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Why study femtoscopy in photonuclear interactions?

1. Unique sources and correlation functions

2. Nuclear structure

3. Non-femtoscopic backgrounds

4. Non-Gaussian shapes

5. Explore mixture of initial and final state effects
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Femtoscopy overview

𝐶 𝑘 = න𝑆 𝑟 𝜓2 𝑟 2𝑑3𝑟
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=  same event
   mixed event
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Hadronic interaction, V(r)
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❑ Correlations distinguish shape and 
size of nuclear distributions

❑ However, requires detailed 
understanding of backgrounds…

††Koonin-Pratt Equation: 

Phys. Rev. C 42 (1990) 2646, 
Phys. Lett. B 70 (1977) 43

Universe 2024, 10(2), 54 (arxiv:2401.01249)
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Black Disk

3D Woods-Saxon

(~Uniform sphere)

PbPb
Exponential 
b distribution
<b>=36 fm
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Dipion-Dipion 

correlations 

❑ Correlations distinguish shape and 
size of nuclear distributions

❑ However, requires detailed 
understanding of backgrounds…

††Koonin-Pratt Equation: 

Phys. Rev. C 42 (1990) 2646, 
Phys. Lett. B 70 (1977) 43

Femtoscopy overview
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Hadronic collisions
One interaction region

Gaussian source

Photoproduction
Two interaction regions

 Gaussian     Wood-Saxon     Black Disk

b

Recipe for a source
Select impact parameter (from a distribution).

Draw two points from chosen gluon distribution.
Select “same source” or “different source”

Add ½ impact parameter.
Subtract position.

 S(r) is distribution of distance between points.

S(r)

r (fm)

Unique sources

+
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PbPb
Black Disk
<b>=50 fm

Nuclear 
Source

<b> term

Combined 
Correlation 
Signal

Nuclear 
Source

<b> term
<b>=50 fm

Δb=68 fm

Nuclear 
Source

<b> term

Combined
Correlation
Signal

<b> term
 b=50 fm

Nuclear 
Source

CATS 
Correlation Analysis Tool 
using Schrodinger’s equation
[Eur. Phys. J C 78 (2018) 394]

Numerically solves Koonin-
Pratt equation (1D)

C
(k

*)

S(r)

C
(k

*)

S(r)
CATS converts my sources to correlation functions



Distinguishes between expected gluon distributions.

Black Disk

3D Woods-Saxon
R=RBD, a=0.7 fm

(~Uniform sphere)
3D Woods-Saxon
R=RBD, a=0.01 fm

PbPb
Exponential b distribution
<b>=36 fm

Correlation Functions can distinguish Woods-Saxon & Black Disk sources
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Ultraperipheral Collisions

Coherent photoproduction
-Long λ
-Low f →low photon energy
-Interact with whole nucleus
-Low transverse momentum, pT

Incoherent photoproduction
-short λ
-High f →high photon energy
-Interacts with nucleon size region
-Higher transverse momentum, pT

Coherent & Incoherent have 
different momentum distributions

JHEP 09 (2015) 095

Credit: D. Dominguez/CERN-GRAPHICS-
2023-008-1
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What is usually measured in UPCs?

Cross section = probability of occurring

Compare to models 
(with or without saturation, etc)

Ratio of Incoherent and Coherent J/ψ 
photoproduction cross sections

Phys.Rev.Lett. 135 (2025) 11, 112301

σCOH/σINCOH ratio constrains models
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Real Pairs

Fake Pairs

k* (GeV/c)

k* (GeV/c)

C
(k

*)

75%INCOH, 25%COH
50% INCOH, 50% COH
25% INCOH, 75% COH
100% COH
100% INCOH

Correlation 
Background

Decay kinematics → background

Background in dipion correlations

Fake pair background depends on σCOH/σINCOH
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Polarization Background in π±π± correlations

Impose polarization signal:
 
 1+Acos(2Δφ)

Fake pair background depends on σCOH/σINCOH.

