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1) Femtoscopy technique

2) Motivation

• Why photon femtoscopy?

3) HADES experiment

4) Results: 

• Photon selection

• Necessary corrections

• Correlation functions + fits

5) Summary
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Femtoscopy
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Timescales in heavy-ion collisions,

Mike A. Lisa, Department of Physics, The Ohio State University

Absolutely no way of 

measuring it directly! 

Source’s size ~ 10-15 [m] 

Source’s lifetime ~ 10-23 [s] 

Goal - measure source's space-time characteristics and/or interactions between 

particles.
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Femtoscopy

Single particle 

emission function:

Two particle 

emission function:

Correlation function:
Theory

Correlation function:

Experiment

: particle's position (not measurable)

: particle's momentum

: two-particle wave function (not measurable)

: same event distribution

: mixed event distribution 

𝑃 Ԧ𝑝1, Ԧ𝑝2 = න 𝑆( Ԧ𝑥1; Ԧ𝑥2) Ψ( Ԧ𝑥1, Ԧ𝑝1; Ԧ𝑥2, Ԧ𝑝2) 2𝑑3𝑥1𝑑3𝑥2

𝒑𝟏

𝒑𝟐

𝒙𝟐

𝒙𝟏

𝐶𝐹 𝑞 =
𝑁𝑠𝑎𝑚𝑒(𝑞)

𝑁𝑚𝑖𝑥𝑒𝑑(𝑞)

𝑞 = Ԧ𝑝1 − Ԧ𝑝2 : momentum difference

𝑁𝑠𝑎𝑚𝑒(𝑞)

𝑁𝑚𝑖𝑥𝑒𝑑(𝑞)

𝑃 Ԧ𝑝 = න 𝑆( Ԧ𝑥) 𝑑3𝑥

𝑆( Ԧ𝑥) : source function (not measurable)
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Goal - measure source's space-time characteristics and/or interactions between 

particles through relative momentum correlations.
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Femtoscopy

Hanna Paulina Zbroszczyk, PhD thesis

Effects and interactions:

• QS – quantum statistics 

(Bose-Einstein or Fermi-

Dirac), identical particles

• Coul – Coulomb 

interactions, charged 

particles

• SI – strong interactions, 

hadrons

Determine the geometry

(traditional femtoscopy) 
Determine the interactions

(non-traditional femtoscopy)

𝐶𝐹 𝑞 = න 𝑆(𝑟) Ψ(𝑟, 𝑞) 2 𝑑3𝑟

𝒑𝟏

𝒑𝟐

𝒙𝟐

𝒙𝟏
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𝑟 = Ԧ𝑥1 − Ԧ𝑥2 : relative distance

𝑞 = Ԧ𝑝1 − Ԧ𝑝2 : momentum difference
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Motivation of photon femtoscopy

J. Stachel. K. Reygers, QGP physics SS2015 6., 

„Space-time evolution of the QGP”

• Measure source properties 

at early stages → 

inaccessible for hadrons

• Estimate average 

direct photon yield

• Easy in theory, 

challenging in practice Gabor David, Reports on Progress in Physics 83.4, „Direct 

real photons in relativistic heavy ion collisions”
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>90%
<10%

𝑞𝑖𝑛𝑣 = 𝑝1 − 𝑝2
2 − 𝐸1 − 𝐸2

2

= 2𝐸1𝐸2(1 − 𝑐𝑜𝑠𝛼𝛾𝛾) = 𝑀𝛾𝛾

π0 → γγ (BR ≈ 98.8%)
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𝑁𝛾 𝑑𝑖𝑟𝑒𝑐𝑡

𝑁𝛾 𝑎𝑙𝑙
= 2𝜆𝑑𝑖𝑟𝑒𝑐𝑡



HADES experiment

• High Acceptance Di-Electron Spectrometer

• Fixed target, few (1-2) GeV beam kinetic energy

• Dilepton pairs from vector mesons (ω, φ, ρ)

• High angular acceptance (0°<φ<360°, 18°<θ<85°),

 split into 6 sectors

• High e± reconstruction efficiency (RICH, ECAL) and π± /p 

separation (TOF)
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Photons at HADES

• High momentum and angular resolution

• Good lepton reconstruction at HADES

• Pure sample of photons

• High efficiency due to direct reconstruction

• Decently pure sample with suitable criteria 

• Lepton close track effects 

• 2-step reconstruction (leptons → photons) 

