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Same jet

Back-to-back jets

Photon conversion

Momentum 
conservation

Resonances

Δ φ=φ1−φ2
Δ η=η1−η2

Correlation landscape

Bose-Einstein QS
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Same jet

Back-to-back jets

Photon conversion

Momentum 
conservation

Resonances

Δφ=φ1−φ2

Δη=η1−η2

Correlation landscape

Does this picture always hold?

Bose-Einstein QS



5/332/12/2023, PWRHIC 2023 Łukasz Graczykowski (WUT)

Unlike-sign

Like-sign This one looks different!

ALICE 7 TeV pp data – identified particles
ALICE, Eur. Phys. J. C 77 (2017) 569, Ph.D. thesis of M. Janik https://cds.cern.ch/record/2093543

ALICE pp @ 7TeV
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ΛΛ and pΛ correlation functions

 Useful to check if effect 
persists for other baryons than 
protons – is this a common effect 
for all baryons?

 Correlation functions were 
calculated for ΛΛ and pΛ pairs

 Λ baryons are neutral → no 
Coulomb repulsion

 p and Λ are not identical → no 
effect from Fermi-Dirac statistics

All observations from pp can 
be extended to ΛΛ and pΛ

ALICE, Eur. Phys. J. C 77 (2017) 569
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Are there any advances since the 2017 
ALICE paper?
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ALICE 13 TeV pp (preliminary) data

• The anticorrelation 
persists at 13 TeV 
collision energy

• It also persists for 
higher mass multi-
strange baryons
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ALICE 13 TeV pp (preliminary) data D. Ruggiano, WPCF 2023 



10/332/12/2023, PWRHIC 2023 Łukasz Graczykowski (WUT)

STAR Au-Au data - energy dependence
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30-40% 
STAR, Phys. Rev. C 101, 014916 (2020)

• The anticorrelation 
effect is present for 
Au-Au results

• It is convoluted with 
the flow double-ridge 
structure

CMS, Phys. Lett. B 724 (2013) 213
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What about the theory side?
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We are not likely to find two baryons or two 
antibaryons very close to each other

Local baryon number conservation partially 
responbsible for anticorrelation at 29 GeV collision 
energy correlation anti-correlation

TPC/Two Gamma Collaboration, Phys.Rev.Lett. 57 (1986) 3140 
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Lund model 
describes 
data

From mechanism of jet production:
Two primary hadrons with the same 
baryon number
are separated by at least
two steps in “rank”

A Parametrization of the Properties of Quark Jets
R.D. Field, R.P. Feynman
Nucl. Phys. B 136 (1978) 131

Models at lower energies agree 
with observations seen in data

R. Feynman
“Quark Jets”

8th ISMD 1977

Rapidity correlations at low energies

http://inspirehep.net/record/5957
http://inspirehep.net/author/profile/Field%2C%20R.D.?recid=5957&ln=en
http://inspirehep.net/author/profile/Feynman%2C%20R.P.?recid=5957&ln=en
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Unlike-sign

Like-sign This one looks different!

PHOJET, PYTHIA 6 and PYTHIA 8
ALICE, Eur. Phys. J. C 77 (2017) 569
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Unlike-sign

Like-sign This one looks different!

PHOJET, PYTHIA 6 and PYTHIA 8
ALICE, Eur. Phys. J. C 77 (2017) 569

“The real problem is baryon production. 
[…] so it is clear we still lack some 
fundamental insight on baryon 
production, at least in the string 
context.”

