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THIS IS THAT

https://indico.fis.agh.edu.pl/event/115/


R. Hanbury-Brown, R. Q. Twiss - observing Sirius with radio telescopes
◦ Intensity correlations vs detector distance ⇒ source size

◦ Measure the sizes of apparently point-like sources!

Goldhaber et al: applicable in high energy physics

Understanding: Glauber, Fano, Baym, …
◦ Momentum correlation 𝐶(𝑞) related to source 𝑆(𝑟) 

(under some assumptions):

 𝐶 𝑞 ≈ 1 + ∫ 𝑆 𝑟 𝑒𝑖𝑞𝑟𝑑𝑟
2

◦ Also with distance distribution 𝐷(𝑟):

 𝐶 𝑞 ≈ 1 + ∫ 𝐷 𝑟 𝑒𝑖𝑞𝑟𝑑𝑟
2

◦ Neglected: pair reconstruction, final state interactions, multi-particle correlations, coherence, …

What is the source shape? Can be explored via femtoscopy

HBT in high energy physics
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Femtoscopy – introduction

Originates from radio astronomy
◦ Hanbury-Brown and Twiss observed intensity correlation

◦ In high energy physics, Goldhaber, Goldhaber, Lee and Pais

Technique to access the spatio-temporal structure of the particle emitting source

𝐶2 𝑝1, 𝑝2 =
𝑁2 𝑝1, 𝑝2

𝑁1 𝑝1 𝑁1 𝑝2

where we can use the Yano-Koonin formula to relate the mom. dists. to the source:

𝑆: source function, Ψ2 two-particle wavefunction
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𝑵𝟐 𝒑𝟏, 𝒑𝟐 = ∫ 𝒅𝒙𝟏𝒅𝒙𝟐𝑺 𝒙𝟏, 𝒑𝟏 𝑺 𝒙𝟐, 𝒑𝟐 𝚿𝟐 𝒙𝟏, 𝒙𝟐
𝟐



Femtoscopy – the core-halo model

Usually pions, kaons, protons are measured

Resonance contributions are considerable: core-halo model

𝑆 𝑥, 𝑝 = 𝜆 𝑆𝑐𝑜𝑟𝑒 𝑥, 𝑝 + 1 − 𝜆 𝑆ℎ𝑎𝑙𝑜
𝑅ℎ 𝑥, 𝑝

Let’s introduce the pair source function as

𝐷𝐴𝐵 𝑥, 𝑝 = ∫ 𝑑3𝑅 𝑆𝐴 𝑅 +
𝑥

2
, 𝑝 𝑆𝐵 𝑅 −

𝑥

2
, 𝑝

With this the pair source function in the core-halo model:

𝐷 𝑥, 𝑝 = 𝜆𝐷𝑐𝑐 𝑥, 𝑝 + 2 𝜆 1 − 𝜆 𝐷𝑐ℎ 𝑥, 𝑝 + 1 − 𝜆
2

𝐷ℎℎ 𝑥, 𝑝
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Notation: 𝐷 ℎ /(1 − 𝜆)



Femtoscopy – general form
With 𝐾 = 0.5 𝑝1 + 𝑝2  and 𝑄 = 𝑝1 − 𝑝2!  Also assume that 𝑝1 ≈ 𝑝2

𝐶2 𝑄, 𝐾 ≈ 𝜆∫ 𝑑3𝑟𝐷𝑐𝑐 𝑟, 𝐾 Ψ2
𝑄

𝑟
2

+ (1 − 𝜆)∫ 𝑑3𝑟𝐷 ℎ 𝑟, 𝐾 Ψ2
𝑄

(𝑟)
2

If we take the 𝑅ℎ → ∞ limit the Bowler-Sinyukov formula is given:

𝐶2 𝑄, 𝐾 ≈ 1 − 𝜆 + 𝜆∫ 𝑑3𝑟𝐷𝑐𝑐 𝑟, 𝐾 Ψ2
𝑄

𝑟
2

The simple planewave case (i.e. no FSI):

𝐶2
0

𝑄, 𝐾 = 1 + 𝜆
෩𝐷𝑐 𝑄, 𝐾

෩𝐷𝑐 𝑄 = 0, 𝐾
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On the 3D variable of the correlation function 

𝐶2 𝑄, 𝐾 ≈ 1 − 𝜆 + 𝜆∫ 𝑑3𝑟𝐷𝑐𝑐 𝑟, 𝐾 Ψ2
Q

𝑟
2

The 𝐾 dependence is much smoother than the 𝑄 dependence

Use the 𝑄 as a variable and measure the 𝐾 dep. of the params.