→ low efficiency

• Low conversion probability due to very 

small material budget of HADES

(reconstructing 2γ once per ~105 events)

• Calorimeter modules are big in transverse 

plane → poor angular resolution

• Poor low-end energy resolution due to 

~1/√E behavior 

• Low qinv might be affected, since:

Photon Conversion Method (PCM) Electromagnetic calorimeters

(ECAL)
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𝑞𝑖𝑛𝑣 = 𝑀𝛾𝛾 = 2𝐸1𝐸2(1 − cos(𝛼𝛾𝛾))
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Not enough photons reconstructed via PCM 

for femtoscopic measurements!



Data & photon reconstruction
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𝜎𝐸

𝐸
=

6%

𝐸(𝐺𝑒𝑉)

𝜎𝑡 < 300 𝑝𝑠

𝜎𝛼𝛾𝛾
= 2.2°

• Ag+Ag collisions at √sNN = 2.55 GeV

• 0-40% most central collisions:

• Data gathered by experiment:

1.19 ∙ 109 collisions

• Simulations (SMASH + detector response), 

without QS/FSI:

7.75 ∙ 107 collisions

• Photons reconstructed with ECAL:
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𝑁𝜎𝑚𝑎𝑡𝑐ℎ = ∆𝑥
𝜎𝑥

2
+ ∆𝑦

𝜎𝑦

2

𝜎𝑥 = 𝜎𝑦= 46 𝑚𝑚

Variable Criterion

Matching to any charged 

track
> 6 σmatch

Opening angle with any 

charged track
< 2.8 o

Velocity (β) = 1±1σ

Total cluster energy > 100 MeV

Minimum module energy > 50 MeV

Size of a cluster < 4



Photon reconstruction limits
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γ triggers:

1 module → cluster size 1

2 modules → cluster size 2

3 modules → cluster size 3

• 1 module detects 1 γ in event

• Cannot separate 2 γ with αγγ < 4.4 o 

within the same event, but plausible within

mixed events

𝜎𝑡 < 300 𝑝𝑠

𝜎𝛼𝛾𝛾
= 2.2°

• In a very rare cases ( once per 103 photons) we 

falsely reconstruct single γ as a pair with small 

αγγ, but above 4.4 o threshold

• The fake pairs appear within the same event, 

but not in mixed events 
Clusters with size > 3 

rarely come from a single γ
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Photon reconstruction limits
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γ triggers:

1 module → cluster size 1

2 modules → cluster size 2

3 modules → cluster size 3

• 1 module detects 1 γ in event

• Cannot separate 2 γ with αγγ < 4.4 o 

within the same event, but plausible within

mixed events

• In a very rare cases ( once per 103 photons) we 

falsely reconstruct single γ as a pair with small 

αγγ, but above 4.4 o threshold

• The fake pairs appear within the same event, 

but not in mixed events 

Abnormal de-enhancement of pairs

 in low qinv = merging

Abnormal enhancement of pairs 

in low qinv = splitting

Clusters with size > 3 

rarely come from a single γ

Solution:

αγγ thresholds for 

accepted pairs, 

(estimated from split

clusters αγγ distributions

for each centrality class)

a.k.a. angle mapping
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𝜎𝑡 < 300 𝑝𝑠

𝜎𝛼𝛾𝛾
= 2.2°

Reconstruction 

artefacts in qinv 

distribution



Photon-photon correlation functions
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𝑞𝑖𝑛𝑣 = (𝑝1 − 𝑝2)2−(𝐸1 − 𝐸2)2

Anticorrelation caused by uneven αγγ
 

acceptance between same & mixed events 

SMASH + HGeant → HADES simulations. 

No FSI/QS involved, no direct photons present. 