Unnormalized 1D Correlation

0   0.1      0.2         0.3

Polarization Signal

Coherent Events
½ COH, ½ INCOH
Incoherent Events

k* (GeV/c)
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𝐹 𝑏 ∼ න

0

∞

𝑝𝑇 𝐽0 𝑏𝑝𝑇

𝑑𝜎

𝑑𝑡
𝑑𝑝𝑇

Fourier transform
Momentum spaceCoordinate

space

b=Rtransverse t ~ pT
2

Impact parameter [fm]

-t [(GeV/c)2]STAR, Phys. Rev. C 96 (2017) 054904

Single Coherent Vector Meson Photoproduction
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Femtoscopy for gluon saturation effects

Assumption: As interaction probability increases, path length decreases (on average)

Amount of saturation increases,  path length 
decreases

 P(z) = exp(-z/λ) = exp(-z σ n)

Photons interact sooner.

Source modified.

Affect on correlation function?
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Femtoscopy for gluon saturation effects

Correlation function modified.
Similar to black disk, but with in between cases.
Don’t see incoherent as issue!

Prediction: Wider C(qlong), smaller Rlong in 3D.

nσ = 0    (no saturation)
 nσ = 2       (medium saturation)
 nσ = 10    (strong saturation)

P(z) = exp(-z/λ) = exp(-z σ n)

Assumption: As interaction probability increases, path length decreases (on average)
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k* (GeV/c)



STARlight embedded in Pythia

STARlight 
5 events (ρ0 + direct π+π-)
50% coherent, 50% incoherent
SL has Woods-Saxon source 
 (Rws= 4 fm, a = 0.5 fm)

Pythia 
non-diffractive (NTracks < 50)
Pythia has 3D Gaussian source 
 (Ro = Rs = Rl = 4 fm)

• Pythia Non-diffractive
• Starlight + Pythia
• Starlight (Polarized) + Pythia

Non-Gaussian “back of the envelope” exercise with Monte Carlo
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Q (GeV/c)



• Pythia Non-diffractive
• Starlight (Polarized) + Pythia

Photonuclear interactions induce a Levy-like modification.
Have not include <b> term here. Should enhance Levy-like modification.
Constant factor affecting Q values, so qualitative only. 

Universe 2024, 10(2), 54 (arxiv:2401.01249)
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Q (GeV/c)

Non-Gaussian “back of the envelope” exercise with Monte Carlo



Universe 2024, 10(2), 54 (arxiv:2401.01249)

Non-Gaussian “back of the envelope” exercise with Monte Carlo
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Q (GeV/c)

Photonuclear interactions induce a Levy-like modification.
Have not include <b> term here. Should enhance Levy-like modification.
Constant factor affecting Q values, so qualitative only. 



Universe 2024, 10(2), 54 (arxiv:2401.01249)

Non-Gaussian “back of the envelope” exercise with Monte Carlo

Correlation function Ratio 
(Levy-like/3D Gaussian) 
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Photonuclear interactions induce a Levy-like modification.
Have not include <b> term here. Should enhance Levy-like modification.
Constant factor affecting Q values, so qualitative only. 



Mock γA embedded in AA

High multiplicity γA component 
3D Gaussian source 
• Widths Ro, Rs, Rl for 200 GeV pp
• Shift to random point in either nucleus
     - Woods-Saxon (RAu = 7 fm, a = 0.5 fm)
     - b in 60-70% of 2RAu

• Nπ for 200 geV pp

AA component 
3D Gaussian source
• Widths Ro, Rs, Rl 200 GeV AuAu 
     - 60-70% centrality STAR BES-I values
• Nπ for 200 geV AuAu (60-70% central)

• γA (pp)
• AA (~60-70% central AuAu)
• γA (pp) + AA
• Additional correlations 

between γA and AA particles

Non-Gaussian “back of the envelope” exercise with CATS
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k* (GeV/c)



Summary

• Femtoscopy of UPCs can disentangle many effects and provide new information.

• Photonuclear processes may modify hadronic measurements.

• UPC backgrounds contain interesting physics (σCOH/σINCOH ratio).

• Understanding and removing backgrounds will allow studying QGP in small systems 
and nuclear structure studies

• Photonuclear processes may explain non-Gaussian correlation functions.

• UPC femtoscopy may provide a new, sensitive probe of gluon saturation.

