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o Jets  ___\\AUN]

« “Jet”is a collimated stream of particles (hadrons) of high
momentum (energy) which reach the detector oo« /%

q.9

: : SN
* How to experimentally measure jets? i

\ Particle Jet Energy depositions

P in calorimeters

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

pr - transverse momentum,;
@ - azimuthal angle;
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- Untriggered AnAg angular correlations \\"AY{ '}

ALICE, Eur. Phys. J. C 77 (2017) 569 Fig. M. Janik
Signal distribution Uncorrelated reference
d2 Nsignal d2 Nmixed
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M Correlation landscape \VU1

ALICEpp @ 7 TeV »

04 < p-sum < 0.8 GeV/e === mamessmess. PROtON cOnversion

Back-to-back jets
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ALICEpp @ 7 TeV

M Correlation landscape \VU1

04 < p_-sum < 0.8 GeV/g_—7F

V"‘tu entu¥n
)‘
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- ALICE 7 TeV pp data - identified particles\\"A 4 1}

ALICE, Eur. Phys. J. C 77 (2017) 569, Ph.D. thesis of M. Janik https://cds.cern.ch/record/2093543
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- AN and pA correlation functions \VU I

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

® Useful to check if effect - RN TS UL

persists for other baryons than % 12~ ALICEpp Vs =7 TeV —

protons — is this a common effect - * pp+pp el

for all baryons? 11 ® PA+PA ]
B AA4AA ]

® Correlation functions were - ’ N 3
— An| < 1.3

calculated for AA and pA pairs

® A baryons are neutral — no 0.9
Coulomb repulsion

® p and A are not identical — no

ey Lo L6

effect from Fermi-Dirac statistics Q 4 £
o
®All observations from pp can ke : =
be eXtended to AA and pA g 0-91_— I | 1 | | I 1 | | 1 I 1 1 | | I | 1 | | I 1 | | | I 1 | | I_;
—1 0 1 2 3 4 5
A@ (rad)
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- AA and pA correlation functions \VU1

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

protons — is this a common effect * pp+pp
for all barvons? <. m NA4DA

“(...) some additional, not yet identified mechanism must exist,
which suppresses the production of more than one baryon- -
antibaryon pair during a single fragmentation. Therefore, this may |
suggest theneed to modify particle production mechanisms and/or

the modification of fragmentation functions in Monte Carlo models.”

® Useful to check if effect = LR T S I
persists for other baryons than % y2f ALICEpp(s=7TeV

II|H-I|||I||I

® p and A\ are not identical — no 0'8—_| - , | | |
effect from Fermi-Dirac statistics g 4 (£ " T
o
O®All observations from pp can ke 1
be eXtended to AA and pA g 0'91_—_| ceovav v v b by b by oy |_;
- 0 1 2 3 4 9]
A (rad)
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Are there any advances since the 2017
ALICE paper?
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-

* The anticorrelation
persists at 13 TeV
collision energy

* It also persists for
higher mass multi-

strange baryons

<91f | ALICE Preliminary pp Vs = 13 TeV, minimum bias
B 0.25 [E-A,1.2< p‘T”g <12 GeV/c, 0.6 < P> < 12 GeVie,
=S SB OB

o L e m ALICE

=] L M mm PYTHIA8 Monash
< 0.2+ mm = EPOS LHC
= 3 = PYTHIAS8 Junctions
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4
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/- STAR Au-Au data - energy dependence \\"A8N}

STAR Au+Au

STAR, Phys. Rev. C 101, 014916 (2020)

 The anticorrelation
effect is present for
Au-Au results

* Itis convoluted with
the flow double-ridge
structure

L ?l‘“‘
R R UL
WL eatglista
s
Ve
il

(a) CMS PbPb |s,,, = 2.76 TeV, 220 < N2 < 260

1< p:‘“-:a GeVlc
1< p™™ < 3 GeVic

Au+Au collision energy

62.4 GeV T

CMS, Phys. Lett. B 724 (2013) 213
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What about the theory side?
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- Rapidity correlations at low energies \\"'AU1 N}

A Parametrization of the Properties of Quark Jets Aa ¢'e” Annthilation

R.D. Field, R.P. Feynman )

NU.C].. PhyS. B 136 (1978) 131 % a‘ &- : Begin ::::::uark

From mechanism of jet production:

Two primary hadrons with the same e b T

bar,y.on numb er - a *\-\-‘:-‘-::: : -.-:ga Field (color field)

are separated by at least Qu:ryli‘}z:: T e

s b ” I ce d a

two steps in "rank 8thISMD 1977 | &~ ¢ L ; P JTa—

Rank ze/il 03/’ p §atherigg to make

be ab cd
which decay to

w, K, v
@ ® o0 c G

Fig. 10. Transparency from a talk Feynmen gave on our model for how quarks fragment into

We are not likel‘y‘ to find t'wo bar‘y‘ons or two ?adro&s altgt;;e International Symposium on Multiparticle Dynamics (ISMD), Kaysersberg, France,
antibaryons very close to each other -
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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

A Parametrization of the Properties of Quark Jets
R.D. Field, R.P. Feynman

Nucl. Phys. B 136 (1978) 131

An e'e” Annihilation

Rapidity correlations at low energies \\'Al

4 Begin @ quark

From mechanism of jet production:
Two primary hadrons with the same T e e
baryon number — B (SRR 4
are separated by at least Quiryl?ﬁ?? o -
o 6 ” b cec
two stepsin "rank 8th ISMD 1977 «"éf{j{-\""’ g j;
Rank ze/& 3/

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

June 12, 1977.

A A

e CO G

4 © antiquark

Field (color field)

8_,1’ New pair creation

gathering to make
"mesons"

which decay to

n, 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,

Local baryon number conservation partially
responbsible for anticorrelation at 29 GeV collision

Models at lower energies agree
with observations seen in data

0.5
€NErgy correlation anti-correlation
3.0 - 1.0 —
T @) pp| — |© PP| 2 00
> 2.01 > 0.57 =
PNy > >
= 1.0 = 007 2
Q @) o -05
OUY ---------- -0.5
d
; Jm
-4 -2 Q 2 4 -4 4 -1.0
Y Yb -4
TPC/Two Gamma Colla%oration, Phys.Rev.Lett. 57 (1986) 3140
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s PHOJET,PYTHIA 6 and PYTHIA8 \\"

AL

ICE, Eur. Phys. J. C 77 (2017) 569
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(C) pp pairs
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Iz PHOJET, PYTHIA 6 and PYTHIAS \\"A{l)

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

() n’n_pairs_ (b) K'K_pairs 16/ PP pllks

33_1..,.,...., ———— ,@3_, ..................... - ,33_.|....,.. T
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| S ] E ] ]

T. Sjostrand, QM 2018, plenary talk
https://indico.cern.ch/event/656452/contributions/2899749/

Nucl. Phys. A 982 (2019) 43-49
“The real problem is baryon production.

: [...] soitis clear we still lack some
Collective Effects: . .
the viewnoint of HEP MC codes fundamental insight on baryon
production, at least in the string
Torbjorn Sjéstrand ”
Department of Astronomy and Theoretical Physics Context.

Lund University
Sélvegatan 14A, SE-223 62 Lund, Sweden

Quark Matter 2018, Venice, 13-19 May 2018
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M Modified PYTHIA \\AUID

N. Demazure, V. Gonzalez, F. Llanes-Estrada
. mtps://arxiv.org/abslzz10 p2358

0 0 >
5 ATy AN

(a) pp C correlation with unmodified PYTHIA (b) pp C correlation, one-baryon per string policy (¢) pp C correlation, always-baryon policy

705 T 05
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-1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4
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* Two modifications to PYTHIA string fragmentation allow the model to describe the data:

08F

— 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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e Modified PYTHIA \WV U1

N. Demazure, V. Gonzalez, F. Llanes-Estrada

5 05 e i 0.5

0 g =
A5 An AN
(a) pp C correlation with unmodified PYTHIA (b) pp C correlation, one-baryon per string policy (¢) pp C correlation, always-baryon policy
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The LEP baryon correlation data could be reasonably fit by PYTHIA as is, given that the color string did form
linking a back-to-back primary quark-antiquark pair; this means that baryons from the same string did not form
positive correlations near An ~ 0 ~ Ay in OPAL data, as they were somewhat randomized, with the string frame
not too far from the laboratory frame.

At the LHC strings are however formed at various rapidities and azimuths, with a natal Lorentz boost. Because
of that string boost, two baryons formed from the same string will create that positive correlation in the laboratory
frame. Therefore, to avoid it and bring about the anticorrelation seen in the data, two-baryon production from
the same string should be suppressed: our way of achieving it is the very rough pair of policies (one-baryon and
all-baryon) that certainly need to be improved in future work.




