. The thermal dilepton radiation is modelled by emission rates from the hadronic
phase and the Quark–Gluon Plasma [530, 556]. A hadronic many-body approach [529] is used for the
medium-modified spectral functions of r and w mesons. In addition, the equation of state is updated to a
cross-over transition around Tc = 170 MeV extracted from with recent lattice QCD computations, and
hadro-chemical freezeout at Tchem = 160 MeV [557]. Figure 54 (left) shows the calculations performed
for central Pb–Pb collisions at psNN = 5.5 TeV for in-medium radiation plus decays of the r meson
at the end of the system evolution. The pair-yield is estimated for the rapidity range |ye| < 0.85 and

94

Inverse slope Teff in the mass spectrum is NOT affected by the blue-shift
10



Dielectrons from BESII

• Clear enhancement compared to cocktail contribution in both low mass region and 
intermediate mass region at 27 and 54.4 GeV have been observed
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Temperature from excess dilepton from BESII 
Low mass region (LMR) = late stage

• Charge density normalized mass spectrum in 
Au+Au collisions at 54.4 and 27 GeV are similar 
but higher than SPS (InIn @ 17.3 GeV) 

• TLMR is similar despite significant differences in 
collision energy and system size 
– TLMR54.4GeV = 174 ± 15 MeV 
– TLMR27GeV   = 167 ± 20 MeV 
– TLMR17.3GeV = 165 ± 4 MeV
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Charge density normalized mass 
spectral in 54.4 and 27 GeV Au+Au 
collisions are similar  

T is similar despite significant 
differences in collision energy
and system size
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Charge density normalized mass 
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In-medium ρ dominant
“Excess” = “Inclusive” – “Cocktail Sum”

NA60: EPJC (2009) 59: 607–623

Charge density normalized mass 
spectral in 54.4 and 27 GeV Au+Au 
collisions are similar  

T is similar despite significant 
differences in collision energy
and system size

Same temperature at the late stage, but a longer lifetime medium than SPS 

close to Tpc
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Dielectrons with STAR 
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New since 
 HP 2020

LMR IMR

• Different trends of T vs  for low-mass and intermediate-mass regions 

• Different contributions from in-medium  vs QGP 
• Probe different stages of temperature evolution

μB
ρ

Temperature from excess dilepton from BESII 
Intermediate mass region (IMR) = early stage

• Charge density normalized mass spectrum in 
AuAu collisions at 54.4 and 27 GeV are similar but 
higher than SPS (InIn @ 17.3 GeV) 

• TIMR at 27 and 54.4 GeV is larger than 17.3 GeV 
– TLMR54.4GeV = 338 ± 59 MeV 
– TLMR27GeV   = 301 ± 60 MeV 
– TLMR17.3GeV = 205 ± 12 MeV

Talk at QM2022

13



Dielectrons with STAR 

25

New since 
 HP 2020

LMR IMR

• Different trends of T vs  for low-mass and intermediate-mass regions 

• Different contributions from in-medium  vs QGP 
• Probe different stages of temperature evolution

μB
ρ

Temperature from excess dilepton from BESII 
Intermediate mass region (IMR) = early stage

• Charge density normalized mass spectrum in 
AuAu collisions at 54.4 and 27 GeV are similar but 
higher than SPS (InIn @ 17.3 GeV) 

• TIMR at 27 and 54.4 GeV is larger than 17.3 GeV 
– TLMR54.4GeV = 338 ± 59 MeV 
– TLMR27GeV   = 301 ± 60 MeV 
– TLMR17.3GeV = 205 ± 12 MeV

Talk at QM2022

13



Dielectrons with STAR 

25

New since 
 HP 2020

LMR IMR

• Different trends of T vs  for low-mass and intermediate-mass regions 

• Different contributions from in-medium  vs QGP 
• Probe different stages of temperature evolution

μB
ρ

Temperature from excess dilepton from BESII 
Intermediate mass region (IMR) = early stage

• Charge density normalized mass spectrum in 
AuAu collisions at 54.4 and 27 GeV are similar but 
higher than SPS (InIn @ 17.3 GeV) 

• TIMR at 27 and 54.4 GeV is larger than 17.3 GeV 
– TLMR54.4GeV = 338 ± 59 MeV 
– TLMR27GeV   = 301 ± 60 MeV 
– TLMR17.3GeV = 205 ± 12 MeV

