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Old Age mm

All stars die when the fusion reaction ceases

Massive stars end their life with Supernovae, which leaves:

— Black hole
— Neutron star (NS)
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i @ Detecting neutron stars

How do we detect NS?

Radiation from spinning in
regular pulses (pulsars)

Gravitational waves from
NS collisions (mergers)

Neutron Star
or
Black hole Spacetime

splitter  detector

Light waves cancel
each other out

"
Ye » ,\'an.
ka Light waves hit
» Y
1 N“. u the light detector

https://www.nature.com
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First detection of gravitational waves
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Properties of a NS \VUi1

&  Neutron star with
differential spin
1]
outer crust 0.3-0.5 km @
ions, electrons g
s N
2
inner crust 1-2 km = Neutron star
electrons, neutrons, nuclei é spinning as
P - rigid body
27 —
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neutron-proton Fermi liquid
few % electron Fermi gas
/ Stable, nonrotating ‘
A8 neutron star
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@ Properties of a NS VU i
INSIDE A NEUTRON STAR

A NASA mission will use X-ray spectroscopy to gather clues about the
interior of neutron stars the Universe's densest forms of matter.

----- 1
oo % Collapse

Du{ﬂr crust : | Neutron star \
Atomic nuclei, free electrons @ spinningas

rigid body h
Inner crust
Heavier atomic nuclei, free
neutrons and electrons

Maximum
mass

QOuter core Stable, nonrotating °
Quantum liquid where /0 eaton St
neutrons, protons and at center

e & leCctrons exist in a soup

r ouble
Neutron St ( InnE Cﬂrﬂ Neu?ro:‘S[ars
Unknown ultra-dense

matter. Neutrons and
il protons may remain as
particles, break down into
their constituent quarks,
or even become ‘hyperons’.

Atmosphere
Hydrogen, helium, carbon

Beam of X-rays coming from the
neutron star's poles, which sweeps
around as the star rotates.

https://www.nature.com/articles/546018a . 1.5

enature
Mass (M)
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1 [ 2
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E K | Ca| Sc Ti | V| Cr | Mn| Fe | Co| Ni |Cu|Zn|Ga | Ge | As | Se | Br | Kr
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(ol Sr || Y Zr INb[Mo|Tc | Ru | Rh |[Pd| Ag |[Cd| In | Sn | Sb | Te | | Xe
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Periodic table of elementary particles

three generations of matter

interactions / force carriers

(fermions) (bosons)
| [! 1]
mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2
charge | % : VE& . % _ 0
spin | 1 y 1 y v y 0
u charm to
i | § ) | D
=4.7 MeV/c2 | =96 MeVvic2 =4.18 GeVic2
_l//3 _1/13 \ _l/% \
‘9 e |- ®
2 down strange bottom photon
QO L < Q‘ E t P N
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 (0119 Gevicz n
-1 ._ -1 -1 : 0 ‘ >
1 C 1 ; 1 ( 1
R W " o
electron muon tau Zboson | £
L | J\ J O
0 0
= | <loevic <0.17 MeV/c2 <18.2 MeV/c2 | =B80.39 GeVic2 W
O |o Ve 0 v 0 i +1 ‘ O
1 A= 1 1 - 1
O IO |- @ S
Ll eljec I:OI‘I muo_n au_
.| | neutrino || neutrino || neutrino | W boson (O]
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VECTOR BOSONS

=124.97 GeV/c2

H
higgs

https://wikipedia.org

Strong interaction

Quantum

Chromodynamics

(QCD)

Weak interaction

Electromagnetism

Quantum

Electrodynamics

(QED)
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o Hadrons \VUi1

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

Baryons @ Mesons

Pion Kaon

Proton Anti-proton ook

KU

Nucleons

Charmonium

B I/

Exotic hadrons

Tetraquarks g w Pentaquarks

https://wikipedia.org

https://phys.org
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Neutron stars and hyperons

@

ALICE

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
0
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JPS Conf. Proc. 17, 101002 (2017)
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The Hyperon Puzzle in Neutron Stars
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Scattering experiments U

Photographic film or
luminescent screen

Lead
container /
"]

" I R R ] ® IS I~ I R R A )
Stream of partlcles

Positively ps e
‘charged \. e
nucleus

—=e e >

Gold aoms e

\ d

Radium

https://chem.libretexts.org

* NN interaction is precisely known from scattering experiments
- beam of particles of one type bounces (scatters) off a specific target

— idea similar to the Rutherford experiment from beginning of 1900s’
(discovery of atomic nuclei)

beams are easily available for stable and charged particles only!
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e Quark-Gluon Plasma \VUi1

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) HiStory of the Universe

QGP

Quantum
Fluctuations

]
n
o £
2 o
5 s o
o o 4
) e | & >
= o i
o : c
[ 5 o3 5
= o (4 o
] [*]
° b =
n
2 e
S8 'g ic
m '
oS5
/ 208Pb
=2 0.01s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs

Big Bang Age of the Universe

BICEP2 Collaboration/CERN/NASA
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« e 4. . . final detected
Relativistic HQGVY-IOH Collisions particle distributions

made by Chun Shen Kinetic
freeze-out

Hadronization

Initial energy

equilibrium , _
ynamics viscous hydrodynamics

free streaming

-

collision evolution
t~0fm/c tT~1fm/c T ~ 10 fm/c T ~ 1012 fm/c

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



o Little and Big Bangs \V

Relativistic Heavy-Ion Collisions (RHIC) recreate conditions of the

early Universe in a laboratory environment

THE UNIVERSE HIC

BIG BANG Today LITTLE BANG Hadronizatign,
Dark Ages ' T

. ] Lumpy Initial
Galaxies, Stars, Density

and Planets Kinenc
https://arxiv.org/abs/1008.3381

CMB

Freeze-Out

But... how do we make them in a 1ab?
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The ALICE experiment \VU 1

https://cds.cern.ch ACORDE | ALICE Cosmic Rays Detector

AD | ALICE Diffractive Detector

1
-

e v e VR YA

DCal | Di-jet Calorimeter
EMCal | Electromagnetic Calorimeter

HMPID | High Momentum Particle
Identification Detector

ITS-IB | Inner Tracking System - Inner Barrel

ITS-OB | Inner Tracking System - Quter Barrel

=
T,

kil
’ MCH | Muon Tracking Chambers

MFT | Muon Forward Tracker

MID | Muon Identifier

PHOS / CPV | Photon Spectrometer
TOF | Time Of Flight

TO+A | Tzero + A

TO+C | Tzero + C

TPC ] Time Projection Chamber

TRD | Transition Radiation Detector

VO0+ | Vzero + Detector

0060 000000000 HOO00000

ZDC | Zero Degree Calorimeter
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e Particle Identification (PID) \VUi1
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energy loss, time-of-flight, Cherenkov radiation for
hadrons, transition radiation for electrons, in awide &
momentum range
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Uune 4", 2012

A perfect experiment to study a variety of particle species -
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o Particle Identification (PID) \V L

1000Pb -Pb, 2011 run, y S,y = 2.76 TeV negahve parncles
il TR ) auce 3 * ALICE has excellent PID
3 800F- .., Loty et 30 capabilities:
et E & et 3R SHe s )
£ "0 % Y | * can measure up to anti-*He
% 600F g ! _ )
N b L ions
O 500F \ %
-Ej' E i 1.5 I%22.5 3213.54 4
N 400E = < ¢ Such measurements are not
o F N possible in other LHC
200F- :
FoEe 4 experiments
100B~~4 L o Nature Physics 13, 535-539 (2017)
S
O 1
0.1 0.2 0.3 1 - 3 45
P (GeVio)

* LHC collisions are the factory of
strange matter, even in proton-
proton collisions (small system)

* see Nature Physics 13, 535-539
(2017)
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o Hyperons @ ALICE \VUi1

* Hyperons are reconstructed using their decay topology and their
final decay products (charged particles) which are detected

e Selection is based on the calculated invariant mass
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Knowing the basics...

... we can now discuss the results!
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e Femtoscopy technique \VU 1

Idea borrowed from Prof. Mike Lisa
PRL 96, 166101 (2006) PHYSICAL REVIEW LETTERS

week ending
28 APRIL 2006

Laser-Induced Microexplosion Confined in the Bulk of a Sapphire Crystal:
Evidence of Multimegabar Pressures

S. Juodkazis,' K. Nishimura,' S. Tanaka,! H. Misawa,' E.G. Gamaly,2 B. Luther-Davies,?
L. Hallo,? P. Nicolai,? and V. T. Tikhonchuk®
YCREST-JST and Research Institute for Electronic Science, Hokkaido University, N21-W10,
CRIS Building, Kita-ku, Sapporo 001-0021, Japan
2Centre for Ultrahigh Bandwidth Devices for Optical Systems, Laser Physics Centre,
Research School of Physical Sciences and Engineering, The Australian National University, Canberra ACT 0200, Australia
3Centre Lasers Intenses et Applications, UMR 5107 CEA CNRS - Université Bordeaux 1, 33405 Talence, Cedex, France
(Received 24 November 2005; published 25 April 2006)

Extremely high pressures (~10 TPa) and temperatures (5 X 10° K) have been produced using a single
{laser pulse (100 nJ,|800 nm, 200 fs) focused inside a sapphire crystal. The laser pulse creates an intensity
over 10™ W/cm? converting material within the absorbing volume of ~0.2 um? into|plasma in a few fs. |
A pressure of ~10 TPa, far exceeding the strength of any material, is created generating strong shock and
rarefaction waves. This results in the formation of a nanovoid surrounded by a shell of shock-affected
material inside undamaged crystal. Analysis of the size of the void and the shock-affect
deposited energy shows that the experimental results can be understood on the basis of|conservation laws
and be modeled by blasma hydrodynamics.|Matter subjected td record heating and cooling rates| of
10'8 K/s can, thus, be studied in a well-controlled laboratory environment.

o
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e Femtoscopy technique \VU I

Idea borrowed from Prof. Mike Lisa

Does it look similar to RHIC?