- AMPTmodel _______ \\AUN]

Che-Ming Ko
https://indico.cern.ch/event/237345/contributions/1549128/

A multiphase transport (AMPT) model

Default: Lin, Pal, Zhang, Li &Ko, PRC 61, 067901 (00); 64, 041901 (01);
72, 064901 (05); http://www-cunuke.phys.columbia.edu/OSCAR

" |nitial conditions: HIJING (soft strings and hard minijets)
= Parton evolution: ZPC

= Hadronization: Lund string model for default AMPT

= Hadronic scattering: ART

String melting: PRC 65, 034904 (02); PRL 89, 152301 (02)

= Convert hadrons from string fragmentation into quarks and antiquarks

= Evolve quarks and antiquarks with ZPC

= When partons stop interacting, combine nearest quark and antiquark
to meson, and nearest three quarks to baryon (coordinate-space
coalescence)

= Hadron flavors are determined by the invariant mass of quarks
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- AMPTmodel _______ \\AUN]

* 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

A+B ,.‘ nel

HIJINGI1.0:

minijet partons (hard), excited strings (soft), spectator nucleons

- Strings melt to q & gbar .

. . . | |
via intermediate hadrons 4

ZPC (parton cascade)

Partons freeze out

Hadronization (Quark Coalescence)

!
Initial conditions

Generate parton space-time

Parton Interactions

Hadronization

l Extended ART (hadron cascade)
H ad ron ca Scad e Hadrons freeze out (at a global cut-off time);

C CEPETTTYERE

then strong-decay all remaining resonances
Final particle spectra

Chao Zhang, SCU AMPT Workshop 2017
https://myweb.ecu.edu/linz/ampt/Ampt2017/ZhangC.pdf

Final particle spectra




Y Modified AMPT \V

Ui

* 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

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

1.6

- AMPT-SM (o, = 1.5 mb)
- EEEl normalp

L = 4= free streaming test

w/o ISMC (a)

LE XX ¥

B fa,_“?h;i*

[ pp+Pp:0.5< p, < 1.25 GeV/c

:— T AMPT-SM (GP = 0 mb) _--_
R S
® ] $ F ] ¢ i
T pA+PA:0.5(0.6)< P, < 2.5 GeV/c
" " 1 /|

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

pp @ r 7 TeV (m|n|mum blas)| LY. Zhang et al., Phys. Lett. B 829 (2022) 137063

—e— Exp. data
- PYTHIA8 Monash (b)
e AMPT-def (cp =1.5 mb)

R AEK ¥

.‘.._--"

. ﬁj"' Ganuagy -'i.‘.j_‘: ;'

(d)

"F pp:0.5< P, < 2.5 GeVic

T pA +PA:0.5(0.6) < p. <25 GeV/c
[ 1 1 | L L L | L L L |

(e)

Ssniman ftan on of

T AR:06<p_<25GeVic |
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0 2 4
Ao (rad)

0 2 4
A@ (rad)

N
A@ (rad)




M Modified AMPT \WV U1

* Improved coalescence (removed separate conservation for mesons and baryons)

* StI:;J A physics picture for the near-side depression feature emerges out of these ~ fate
— results: a parton matter is created and then expands to a finite volume, then

s tes the hadronization process (quark coalescence in the AMPT model for this

| study) converts parton degrees of freedom to primordial hadrons locally and
* If init . . . . . . lar
to produces multiple hadrons relatively close in the coordinate space including
1.4 the spatial azimuth. The finite expansion of the parton matter creates a finite jso12
. . B7063

14 Space-momentum correlation (often called the radial flow), and the

transverse flow velocity of a local parton volume tends to change its hadrons

from being close in spatial azimuth to being close in momentum azimuth. h
Results from the AMPT-SM model with a finite parton cross section are ]
qualitatively consistent with the experimental data. In addition, the PYTHIA |
2.5 model with string fragmentation alone, the AMPT-SM model with no parton
_ 2 expansion, and the AMPT-def model that is dominated by the hadron cascade
Si 1.5 all fail to produce the depression feature. Therefore, our study implies a finite :
I parton expansion before hadronization, where a prerequisite is the existence
0.3 of parton degrees of freedom, in pp collisions /s = 7 TeV.