Higher than LMR

Talk at QM2022

13



Dielectrons with STAR 

25

New since 
 HP 2020

LMR IMR
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• Charge density normalized mass spectrum in 
AuAu collisions at 54.4 and 27 GeV are similar but 
higher than SPS (InIn @ 17.3 GeV) 

• TIMR at 27 and 54.4 GeV is larger than 17.3 GeV 
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Initial temperature depends on collision energy
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System size and μB dependence
• The models describe LMR (late-stage) thermal dilepton, but IMR (early-stage) is underestimated 
– This is the opposite result of non-prompt direct photon measured by the PHENIX experiment at 200 GeV 

• Temperature from dilepton doesn’t depend on the system size 
– Temperature of the early stage is expected to depend on 
– Late-stage LMR temperature is nearly at the phase transition temperature
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Compare to Models

Rapp model: macroscopic many-body approach 
medium described by cylindrical expanding 
fireball with lQCD EoS; in-medium ρ-propagator; 
resonance + π cloud + baryons

PHSD model: microscopic transport approach 
medium described by Dynamical Quasi-Particle 
Model (DQPM); microscopic partonic or 
hadronic scattering; collisional broadening

Both models can well describe the 
ρ broadening at LMR but
underestimate the IMR à QGP is 
hotter than model expectation

Rapp model: PRC 63 (2001) 054907, Adv HEP 2013 (2013) 148253, PLB 753 (2016) 586
PHSD model: NPA 807, 214 (2008); NPA 619, 413 (1997)  PRC 97, 064907 (2018)
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No clear centrality dependence
• Temperature in LMR is close to phase transition temperature (Tpc)
• Temperature in IMR is higher than that in LMR

HotQCD: PLB 795 (2019) 15-21HotQCD: PLB 795 (2019) 15-21
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Temperature vs. μB

STAR: PLB 750 (2015) 64-71, arXiv: 1810.10159

Thermal dileptons in IMR
• T always higher than Tpc

at RHIC and NA60
• Emitted from QGP phase

Thermal dileptons in LMR
• T close to both Tch and Tpc
• Emitted from hadronic 

phase, dominantly around 
phase transition

HADES: Nature Physics 15, 1040-1045 (2019)NA60: EPJC (2009) 59 607–623

HotQCD: PLB 795 (2019) 15-21

Tch SH: P. Braun-Munzinger et al.  Nature 561, 321-330 (2018) 
Tch GCE/SCE:  STAR PRC 96, 044904 (2017)

G. Tetyana: JPS Conf.Proc. 32 (2020) 010079
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The information to reveal the QCD phase diagram is gradually being gathered
Talk at QM2022
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Dilepton measurement at LHC energies
• It is challenging to extract the dielectron excess at LHC energy due to 

the huge background 
– Contribution from light flavors and heavy flavors are dominant contributions 

for LMR and IMR, respectively 

• Direct γ has been measured in PbPb collisions at 5.02 TeV 
–  γincl measured with photon conversion method is used  

• Data is larger than prompt photon predicted by pQCD systematically 
– Data is described by several models within uncertainties
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Raphaelle Bailhache, Goethe-University Frankfurt                                             Low mass dielectron meaurements  with ALICE

Direct photon in central Pb—Pb at sNN = 5.02 TeV

11

        

        

0 1 2 3 4 5 6
)c (GeV/

T
p

4−10

3−10

2−10

1−10

1

10

210

3102− )
c

 (
G

e
V

/
y

 d
T

p
 d

T
p

d
ir
e

ct
γ

N
2

d
 

e
v

N π
2

1

Data

C.Gale et al., PRC 105, 014909

H.van Hees et al., NPA 933, 256

O.Linnyk et al., PRC 92, 054914 

P.Dasgupta et al., PRC 98, 024911

AAT ×pQCD NLO 

PDF: CT14, FF: GRV

T
p = µ

T
p = 0.5 µ

T
p = 2.0 µ

ALICE Preliminary
 = 5.02 TeVNNsPb at −10% Pb−0

ALI−PREL−524085

See talk 46. by Ana Marin for real γ

• First direct  measurement  
    in 0—10% Pb—Pb collisions at 5.02 TeV


•  measured with photon conversion method

• ,  from dielectron analysis


• A hint of an excess above pQCD 


• Theoretical models consistent with data

    although at the upper edge of the syst. unc. at low  
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Dilepton measurement at LHC energies
• It is challenging to extract the dielectron excess at LHC energy due to 

the huge background 
– Contribution from light flavors and heavy flavors are dominant contributions 

for LMR and IMR, respectively 

• Direct γ has been measured in PbPb collisions at 5.02 TeV 
–  γincl measured with photon conversion method is used  