𝑄 ⋅ 𝐾 = 𝑝1 − 𝑝2 𝑝1 + 𝑝2 = 𝑝1
2 − 𝑝2

2 = 0 → 𝑄0 = 𝑄
𝐾

𝐾0

𝐶2(𝑄) can be transformed to 𝐶2 𝑄

Go to LCM system where 𝑄 = 𝑄𝑜𝑢𝑡 , 𝑄𝑠𝑖𝑑𝑒 , 𝑄𝑙𝑜𝑛𝑔
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On the 1D variable of the correlation function

What about in 1D? Could be necessary due to the lack of statistics

Usual choice: 𝑞𝑖𝑛𝑣 = −𝑄𝜇𝑄𝜇 , arguable choice!

𝑞𝑖𝑛𝑣 = 1 − 𝛽𝑡
2 𝑄𝑜𝑢𝑡

2 + 𝑄𝑠𝑖𝑑𝑒
2 + 𝑄𝑙𝑜𝑛𝑔

2

But 𝑞𝑖𝑛𝑣 could be very small even if 𝑄𝑜𝑢𝑡
2 ≈ 𝑄𝑠𝑖𝑑𝑒

2 ≈ 𝑄𝑙𝑜𝑛𝑔
2 ≠ 0

It is also known that the source approximately spherical at RHIC

𝑞𝑖𝑛𝑣 = 𝑞𝑃𝐶𝑀𝑆  ⇒  𝑄 = 𝑞𝐿𝐶𝑀𝑆

Here, sphericity preserved, so 𝑄 independent of the direction of 𝑞𝐿𝐶𝑀𝑆
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1D variable!



Final state interactions – about the Ψ2
Q

𝑟

Like-charged pions → Coulomb correction

Strong final state interaction may play a role

Effect of the resonances: core-halo model
◦ Long-lived resonances contribute to the halo

◦ In-medium mass modifications could cause specific 𝑚𝑇 dependence

Partially coherent particle production (core-halo model)

Aharonov-Bohm like effect: the hadron gas acts as a background 
field, the correlated bosons paths are the closed loop
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Femtoscopy – two approaches

Assume the source shape: 𝑺 ∼ Gaussian 

Measure in a clean environment, e. g. in 𝑝𝑝

Learn about the final state interactions 
encoded into the wave function

Program in ALICE: 

𝑝 − 𝐾, 𝑝 − 𝑝, 𝑝 − Λ, Λ − Λ, 𝑝 − Ξ, 𝑝 − Ω, 

𝑝 − Σ, 𝑝 − 𝜙, 𝑁 − Σ, 𝑁 − Λ, etc.

10

Assume the wave function: free planewave

Ψ2
2 = 1 + cos 𝑝1 − 𝑝2 𝑥

Not to realistic: Coulomb (and strong) FSI

What is the interacting wave function?

       Ψ2 ∼
Γ 1+𝑖𝜂

𝑒
𝜋𝜂
2

𝑒𝑖𝒌𝒓𝐹 −𝑖𝜂, 1, 𝑖 𝑘𝑟 − 𝒌𝒓  

+𝒓 → −𝒓

(more complicated with strong interaction)

Learn about the source size and shape

𝐶2 𝑄, 𝐾 ≈ 1 − 𝜆 + 𝜆∫ 𝑑3𝑟𝐷𝑐𝑐 𝑟, 𝐾 Ψ2
Q

𝑟
2



Levy parametrization of the 𝐶2

Generalized Gaussian – Levy distribution

ℒ 𝛼, 𝑅, 𝑟 =
1

2𝜋 3
∫ 𝑑3𝑞 𝑒𝑖𝑞𝑟𝑒−

1
2

𝑞𝑅 𝛼

𝛼 = 2: Gaussian, 𝛼 = 1: Cauchy, 0 < 𝛼 ≤ 2: Levy

Assume the source to be Levy!        𝑪𝟐 𝑸 = 𝟏 + 𝝀𝒆 𝑹𝑸 𝜶

𝜆(𝐾): core-halo parameter

𝑅(K): Levy-scale parameter

𝛼(𝐾): Levy index of stability

Csörgő, Hegyi, Zajc Eur.Phys.J.C 36,67
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Possible interpretation of the 𝑅:
◦ Important: 𝑅𝐿𝑒𝑣𝑦 ≠ 𝑅𝐺𝑎𝑢𝑠𝑠

◦ Is it related to the size? Check hydro-like scaling:    
1

𝑅2 = 𝐴 𝑚𝑇 + 𝐵

◦ Seen in Gaussian parametrizations

◦ In 3D it is especially important to measure it precisely!