0 2 4 0 2 4 0 2 4
Ao (rad) A@ (rad) A@ (rad)
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What is the origin of the
"small peak” in pp correlations?
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e Baryon correlations in pr \VU 1

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 TR e TR ntribution
from jets) S TN SO RN V€
2 ] X S ] .-
O 157" | Ll O 1.5 /AN
1 .......... % B 1- ................
d d
ag (@9 ag (@)
10 2.8 GeV/ ALICE Preliminary, pp \s =7 TeV - o
O<p?m<2.8GeV/c ike-si i 8 < pm<8.0GeV/c
Ps - proton like-sign pairs PT PT gr OWth

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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e Accessing the strong FSI

\ALN]

* In the ALICE paper we hypothesized the small peak could be of the

strong final-state interaction (FSI) origin:
.5« p, < 1.25 GeV/c

— how do we measure strong FSI?
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- Femtoscopy _________\\AUN]

from M. Lisa and S. Pratt
s(r)

C(q)=] s(r|lw(q,r)d’r
measured correlation Two-particle
emission function wave function

Obtained by (source size/shape)
experiment P Interaction
Known unknown
q=2-k =p,—p,
ey * 3
[C(k)— |lP(k ? d3r ]I::> =~ :
/ . s Attractive
*u,, o)
o . QS
= Interaction
A "‘\ 1 T —
— ; S R Isive | 000 | Ay &
E 0 — B o Repulsive
i AltEictive 50 100 150 200
S s T i 2 k*(MeV/c)
()
Sifiéilinger l eéfuativi ALICE, Nature 588, 232-238 (2020)
Two-particle wave function Check out a number of femtoscopy talks at HADRON 2023
w ( k* F’) Valentina Mantovani Sarti 5 Jun 2023, 14:30

Dimitar Mihaylov 5 Jun 2023, 17:40
Wioleta Rzesa 7 Jun 2023, 14:24
Marcel Lesch 8 Jun 2023, 15:12
Ramona Lea 8 Jun 2023, 15:42
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- Femto correlations of pp pairs \\'AUN

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

— strong FSI is significant in pp femtoscopic correlation
function

— dominant effect around g=0.04 GeV/c

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

/

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

-
[=2]

B > F
— o = . .
S ALICE PEPb | 5, = 2.76 TeV 8..F \ " Lednicky-Lyuboshitz model
T B
1 ® pp, 0-10%, 0.01<k;<5.0 GeV/c o [ o coupled to UrQMD
— - 1.2(— L)
+ Full fit o - “ P
JECER === pp contribution — L)
1.05— r -+ pA contribution Us
................................ 0.8:—
T T T e 0.6/
| o
9 —+-QS
0.95— * ..' —e— QS+COUL
VAT o —e— QS+COUL+SI
| | | | | o_ cloa b b b b b Lo Lo by o o |
0 0.05 0.1 0.15 0.2 0.25 0.02 0.04 006 0.08 0.1 012 014 016 0.18 0.2
q (GeV/c) Qinv [GeV/c]

ALICE, PRC 92 (2015) 054908 H. Zbroszczyk, PhD thesis
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ALICE, PRC 99, 024001 (2019)

LENN I RN B NN FREL N AN LN S B /—\.Sllllllllllllrlll
fx L

ALICE pp Vs =7 TeV 2 ALICE pp Vs =7 TeV ; el ! ALICE pp (s =7 TeV
r,=1.144 + 0.019 *°% fm +0.069 4 O L o e 4
o=1. 019 Lo ro=1.144 £ 0.019 o fm f o5l ro=1.144 = 0.019 7 fm ki
¢ pp @ PP pairs 1.8 $ pA @ PA pairs 5i ! $ AA® AR pairs !
- Syst. uncertainties I syst. uncertainties i i I syst. uncertainties i
= 2= .
— Femtoscopic fit 1.6 I — Femtoscopic fit (NLO params. )] - —— Femtoscopic fit :
i —— Femtoscopic fit (LO params.) | 8 —— Femtoscopic fit (STAR params.) ]
1.4+ Nucl. Phys. A915 (2013) 24. - 1.5+ PRL CO02 (2015) 022301. ~

1 _: :
2 + strongest e Ser 0.5F flat! 1
0..|...|...|...1...|...| 08-""""'|""""' :l,l.|....|..,.|...,:
0 0.02 0.04 0.06 0.08 0.1 0.12 i 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



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

N \ V L) |

Can we then use afemtoscopic correlations to
learn something about 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 =

g 13 o5 I syst. uncertainties _

9-: ’ — Femtoscopic fit ]
2 08 2

O

1.5
1

k‘ad\ 0.5 '+ F

DQ O-IIIIIIIIIIIIIIIIIIIIIIII-

0 0.02 0.04 0.06 0.08 0.1 0.12

k* (GeV/c)
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e Unfolding proceure \WVU 1

£.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

— 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

PHYSICAL REVIEW C 104, 054909 (2021)

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

Fukasz Kamil Graczykowski®" and Matgorzata Anna Janik ©7
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 \\'AUN]