Nucl. Phys. A 982 (2019) 43-49 

T. Sjostrand, QM 2018, plenary talk
https://indico.cern.ch/event/656452/contributions/2899749/
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Modified PYTHIA (1)

● Two modifications to PYTHIA string fragmentation allow the model to describe the data:

 → one baryon – each string must produce at most one baryon (a way to impose Pauli 
principle to baryons, but lowers the baryon-to-meson ratio)

 → always baryon – each string must always produce one baryon (no physical 
meaning, but produces very good agreement with data)

N. Demazure, V. Gonzalez, F. Llanes-Estrada
Few Body Systems 64 (2023) 57

pp ΛΛ pΛ

“always baryon” “always baryon” “always baryon”
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Modified PYTHIA (1)
N. Demazure, V. Gonzalez, F. Llanes-Estrada

Few Body Systems 64 (2023) 57

pp ΛΛ pΛ

“always baryon” “always baryon” “always baryon”

● Two modifications to PYTHIA string fragmentation allow the model to describe the data:

 “→ one baryon” – each string must produce at most one baryon (a way to impose 
Pauli principle to baryons, but lowers the baryon-to-meson ratio)

 “→ always baryon” – each string must always produce one baryon (no physical 
meaning, but produces very good agreement with data)
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Modified PYTHIA (2)
Leif Lönnblad, Harsh Shah

https://arxiv.org/abs/2309.01557

Effect of gluons on the baryon production mechanism in 
the Lund string fragmentation model.

Hypothesis for suppressing baryons produced in gluon 
jets.

Independent measurements that could verify the 
hypothesis of suppressed baryon production close to 
gluons. One obvious example is to compare the baryon-to-
meson ratio inside a gluon jet to that of a quark jet, which 
could be done by comparing inclusive jets to jets produced 
together with hard photons.

Correlation along single string

kink
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AMPT model
  Che-Ming Ko

https://indico.cern.ch/event/237345/contributions/1549128/
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AMPT model
● Contains 4 main components to describe the whole phase space of heavy-ion 

collisions

● String melting: convert hadrons from string fragmentation into quarks and 
antiquarks

● Coalescence: when partons stop interacting, combine nearest quark and antiquark  
     to meson, and nearest three quarks to baryon  

Chao Zhang, SCU AMPT Workshop 2017
https://myweb.ecu.edu/linz/ampt/Ampt2017/ZhangC.pdf
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Modified AMPT
● Improved coalescence (removed separate conservation for mesons and baryons)

● String melting (SM)  parton degrees of freedom are expected in the initial state→

 →AMPT-SM with non-zero parton cross section desrcibes the data

 → test of SM with parton cross section set to 0 mb does not describe the data

● If initial state momentum correlation (ISMC) are removed  the result is similar →
to standard AMPT-SM version  describes anticorrelation→

  L.Y. Zhang et al., Phys. Rev. C 98 (2018) 3, 034912 
L.Y. Zhang et al., Phys. Lett. B 829 (2022) 137063
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Modified AMPT
● Improved coalescence (removed separate conservation for mesons and baryons)

● String melting (SM)  parton degrees of freedom are expected in the initial state→

 →AMPT-SM with non-zero parton cross section desrcibes the data

 → test of SM with parton cross section set to 0 mb does not describe the data

● If initial state momentum correlation (ISMC) are removed  the result is similar →
to standard AMPT-SM version  describes anticorrelation→

  L.Y. Zhang et al., Phys. Rev. C 98 (2018) 3, 034912 
L.Y. Zhang et al., Phys. Lett. B 829 (2022) 137063

“Our study implies a finite parton expansion before 
hadronization, where a prerequisite is the existence of 
parton degrees of freedom, in pp collisions at 7 TeV.”
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What is the origin of the
”small peak” in pp correlations?
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Baryon correlations in pT

● The small peak seems to behave strangely  decreases with increasing p→ T

● Is it an unnoticed and not removed detector effect OR is there some 
physics behind it?

small peak 
disappears for 
high pT

Near-side peak 
grows with pT 
(more contribution 
from jets)

pT growth

pp+pp

pp

increasing jet 
contribution
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Accessing the strong FSI
● In the ALICE paper we hypothesized the small peak could be of the 

strong final-state interaction (FSI) origin:

 → how do we measure strong FSI?
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measured correlation
emission function
(source size/shape)