Possible interpretation of the 𝛼:
◦ Surprising similarity with the critical exponent 

of the spatial correlation in 3D

◦ spatial corr. ∼ 𝑟−1−𝜂 symm. Levy dist. ∼ 𝑟−1−𝛼

◦ Sudden change in 𝛼 might be a sign for critical behavior

◦ Could be the sign of anomalous diffusion or jets

Physics in the parameters
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Possible interpretations of the 𝜆:
1. Specific 𝑚𝑇 suppression linked to 

chiral restoration:
 → decreased 𝜂′ mass 
 → more 𝜂′ produced 
 → more decay pions 
 → 𝑚𝑇  specific suppression of 𝜆

⇒ 2𝑛𝑑  transition besides the free quarks

2. Measuring two- and three particle 
correlations could shed light on 
partially coherent particle production 
(see core-halo model)

Physics in the parameters
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PHENIX, Phys.Rev.C 108, 4

MEASURE HBT WITH THE PROPER PARAMETRIZATION



Collision energies: 7.7 to 200 GeV

20-400 MeV in 𝜇𝐵, 140-170 MeV in 𝑇

This talk: 200 GeV Au+Au

The PHENIX and the BES
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𝑠𝑁𝑁

[GeV]

510

200

130

62.4

39

27

20

14.5

7.7



The first results – PHENIX 0-30% Au+Au
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• Measured correlation 
function in 31 𝑚𝑇 bin with 
0-30% cent.

• Coulomb correction 
incorporated into the fit 
function

• 𝛼 ≠ 2   nor  𝛼 ≠ 1
• The fits are acceptable in 

terms of confidence level 
and 𝜒2/𝑁𝐷𝐹

• Gaussian parametrization 
cannot describe the data



Phys. Rev. C 110, 064909

Au+Au @ 200 GeV from Run 10, 𝜋+𝜋+ + 𝜋−𝜋−

𝛼, 𝑅, 𝜆,
1

𝑅2 ,
1

෠𝑅
,

𝜆

𝜆𝑚𝑎𝑥
  in 6 cent bin (0-10% … 50-60%) and 24 𝑚𝑇 bins

1D variable 𝑄 = 𝑞𝐿𝐶𝑀𝑆  (instead of 𝑞𝑖𝑛𝑣 = 𝑞𝑃𝐶𝑀𝑆 )

Fit function incorporates CC FSI (weighting for var. change)

Costume track and pair cuts to obtain clean sample

Check Levy shape validity: 1𝑠𝑡 order corr. zero (APP.Supp. 9 (2016) 289)

PRC Highlight:  Phys. Rev. C 110, 064909

Centrality dependent HBT analysis from PHENIX
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.064909


𝛼 𝑚𝑇, 𝑁𝑝𝑎𝑟𝑡
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• Does not depend on 𝑚𝑇, does depend on 𝑁𝑝𝑎𝑟𝑡

• 𝑁𝑝𝑎𝑟𝑡  dep. has model selection power 

• Anomalous diffusion, QCD jets, resonances???

0-30% average 
from PRC108,4 



𝑅 𝑚𝑇, 𝑁𝑝𝑎𝑟𝑡
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• Unexpected hydro scaling but not RMS
• Centrality ordering, monotonic behavior
• Related to the size?

1

𝑅2 = 𝐴𝑚𝑇 + 𝐵



෠𝑅 𝑚𝑇, 𝑁𝑝𝑎𝑟𝑡
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• Empirical parameter, surprisingly linear
• Centrality ordering, monotonic behavior
• Related to the size?

