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(B)

Direct Photon Flow

2
Deepali Sharma

To be published soon!Accepted by PRC(arXiv:2203.17187)



Why Photons ?
Photons are color blind probes of Quark Gluon Plasma
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Sensitive to space-time evolution and 
temperature of matter produced!

Measurement of yield constrains initial conditions, 
sources, emission rates and space-time evolution



Direct Photon Puzzle:
Early vs Late Emission ?
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• Large yield and large v2

•Large yield: emissions from the early stage

  when temperature is high


•Large v2: emissions from the late stage 
when the collective flow is sufficiently built 
up

Challenging for current theoretical models 
to describe large yield and elliptic flow  
simultaneously

Deepali Sharma



Photon Measurements in PHENIX

Calorimeter 
Method

External 
Conversion 

Method

Internal 
Conversion 

Method

Photons that directly 
deposit energy into 

EMCals.

Virtual photons that 
internally convert into 

 pairs. e+e−

 Photons that convert 
into  pairs in the 

detector material.
e+e−

Au+Au dataset at 
200 GeV


(2014)
sNN =

With the Silicon 
Vertex Detector 

(~ 14% X0)

Phys. Rev. Lett. 109, 152302 (2012)

arXiv:2203.17187

Phys. Rev. C 107, 024914 (2023)

Phys. Rev. C 91, 064904 (2015)

Phys. Rev. Lett.  104,  132301 (2010)
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Towards Precision Measurement with “Golden Data Set”
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•Results from the high statistics 2014 dataset


• more conversions at the PHENIX silicon vertex 
detector (VTX) (X/X0 ~ 14%)


• double differential analysis of  shape and 
rapidity density  of direct photon spectra as a 
function of pT and charged particle 
multiplicity, dNch/d𝛈


• larger pT coverage


• v2 measurements in finer centrality bins 


• smaller uncertainties

Deepali Sharma



External Conversion: Double Ratio Tagging Method
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Double ratio tagging method reduces 
systematic uncertainties!

Rγ =
γinclusive

γhadron
=

γinclusive

γπ0

γhadron

γπ0

=

⟨ϵf⟩(
Nincl

γ

Nπ0
γ Data)

( γhadron

γπ0 )
Sim



Direct 𝜸 for Au+Au at 200 GeV

γdir = (Rγ − 1) γhadron

arXiv:2203.17187 (Accepted by PRC)

About 20% direct photon 
component is seen in more 
central collisions.
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Universal Scaling of Direct 𝜸 Yields
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dNγ

dy
= A × (dNch

dη )
α

Universal scaling behaviour of direct 
photon yields in all A+A systems.

Phys. Rev. C 89 (2014) 044910

• 𝛂 >1  and  independent of pT


• Hydro Model: Different dependence on  
for QGP, HG and prompt component.

dNch/dη

arXiv:2203.17187 (Accepted by PRC)
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arXiv:2203.17187 (Accepted by PRC)



Teff From Direct 𝜸
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Similar spectra around 2 GeV/c -common source of 
photon production independent of sNN

Deepali Sharma

arXiv:2203.17187

Phys. Rev. C107, 024914 (2023)

Phys. Lett. B 754 (2016) 235-248
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Non-prompt Direct 𝜸 at Au+Au at 200 GeV
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— Ncoll scaled 

p+p fit
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Non-prompt 

direct photons
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Scaling of Non-prompt Direct 𝜸 with dNch/d𝞰
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Teff for Non-prompt Direct 𝜸
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Elliptic Flow of Direct Photons
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dN
dϕ

= N0[1 + 2v2 cos(2ϕ)]

• Quantified by the second Fourier moment of the particle 
azimuthal distribution with respect to the reaction plane.