Phys. Rev. Lett. 96

166101 (2006

vt \

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

reaction plane [ESEULCCES

‘] >
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e Femtoscopy technique \VU I

from M. Lisa and S. Pratt

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

C(5. 5)=FulPiB) 1R
eXpeI‘imejt/ U PP P,(B) \c:eory(models) mhs
1 d’rS,(q,7)|¥(q, )
. _A(Q) C(q)= Jdrs,
) C(CI)—B(ZI») _[d x,S,(X,,p fd X,S,(X,
A(Qq) - correlated pairs (“same events”) ¢
B(q) - uncorrelated pairs (“mixed events”) fd rS(q,7)w(g,7)
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@ Femtoscopy technique Y

uncorrelated pairs (“mixed events”)

Event 1

Event 2

physics + detector effects
(acceptance, inefficiencies, etc.)

detector effects
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-©  Why are particles correlated? \\A4N}

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

| Proton - proton correlation function, Rinv= 3fm |

—~ 1.6
s o UrQMD
S - +*¢D¢.. Au+Au
1.2 Zo
- * S

=»

0.8

0.6 N

0.4[ o ..o' —e— QS

=P —s— QS+COUL
°'2$ oy _e— QS+COUL+SI
n_“’lllllI]IIIII1I|III|III|III|1II|III|
0.1

H. Zbroszczyk, Ph.D. thesis 0.05 k* [GeVic]
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“Traditional” femtoscor

Measuring the system size

C(q)=J|s(F)Iw(q,7) d’r

measured correlation Two-particle
. emission function wave function
Obtained by (source size/shape)
experiment P Interaction known

Unknown

“Femtoscopy” - spatio-temporal characterization of the collision
region on the femtometer scale
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e Re \WVU 1

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

Gaussian source
2 y) y)
rout rside . rlong

AR> 4R’ 4R)| - C=l1+iexp(—R’¢—R:¢—R*q)

|‘P(Z]’,?)|2:1+cos(2j7) )

\

S(7)~exp|—

. . . @ PHYSICSLETTERS B

Pair WEF: Bose-Einstein QS ﬂb

ELSEVIER Physics Letters B 356 (1995) 525-530

eou'c-lt:mg
The HBT-interferometry of expanding sources
S.V. Akkelin,| Yu.M. Sinyukov '
Institute for Theoretical Physics of the National Academy of Sciences, Kiev 252143, Ukraine
Received 16 February 1995; revised manuscript received 9 May 1995
Editor: R. Gatto
Abstract

The structure of the bosonic correlation function for expanding thermalized systems is obtained using the conception of
the systcm’sl lengths of homogeneityl The analysis of the p-behavior of the long-, out- and side-interferometry radii is

. performed for radiafing sources with relativistic transversal and longitudinal flows. Simple analytical formulas for all
from Ann.ReV.Nucl.Part. SC1_55 :3 57-402,2005 interferometry radii are obtained for typical classes of transversal flows.

* 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
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-9 System size \V

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

T — T
ALICE Pb-Pb \/SNN =276 TeV
Tt ]

(£ e 0-5%,02<k;<03(GeVic) —

0 ‘”!. O 30-40%, 0.2 < k; <03 (GeVic) |

§ "n_._‘ = 30-40%, 0.6 < k; < 0.7 (GeVic) _
Z1

9, s (GEVIC) Phys. Lett. B 696 (2011) 328-337

(g\ 400 [ T T T T | T T T T | ] 6\ 1 4 N T T T I T T T | T T T | T T T ]
3 | 4+ E89527,33,38,43GeV i E - 4 E89527, 33,38 43GeV ]
o | ® NA4987 125 17.3GeV - =~ 12— ® NA4987, 125, 17.3GeV ce L. —
e - ¢ CERES17.3GeV - Sy ¢ CERES17.3GeV Lifetime ]
© 300~ =  PHOBOS 62.4, 200 GeV Volume ] 10 ®  PHOBOS 624,200 GeV ]
< %  STAR624,200 GeV ] - X% STAR 624, 200 GeV R
- | @ ALICE 2760 GeV ] " " @ ALICE 2760 GeV ]
m | | = —]
200~ - - i f $ * i
i i 2 ; E
A Ll : :
- i - +4 ]
100— % H — : B ]
L4 ] g £
O i 1 1 1 1 | 1 | 1 1 | 1 1 1 1 | 1 | 0 B 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 N

0 500 1000 1500 0 2 4 6 8 10 12 14

< dNCh/d T]> < dNCh/d n>1/3
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Numerous results of identical and non-identical particle correlation studies