• Data is larger than prompt photon predicted by pQCD systematically 
– Data is described by several models within uncertainties
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• First direct  measurement  
    in 0—10% Pb—Pb collisions at 5.02 TeV


•  measured with photon conversion method

• ,  from dielectron analysis


• A hint of an excess above pQCD 


• Theoretical models consistent with data

    although at the upper edge of the syst. unc. at low  

C.Gale et al.: EM radiation from all stages including pre-equilibrium

H.Van Hees et al.: thermal radiation from QGP + hadronic many body system

O.Linnyk et al.: direct photons in microscopic transport model

P.Dasgupta et al.: thermal photons with fluctuations in the initial stage
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Dilepton excess at LHC energies
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Dielectron excess in Pb—Pb
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Dielectron excess (data - cocktail)

using -scaled or modified HF contribution


Compared with two different predictions for thermal radiation

R.Rapp: fireball and hadronic many body system

pHSD: transport model


Possible QGP contribution not resolvable 

within systematic (and statistical) uncertainties


 Require a cocktail-independent approach !
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Arrows show upper limits at 95% C.L.
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Hadronic  matter                             QGP

• Dielectron excess has been extracted  
– LFs are measured results, but Ncoll scaled HF contribution w/ and 

w/o RAA effect is used  

• Due to large statistical and systematic uncertainties, it is 
difficult to resolve the QGP contribution 
– LMR: Combinatorial electrons 
– IMR: Contribution from HF ( σccLHC ~ 10 x σccRHIC)
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• Dielectron excess has been extracted  
– LFs are measured results, but Ncoll scaled HF contribution w/ and 

w/o RAA effect is used  

• Due to large statistical and systematic uncertainties, it is 
difficult to resolve the QGP contribution 
– LMR: Combinatorial electrons 
– IMR: Contribution from HF ( σccLHC ~ 10 x σccRHIC)

• The following improvement is necessary (besides statistics) 
– LMR: Reducing background electrons by improving detector material, or altering target lepton 
– IMR: Improving HF determination by excellent detectors, or altering measuring rapidity
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Direct photon production in high-multiplicity pp

• Significant reduction of uncertainties compared to the previous ALICE paper 
• Similar direct photon fraction in MB and HM pp collisions
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Direct photon production in high-multiplicity pp

• Significant reduction of uncertainties compared to the previous ALICE paper 
• Similar direct photon fraction in MB and HM pp collisions has been observed

0 1 2 3 4 5 6
)c (GeV/

T
p

0.1−

0.05−

0

0.05

0.1

0.15

0.2

in
cl

γ
 / 

di
r

γ
 =

 
r

ALICE Preliminary
Virtual photon analysis

 = 13 TeVsHigh-mult. pp 
 0.072% INEL)−(0 

1− = 6.08 pbintLData, 

90% C.L.

ALICE, PLB 788 (2019) 505
 0.036% INEL)−, (0 1− = 2.79 pbintL90% C.L., 

ALI−PREL−505907

0 1 2 3 4 5 6
)c (GeV/

T
p

0.1−

0.05−

0

0.05

0.1

0.15

0.2

in
cl

γ
 / 

di
r

γ
 =

 
r

ALICE Preliminary
Virtual photon analysis

 = 13 TeVspp 

1− = 30.3 nbintLData, 
90% C.L.
NLO pQCD (W. Vogelsang)

ALICE, PLB 788 (2019) 505
-1 = 7.87 nbintL90% C.L., 

ALI−PREL−505903

17



Chance meet of high μB and high multiplicity pp collisions

• HADES claims ω meson is clearly visible at high pT but disappeared at low pT 

• ALICE has reported decreasing of ω meson compared to total multiplicity in pp collisions at √s = 13 TeV 
– This effect appears to be the disappearance of the peak in the invariant mass spectrum

Talk at HP2023

18



Chance meet of high μB and high multiplicity pp collisions

• HADES claims ω meson is clearly visible at high pT but disappeared at low pT 

• ALICE has reported decreasing of ω meson compared to total multiplicity in pp collisions at √s = 13 TeV 
– This effect appears to be the disappearance of the peak in the invariant mass spectrum

Talk at HP2023 Poster at QM2023

18



Chance meet of high μB and high multiplicity pp collisions

• HADES claims ω meson is clearly visible at high pT but disappeared at low pT 

• ALICE has reported decreasing of ω meson compared to total multiplicity in pp collisions at √s = 13 TeV 
– This effect appears to be the disappearance of the peak in the invariant mass spectrum

