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Big questions in heavy-ion physics

What are the different particle production mechanisms across different system sizes?

How does the quark-gluon plasma(QGP) form, evolve, and transition again into hadronic matter?

Can we find the onset of the QGP? → Is there a QGP droplet formed in small systems?

pp

Nparticles ∼ 101

p–Pb

Nparticles ∼ 102

Pb–Pb

Nparticles ∼ 104
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Big questions in heavy-ion physics

What are the different particle production mechanisms across different system sizes?

How does the quark-gluon plasma(QGP) form, evolve, and transition again into hadronic matter?

Can we find the onset of the QGP? → Is there a QGP droplet formed in small systems?

Thermal radiation from the QGP is able to give us insight in all these questions!

pp

Nparticles ∼ 101

p–Pb

Nparticles ∼ 102

Pb–Pb

Nparticles ∼ 104
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Direct photon production sources
Definitions:

Inclusive photons: photons from any
source

Direct photons: photons not from
hadronic decays

Decay photons: photons from
hadronic decays

γincl = γdirect + γdecay

Sources of direct photons

In all collision systems:

prompt photons

dominant at high pT
calculable within NLO pQCD

Additional sources in AA collisions:

Thermal photons

Scattering of thermalized particles

Pre-equilibrium photons

Production from the glasma phase

Jet-Medium interactions

Hard partons scattering on QGP constituents
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Why direct photons?
They are emitted during all stages of the collision!

Implications on our understanding of the QGP:

Early emission of photons: high yield ↔ low v2

Late emission of photons: low yield ↔ high v2
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Why direct photons?
They are emitted during all stages of the collision!

Implications on our understanding of the QGP:

Early emission of photons: high yield ↔ low v2

Late emission of photons: low yield ↔ high v2

Formation time and v2 of direct photons:

R. Chatterjee et al. arXiv:0809.0548

Direct photon measurements give access to the
temperature and space-time evolution of the produced
medium!
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Why direct photons?
They are emitted during all stages of the collision!

Implications on our understanding of the QGP:

Early emission of photons: high yield ↔ low v2

Late emission of photons: low yield ↔ high v2

The direct photon puzzle at RHIC:
Theoretical calculations are unable to explain both the
yield and the flow of direct photons at the same time!

J.F. Paquet et al. arXiv:1509.06738

Is there a puzzle at the LHC?

ALICE has both measurements at
√
sNN = 2.76 TeV, that

did not conclude on the existence of a puzzle...
arXiv:1509.07324,arXiv:1805.04403
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Measuring photons with the ALICE detector

Photon conversion method (PCM)

ITS and TPC, ∼ 8% conversion probability

|η| < 0.9 and 0◦ < ϕ < 360◦

Eγ > 100 MeV, Eπ0 > 300 MeV

PHOS calorimeter

PbWO4 crystals (cell size 2.2 cm x 2.2 cm)

|η| < 0.12 and 250◦ < ϕ < 320◦

Eγ > 200 MeV, Eπ0 > 400 MeV

EMCal calorimeter

Pb-scintillator towers (cell size 6 cm x 6 cm)

Coverage: |η| < 0.7 with 80◦ < ϕ < 187◦,
0.22 < |η| < 0.7 with 260◦ < ϕ < 320◦,
|η| < 0.7 with 320◦ < ϕ < 327◦

Eγ > 700 MeV, Eπ0 > 1.4 GeV
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Direct photon excess in Pb–Pb collisions at
√
sNN = 5.02 TeV

ALICE measurement:

Direct photon excess Rγ = γincl/γdecay in four centrality
intervals.

Excess at pT > 3 GeV/c attributed to prompt photon
production.

Rγ at lower pT is consistent with unity → unable to claim an
excess of thermal photons.
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Direct photon excess in Pb–Pb collisions at
√
sNN = 5.02 TeV

ALICE measurement:

Direct photon excess Rγ = γincl/γdecay in four centrality
intervals.

Excess at pT > 3 GeV/c attributed to prompt photon
production.

Rγ at lower pT is consistent with unity → unable to claim an
excess of thermal photons.

Theoretical calculations:

Data is consistent with the NLO pQCD prompt photon
calculations, performed for pp collisions and scaled with TAA.

The hydrodynamical calculations containing pre-equilibrium,
thermal, and prompt photons fully describe the data and also
predict a small excess at low momentum.

ALI-PREL-524126
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Direct photon yield in Pb–Pb collisions at
√
sNN = 5.02 TeV

ALICE measurement:

Direct photon spectra calculated with:

γdirect = γincl − γdecay =
(

1− 1
Rγ

)
· γincl

Upper limits given where γdirect is consistent with zero
(90% CL).
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Direct photon yield in Pb–Pb collisions at
√
sNN = 5.02 TeV

ALICE measurement:

Direct photon spectra calculated with:

γdirect = γincl − γdecay =
(

1− 1
Rγ

)
· γincl

Upper limits given where γdirect is consistent with zero
(90% CL).

Theoretical calculations:

Data is consistent with both the pQCD at higher
momentum, as well as with the microscopic transport
model (PHSD) and the full hydrodynamical
calculations (others) at lower momentum.

Not yet a possibility to favor one model over the
other.

Measurement currently dominated by both statistical
and systematic uncertainties, expect more precise
results with the full Run 2 dataset.
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Direct photon yield in Pb–Pb collisions at
√
sNN = 5.02 TeV

ALICE measurement:

Direct photon spectra calculated with:

γdirect = γincl − γdecay =
(

1− 1
Rγ

)
· γincl

Upper limits given where γdirect is consistent with zero
(90% CL).