PLB 813 (2021) 136030 _ Phys. Rev. C 92 (2015) 054908 E¥ z S830% ¢« 2030% ©4080%
wf A ALCEPoPo(sm276Tev | Phys. Rev. C96 (2017) 064613 T+ = & . " 50.60% ]
ALICE Pb-Pb | sy = 2.76 TeV i : | - ) - | = = t& & g o8 o :
_ 0.19.<p, <15 GeVic, 71 <08 W . A Lt T i ek 05%Pb-Pb\sy =276TeV | < ab o'z 3 & @ ® i -
E - t11l KK m O * 3 9, ALICE S [ % ¢ £ 5 5 ¥
5 51 " THERMINATOR-2 - ] K'; Kg ¥ i & o ® L 3 D:' Ef QL: .v§ ]
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! — At=1.0fm/c,0,=20fm/c o 6 # ﬁ- ¥e 2 b ® o ¥ 6 * 3 C .
+15% corr. unc. — At=2.11fmlc, 0, =20 m/c ® # i !}:. y . r i
— At=3.2fme, 0,=201mic T Ho i D? ." s N R b
' $. B8 v ar -3 . ALICE Pb-Pb {5, =276 TeV -
1 41 * 0% *é‘p i 5 v ' — HKM KK w rescatt. e & Charged pions E
n o4 Lo} «- =+ HKM KK w/o rescatt. B ) i
- * ® *t | i o] —— HKMr w rescatt. - [ 3 8" ,.% R i
£ | E U *4 - =+ HKM 7tz wio rescatt. E [ 3 3 0 5’ B .% ]
= s | | | | I = | = 3 u 3 ap 2 _
- L 02 04 06 08 1 12 _ §°T% o G 5§ % 87
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ol (k") Phys. Rev. C93 (2016) 024905
*) — o 7% * KN [2 J3..% * Nsame (K : :
Ck’)= [ S@") I‘P(k,rﬂd‘f—f(k)',v_—(k*)
Phys. Lett. B 811 (2020) 135849 mixed
arXiv:2004.08018 .
arXiv:2004.08018 b — )
€ 1.4il L L LR ‘|"'l"'|"'l"-|'__LHUD il 'é‘1.2 arXIV-2111.0I6611
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E & Kk*
e 1 ] 1 1 1 1 1 /] 1 1
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Can we do something more with femtoscopy than
QGP volume and lifetime measurements?
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e Beyond the system size \VUi1

3 — -
q)=J s(r) | [ (q,r)Fd’r q=2-K =p,~p,
measured correlation emission function pair wave function
(source size/shape) (includes cross section)

increase of (anti)correlation

decrease of the radius

S 25 ¢é MC simulation
THERMINATOR
¢ cross section
2T ¢
. ¢ e LA LLLLLL DA
15- “m @ ® pp 2.0 fm .l' .o"
i " e m pp 3.0fm - ® .o.
u ., ® Py ® pp1.9fm
1~ 4 "sidegususuununs K ! ® pp 3.9 fm
- Y.

0 002 004 006 008 0.1 0.12 0.05 X 045 0.3 005 03

k* (GEVIC) k* (GEVIC)
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e Beyond the system size \VUi1

C(q =f5(i)\|‘P(q,r)lid3r q=2'k'=p,~p,
measured correlation emission function pair wave function
(source size/shape) (includes cross section)
. ik s-wave scattering
pair wave function > W=exp(—ik r)+f 7P <’f ") approximation
scattering amplitude > (k)= 1,1 d k?—ik’ effective range
f 0 ) approximation
If only Strong FSI is present: Lednicky-Lyuboshitz equation
(k) dy | 2RF(K) ey SO s
=1+ — = |1— + F.(2k R)— F,(2k R
ZS: Ps| 5 ‘ R s R mr KRR R2KR)

. . Sov. J. Nucl. Phys., 35, 770 (1982)
where ps are the spin fractions

The correlation function is characterized by three parameters:

— radius R, scattering length f, and effective radiusd,

[ * * . 2
— cross section o (at low k*) is simply:  o=4x|f]
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- © How can we measure interactions? \\"A4}

Phys. Rev. Lett. 124 (2020) 092301
Phys. Lett. B 822 (2021) 136708

*_ Differential solid angle d @

https://wikipedia.org

:%: . Differential cross section d ¢
., T L _<_ - W
(-,
/1;%\ Impact parameter b
T

Scattering center Scattered particle

Scattering
K K
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- © How can we measure interactions? \\"A4}

Phys. Rev. Lett. 124 (2020) 092301
Phys. Lett. B 822 (2021) 136708

Scattering
K K
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How can we measure interactions? \\'AU{N1

@

ALICE

Phys. Rev. Lett. 124 (2020) 092301

Phys. Lett. B 822 (2021) 136708
Scattering Femtoscopy
K K
K- b
YR ) 2 %
P

R = [SEIVEY, PPer*
C(k™) . i i o
C(k™). .= C(k*}+zmjj’5j{r*}|q{(kf P Rd3r*

k* c)

tukasz Graczykowski (WUT) 38/71
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Femtoscopy in Nature

nature

Explore content v
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Published: 04 November 2015
Measurement of interaction between antiprotons