20



Backup
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††G. Baur, K. Hencken, A. Aste, D. Trautmann, S. Klein, Nucl. Phys. A 729 (2003) 787-808
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n=5    <b>~16 fm

 n=4     <b>~17 fm

 n=3      <b>~19 fm

 n=2       <b>~28 fm

 n=1

††   P(b) ~ b-2n    

n = # photon 
interactions

❑ 2 γA (+additional neutrons in ZDC)
❑ Potential constraint between impact parameter signal and nuclear distribution signal. 
❑ Might Bose-Einstein enhancement promote multiple interactions at larger b?

< 𝐛 > = 𝟐𝐑𝐀

𝟐𝐧 − 𝟐

𝟐𝐧 − 𝟑

b (fm)

d
N

/d
b
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C
(k

*)
C

(k
*)

dipion correlations

π±π± correlations

• No impact parameter

•  n=2 interactions
•  n=3 interactions
•  n=4 interactions
•  n=5 interactions

Pb nuclei
3D Woods-Saxon

Small impact parameters with long tails & correlation functions



Two Coherent STARlight events

Two Coherent STARlight events

Pion pT in three events
Two Inchoherent STARlight events

❑ ρ0 +direct π+π- from STARlight MC event 
generator

❑ Pairs of events simulate double dipion 
production
❑ No correlation signal included

❑ Four pions observed in each event 23

px

py

π-

π+

π+

π-

π-

π+

π+

π-

π+

π-
π-

π+

px

py

py

px



Real pairs may have any angle

❑ Real pairs can have any angle, Δφ,  
between them

❑ Fake pairs tend to be back-to-back

❑ Cause: decay kinematics constrain 
daughter particle momenta
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Fake pairs occur at large angles
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π-

π+

π+

π-

π-

π+

π+

π-

π+

π-
π-

π+

Two Coherent STARlight events

Two Coherent STARlight events

Two Inchoherent STARlight events

py

py

px

px

py

px

❑ Real pairs can have any angle, Δφ,  between 
them

❑ Fake pairs strongly back-to-back

❑ Cause: decay kinematics constrain daughter 
particle momenta + limited pairs

Fake 
dipion

Fake 
dipion

Fake 
dipion

Fake 
dipion

Fake 
dipion

Fake 
dipion



Fake Pairs induce false correlation signals
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❑ Δφ = angle between two di-pions
❑More back-to-back, stronger false correlation
❑ False signal depends on process



Polarization Background in π±π± correlations

Impose 1+Acos(2Δφ) signal.

Similar effect for polarization and background in 
proton-proton collisions.

Fake pair background depends on σCOH/σINCOH.

Unnormalized 1D Correlation

k* (GeV/c)
0   0.1      0.2          0.3

Polarization Signal

Coherent
½ COH, 1/2INCOH
Incoherent

Phys. Rev. C 83 (2011) 64905
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Non-Gaussianess: Lorentzian or photonuclear component?
Actual Lorentzian source

0               0.02           0.04           0.06  k* 
[GeV/c]
0               0.04           0.08           0.12  Q [GeV/c]

Adjusting for k*=Q/2.

Polarization would also enhance peak 
and cause tail.

ALICE used this Lorentzian source

Will also make a Correlation Function more 
peaked than Gauss+extended tail

Correlation for Photonuclear sources

https://xpslibrary.com/peak-shapes-
g-l-v-3/
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Single Coherent φ Vector Meson Photoproduction

Simulations from ATHENA proposal demonstrates challenges to resolve minima at higher pT.

Current effort at ePIC to better separate coherent and incoherent. But challenging to do.
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Femtoscopy for gluon saturation effects

Correlation function modified.
Similar to black disk, but with in between cases.
Don’t see incoherent as issue!

Prediction: Wider C(qlong), smaller Rlong in 3D.

P(z) = exp(-z/λ) = exp(-z σ n)

nσ = 0    (no saturation)
nσ = 10    (strong saturation)

Assumption: As interaction probability increases, path length decreases (on average)
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Femtoscopy for gluon saturation effects

Correlation function modified.
Similar to black disk, but with in between cases.
Don’t see incoherent as issue!

Prediction: Wider C(qlong), smaller Rlong in 3D.

P(z) = exp(-z/λ) = exp(-z σ n)

nσ = 0    (no saturation)
nσ = 10    (strong saturation)

Assumption: As interaction probability increases, path length decreases (on average)
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