Theoretical calculations:

Data is consistent with both the pQCD at higher
momentum, as well as with the microscopic transport
model (PHSD) and the full hydrodynamical
calculations (others) at lower momentum.

Not yet a possibility to favor one model over the
other.

Measurement currently dominated by both statistical
and systematic uncertainties, expect more precise
results with the full Run 2 dataset.

ALI-PREL-524121

See the talk by Daiki Sekihata for the
dilepton measurement! (Today)
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Direct photon puzzle in yields?

Comparison of direct photon
production to their respective
state-of-the-art model calculation.

The spectra do not show a large
discrepancy with the predictions, slight
tension at low pT for the PHENIX
data.

Future: Interesting to see if there is a
puzzle that involves the flow of direct
photons.

ALI-PREL-524136
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Direct photon puzzle in yields?

Comparison of direct photon
production to their respective
state-of-the-art model calculation.

The spectra do not show a large
discrepancy with the predictions, slight
tension at low pT for the PHENIX
data.

Future: Interesting to see if there is a
puzzle that involves the flow of direct
photons.

ALI-PREL-524131
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Photon correlations - overview

Measurement: γγ correlations with PCM-PHOS in pp and Pb–Pb collisions at
√
sNN = 5.02 TeV.

Analysis overview:
HBT interferometry probes the space-time dimensions of the emitting source by two-particle correlations,
measured as a function of Qinv for an average pair momentum interval kT . A potential Bose-Einstein correlation
signal produces a peak at small Qinv, depending on the properties of the source.
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Photon correlations - overview

Measurement: γγ correlations with PCM-PHOS in pp and Pb–Pb collisions at
√
sNN = 5.02 TeV.

Analysis overview:
HBT interferometry probes the space-time dimensions of the emitting source by two-particle correlations,
measured as a function of Qinv for an average pair momentum interval kT . A potential Bose-Einstein correlation
signal produces a peak at small Qinv, depending on the properties of the source.

General analysis strategy:

Reconstruct photons: PCM and PHOS → able to go to an opening angle of zero!

Calculate the pair observable Qinv(= Minv) for same-event pairs (A) and pairs from event-mixing (B)

Calculate the correlation function C(Qinv) = A(Qinv) / B(Qinv)

Fit the results
C(Qinv) = 1 + λinvexp(−R2

invQ
2
inv ) (1)

Extract the direct photon excess

rγ =
Ndir

Ninc
=
√

2λ =
√

8λinvkTRO/
√
πErf(2kTRO) (WA98,PhysRevLett.93.022301.), (2)

where Rinv is the source size fit parameter, λ and λinv are the correlation strength, and RO the out radius
component of the source.

Mike Sas (Yale University) Direct photons, ICHEP2022 July 7, 2022 9 / 12



Photon correlations in pp collisions at
√
s = 5.02 TeV

0.25 < kT < 0.35 GeV/c

0 0.05 0.1 0.15 0.2 0.25 0.3

)c (GeV/
inv

Q

1

1.2

1.4

1.6

1.8

2

2.2

2.4

)
in

v
C

(Q

ALICE Preliminary

 = 5.02 TeVspp 
 correlation

PHOS
γ - 

PCM
γ

c < 0.35 GeV/Tk0.25 < 

Data

PYTHIA

ALI−PREL−504766

0.35 < kT < 0.50 GeV/c

0 0.05 0.1 0.15 0.2 0.25 0.3

)c (GeV/
inv

Q

1

1.2

1.4

1.6

1.8

2

2.2

2.4

)
in

v
C

(Q

ALICE Preliminary

 = 5.02 TeVspp 
 correlation

PHOS
γ - 

PCM
γ

c < 0.50 GeV/Tk0.35 < 

Data

PYTHIA

ALI−PREL−504770

0.5 < kT < 1.0 GeV/c
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Data unfolded for momentum resolution.

Slope increases with the kT bin, most likely related to the correlations within the parton shower.

No HBT-like signal observed → larger correlation than in PYTHIA, increases with kT .
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Photon correlations in Pb–Pb collisions at
√
sNN = 5.02 TeV
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0.35 < kT < 0.50 GeV/c
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Small hint of an HBT-like
effect at lower Qinv.

λinv not significantly
different from zero.
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Photon correlations in Pb–Pb collisions at
√
sNN = 5.02 TeV
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Small hint of an HBT-like
effect at lower Qinv.

λinv not significantly
different from zero.

Extracted λinv values
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Summary

First preliminary results of direct photon production and correlations in Pb–Pb collisions at√
sNN = 5.02 TeV.

Significant excess of prompt photons at pT > 3 GeV/c.

Rγ at lower pT is consistent with unity → unable to claim an excess of thermal photons.

Model calculations are consistent with the data and also predict a similarly small excess.

Photon HBT provides a complementary method to obtain Rγ and possibly the source size, so far
dominated by uncertainties.

Ability to push for higher precision in Run 2 and beyond (∼ 102 times more data)!
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Backup
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Why direct photons?

Extracting the direct photon yield:

γdirect = γincl − γdecay =

(
1− 1

Rγ

)
· γincl

Rγ ≡
γincl
π0
param

/
γdecay
π0
param

=
γincl
γdecay

Direct photon flow calculation:

vγ,dir2 =
Rγ vγ,inc2 − vγ,dec2

Rγ − 1

Implications on our understanding of the QGP:

Early emission of photons: high yield ↔ low v2

Late emission of photons: low yield ↔ high v2
R. Chatterjee et al. arXiv:0809.0548

Direct photon measurements give access to the
temperature and space-time evolution of the produced
medium!
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