• In the analysis,  is calculated using the following 
equation

v2

vdir
2 =

Rγvincl
2 − vdec

2

Rγ − 1

• We measure the anisotropy in the azimuthal distribution 
of photons with respect to the reaction plane determined 
by the forward vertex detector .1.5 < |η | < 2.9

Deepali Sharma



Direct Photons v2 (R𝛄 Calculation)
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vdir
2 =

Rγvincl
2 − vdec

2

Rγ − 1

 of direct photons

(measured from data)
Rγ

 of all the photons 
measured by the EMCal 

(from data)

vincl
2

 of all the photons 
coming from hadron 
decays (comes from 

cocktail)

vdec
2

Calculating R𝛄 for flow extraction

Deepali Sharma



Inclusive Photon Flow (v2incl)Extraction
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dN
dΔϕ

= A(1 + 2v2 cos(2Δϕ) + 2v4cos(4Δϕ))

Repeat fit  over all 

pT bins

Fit  distribution for a given pT bin toΔϕ

vdir
2 =

Rγvincl
2 − vdec

2

Rγ − 1

Deepali Sharma



Hadron Decay Photon Flow (v2dec)Extraction
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• A combined fit to multiple measurements 
of  v2


• Fit is used as input into the simulations to 
calculate decay photon v2 


• Contributions of other mesons estimated 
by scaling KET


• 


•

π0, π±

vπ
2(KET) = vallmesons

2 (KET)

KET = p2
T + m2 − m

vdir
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Rγvincl
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2

Rγ − 1
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Inclusive (v2incl) and Decay Photon (v2dec)Flow
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• Low pT region— Decay and 
inclusive photon flow are 
comparable


• High pT region — inclusive 
and decay photon flow are 
constant with decay slightly 
larger than inclusive for all 
centralities

Deepali Sharma



Direct Photons Flow
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Comparison with Theory
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Multi-messenger heavy-ion physics


• Hybrid model that describes all 
stages of relativistic heavy-ion 
collisions


• Effect of pre-equilibrium phase on 
both photonic and hadronic 
observables highlighted.

• Dominant contribution from pre-
equilibrium above 3 GeV/c in the 
model seems to align well with the 
data


• Overall yield falls short, especially 
below 2 GeV/c


• Quantitative disagreement with flow 
for all chemical equilibration times

Deepali Sharma

2 4 6

 [GeV/c]
T

p

8−10

6−10

4−10

2−10

1

210

]
-2

 [(
G

eV
/c

)
dy T

dp
N2 d

T
 pπ2
1

20%−0

 
arXiv:2203.17187

PRC 91, 064904 
PRC 105, 014909
Thermal
Pre-equilibrium
Thermal+Pre-equilibrium

2 4 6

 [GeV/c]
T

p

8−10

6−10

4−10

2−10

1

210

]
-2

 [(
G

eV
/c

)
dy T

dp
N2 d

T
 pπ2
1

γNonprompt 
PHENIX Au + Au

 = 200 GeVNNs

40%−20

2 4 6
 [GeV/c]

T
p

0

2

4

6

D
at

a/
M

od
el

2 4 6
 [GeV/c]

T
p

0

2

4

6

D
at

a/
M

od
el

C. Gale, J.-F. Paquet, B. Schenke & C. Shen

Phys. Rev. C 105 (2022) 014909



Summary and Outlook
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Double differential analysis  of direct and non-
prompt direct photons in pT and dNch/d𝛈 for 
shape of pT spectra and rapidity density
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Flow results in Au+Au to be published 
soon!

Deepali Sharma

Results from Cu+Au analysis to come 
soon!



Thank You !
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Direct  in small systemsγ

Onset of QGP?

Bridging the gap

19V. Doomra (Stony Brook University)
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p+p Fit



Systematic Uncertainties
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Universal ratio for p+p

Accounting for 
effects of radial 

flow 

arX
iv : 2102.05220

A + A
 from world dataη/π0

23V. Doomra (Stony Brook University)



Performace of our rejection techniques

Performance of out Veto Windows in simulation.We always 
require each track to have one hit in the inner two layers 

and one hit in the outer 2 layers.