The STAR Collaboration

Nature 527, 345-348 (2015) | Cite this article
9961 Accesses |47 Citations |368 Altmetric \ Metrics

© This article has been updated

Abstract

One of the primary goals of nuclear physics is to understand the force between nucleons,
which is a necessary step for understanding the structure of nuclei and how nuclei
interact with each other. Rutherford discovered the atomic nucleus in 1911, and the large
body of knowledge about the nuclear force that has since been acquired was derived
from studies made on nucleons or nuclei. Although antinuclei up to antihelium-4 have
been discovered' and their masses measured, little is known directly about the nuclear
force between antinucleons. Here, we study antiproton pair correlations among data
collected by the STAR experiment? at the Relativistic Heavy lon Collider (RHIC)?, where
goldions are collided with a centre-of-mass energy of 200 gigaelectronvolts per nucleon
pair. Antiprotons are abundantly produced in such collisions, thus making it feasible to
study details of the antiproton-antiproton interaction. By applying a technique similar
to Hanbury Brown and Twiss intensity interferometry*, we show that the force between
two antiprotons is attractive. In addition, we report two key parameters that characterize
the corresponding strong interaction: the scattering length and the effective range of the
interaction. Our measured parameters are consistent within errors with the
corresponding values for proton-proton interactions. Our results provide direct
information on the interaction between two antiprotons, one of the simplest systems of
antinucleons, and so are fundamental to understanding the structure of more-complex
antinuclei and their properties.

| O proton-proton

6 |_ [ proton-neutron(singlet)
| /. proton-neutron(triplet)

| ¢ neutron-neutron

nature > articles > article

Article | Open Access | Published: 09 December 2020

Unveiling the strong interaction among hadrons at the
LHC

ALICE Collaboration

Nature 588, 232-238 (2020) | Cite this article
9258 Accesses | 8 Citations | 231 Altmetric | Metrics

ALICE

@ A publisher Correction to this article was published on 15 January 2021

® This article has been updated

Abstract

One of the key challenges for nuclear physics today is to understand from first principles the
effective interaction between hadrons with different quark content. First successes have
been achieved using techniques that solve the dynamics of quarks and gluons on discrete
space-time lattices2. Experimentally, the dynamics of the strong interaction have been
studied by scattering hadrons off each other. Such scattering experiments are difficult or

3,4,5,6

impossible for unstable hadrons and so high-quality measurements exist only for

hadrons containing up and down quarks7. Here we demonstrate that measuring
correlations in the momentum space between hadron p.’airss‘q’m‘u‘12
ultrarelativistic proton-proton collisions at the CERN Large Hadron Collider (LHC) provides
aprecise method with which to obtain the missing information on the interaction dynamics
between any pair of unstable hadrons. Specifically, we discuss the case of the interaction of
baryons containing strange quarks (hyperons). We demonstrate how, using precision
measurements of proton-omega baryon correlations, the effect of the strong interaction
for this hadron-hadron pair can be studied with precision similar to, and compared with,
predictions from lattice calculationsl3'14. The large number of hyperons identified in
proton-proton collisions at the LHC, together with accurate modelling15 of the small
(approximately one femtometre) inter-particle distance and exact predictions for the
correlation functions, enables a detailed determination of the short-range part of the
nucleon-hyperon interaction.

producedin

| “% antiproton-antiproton

41 Nature 527, 345-348(2015)

ALICE, Nature 588, 232-238 (2020)
STAR, Nature 527, 345-348 (2015)
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- © Baryon-antibaryon correlations \\'Al

Phys. Lett. B 802 (2020) 135223

Pb-Pb @ 5.02 TeV

Scattering parameters for all

£102— pp ALICE Pb-Pb s, = 5.02 TeV
O 1 el E o F RO o502ty Jaucedss  baryon-antibaryon pairs
0.8 : "o [ Pb-Pb sy, =276 TeV 7 * PA®pA
o e o7 2 +x  are similar to each other
r syst. unc. . q1 4
0.94— . ‘ - fit 0.6; é Uncertainty:
- PA®PA _ . r ] ---- statistical
0.95— S mnni 05:_ —; — systematic
0.9 Centrality: 10-20% 0.42_ _; We Observe a. negative real
= \ o E part of scattering length -
1 - 7 o
L B B e e K L TR T repulsive strong
U2 g 1/R fo (fm) . . . f
0.9 07 ¢ p? <40 (GeViE) Il <08 interaction OR creation o
085 05<pr<50(GeVic) <08 a bound state (existence of
0.05 0.1 0.15 0.2 .
k* (GeVic) baryon-antibaryon bound

states?)