* 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

" X¥aYa | P FLN- | Laadiyol] 1 m\.(l "’
¥ k* < 01 GeV/CA/ :‘: f;n.. 4 T T I T 711 I LI I T 11 I LI LI I:
I S35 ALICE pp V5 =7[Tev 1
® k*<0.2GeVic = ' ro=1.144 £ 0.019 77 fm]
3 $ pp ® PP pairs -
- Syst. uncertainties
2.5 T .
— Femtoscopic fit
2
1.5
’ 2
0.5 j—+ E
] I L1 I L Ll I L1l I I :

0 o 1 ] L1 L1
0 0.02 0.04 0.06 0.08 0.1 0.12
k* (GeV/c)

Ao (rad)
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Iz Unfolding procedure \VUi1

£.G. & M.J., PRC 104, 054909 (2021)

Start

How does the unfolding work?

— we sample (twice) single-particle kinematic

Sample experimental pr distribution

1 1 1 Generate two random numbers:
distributions (pr, N, @) e
— for each iteration we calculate gi (or k*) from _ -
those randomly sampled quantities 7 Generats two random numbers:
. . . N1, N2
— we obtain the weight ‘W’ for a given g (or k*)
. . Sample experimental ¢ distribution
— value of the femtoscopic correlation SEnerae t"“(’lg ra”(‘l*)”m MBS
1» 2
— then, we calculate An and A and fill two
histo gr ams Calculate An, Agp agd Jinv from those
— signal with the weight ‘w’

— background, with weight =1 Obtain the weight 'w

value of the experimental femtoscopic
correlation function for a given qiny

By definition, such simple procedure will work
ONLY fOI‘ thOSE EffECtS tO WhiCh the Fill two AnAw histograms:
femtoscopic CF is sensitive the most SRR S T S 8 TR

W

Background: the (AnAw) bin with a

It will NOT work for long-range effects (i.e. jets, weight 1
momentum conservation)
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- Procedure validation with simulations \\"A§N}
The unfolding of the QS+FSI works very well

£.G. & M.]., PRC 104, 054909 (2021)

RATIO
UNFOLDED FROM FEMTO CF QS+FSI ONLY
. . QS+ESI SIMULATED
Lednicky-Lyuboshitz model C / Cunfolded
coupled to PYTHIA 8 s A QS+FSI/ ~QS+FSl
IRV T 1.005
Pions <e]1 !
S 1217 | S o 1
8 <9
o + !
£t8 19 ] 0.995
O —15
;4 Vs 4 | L
7,1 0 2 4
Ao (rad)
" #PYTHIA8 Monash, pp Vs = 13 TeV
, = Full E
P U QS+FS
1' ____________________________
0.8
06 o
0 0.1 0.2 0.3 0.4
k* (GeV/c)
7/06/2023, HADRON 2023 tukasz Graczykowski (WUT)
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- Procedure validation with simulations \\"A§ 1}

The unfolding of the QS+FSI works very well

£.G. & M.]., PRC 104, 054909 (2021)

RATIO
UNFOLDED FROM FEMTO CF QS+FSIONLY
. . QS+ESI SIMULATED
Lednicky-Lyuboshitz model C / Cunfolded
coupled to PYTHIA 8 Tt QS+FSI " ~QS+FSI
8 14X T 1.005
Pions <e]: |
2 127 | < of 1
87 <9
o + !
£8 1§ | 0.995
$) -T
. \’/ [ S S
7,1 0 2 4
Ao (rad)
UNFOLDED FROM FEMTO CF QS+FSI ONLY RATIO
narrow dip + spike in the middle QS+FSI SIMULATED c J Cunfolded
QS+FSI '~ QS+FSI
I 1.01
=8 Z
Protons a < ol I 1
£ %0.98 =
2o ; 0.99
i 1
.y o b 098
0 2 4
7/06/2023, HADRON 2023
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g Results for protons \VUi1

ratio
oXe)
N S

7/06/2023, HADRON 2023

PP
o QS+FSI
e unfolded QS+FSI

o B

-0 B e S
i & &

o O

- -
. ] . 1 . \ . 1

0 2 4
Ag (rad)

=
2
n
L
+
4p)
o

O

ratio

£.G. & M.]J,, PRC 104, 054909 (2021)