C ( q⃗)=∫ S(r)|Ψ(q , r)|2d3 r

Two-particle 
wave functionObtained by 

experiment Interaction 
unknownKnown

Femtoscopy
from M. Lisa and S. Pratt

|Ψ(q,r)|2

s(r)

q=2⋅k*=p1−p2

ALICE, Nature 588, 232-238 (2020)
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Femto correlations of pp pairs

What are the ingredients of the proton-proton femtoscopic 
correlation funcion: 

– strong FSI is significant in pp femtoscopic correlation 
function

– dominant effect around q = 0.04 GeV/c

– strong interaction is the only source of positive correlation 
for baryons

ALICE, PRC 92 (2015) 054908 H. Zbroszczyk, PhD thesis

Lednicky-Lyuboshitz model
coupled to UrQMD
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Strong FSI for other baryon pairs

pp pΛ ΛΛ

ALICE, PRC 99, 024001 (2019)

flat!strongest weaker

correlation strength

 → correlation weakens from pp to Λ  pairs, same as the small peak in Λ
angular correlations

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.024001
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Can we then use afemtoscopic correlations to 
learn something about the small peak?

unfolding?
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Unfolding proceure

● Direct transformation from C(k*) to C(Δη,Δφ) is not possible
● We propose a very simple Monte Carlo algorithm to unfold the 

angular correlation from the femtoscopic one 

– we tested the method with PYTHIA 8 simulations coupled 
to Lednicky-Lyuboshitz (L-L) formalism for QS and FSI 
effects

– we show how the effects of FSI and QS manifest in angular 
correlations

Ł.G. & M.J., PRC 104, 054909 (2021)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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Relation between two correlations
● Femtoscopic region (small k*) translates directly to the near-side 

region (0,0) in the angular correlation 

 → QS+FSI effects should be possible to be quite precisely 
unfolded from the femtoscopic correlation function
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Procedure validation with simulations
The unfolding of the QS+FSI works very well Ł.G. & M.J., PRC 104, 054909 (2021)

RATIOUNFOLDED FROM FEMTO CF
QS+FSI

Protons

QS+FSI ONLY
SIMULATED

narrow dip + spike in the middle

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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Application of unfolding to ALICE data

unfolding

● Femto correlation  produces spike at (Δ ,Δ )=η φ (0,0)

● Comparison of two peaks: 1-bin wide projection on Δ  (subtract minimum)φ
● Both the height and the width of two peaks are comparable!
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Summary
Correlations of baryons reveal an interesting anticorrelation 

effect:

– Present also in 13 TeV pp ALICE data and in Au-Au 
collisions at various energies from STAR BES

– Interesting theoretical developments for AMPT and 
PYTHIA  are we on a good path to solving the →
puzzle? Is it a signature of a partonic degrees of 
freedom in small systems as AMPT authors claim?

Clear connection between femtoscopic and angular 
correlations:

– The small peak in pp correlations and the dip in pp 
proved to come from the strong FSI

– Femtoscopic correlations can be used to unfold the 
effects of QS+FSI in angular correlations, especially 
for pairs where MC models do not work (baryons)
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THANK YOU!THANK YOU!
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BACKUP
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• “Jet” is a collimated stream of particles (hadrons) of high 
momentum (energy) which reach the detector

• How to experimentally measure jets?

• We can look at the collision in the transverse plane and calculate 
azimuthal angle difference distribution:

Jets
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Same event pairs
Event 1

Event 2

Uncorrelated reference
S (Δη , Δφ)= d2 N signal

d Δ ηΔ φ
B(Δη ,Δ φ)= d2 Nmixed

d Δ ηΔφ

Signal distribution

Δ φ=φ1−φ2
Δ η=η1−η2

C (Δ η ,Δφ)=
N pairs
mixed

N pairs
signal

S (Δ η ,Δϕ)
B (Δ η ,Δ φ)

Untriggered Δ Δ  angular correlationsη φ
ALICE, Eur. Phys. J. C 77 (2017) 569 Fig. M. Janik

Mixed event pairs

Probability ratio
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Unfolding procedure

How does the unfolding work?