Used as a benchmark of detector effects

data → real data gathered by HADES
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Photon-photon correlation functions
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𝑟𝑒𝑠 𝑞𝑖𝑛𝑣

=
𝐶𝐹𝑠𝑚𝑒𝑎𝑟𝑒𝑑(𝑞𝑖𝑛𝑣)

𝐶𝐹𝑛𝑜𝑡 𝑠𝑚𝑒𝑎𝑟𝑒𝑑(𝑞𝑖𝑛𝑣)
− 1

𝐶𝐹𝑟𝑒𝑠 𝑞𝑖𝑛𝑣

=
𝐶𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑞𝑖𝑛𝑣

1 + 𝑟𝑒𝑠 𝑞𝑖𝑛𝑣

𝑝𝑢𝑟 𝑞𝑖𝑛𝑣

=
𝑁𝛾𝛾 𝑝𝑎𝑖𝑟(𝑞𝑖𝑛𝑣)

𝑁𝑎𝑛𝑦 𝑝𝑎𝑖𝑟(𝑞𝑖𝑛𝑣)

𝐶𝐹 𝑞𝑖𝑛𝑣

=
𝐶𝐹𝑟𝑒𝑠 𝑞𝑖𝑛𝑣 − 1

𝑝𝑢𝑟 𝑞𝑖𝑛𝑣
+ 1

R
e
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o
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n
 c

o
rr

e
c
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n

Angle mapping Purity correction

M ATEUSZ  G R U NWALD    |     WPCF 2 02 6 ,  B U D APEST     |     2 0 . 05 .2026



Photon-photon correlation functions
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𝐶𝐹 𝑞𝑖𝑛𝑣 =  𝝀𝟏𝒆−𝑹𝟏
𝟐𝒒𝒊𝒏𝒗

𝟐
+ 𝝀𝟐𝒆−𝑹𝟐

𝟐𝒒𝒊𝒏𝒗
𝟐

+  𝒇𝝅𝟎(𝒒𝒊𝒏𝒗, 𝝁𝝅𝟎 , 𝝈𝝅𝟎 , 𝒌𝑳, 𝒌𝑯)

Direct photon contribution

π0-π0 residual correlation 

contribution

π0 peak contribution

SMASH + HGeant Real data

Boxes around 

points represent 

systematical 

uncertainties
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Photon-photon correlation functions
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Real data / SMASH + HGeant 

𝑅1, 𝑅2 are taken from fit to real data 
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𝐶𝐹 𝑞𝑖𝑛𝑣 =  𝝀𝟏𝒆−𝑹𝟏
𝟐𝒒𝒊𝒏𝒗

𝟐
+ 𝝀𝟐𝒆−𝑹𝟐

𝟐𝒒𝒊𝒏𝒗
𝟐

No visible direct photon signal. 

Only upper limit can be derived.

Fit to data 1σ (CL=0.68) 2σ (CL=0.95)

Χ2/NDF 1.74 1.64 2.08

λ1 ·10-2 0 ± 0.06 0.08 0.53

Nγ direct/Nγ all - 0.04 0.10



Summary & Outlook

• Photon correlation functions at low collision energy 

were measured using HADES calorimeters.

• The necessary corrections for the detector effects 

were developed.

•  Using the comparison between simulations and real 

data one cannot see a clear evidence for direct 

photon correlation. The visible low qinv enhancement 

seems to be an artifact of reconstruction algorithms.

• The upper limits for two confidence level intervals

were derived using Feldman and Cousins method, 

predicting the values for λdirect below 10-3 - 10-4 and 

the corresponding Nγ direct/Nγ all ratios
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Thank you for your attention!
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𝑓 𝑠1, 𝑠2 =
𝐴𝑠1

2 + 𝐵𝑠2
2

+ 𝐶𝑠1𝑠2 + 𝐷
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„Hanbury Brown–Twiss interferometry of direct 

photons in heavy ion collisions”, D. Peressounko 

PHYSICAL REVIEW C 67, 014905 (2003)

„Bose-Einstein correlations of direct photons in 

Au+Au collisions at sNN = 200 GeV”, D. 

Peressounko for the PHENIX collaboration, 

International Journal of Modern Physics E

𝐶𝐹 𝑞𝑖𝑛𝑣 =  𝝀𝟏𝒆−𝑹𝟏
𝟐𝒒𝒊𝒏𝒗

𝟐
+ 𝝀𝟐𝒆−𝑹𝟐

𝟐𝒒𝒊𝒏𝒗
𝟐

+ 𝒇𝝅𝟎(𝒒𝒊𝒏𝒗, 𝝁𝝅𝟎 , 𝝈𝝅𝟎 , 𝒌𝑳, 𝒌𝑯)
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Similar issue to „hybrid” case
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