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Life of a star

All stars die when the fusion reaction ceases

Massive stars end their life with Supernovae, which leaves:

– Black hole

– Neutron star (NS)

https://wikipedia.org

https://wikipedia.org
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Detecting neutron stars

https://courses.lumenlearning.com

How do we detect NS?

Radiation from spinning in 
regular pulses (pulsars)

Gravitational waves from 
NS collisions (mergers)

https://www.nature.com

Neutron Star
or

Phys.Rev.Lett. 116, 061102 (2016)

First detection of gravitational waves
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Multimessenger astronomy

Ann.Rev.Astron.Astrophys. 54 (2016) 401-440
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https://wikipedia.org

Properties of a NS

Neutron star properties:

– mass between 1.2-2.2 M⊙ (M⊙ – mass of the Sun)

– radius 10-15 km

– density and pressure grows towards the center

– composition of the inner core remains 
unknown

https://science.sciencemag.org/

Ann.Rev.Astron.Astrophys. 54 (2016) 401-440
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https://wikipedia.org

Properties of a NS

Neutron Star properties:

– mass between 1.2-2.2 M⊙ (M⊙ – mass of the Sun)

– radius 10-15 km

– density and pressure grows towards the center

– composition of the inner core remains 
unknown

https://science.sciencemag.org/

Ann.Rev.Astron.Astrophys. 54 (2016) 401-440https://www.nature.com/articles/546018a
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Periodic table of elements

https://wikipedia.org
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Periodic table of elements

https://wikipedia.org
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Standard Model of Particle Physics
https://wikipedia.org

Strong interaction
Quantum 
Chromodynamics
(QCD)

Weak interaction

Electromagnetism
Quantum
Electrodynamics
(QED)

Periodic table of elementary particles
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Hadrons
All particles (including protons and neutrons) made of quarks are 

called hadrons

– baryons are made of odd number of quarks (usually 3)

– mesons are made of even number of quarks (usually 2)

Almost all hadrons (except for proton) are unstable and decay into 
lighter particles

Baryons containing at least one strange quark (and no heavier quarks) 
are called hyperons 

https://wikipedia.org

Mesons

Exotic hadrons

Tetraquarks Pentaquarks

https://phys.org

Hyperon

Nucleons

Baryons
Pion Kaon

CharmoniumOpen beauty
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Neutron stars and hyperons

Due to very high density in the core of NS hyperons are expected to exist

Introduction of hyperons in the NS Equation-of-State (EoS) leads to disagreement 
between astronomical observations and theoretical calculations

EoS depends on the hyperon (Y) – nucleon (N) and YY interaction

– YN, YY and three-body YNN, YYN, YYY interactions are very poorly 
known

Only nuclear matter

Hyperons included

ρ0 2ρ0

UΛ=-30 MeV
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ΛN ΛN 

ΣNΣN

ΞNΞN
NN NN NNN NNN 

ΛNN 
ΛNN 

ΣNNΣNN

KNKN KNNKNN

ΞNNΞNN φNφN

ωNωN

Neutron Star Hyperon Puzzle
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Scattering experiments
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Quark-Gluon Plasma

Quark-Gluon Plasma (QGP) is a state of deconfined quarks and gluons in a 
thermal equilibrium

In a generally accepted model of the evolution of the Universe QGP existed 
in a such a state few microseconds after the Big Bang

https://rolandkatz.com/

Nature Physics 16, 615–619 (2020)



https://u.osu.edu/vishnu/2014/08/06/sketch-of-relativistic-heavy-ion-collisions/
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Little and Big Bangs

Relativistic Heavy-Ion Collisions (RHIC) recreate conditions of the 
early Universe in a laboratory environment

But… how do we make them in a lab?

https://arxiv.org/abs/1008.3381
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LHCLHC
CERN/MeyrinCERN/Meyrin

Lake GenevaLake Geneva

Alps/Mont BlancAlps/Mont Blanc

GenevaGeneva

https://cds.cern.ch
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The ALICE experiment
https://cds.cern.ch
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Particle Identification (PID)

HMPID

ITS TPC

TRD

TOF

Practically all known PID techniques 
energy loss, time-of-flight, Cherenkov radiation for 
hadrons, transition radiation for electrons, in a wide 
momentum range

A perfect experiment to study a variety of particle species
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Particle Identification (PID)
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Hyperons @ ALICE
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Knowing the basics…

… we can now discuss the results!
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Femtoscopy technique
Idea borrowed from Prof. Mike Lisa
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Does it look similar to RHIC?