– we sample (twice) single-particle kinematic 
distributions (pT, η, φ)

– for each iteration we calculate qinv (or k*) from 
those randomly sampled quantities

– we obtain the weight ‘w’ for a given qinv (or k*)  

 value of the femtoscopic correlation→
– then, we calculate Δη and Δ  and fill two φ

histograms
 signal with the weight ‘w’→
 background, with weight = 1→

By definition, such simple procedure will work 
ONLY for those effects to which the 
femtoscopic CF is sensitive the most

It will NOT work for long-range effects (i.e. jets, 
momentum conservation)

Ł.G. & M.J., PRC 104, 054909 (2021)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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Procedure validation with simulations
The unfolding of the QS+FSI works very well Ł.G. & M.J., PRC 104, 054909 (2021)

RATIO
UNFOLDED FROM FEMTO CF

QS+FSI

QS+FSI ONLY
SIMULATED

Lednicky-Lyuboshitz model
coupled to PYTHIA 8

unfolding

Pions

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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Procedure validation with simulations
The unfolding of the QS+FSI works very well Ł.G. & M.J., PRC 104, 054909 (2021)

RATIO
UNFOLDED FROM FEMTO CF

QS+FSI

QS+FSI ONLY
SIMULATED

RATIOUNFOLDED FROM FEMTO CF
QS+FSI

Pions

Protons

QS+FSI ONLY
SIMULATEDnarrow dip + spike in the middle

Lednicky-Lyuboshitz model
coupled to PYTHIA 8

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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Results for protons
Ł.G. & M.J., PRC 104, 054909 (2021)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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Jets

J. Harris, WWND 2023
https://indico.cern.ch/event/1196342/contributions/5228272 

https://indico.cern.ch/event/1196342/contributions/5228272
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J. Harris, WWND 2023
https://indico.cern.ch/event/1196342/contributions/5228272 

Jets

https://indico.cern.ch/event/1196342/contributions/5228272
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pp

ΛΛ

ΛΛ and pΛ correlation functions

 Useful to check if effect 
persists for other baryons than 
protons – is this a common effect 
for all baryons?

 Correlation functions were 
calculated for ΛΛ and pΛ pairs

 Λ baryons are neutral → no 
Coulomb repulsion

 p and Λ are not identical → no 
effect from Fermi-Dirac statistics

All observations from pp can 
be extended to ΛΛ and pΛ pΛ

ALICE, Eur. Phys. J. C 77 (2017) 569 Baryon-Antibaryon Baryon-Baryon
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Unfolding FSI and QS effects

In our new paper we propose a simple algorithm to unfold the
angular correlation from measured femtoscopic one 

– we test the method with PYTHIA 8 simulations coupled to 
Lednicky and Lyuboshitz formalizm

– we show how the effects of strong FSI and QS manifest
in angular correlations

unfolding

Ł.G. & M.J., PRC 104, 054909 (2021)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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Three variants of model correlations
Ł.G. & M.J., PRC 104, 054909 (2021)

S – same event distribution
M – mixed event distribution
w – weight from Lednicky model

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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Base CF unfolding, pions

 → the global energy-momentum conservation shape is, obviously, not 
preserved in unfolded angular CF

Ł.G. & M.J., PRC 104, 054909 (2021)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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QS+FSI unfolding, pions

 → unfolding of the QS+FSI correlation, which is limited in k*, works very 
well, here example for pions  

Ł.G. & M.J., PRC 104, 054909 (2021)

RATIOUNFOLDED FROM FEMTO CF
QS+FSI PYTHIA WITH LEDNICKY

SIMULATED QS+FSI

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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QS+FSI unfolding, protons

→ in the case of protons, the QS strong FSI is well-preserved and clearly 
seen as a sharp, narrow peak at (0,0), which proves the ALICE hypothesis

 →weaker femto CF for p  and Λ Λ  pairs (weaker contribution from strong Λ
FSI)   less prominent “small peaks” in angular CF →

RATIOUNFOLDED FROM FEMTO CF
QS+FSI PYTHIA WITH LEDNICKY

SIMULATED QS+FSI

Ł.G. & M.J., PRC 104, 054909 (2021)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054909
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• How to experimentally measure jets?