Talk at HP2023 Poster at QM2023Poster at QM2023

18



Chance meet of high μB and high multiplicity pp collisions

• HADES claims ω meson is clearly visible at high pT but disappeared at low pT 

• ALICE has reported decreasing of ω meson compared to total multiplicity in pp collisions at √s = 13 TeV 
– This effect appears to be the disappearance of the peak in the invariant mass spectrum

Talk at HP2023 Poster at QM2023Poster at QM2023

18



Chance meet of high μB and high multiplicity pp collisions

• HADES claims ω meson is clearly visible at high pT but disappeared at low pT 

• ALICE has reported decreasing of ω meson compared to total multiplicity in pp collisions at √s = 13 TeV 
– This effect appears to be the disappearance of the peak in the invariant mass spectrum

Talk at HP2023 Poster at QM2023Poster at QM2023

18



Chance meet of high μB and high multiplicity pp collisions

• HADES claims ω meson is clearly visible at high pT but disappeared at low pT 

• ALICE has reported decreasing of ω meson compared to total multiplicity in pp collisions at √s = 13 TeV 
– This effect appears to be the disappearance of the peak in the invariant mass spectrum

Same phenomenon in high multiplicity pp (forward) as in the high μB environment? 
Look forwarding to updates from HADES
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(My) summary
• EM probe is the most important probes in HIC  
– Temperature measurement, space-time evolution, and chiral symmetry restoration 

• Very high-quality data enable us to separate the photon emission stage with both real photon and 
dilepton channels 
– Improve experimental data robustness 
– New collision energies with high statistics 

• Direct photon puzzle in yield is still remaining, but the discrepancy has been reduced 
– New photon puzzle at early stage photon yield in real photon and virtual photon (dilepton)? 

• There could be interesting relationships between low energy HIC and high multiplicity small system 
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Centrality Dependence of 𝑹𝒅𝑨𝒖,𝑬𝑿𝑷
𝝅𝟎 𝒑𝑻

Axel Drees11

Peripheral d+Au collisions

Consistent with inclusive d+Au sample  

Central d+Au collisions

Clear suppression of p0 yield  
About 20% relative to inclusive sample 

𝑹𝒅𝑨𝒖,𝑬𝑿𝑷
𝝅𝟎 𝒑𝑻 = 𝟎. 𝟗𝟒 ± 𝟎. 𝟎𝟓 ± 𝟎. 𝟏𝟔

𝑹𝒅𝑨𝒖,𝑬𝑿𝑷
𝝅𝟎 𝒑𝑻 = 𝟎. 𝟕𝟓 ± 𝟎. 𝟎𝟑 ± 𝟎. 𝟏𝟑

Suppression of p0  in central 0-5% d+Au

𝑹𝒅𝑨𝒖,𝑬𝑿𝑷
𝝅𝟎 𝒑𝑻 =

𝒀𝒅𝑨𝒖𝝅𝟎 (𝒑𝑻)
𝒀𝒑𝒑𝝅

𝟎(𝒑𝑻)
×
𝒀𝒑𝒑
𝜸𝒅𝒊𝒓 (𝒑𝑻)

𝒀𝒅𝑨𝒖
𝜸𝒅𝒊𝒓(𝒑𝑻)

=
𝜸𝒅𝒊𝒓/𝝅𝟎 𝒑𝒑

𝜸𝒅𝒊𝒓/𝝅𝟎 𝒅𝑨𝒖

Event classification by prompt photon
• PHENIX has reported the existence of event selection bias with high 

pT particles in d+Au collisions 
• PHENIX has proposed a method to evaluate Ncoll with direct γ data 

in each centrality 

Rπ0

pA =
Yπ0

pA(pT)
< Ncoll >Exp. Yπ0

pp(pT)
=

(γ/π)pp(pT)
(γ/π)pA(pT)

Rγ
pA =

Y γ
pA(pT)

< Ncoll >Exp. Y γ
pp(pT)

= 1 → < Ncoll >EXP (pT) =
Y γ

pA(pT)

Y γ
pp(pT)

•20% high pT π0 suppression has been 
observed with 4.5 σ significance in d+Au 
collisions at 200 GeV 

•Study of system size dependence, p+Au, 
3He+Au, is mandatory 
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Hydrodynamics + chiral mixing model
• The new model has been created with chiral mixing phenomena in the viscous hydrodynamics 
• 3 scenarios have been demonstrated, 