Let’s see:

– energy quickly 
deposited

– enter plasma phase

– expand 
hydrodynamically

We can do a “post mortem” 
analysis to investigate i.e. the 
source geometry

Phys. Rev. Lett. 96, 166101 (2006)

Idea borrowed from Prof. Mike Lisa

Femtoscopy technique
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Femtoscopy – measures space-time characteristics of the 
source using particle correlations in momentum space

from M. Lisa and S. Pratt

|Ψ(q,r)|2

C ( p⃗1 , p⃗2)=
P12( p⃗1 , p⃗2)
P1( p⃗1)P2( p⃗2)

C ( q⃗)=
A (q⃗)
B (q⃗)

q⃗= p⃗1− p⃗2

C (q⃗)=
∫d3r S12(q⃗ , r⃗ )|Ψ(q⃗ , r⃗ )|

∫ d3 x1 S1( x⃗1 , p⃗1)∫d3 x2 S2( x⃗2 , p⃗2)

C (q⃗)=∫d3r S(q⃗ , r⃗ )|Ψ(q⃗ , r⃗ )|

experiment theory (models)

A (q⃗) - correlated pairs (“same events”)
B (q⃗) - uncorrelated pairs (“mixed events”)

r⃗= x⃗1− x⃗2

Femtoscopy technique
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Femtoscopy technique
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Why are particles correlated?
Main sources of correlations:

– Quantum statistics (QS)

• pairs of identical bosons (i.e. pions) – Bose-Einstein QS
• pairs of identical fermions (i.e. protons) – Fermi-Dirac QS

– Final-state interactions (FSI)

• strong interaction
• Coulomb interaction

H. Zbroszczyk, Ph.D. thesis
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Measuring the system size

measured correlation
emission function
(source size/shape)

C ( q⃗)=∫ S( r⃗ )|Ψ(q⃗ , r⃗ )|2d3r

Two-particle 
wave functionObtained by 

experiment Interaction known
Unknown

“Femtoscopy” - spatio-temporal characterization of the collision 
region on the femtometer scale

“Traditional” femtoscopy
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Region of homogeneity

C=1+λexp(−Ro
2qo

2−Rs
2qs

2−Rl
2ql

2)
S( r⃗ )∼exp(− rout

2

4 Ro
2
−
r side
2

4Rs
2
−
r long
2

4 Rl
2 )

|Ψ(q⃗ , r⃗ )|2=1+cos(q⃗ r⃗ )

● The size (or sizes in 3D) R is referred to as the “source radius” 
 size of the → “region of homogeneity”

      region from which particles are emitted with similar velocity

Pair WF: Bose-Einstein QS

Gaussian source

In case of uncharged identical bosons, CF is a Fourier transformation of the Wave 
Function

from Ann.Rev.Nucl.Part.Sci.55:357-402,2005
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System size
Lifetime and volume of the homogeneity region can be estimated from the fits

The fireball formed in heavy-ion collisions at LHC is hotter, lives longer and 
expands to a larger size that at lower energies

Lifetime
Volume

Phys. Lett. B 696 (2011) 328-337
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System size
Numerous results of identical and non-identical particle correlation studies

Volume

Phys. Lett. B 696 (2011) 328-337
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Can we do something more with femtoscopy than 
QGP volume and lifetime measurements?
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increase of (anti)correlation
=

decrease of the radius
OR

increase of the interaction 
cross section

MC simulation
THERMINATOR

Beyond the system size

C (q)=∫ S(r)|Ψ(q ,r )|2d3 r

pair wave function 
(includes cross section)

emission function
(source size/shape)

measured correlation

q=2⋅k*=p1−p2
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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

Beyond the system size

pair wave function

scattering amplitude

Lednicky-Lyuboshitz equation
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How can we measure interactions?
Phys. Rev. Lett. 124 (2020) 092301
Phys. Lett. B 822 (2021) 136708

https://wikipedia.org
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How can we measure interactions?
Phys. Rev. Lett. 124 (2020) 092301
Phys. Lett. B 822 (2021) 136708
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How can we measure interactions?
Phys. Rev. Lett. 124 (2020) 092301
Phys. Lett. B 822 (2021) 136708
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Femtoscopy in “Nature”

ALICE, Nature 588, 232-238 (2020)
STAR, Nature 527, 345-348 (2015)
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Pb-Pb @ 5.02 TeV Scattering parameters for all 
baryon-antibaryon pairs 
are similar to each other

We observe a negative real 
part of scattering length  →
repulsive strong 
interaction OR creation of 
a bound state (existence of 
baryon-antibaryon bound 
states?)