1.021
1.01F
[ an-as-S P - an e
1 -02_: 1 L M L | " L . 1
1.0 \/\,
Tr— . . : :
-1 05 0 05 i

a depletion in the correlation function around (An, Ag) &
(0, 0) 1s visible with an additional peak structure directly at
(An, Ap) = (0, 0). Although the magnitude of the peak 1is
substantially smaller in the unfolded correlation, the proce-
dure 1s able to describe the shape qualitatively. A qualitatively
similar peak structure, located at (An, Ag) = (0, 0), in the
middle of the depletion, was observed experimentally by the
ALICE Collaboration and postulated to result from the strong
two-proton interaction. This paper validates this ansatz.

tukasz Graczykowski (WUT)
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- Summary __________\\AUN]

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 matter (is it
QGP?!) 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+FSIin angular correlations, especially
for pairs where MC models do not work (baryons)
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— 4 T L -
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
05 - Syst. uncertainties _E unfoldin 0.2 :_
— Femtoscopic fit g — +
2 015 >
15 .
0.1
1 | S
- 4
0.5 0.05—
0...|..,|...|...1...|...|: §+——+— A:_*_‘._F i*ﬁ#f‘—‘"ﬁ——kﬁ—
0 0.02 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) 1 ~05 0 05 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!

7/06/2023, HADRON 2023
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History — High Momentum Particle & Jet Correlations

FEZRMILAB-Pub-82/59-THY
August, 1982

Fnergy Loss of Energetic Partons in Quark-Gluon Plasma:
Poaaible Extinction of High Pr Jets in Hadron-Hadron Collisions.

J. D. BJORKEN
Fermi National Accelerator Laboratory
P.0. Box 50C, Batavia, Illinoia 60510

this effect. An interesting signature may be events in whien the hard .
Away-side
particles

ocollision occurs near the edge of the overlap regior, with one Jet
—

escaping without absorption and the other fully absorbed.

part|c| Sk i, biis

Away-side jets NOT quenched
in pp collisions
Away-side jets observed as quenched in
central Au + Au Not quenched in Hi Mult d+Au

* Au+Au Central

4t by
i” ......-pf li*_* ‘,l & ﬁ * * * * _*_.'+'+‘h"_|*

o pT> 4GeVic' © 2< pr< pT(tngger)
STAR, Phys.Rev.Lett. 91 (2003) 072304

John Harris (Yale) Puerto Vallarta, Mexico, January 2023

J. Harris, WWND 2023

https://indico.cern.ch/event/1196342/contributions/5228272
7/06/2023, HADRON 2023 tukasz Graczykowski (WUT)
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Energy Loss cf Energetic Parton
Poaaible Extinction of High Pr Jeta

J. D. BJOF

Ferml National Acceler
P.0. Box 50C, Batavia,

this effect. An interesting sigaatur

collision ocours near the edge ¢

escapicg without absorption and the ¢

in pp collisions

central Au + Au

STAR, Phys.R

John Harris (Yale)

J. Harris, WWND 2023
https://indico.cern.ch/event/119

7/06/2023, HADRON 2023
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orrelations

Away-side
particles

article .
— p+p min. bias
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_*}'li*_*"lgﬁ**** H-ﬁvl_’_
eVic' - 2 < Pt < pT(tngger)
1

uerto Vallarta, Mexico, January 2023
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= AN and pA correlation functions \V

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

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

® Correlation functions were
calculated for AA and pA pairs

® A baryons are neutral — no
Coulomb repulsion

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

®All observations from pp can
be extended to AA and pA

7/06/2023, HADRON 2023

Baryon-Antibaryon

Baryon-Baryon

C(Ag, An)

tukasz Graczykowski (WUT)
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- Unfolding FSI and QS effects \VU I

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

0.5<pT<1.25@eV/C ;"'-4lll|lll|lll|lll|lll|||rl:
%3 5 ALICEpp {s=7TeV ]
’ Fo=1.144 = 0.019 70 fm
= 3 ¢ pp @ pp pairs -
= :
<] 1 o5 .Syst. uncertainties ]
g— unfO].dlng ' — Femtoscopic fit 3
S ° - 2
1.5
1
Uad\ 0.5 _+ _
AN® o] TP I I PP P P
0 0.02 0.04 0.06 0.08 0.1 0.12
k* (GeV/c)

£.G. & M.],, PRC 104, 054909 (2021)
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g 1_8"'YTI-'|IA8' MO'Q' +'h,' pp Vs = 13 TeV_
= HB% T ;
O 1.6f E
1.4f o= Full ;
1.2k el I QSHFSI
0.8
06 ¢ o Dm % a1 e d @ vl % & o w ]
0 0.1 0.2 0.3 0.4
k* (GeV/c)

C(Ag)

Three variants of model correlations \\"A8 '}

£.G. & M.J., PRC 104, 054909 (2021)

- PYTHIA8 Monash, pp Vs =13 TeV |

0.2-

«  u'm

e FUl

1. Chase = S/M, where M is the mixed-event distri-

bution, contains only the event-wide correlations,

without the QS and FSI effects added by the after-

burner;

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

2. Crun = Sw/M contains the full information, that is
the event-wide correlations with additional effects

of QS and FSI added by the afterburner;

3. Cqs+rst = My, /M contains only the effects related
to QS and FSI and is an equivalent to numerical

integration of Eq. (2).