3 fo non—zemi
R fo negative ® . P . . .
\ Significant positive imaginary

0 part of scattering length -
presence of a non-elastic

. / \ @ channel - annihilation
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Harvest of LHCRun1& 2 @ ALICE \\"A401

S=2 S=3
= —
I.PRC 99 (2019) 7. Nature 588 (2020) Strangeness

2.PLB 797 (2019) g PRL 127 (2021)
3.PRL 123 (2019) 9 pLB 822 (2021)
4.PRL 124 (2020) |0.PLB 829 (2022) 13.arXiv:2204.10258

5.PLB 805 (2020) || arXiv:2104.04427 4. arXiv:2206.03344
6.PLB 811 (2020) )2 arXiv:2201.05352  15.arXiv:2205.15176

\w

from L. Fabbietti
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- ©  Nuclear ’ U

Neutron Stars
ALICE Strong
experiment Interction
Potentials

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”:

Parton level

\ Particle Jet Energy depositions

P In calorimeters

« “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

24 May 2023, UJK tukasz Graczykowski (WUT)



proton-proton

Jet 0,
pt =262 TeV
eta = 0.357

phi = 0.346

- -
 In heavy-ion collisions one jet is being quenched (suppressed)

in the created QGP medium
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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:

pr - transverse momentum;
¢ - azimuthal angle;

Jet pair yield

24 May 2023, UK
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o AnAe angular correlations \VUi1

[H6] Eur. Phys. J. C 77 (2017) 569 Fig. M. Janik
Signal distribution Uncorrelated reference
d2 Nsignal d2 Nmixed
S A ’ A — B A 5 A —
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g
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Same jet
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AnAg angular correlations U

Eur. Phys. J. C 77 (2017) 569

ALICE
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ALICE

* The anticorrelation effect is
surprising

* |s this a common effect for all
baryons?

* Correlation functions were
measured also for AA and pA pairs

* A baryons are neutral
— no Coulomb repulsion as in pp

*p and A are not identical
— no effect from Fermi-Dirac
quantum statistics

* Conclusion:

— all observations from
pp pairs can be extended to AA and pA

24 May 2023, UJK

AnAep angular correlations

Eur. Phys. J. C 77 (2017) 569

)
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ALICE

AnAep angular correlations \VUi1

Eur. Phys. J. C 77 (2017) 569

1.0< pi”m <2.8GeV/c

C(Ag, An)

0
pr =|pril+lps,l “ rg (29
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ALICE Preliminary, pp \s =7 TeV
proton unlike-sign pairs
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ALICE pp Vs =7 TeV, pp+Pp pairs
(b) 1.25< B = 2.5 GeVie_\

tukasz Graczykowski (WUT)

Near-side peak grows with pr

28 < p <8.0GeV/c . . .
\ P / (more contribution from jets)

transverse momentum growth
. (c) projections
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-9 Angular correlations at low energies

A Parametrization of the Properties of Quark Jets

R.D. Field, R.P. Feynman
Nucl. Phys. B 136 (1978) 131

From mechanism of jet production:

\\AUN]

An ete” Annihilation

baryon number
are separated by at least
two steps in “rank”

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

Local baryon number conservation included in

Two primary hadrons with the same

a a
& 4 Begin @ quark
- -® o L © antiquark
..... - - .-
!’ . - -, - \.-
a *- ---------- ~o:; Field (color field)
Ve - =
S —- S dmmisy & --_"
R. Feynman
« ” S— cec dad a
Quark Jets o G- - - R e .-
4 el - ‘“"* - - 8_-__ New pair creation

8th ISMD 1977 '( ) AL, oSO
Rank % /

® ®0c c O

gathering to make
[ -] "mesons"

which decay to

m, K, v

Fig. 10. Transparency from a talk Feynmen gave on our model for how quarks fragment into
hadrons at the International Symposium on Multiparticle Dynamics (ISMD), Kaysersberg, France,
June 12, 1977.

Models at lower energies agree
with observations seen in data

theoretical models 0.5 = pPp
correlation anti-correlation o Pp(Enm)
1.0 g
>§2{)' > 0.57 c) ——— Lund 4.3
< < S
Z 10 Z00f 2 0 TN SR | FE
© 00 T © 05 o Lund model
| i ‘ describes
4 20 2 3 -4 4 1.0 data
Yb -4 4

Y
TPC/Two Gamma Colla%oration, Phys.Rev.Lett. 57 (1986) 3140
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- © Angular correlations at low energies \\"AUN]

ISMD conference 40 years later.... -
https://indico.nucleares.unam.mx/event/1180/session/19/contribution/108
ALICE |
What can we learn from femtoscopic and [~
angular correlations of identified .
particles in ALICE?
We are e, Erancs,
antibaj s
Local b tukasz Graczykowski
theore for the ALICE Collaboration
)
3073 W IFaculty d 6.2
> 2.0 of Physics e
% 1.0r WARSAW UNIVERSITY OF TECHNOLOGY
“ 0.0 - XXLVII International Symposium
L on Multiparticle Dynamics
-4 Tlaxcala, Mexico
TPC/Two G ,, . 15/09/2017
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What is the origin of the
"small peak” in pp correlations?
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\V L