Significant positive imaginary 
part of scattering length – 
presence of a non-elastic 
channel – annihilation

Phys. Lett. B 802 (2020) 135223

Baryon-antibaryon correlations
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Harvest of LHC Run 1 & 2 @ ALICE

from L. Fabbietti
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Nuclear physics & astrophysics

ALICE 
experiment

Strong 
Interction 
Potentials

Neutron Stars

Exotic hadrons

Baryonia
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Baryon correlations puzzle
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• Initial partons (quarks or gluons) with high momentum 
cause the creation of so-called “jets”:

• “Jet” is a collimated stream of particles (hadrons) of high 
momentum (energy) which reach the detector

• Usually (energy-momentum conservation) in a collision 
we have two (sometimes more) jets

Jets
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proton-proton Pb-Pb

• In heavy-ion collisions one jet is being quenched (suppressed) 
in the created QGP medium

Jets



46/7124 May 2023, UJK Łukasz Graczykowski (WUT)

• 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 Mixed 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)

Δ Δ  angular correlationsη φ
[H6] Eur. Phys. J. C 77 (2017) 569 Fig. M. Janik



1975

2017

2015

2010

2015

2013

JHEP 1205 (2012) 
157

JHEP 1107 (2011) 076

Phys.Lett. B751 (2015) 233-240

Phys. Lett. B742 200-224

CERN-PH-EP-2015-308

Phys. Lett. B746 (2015) 1

Phys.Rev.Lett. 117 (2016) 182301

Phys. Lett. B 753 (2016) 126-139
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Same jet

Back-to-back jets
Bose-Einstein

Photon conversion

Momentum 
conservation

Resonances

Δ φ=φ1−φ2
Δ η=η1−η2

Δ Δ  angular correlationsη φ
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Same jet

Back-to-back jets
Bose-Einstein

Photon conversion

Momentum 
conservation

Resonances

Δφ=φ1−φ2

Δη=η1−η2

What is the puzzle?

Δ Δ  angular correlationsη φ
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Unlike-sign

Like-sign This one looks different!

Δ Δ  angular correlationsη φ
Eur. Phys. J. C 77 (2017) 569

ALICE pp @ 7TeV
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● The anticorrelation effect is 
surprising

● Is this a common effect for all 
baryons?

● Correlation functions were 
measured also for  ΛΛ and p  Λ pairs

● Λ baryons are neutral 
 → no Coulomb repulsion as in pp

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

quantum statistics

● Conclusion: 
 → all observations from

pp pairs can be extended to  andΛΛ  pΛ

Δ Δ  angular correlationsη φ
Eur. Phys. J. C 77 (2017) 569
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Anticorrelation 
even stronger!

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

pT
sum=|pT 1|+|pT 2|

pp+pp

pp

transverse momentum growth

Δ Δ  angular correlationsη φ
Eur. Phys. J. C 77 (2017) 569
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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

• None of the 
theoretical models can 
describe the observed 
effect
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We are not likely to find two baryons or two 
antibaryons very close to each other

Local baryon number conservation included in 
theoretical models

correlation anti-correlation

TPC/Two Gamma Collaboration, Phys.Rev.Lett. 57 (1986) 3140 

C
ab

(y
a,y

b)

C
ab

(y
a,y

b)

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

Angular 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


56/7124 May 2023, UJK Łukasz Graczykowski (WUT)

We are not likely to find two baryons or two 
antibaryons very close to each other

Local baryon number conservation included in 
theoretical models

correlation anti-correlation

TPC/Two Gamma Collaboration, Phys.Rev.Lett. 57 (1986) 3140 

C
ab

(y
a,y

b)

C
ab

(y
a,y

b)

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

Angular correlations at low energies

ISMD conference 40 years later….
https://indico.nucleares.unam.mx/event/1180/session/19/contribution/108

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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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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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 femtoscopic correlations to 
prove the ALICE hypothesis for 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 

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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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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Improving the ALICE analysis framework

with Machine Learning PID

in collaboration with
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Traditional vs ML PID
Traditional PID:

– a typical analyzer selects 
particles “manually” by 
cutting on certain quantities, 
like the number of standard 
deviations of a signal from the 
expected value (nσ)

– most limitations come in the 
regions where signals from 
different particle species cross

– “cut” optimization is a time-
consuming task

Machine learning PID:

– perfect task for Machine 
Learning

– can learn non-trivial relations 
between different track 
parameters and PID

– no “trial and error” approach

https://arxiv.org/pdf/nucl-ex/0505026.pdf
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Proposed solution for PID

Objectives: 

1) Build a ML classifier that can outperform traditional PID

2) Train and validate the classifier on Monte Carlo simulations and 
experimental data

3) Create a simple-to-use interface for users (ALICE physicists):

– first attempts in 2019 (Random Forest) for LHC Run 2 (AliRoot) 
 proof-of-concept work→