7/06/2023, HADRON 2023
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Base CF unfolding, pions \VUi1

£.G. & M.J., PRC 104, 054909 (2021)

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

@) ®)6.06
25; 1.06F . Tt = i e
Tgroafb o 0 b 30.04] = =
¢y i 5 i * unfolded base QS [ & e
; #++ “e " 0.02- _0_*} P 'O'_O_
_;; ?’*‘*ﬂr@%ﬂ“ i +++ +++ o
0.98P ®000° ®o00 ol e A
' R —
EO 951 _\/V S 0.3f

0 2 4 1 05 0 0.5 1
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g QS+FSI unfolding, pions \VU 1

£.G. & M.J,, PRC 104, 054909 (2021)

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

UNFOLDED FROM FEMTO CF RATIO
QS+FSI PYTHIA WITH LEDNICKY o C | Cunfoided
ot SIMULATED QS+FS QS+FSI’ Y QS+FS|
g 1 gl | g 14 1 1.005
g ST 8 |
V -.__..- I. -_‘.. N :’ -_ i
BT 12 ! | 5 12 g O L
S L ) '
2 & 1 @ I
£S5 1Y L | 8 14 | 0.995
s B O 1'% -1
_ b v _1 [ 1 1
N A Ao (rad)
(a) _ (b)
s - i = 1.04F ==
S‘c% 1_1:_ °©  QS+FSI 515) : *+ %
I [ %% < unfolded QS+FSI 3 1.021
S 1.05F S N <+ &=
. . I " +
1:;&-'** . ..-%%W%*ﬂw 0.98%:&-:'*:*:**- +*=¢=$=$=$=
o 1-0}.‘ o 1.0t
= ey, S ———— | i o —— e
i : 0-9; T 55 0 0 ]
7/06/2023, HADRON ¢ . A(p4(rad) - 2 AN 47/37
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Iz QS+FSI unfolding, protons \VUi1

£.G. & M.],, PRC 104, 054909 (2021)

— 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

UNFOLDED FROM FEMTO CF RATIO
QS+FSI PYTHIA WITH LEDNICKY
unfolded
SIMULATED QS+FSI CQS+FSI IC OS+FS|
= I H1.01
‘g; : [
ST 1
= Of I
: £0.98 =7
S ; 0.99
= O
0 =
0.0
i . |
A@ (rad)

— weaker femto CF for pA and AA pairs (weaker contribution from strong
FSI) — less prominent “small peaks” in angular CF
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o Jets ______\\AUN]

* 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

7/06/2023, HADRON 2023 }ukasz Grac Ve (rad) 49/37
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Proum— | P_.T1| + | P_.T2|

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

0.4 < p*" < 0.8 GeVic__—TN\_ 1.2<p" ‘W\ 2.5 < p*" < 8.0 GeV/c
N

<—Shape characteristic
for resonances

e

Unlike-sign ™\

/’/
-
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R e
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ad)
High p.:
prgrowth Jets

ac) N
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ALICE Preliminary, pp \s=7TeV
pion like-sign pairs
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M. Janik, A. Kisiel, . Graczykowski Nucl. Phys. A 956 (2016) 886-889

“Toy” Monte Carlo:

* Inclusion of conservation of energy,
momentum and all quantum numbers
local to the emission

i I
R

13

* 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

Nucl. Phys. A 982 (2019) 43-49
13 °
The real problem is baryon

it | ¢ |
production. [...] so it is clear we
the viewpoint of HEP MC codes still ].aC].< Some fundamental

e meeaess1NSigHt on baryon production, at

Lund University

Sélvegatan 14A, SE-223 62 Lund, Sweden le aSt in the String COnteXt .”