ALICE Preliminary, pp \s =7 TeV
proton unlike-sign pairs

Near-side peak . ail . o
grows W'ith PT 1.0< p3m < 2.8 GeV/c 28 < py" < 8.0 GeV/c mcreasmg ]et
(more contribution TN e O N ntribution
from jets) S N N g 277 N\ A&

NS S R -

o 15y | ek O 1.5 /AN

1 ........... B 1- ...............
DD

0
q,
7 s 12 so 12
ALICE Preliminary, pp \s =7 TeV um
1.0< p-srum <2.8GeV/c proton |ike_sign pairs 2.8 < pT <8.0GeV/c p growth
T

small peak

disappears for
high pr

* The small peak seems to behave strangely — decreases with increasing pr

e [sit an unnoticed and not removed detector effect OR is there some
physics behind it?
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ALICE, PRC 99, 024001 (2019)

| '|' | ;—-\.3-[|I|I||||I||1|I||||
s - - X |

ALICE pp Vs =7 — ! ALICE pp s = 7 TeV 4 S |t ALICE pp {5 =7 TeV
ro=1.144 0,019 "% fm : ro=1144 20019 °®fm 1 o5l ro=1.144 = 0.019 7,7 fm J
¢ pp @ pp pairs ¢ pA @ PA pairs i [ $ AA ® AA pairs ]
- Syst. uncertainties I syst. uncertainties i 2 i I syst. uncertainties i
— Femtoscopic fit ! —— Femtoscopic fit (NLO params.)] - : Femtoscopic fit g
i —— Femtoscopic fit (LO params.) | 8 —— Femtoscopic fit (STAR params.) ]
= Nucl. Phys. A915 (2013) 24. - 1.5} PRL C02 (2015) 022301. —

Fweaker

—

B2 + strongest flat! _

0.5F
ob b b b b e | 0.8-"""""""""' T TN P B
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
k* (GeV/c) k* (GeV/c) k* (GeV/c)

correlation strength

<
— correlation weakens from pp to AA pairs, same as the small peak in

angular correlations

C(Ap, An)



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.024001

A \ V L) |

Can we then use femtoscopic correlations to
prove the ALICE hypothesis for the small peak?

unfolding?
-] 54"%"'"'l"'l"'l"'|:
0.5« p. < 1.25 GeV/c = ih ALICE pp 1 = 7 TeV
) ro=1.144 = 0.019 {70 fm:
3 ¥ pp @ PP pairs -
< inti ]
Qﬁ 1 o5 !Syst. uncell1aljlt es _
o Femtoscopic fit
2o 2
O
1.5
1 =
k‘ad\ 0.5 '+ F
DQ O-IIlIIIlIIIIIIIIlIIIIIIlI-
0 0.02 0.04 0.06 0.08 0.1 0.12
k* (GeVl/c)
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e Unfolding proceure \VUi1

£.G. & M.],, PRC 104, 054909 (2021)

* Direct transformation from C(k’) to C(An,A) is not possible

* We propose a very simple Monte Carlo algorithm to unfold the
angular correlation from the femtoscopic one

PHYSICAL REVIEW C 104, 054909 (2021)

Unfolding the effects of final-state interactions and quantum statistics in two-particle
angular correlations

F.ukasz Kamil Graczykowski®" and Matgorzata Anna Janik ©'
Faculty of Physics, Warsaw University of Technology ul. Koszykowa 75, 00-662 Warszawa, Poland

@ (Received 31 July 2021; accepted 11 November 2021; published 29 November 2021)
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- ©Relation between two correlations \\'A4H}

» 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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— 4 T T T T T -
3 N S { Transf.
63.5 ALICEpp(s=7TeV =~ 0.5
ro=1.144 £ 0.019 ;% fm O C ) { Measured
3 t pp @ PP pairs - C
25 - Syst. uncertainties _E unfoldin 0.2 :_ +
— Femtoscopic fit g = +
2 015 >
1.5 L
0.1_—
| : —+—
- -+ —+
0.5 0.05—
0...|..,|...|...1...|...|: §+——+— A:_*_‘._F i*ﬁ#f‘—‘"ﬁ——kﬁ—
0 0.2 0.04 0.06 0.08 0.1 0.12 o QFF
* l_ I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1
k* (GeV/c) . 05 0 0.5 1

Ao

* Femto correlation produces spike at (An,A)=(0,0)

e Comparison of two peaks: 1-bin wide projection on Ag (subtract minimum)

* 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

A laculty of l:lectronics e I‘aculty of lL:lectrical
7 and Information y I:ngineering

Technology
WARSAW UNIVERSITY OF TECHNOLOGY \ /

WARSAW UNIVERSITY OF TECHNOLOGY
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e Traditional vs ML PID \VUi1

Traditional PID:

— atypical analyzer selects
particles “manually” by
cutting on certain quantities,
like the number of standard
deviations of a signal from the
expected value (no)

K -8% 170 I

K +8% 170
—e-8% 170
— e +8% 170
—p-8% 170
_—|—p+8% I70
— % 8% 170
4 — % +8% 170

log,(dE/dx)

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

44 1} . . . . . -1 = o
— cut optimization is a time-
consuming task

Machine learning PID:

https://arxiv.org/pdf/nucl-ex/0505026.pdf

— perfect task for Machine
Learning

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

— no “trial and error” approach

24 May 2023, UJK tukasz Graczykowski (WUT) 65/71



e Proposed solution for PID \VUi1

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

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 (0?)
— 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
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9 Domain adaptation \V

JINST 17 (2022) C07016

ALICE is undergoing a major upgrade with completely new software
framework O?