1

෠𝑅
= መ𝐴𝑚𝑇 + ෠𝐵



𝜆 𝑚𝑇, 𝑁𝑝𝑎𝑟𝑡
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• Suppression and saturation in every centrality class



𝜆 𝑚𝑇, 𝑁𝑝𝑎𝑟𝑡
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• Suppression and saturation in every centrality class
• Normalized to mT > 0.45

𝜆𝑚𝑎𝑥

𝜆𝑚𝑎𝑥

𝜆𝑚𝑎𝑥

𝜆𝑚𝑎𝑥

𝜆𝑚𝑎𝑥

𝜆𝑚𝑎𝑥



𝜆/𝜆𝑚𝑎𝑥 𝑚𝑇, 𝑁𝑝𝑎𝑟𝑡
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• Suppression and saturation in every centrality class
• Normalized to mT > 0.45 ⇒ centrality independent!
• Sign of the 𝜂′ in medium mass modification?
• Let’s compare the results to Monte Carlo simulations

𝜆

𝜆𝑚𝑎𝑥
= 1 − 𝐻exp −

𝑚𝑇
2 − 𝑚𝜋

2

2𝜎2  



𝜂′ mass modification and 𝑈𝐴(1) restoration ?
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• Calculate 𝜆 from SHAREv3 for 
resonance production

• Resonance chain decay included



𝜂′ mass modification and 𝑈𝐴(1) restoration ?
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• Calculate 𝜆 from SHAREv3 for 
resonance production

• Resonance chain decay included
• Scan the CL with different 𝜂′ masses



𝜂′ mass modification and 𝑈𝐴(1) restoration ?
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• Calculate 𝜆 from SHAREv3 for 
resonance production

• Resonance chain decay included
• Scan the CL with different 𝜂′ masses
• Obtain the best value for 𝑚𝜂′

∗



𝜂′ mass modification and 𝑈𝐴(1) restoration ?
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• Calculate 𝜆 from SHAREv3 for 
resonance production

• Resonance chain decay included
• Scan the CL with different 𝜂′ masses
• Obtain the best value for 𝑚𝜂′

∗

• Compare to model
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Results suggest in-medium partial 𝑼𝑨 𝟏  restoration: 𝒎𝜼 ≈ 𝒎𝜼′

Sign of a second transition!



Summary and outlook

Phys. Rev. C 110, 064909

Precise measurement of BEC requires Levy-exponent

𝟏 < 𝜶 < 𝟐

Levy scale 𝑅 exhibits hydro scaling → size?

Levy scale ෠𝑅 linear scaling → size?

Strength parameter 𝜆 indicates a second, chiral transition

Significant in medium mass modification of 𝜂′ meson

Indirect sign calls for dedicated dilepton spectrum measurements

PRC Highlight Phys. Rev. C 110, 064909

THANK YOU FOR YOUR ATTENTION!
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.064909


29



References

R. H. Brown and R. Q. Twiss, Nature 177, 27 (1956)

Goldhaber et al. Phys. Rev. 120, 300 (1960)

Csörgő et al., AIP Conf.Proc. 828

Metzler et. al, Phys.Rep.339 (2000) 1-77

Csanád et al. Braz.J.Phys. 37 (2007) 1002

Csörgő et al. Acta Phys.Polon. B36

Universe 2019, 5(6), 133

Phys. Part. Nuclei 51, 238-242 (2020)

Gribov-90 Memorial Volume, pp. 261-273 (2021)

Acta Phys.Hung.A 15 (2002) 1-80

Phys.Part.Nucl. 51 (2020) 3, 263-266

Acta Phys. Pol. B Proc. Suppl. vol. 12 (2), pp. 477 -
482 (2019)