Quark Matter 2018, Venice, 13-19 May 2018

The puzzle remains unsolved!
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Further studies

PYTHIA (standard configuration): PYTHIA with junctions:

\ /
s ¢
. - o? J. Adolfsson et al. Eur. Phys. J. A 56, 288 (2020)
- (figures created by David Chinellato).
PYTHIA with ropes: EBOS modal:

central AA

peripheral AA

high mult pp,pA low mult pg

core => hydro => flow + statistical decay
corona => string decay

C. Bierlich et al. J. High Energ. Phys. 2015, 148
Bottom right: K. Werner. hal-02434245 (2019)

6 April 2022, QM2022 L. Graczykowski, M. Janik (WUT)

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

I
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Three variants of CF \WVU 1

First, let’s define three variants of the model correlation function;

1. Chase = S/M, where M is the mixed-event distri-
bution, contains only the event-wide correlations,

without the QS and FSI effects added by the after-

burner;

2. Cran = Sw/M contains the full information, that is
the event-wide correlations with additional effects

of QS and FSI added by the afterburner;

3. Cqs+rst = My, /M contains only the effects related
to QS and FSI and is an enmvalent to numerical

integration of ¢ (k*) /5 kK*,r*) |U(k*,r*))”d'r,

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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s Femtoscopy - “traditional”

from M. Lisa and S. Pratt
Clq)=J|s(r)I(q,r)fd’r
/V \
measured correlation Two-particle

. emission function wave function

Obtained by (source size/shape)

T experiment P Interaction

+' Unknown known
ALICE Pb-Pb =2.76 TeV
.+T + et m © N C’ —_— N A (q)
b T 05% 02<k <03 (GeVIe) (CI) —IN
'”!'! O 30-40%, 0.2 < ky < 0.3 (GeV/c) | B (q) y
By ® 30-40%, 0.6 < k; < 0.7 (GeVic) _2k — _
o Probability ratio q= — P17 P>
C(py, p2) P12(p1, p2) r=X,—X,
1. P2) =
Pi(p1) - P»(p2)
o 9, cms (GeVIC) ALICE, Phys. Lett. B 696 (2011) 328-337
Em, I B S S B A A A T [ s B B B S B S B
£ | 4+ E89527,33, 38 43 GeV ] E - 4 E89527,33, 38 4.3GeV Lifetime i
P owavmer  youme| ] o mewmee -
n:g 300~ = PHOBOS 624, 200 GeV — 1of. =  PHOBOS 624, 200 Gev + =
o | % STAR624,200GeV ] - %  STAR62.4,200 GeV .
3 | @ ALICE 2760 GeV | 8: @  ALICE 2760 GeV ]
m L N —_— —
200} . - ! bt :
- i 61 g & .
¥ - =
[ 'k_ t : 1 - +h -
100_— % H ] 4: ]
- 1k f
o~ 1 ] 0: I T
0 500 1000 1500 0 2 4 6 8 10

12 14
(dN_/dn) (dN_/d 'R 54/37



- Threevariantsof CF_______\\AUN]

Calculated variants of femtoscopic and angular CFs using PYTHIA
simulated events coupled to the L-L code

" PYTHIA8 Monash, pp Vs =13 TeV ]
i = m'rn ]

] 0.2 -:""-.___ n
....... : : —n— -ﬂ- E— Fu” b

C(Ap)

.......

0 0.1 0.2 0.3 0.4 0 2 4
k* (GeV/c) Ag (rad)
o 'PYTHIAS Monash, pp s =13 Tev] = _ | PYTHIA8 Monash, pp Vs = 13 TeV
= 3.5F] pp vE 4 <0.15¢ pp R r___. -
O 34 o o ‘
il i '!' -
= 0.1 :?: o T
i : Jerun 7\
0.050 ¥ :3: 4 e QS+FSI~]
B - g
L7 %/ -—~Base
‘N R B B ; O'ﬂ‘*fl*"‘:‘: . I i i I -
q) 0.1 0.2 0.3 0.4 0 2 4
k* (GeV/c) A (rad)

7/06/2023, HADRON 2023 tukasz Graczykowski (WUT) 55/37



- What about Base and Full variants? \\'/AUN}

* 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
— l.e. no energy-momentum conservation with such
simple sampling

(@) ©)y 06
5 1.06F T 5 T
TRLoal . e 30.04F N -
Q i * unfolded base O i i s
1.02- O oee O _ N N
I . 0oz L ese.
:;: :++ I;&EEEG;&II i -0 -e a N o 05
0.98F %000 %000 Ol .
g1os Y ————
= 95__\/_\—/’_ S 0.3

A(pdfrad)

* Nevertheless, the algorithm works well for our use case and
explains the origin of the small peak
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g Lednicky-Lyuboshitz formula \\'AUN

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 radius d

° *\ o . - 2
- cross section o (at low k') is simply: ~ o=4mx|f]
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