• We can look at the collision in the transverse plane and 
calculate azimuthal angle difference distribution:

Jets
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ALICE 7 TeV pp data - pions

High p
T
: 

jets

Shape characteristic 
for resonances Unlike-sign

Low p
T:
 femtoscopic peak

(B-E QS correlations) Like-sign

pT growth
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“Toy” Monte Carlo:
• Inclusion of conservation of energy, 
momentum and all quantum numbers 
local to the emission

• Our toy MC reproduces the standard 
“jet” correlation shape with near-side 
peak and away-side ridge

BUT

• Two-particle baryon-baryon correlation 
in data shows only global energy-
momentum conservation features

• Yet, baryons are produced in jets (see e.g. 
proton-antiproton correlations), just no 
more than one

The puzzle remains unsolved!

Conservaltion LAws Model (CALM)
M. Janik, A. Kisiel, Ł. Graczykowski Nucl. Phys. A 956 (2016) 886-889

“The real problem is baryon 
production. […] so it is clear we 
still lack some fundamental 
insight on baryon production, at 
least in the string context.”

Nucl. Phys. A 982 (2019) 43-49 
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Further studies
Predictions:
● PYTHIA: most 

quarks are produced 
at hadronisation  ⇒
short-ranged 
correlations

● EPOS: quarks are 
produced in the core 
and diffuse before 
hadronisation  ⇒
more long-ranged 
correlations
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Three variants of CF
First, let’s define three variants of the model correlation function:

S – same event distribution
M – mixed event distribution
w – weight from Lednicky model

This can be done for both femtoscopic and angular CFs
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measured correlation
emission function
(source size/shape)

C (q)=∫ S (r)|Ψ(q ,r )|2d3 r

Two-particle 
wave functionObtained by 

experiment Interaction 
knownUnknown

Femtoscopy - “traditional”
from M. Lisa and S. Pratt

|Ψ(q,r)|2

s(r)

Lifetime
Volume

ALICE, Phys. Lett. B 696 (2011) 328-337

C (q)=N
A (q)
B(q)

r=x1−x2
Probability ratio q=2⋅k*=p1−p2
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Three variants of CF
Calculated variants of femtoscopic and angular CFs using PYTHIA 

simulated events coupled to the L-L code
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What about Base and Full variants?
● The proposed unfolding procedure will work ONLY for short-range 

correlations, which include FSI and QS 

– for long-range (large k*) correlations, i.e. jets, our algorithm 
is too simple

 i.e. no energy-momentum conservation with such →
simple sampling

● Nevertheless, the algorithm works well for our use case and 
explains the origin of the small peak
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C (q)=∫ S(r)|Ψ(q ,r )|2d3 r

pair wave function 
(includes cross section)

emission function
(source size/shape)

measured correlation

If only Strong FSI is present:

where ρS are the spin fractions

The correlation function is characterized by three parameters: 

        – radius R, scattering length f0, and effective radius d0

            – cross section σ (at low k*) is simply: 

s-wave scattering 
approximation

effective range 
approximation

Ψ=exp (−i k*r )+ f
exp (ik *r)

r

f−1(k*)= 1
f 0

+ 1
2
d0 k

*2−ik*

σ=4 π | f |2

C (k*)=1+∑
S

ρS[12|f S(k*)R |
2

(1− d0
S

2√πR )+ 2ℜ f
S (k*)

√π R
F1(2k

*R )−
ℑ f S(k*)
R

F2(2k
*R )]

Sov. J. Nucl. Phys., 35, 770 (1982)

q=2⋅k*=p1−p2

Lednicky-Lyuboshitz formula

pair wave function

scattering amplitude

Lednicky-Lyuboshitz equation
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