Phys.Part.Nucl. 51 (2020) 3, 267-269

Acta Phys.Polon.Supp. 12 (2019) 445

Universe 5 (2019) 6, 154

EPJ Web Conf. 206 (2019) 03004

Universe 4 (2018) 2, 31

Phys.Rev.C 97 (2018) 6, 064911

AIP Conf.Proc. 828 (2006) 1, 539-544

https://arxiv.org/abs/2407.08586

30

https://www.nature.com/articles/177027a0
https://journals.aps.org/pr/abstract/10.1103/PhysRev.120.300
https://www.worldscientific.com/doi/abs/10.1142/9789812773784_0024
https://www.sciencedirect.com/science/article/abs/pii/S0370157300000703
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-97332007000600018&lng=en&nrm=iso&tlng=en
https://www.actaphys.uj.edu.pl/index_n.php?I=R&V=36&N=2#329
https://www.mdpi.com/2218-1997/5/6/133
https://link.springer.com/article/10.1134/S1063779620030089
https://www.worldscientific.com/doi/abs/10.1142/9789811238406_0023
https://link.springer.com/chapter/10.1007%2F978-94-011-4126-0_8
https://link.springer.com/article/10.1134/S1063779620030181
https://www.actaphys.uj.edu.pl/index_n.php?I=S&V=12&N=2#477
https://www.actaphys.uj.edu.pl/index_n.php?I=S&V=12&N=2#477
https://link.springer.com/article/10.1134/S106377962003017X
https://www.actaphys.uj.edu.pl/index_n.php?I=S&V=12&N=2#445
https://www.mdpi.com/2218-1997/5/6/154
https://www.epj-conferences.org/articles/epjconf/abs/2019/11/epjconf_ismd18_03004/epjconf_ismd18_03004.html
https://www.mdpi.com/2218-1997/4/2/31
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.064911
https://aip.scitation.org/doi/abs/10.1063/1.2197467
https://arxiv.org/abs/2407.08586


The effect can be turned off
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Comparison to MC
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• Calculate 𝜆 from 
SHAREv3 for resonance 
production

• Resonance chain decay 
included

• Scan the CL with 
different 𝜂′ masses



EPOS simulation – event-by-event correlation
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• Core-halo picture is included
• UrQMD for the hadronic cascade

• Levy gives the good description

• It is a single event!
• This analysis support that the origin of the 

Levy shape could be explained only with 
the experimental averaging

• This analysis also support the role of the 
resonances, i.e., the anomalous diffusion

• With this confidence let’s look at other 
experiments



Backup slides
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Backup slides
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Backup slides
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The tree of the Levy analyses
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𝜋 pairs
200 GeV

0-30% 
1D

PHENIX

𝜋 pairs
200 GeV

0-30% 
3D

PHENIX

𝜋 pairs
200 GeV
cent.dep

1D
PHENIX, 

STAR

𝑲 pairs
200 GeV

0-30% 
1D

PHENIX

𝜋 pairs
15-62 GeV

0-30% 
1D

PHENIX, 
NA61

𝝅 triplets
200 GeV

0-30% 
1D

PHENIX

L3 result
in 𝑒+𝑒−

𝜋 pairs
2.76 TeV

1D
CMS

???



The first results – PHENIX 0-30%, Au+Au

38

• 𝑅 exhibits hydro scaling
• 1 < 𝛼 < 2 , 𝛼 ≈ 1.2
• 𝜆 𝑚𝑇  suppressed which 

compatible with modified 
𝜂′ mass in the medium 
(compared with a 
resonance model)

• New scaling parameter
• Interpretation?

• Interpretation of 𝛼 ?

• Let’s see the 𝑁𝑝𝑎𝑟𝑡  and 

𝑠𝑁𝑁 dependence



𝑠𝑁𝑁 dependence – PHENIX Au+Au
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• Integrated in 𝑚𝑇 due to 
the lack of statistics

• 𝛼 does not really 
depend on 𝑠𝑁𝑁

• Non-monotonic 
behavior of ෠𝑅 observed
• Interpretation?

• For 𝑠𝑁𝑁 ≥ 39 GeV 
there are 𝑚𝑇 
dependent analysis but 
the trends are not clear



Backup slides
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3D correlation – PHENIX 0-30% Au+Au
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• 3D measurement gives very similar results compared to 1D
• The source appears to be spherical
• 𝜆 suppression is there in 3D too, with small discrepancy
• Preliminary data!



3 particle correlation – PHENIX 0-30% Au+Au

42

𝜅3 =
𝜆3 − 3𝜆2

2 𝜆2
3

• From the definition:
• No coherence: 𝑝𝑐 = 0 ⇒ 𝜅 = 1
• Coherence: 𝑝𝑐 > 0 ⇒ 𝜅 < 1

• The source seems to be chaotic



PHENIX @ 200 GeV – kaon correlation in Au+Au

43

• 𝛼𝐾 ≈ 𝛼𝜋  underlying Levy process?

• 𝜆 exhibits decreasing trends – unidentified hadrons

• R supports its geometrical interpretation as before

• Preliminary results
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