– new, much more advanced, project for LHC Run 3 (O2)
 still in the research phase →

Limitations:

Quality of the classifier will depend on the MC sample (need to handle 
discrepancies between data and MC)

No easy way to calculate systematic uncertainties from the ML 
procedure

The classifier is a “black box” - no easy way to tell what’s going on inside

ITRSCP, Springer 2020, 3-17
JINST 17 (2022) C07016
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Domain adaptation

ALICE is undergoing a major upgrade with completely new software 
framework O2

We explore the Unsupervised Domain Adaptation for ML PID

– problem of transferring the knowledge from a labeled source 
domain to unlabeled target domain, when both domains have 
different distributions of attributes (as in the case of MC and 
data)

Preliminary implementation in O2 ready, but research work still ongoing

MNIST and SVHN datasets Visualization of domain adaptation

JINST 17 (2022) C07016
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Proposed model

Model based on Domain Adversarial Training of Neural Networks

Architecture consists of three neural networks:

– feature mapping network, which maps features of both data sets 
into common, domain invariant latent space

– particle classification network, which classifies particles basing 
on domain invariant latent space

– domain discriminator network, which classifies domain of each 
particle

JINST 17 (2022) C07016
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First results – proton selection

No Domain Adaptation Domain Adaptation

JINST 17 (2022) C07016
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Instead of a summary...
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10+ years of ALICE operation

https://arxiv.org/abs/2211.04384
submitted to Eur. Phys. J. C

• ALICE Review Paper of the last 10+ 
years of operation

• Overview of the most important 
results from LHC Run 1 (2009-2013) 
& LHC Run 2 (2015-2018)

• 328 pages, 9 chapters

• Written as a collaborative effort, 
coordinated by the Steering Group 
(24 members)

• SG divided into 9 Topical Groups

• I was leading TG1, together with 
Dr. Francesca Bellini from the 
University of Bologna (Italy)

• A perfect place to learn about the 
HI physis @ LHC from the very 
basics 

https://arxiv.org/abs/2211.04384
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THANK YOU FOR YOUR ATTENTIONTHANK YOU FOR YOUR ATTENTION

I am happy to answer any questionsI am happy to answer any questions

lgraczyk@cern.chlgraczyk@cern.ch

lukasz.graczykowskilukasz.graczykowski@pw.edu.pl@pw.edu.pl
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K̅�N threshold

K̅0n
58 MeV/c

Λ(1520)
243 MeV/c

Λ(1405)
-27 MeV/c2

Σπ
-100 MeV/c2

Λπ
-177 MeV/c2

Scattering experiments

K̅aonic atoms

femtoscopy

Phys. Rev. Lett. 124 (2020) 132501

Clear cusp structure visible for small 
femtoscopic radii (small systems)

Kaon-proton correlations
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K̅�N threshold

K̅0n
58 MeV/c

Λ(1520)
243 MeV/c

Λ(1405)
-27 MeV/c2

Σπ
-100 MeV/c2

Λπ
-177 MeV/c2

Scattering experiments

K̅aonic atoms

femtoscopy

K̅0n
58 MeV/c

Λ(1520)
243 MeV/c

Cusp structure fading out for larger 
femtoscopic radii (large systems)

Kaon-proton correlations

Phys. Rev. Lett. 124 (2020) 132501
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Baryon-baryon correlations

Constraining lambda-lambda scattering 
parameters and bound states (H-
dibaryon)

pΛ ΛΛ

https://phys.org/news/2011-07-unseen.html 

Phys. Rev. C 99 (2019) 024001

https://phys.org/news/2011-07-unseen.html
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Kaon-proton correlations
Phys. Rev. Lett. 124 (2020) 092301
Phys. Lett. B 822 (2021) 136708

• Measured in all collision systems 
(different system size)

• Re f0 and Im f0 in agreement with 
available data and theory calculations!
 

• Complementary to dedicated exotic 
atoms and scattering experiments
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Unlike-sign

Like-sign This one looks different!

Current Monte Carlo models
Eur. Phys. J. C 77 (2017) 569
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Modified AMPT
● Improved quark coalescence model introduced in AMPT

● 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 quark coalescence model introduced in AMPT

● 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→

“Our study suggests that a partonic matter with a finite expansion 
and lifetime is created in pp collisions at 7 TeV.”

  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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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)

Pions

Lednicky-Lyuboshitz model
coupled to PYTHIA 8

unfolding

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)

RATIOUNFOLDED FROM FEMTO CF
QS+FSI

Pions

Protons

QS+FSI ONLY
SIMULATED (Lednicky)narrow 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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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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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  
 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