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 O? ready, but research work still ongoing

oQVe=Qo<=QCO
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e Proposed model \VUi1

JINST 17 (2022) C07016

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

‘ Particle classificati

Feature mapping
e /
Input Q—> — \DO‘ma n classification
—> %O Domain label

Particle label

ILlnear 200 nodes |
I Linear 200 nodes |
ILinear 200 nodes | ;

[ Linear 200 nodes |

I Linear 200 nodesl
I Linear 200 nodes I

k I'EVEI'SE

<

I Linear 50 nodes I
l Linear 50 nodes I

l Gradien
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-9  First results - proton selection

JINST 17 (2022) C07016
300 tpc vs momentum, simulation data
pdg_code Confusion matrix
v 250 0.8
E
z 200 3 not_2212
- % 0.6
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X ]
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v N
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10+ years of ALICE S R\Y L) 1

ALICE Review Paper of the last 10+
years of operation

* Overview of the most important
results from LHC Run 1(2009-2013)
The ALICE experiment: &LHC Run 2 (2015_2018)

A journey through QCD * 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

https://arxiv.org/abs/2211.04384 basics
submitted to Eur. Phys.]. C
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3 (—)
C(q) /d Z w;S 'r‘)|\I/ (q, )| - Phys. Rev. Lett. 124 (2020) 132501
1.1 -'\j*‘
KN threshold -
So9l |
Art n A(1405) Kon A(1520) S )
-177 MeV/c? -100 MeV/c? -27 MeV/c?| 58 MeV/c 243 MeV/c 08 |
_ ’K p+ Kon + Y ceeeeee-
< > 0.7 | Full —— A
Full without Coulomb —-—
Kaonic atoms 065 50 100 150 200 250 300
[ e— q [MeV/c]
@ Scattering experiments
femtoscopy
N
Clear cusp structure visible for small
femtoscopic radii (small systems)
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Cla)= [ > s8I
KN threshold
At In A(1405) K°n A(1520)

-177 MeV/c? -100 MeV/c? -27 MeV/c?

<

58 Me 243 MeV/c

Kaonic atoms

femtoscopy

@ Scattering experiments
-

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

24 May 2023, UJK

tukasz Graczyl
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Phys. Rev. Lett. 124 (2020) 132501
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»©  Baryon-baryon correlations \VUi1

Phys. Rev. C 99 (2019) 024001
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Phys. Rev. Lett. 124 (2020) 092301
Phys. Lett. B 822 (2021) 136708
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o Current Monte Carlo models \VUi1

Eur. Phys. J. C 77 (2017) 569
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-9 Modified AMPT \V

* Improved quark coalescence model introduced in AMPT

U

* 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

o If initial state momentum correlation (ISMC) are removed - the result is similar

to standard AMPT-SM version — describes antic

: i LY. Zhang et al., Phys. Rev, C 98 (2018) 3,034912

LY. Zhang et al., Phys. Lett. B 829 (2022) 137063

1.6
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o Modified AMPT \VU I

* 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

o If initial state momentum correlation (ISMC) are removed - the result is similar

to standard AMPT-SM version — describes anticF_rr_ela];iQn
—_— — LY, Zhang et al., Phys. Rev, C 98 (2018) 3, 034912

1.6 ————————
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“Our study'suggests that a partonic matterwith a finite expansion
and lifetime is created in pp collisions at 7 TeV.”
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- © Procedure validation with simulations \\"A§N}
The unfolding of the QS+FSI works very well
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- ©Relation between two correlations \\'A4H}

» 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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e Unfolding procedure \VUi1
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Start

How does the unfolding work?

— we sample (twice) single-particle kinematic

Sample experimental pr distribution

distributions (pr, N, @) Senerate 0 o numbers
— for each iteration we calculate ginv (or k*) from
those randomly sampled quantities s e
— we obtain the weight ‘W’ for a given Qinv AL
— value of the femtoscopic correlation T ———
Generate two random numbers:
— then, we calculate An and A and fill two ?1, @2
histograms
— signal with the weight ‘w’ S - ol s
— background, with weight =1
By definition, such simple procedure will work value oflt;b;if‘g‘eﬁ‘;;:;ﬁﬁte;“mmpic
ONLY for those effects to which the . ——
femtoscopic CF is sensitive the most Fil two AnAe histograrms:
Signal: fill the (AnAw) bin with a weight
It will not work for long-range effects (i.e. jets, Backarountt the (AnA) binwith o

momentum conservation) weight 1
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