This is a rejection efficiency on a track by track basis.

5 sigma

10 sigma

15 sigma

Hadron tracks are mostly primary tracks and we do not 
expect a lot of hadron tracks to get rejected due to our 

Veto Windows. 

5 sigma

10 sigma

15 sigma

25V. Doomra (Stony Brook University)



Sources of Direct Photons
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Michael Giles

Event Plane Measurement

Where:
𝑄2,𝑥 = ∑

𝑖

𝑤𝑖cos(2𝜙𝑖) = 𝑄2cos(2Ψ2)

𝑄2,𝑦 = ∑
𝑖

𝑤𝑖sin(2𝜙𝑖) = 𝑄2sin(2Ψ2)

1/28/2024 29

 event 
plane
Ψ2

Ψ2 =
1
2

tan−1(
𝑄2,𝑦

𝑄2,𝑥 )

PMT index
charge 
detected in 
PMT i

Azimuthal 
angle 
corresponding 
to PMT i

Event plane is estimated based on charge deposited in FVTX detector



Event Plane Resolution
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• FVTX has finite resolving power to estimate the 
event plane

• The event plane resolution of the FVTX is 
calculated using the 3 sub-event method
• Average correlation functions over many 

events

• Resolution correction:  𝑣𝑖𝑛𝑐𝑙
2,𝑟𝑒𝑎𝑙 =

𝑣𝑖𝑛𝑐𝑙
2,𝑜𝑏𝑠

𝑅𝑒𝑠{Ψ2}

𝑅𝑒𝑠{Ψ𝐹𝑉 𝑇𝑋
2 } =

⟨cos(2(Ψ𝐹𝑉 𝑇𝑋
2 − Ψ𝐵𝐵𝐶

2 ))⟩⟨cos(2(Ψ𝐹𝑉 𝑇𝑋
2 − Ψ𝐶𝑁𝑇

2 ))⟩
⟨cos(2(Ψ𝐵𝐵𝐶

2 − Ψ𝐶𝑁𝑇
2 ))⟩

 



Michael Giles

Propagation of Uncertainties

■ Correlations between terms in the formula, and 
R𝜸 in both numerator and denominator

– Asymmetric uncertainties not described by 
normal Gaussian error propagation

– Use a MC sampling method, moving each 
term according to their uncertainties to get 
distribution of direct photon flow

– Distribution is integrated from infinity until 
68% of the total is in the integral to 
determine upper and lower uncertainty 
bounds

1/28/2024 31

𝑣𝑑𝑖𝑟
2 =

𝑅𝛾𝑣𝑖𝑛𝑐𝑙
2 − 𝑣𝑑𝑒𝑐

2

𝑅𝛾 − 1

Image credit: Benjamin Bannier



Sources of Direct Photons
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Why Photons ?
• Photons are color blind probes 

of Quark Gluon Plasma.


Photon

Sources

Decay Direct

Non-Prompt Prompt
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• Low T spectrum
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Thermal Jet medium

Interactions



Photon Measurements in PHENIX

Calorimeter 
Method

External 
Conversion 

Method

Internal 
Conversion 

Method

Photons that directly 
deposit energy into 

EMCals.

Virtual photons that 
internally convert 
into  pairs. e+e−

 Photons that convert 
into  pairs in the 

detector material.
e+e−

Au+Au dataset at 
200 GeV


(2014)

sNN =

With the Silicon 
Vertex Detector 

(~ 13% X0)

Phys. Rev. Lett. 109, 
152302 (2012)

arXiv:2203.17187

Phys. Rev. C 107, 024914 (2023)

Phys. Rev. C 91, 064904 (2015)

Phys. Rev. Lett.  104,  
132301 (2010)
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3 independent measurements in good 
agreement with each other
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Comparison of Local Inverse Slopes
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• Contributions from pre-equilibrium may be important 
at intermediate pT

Deepali Sharma
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