.

She ddir g%\llght 0
productlon viaca

doi )

n_th

: Gv A “»’.— :

Ma}gorzata Anna Iar{lk

for the ALICECOH‘EBQF_aﬂ




Motivation 4%~

Two-particle AnAg angular correlations:

* give access to information about
particle distribution in space,

/e

* technique to study wide range of correlation sources.

7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration




Motivation 4%/
Two-particle AnA¢ angular correlations:

* give access to information about
particle distribution in space,

AN=n;—MN,
Ap=@,— @,

7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration



ALICE pp @ 7 TeV
(b) all unlike-sign pairs___.—

High p;
Same jet
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Contributions to correlation func
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Elliptic flow
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Eur.Phys.J. C77 (2017) 8, 569

7-11/07/2025, EPS HEP 2025

Matgorzata Janik for the ALICE Collaboration
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v |
V

Near-side
peak in
(0,0):
mainly
from
minijets,
visible for
(almost) all
functions

4

Eur.Phys.J. C77 (2017) 8, 569

7-11/07/2025, EPS HEP 2025

Matgorzata Janik for the ALICE Collaboration

Anti-
correlation
in (0,0)

Surprising!
Observed
only for
protons

8/23



The models failed to reproduce the results

for baryons:

e distinct near-side peak in MC,

not present in data

Results argue against the
hypothesis that the

combination of energy and
baryon-number conservation

is enough to explain the

anticorrelation, since both
local & global conservation
laws are implemented in all

studied models.

7-11/07/2025, EPS HEP 2025

Lines: MC models

—— PYTHIAG Perugia-0
== PYTHIAG Peruaia-2011
----- PYTHIA8 Monash

- =« PHOJET

Points: data

¢ ALICEppVs=7TeV,|an <1.3

Matgorzata Janik for the ALICE Collaboration

7 TeV
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This one looks different!

50 12 3

Eur.Phys.]. C77 (2017) 8, 569

(c) pp + Pp pairs

Ratio to data
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7 i i
g

05<p, <4 GeVlc 0.16<p, <4 GeVic

AA and pA correlation furnictions

ALICE Preliminary
ppYs=13.6 TeV

® Useful to check if effect persists |
. . . »’0"'/, (.. . —mlen mem ..  OLR
_______ <5 00,5000 =~ et TN
for other baryons than protons - is this a Taasarrs s | 1o L
common effect for all baryons? ' ' LN

® Correlation functions were calculated
for AN and pA pairs

® N\ 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
AN and pA s

105477

C(AnAg)

0.95¢ "
09%-"""
0.853 - -

7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboratiof? " -



Anti-correlation in (0,0):

- probability of producing two baryons close
in phase space is lower than in other

directions

T
Bt B ®
Xy

+ MC models do not reproduce

+ no minijet collimation observed

v

+ special rules for baryon production?

7-11/07/2025, EPS HEP 2025

Ratio

1.0F

0.94

Matgorzata Janik for the ALICE Collaboration

- ALICE Prellmlnary
L pp Vs =13.6 TeV

® pp+pp
m pA+pA I
# A+ AA

-

|An| < 1.3

!.-lUll-!_ PYTHIA Monash pA + pA ]

' | PYTHIA Shovmg p/\ + p/\

05<prp<4GeV/c

. / \ 0.16<p <46chE
wt#tiﬂ#W—_

N PR
215 00 1.5 3.0 4.5
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ALICE pp Vs = 13 TeV
1.0spPeey p'Trig <12 GeVic

ALICE pp Vs = 13 TeV
08< P‘Trig <12 GeV/c e

0.4 < p_?ssoc <3 GeV/c

(Ep+Zp)2 ‘ ALICE pp Vs = 13 TeV
0.8< p‘T"g <12 GeV/c
0.6 < p2° < 12 GeV/.

o 0.06 T N g =
g 8 g
~ > >
S
: : :
3 3 3
= 2 2
%o 7 o "o |
g g g d
z s 12 2 2 °

ALICE Collaboration, JHEP 09 (2024) 102

Anti-correlation present for all baryon
. : ALICE pp Vs = 13 TeV EE +EE)R2
pairs with the same baryon number. Mepf it <tatoVlc__ T\
. . . vfé i
Near-side peak for baryon pairs with T
opposite baryon number. %
s :
ZE’ M,Uad\

7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration 12/23



=-p correlations multiplicity’dependence - [IESSEN
Tt (] I ¥ >\ \ id P P

H

<
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51

| Eg,IO.S < ,o‘T”g <12 GeV/c
- 0.4 < ,oTE‘SS"C <3 GeVic

§|Ay|<1

o
()

1/Nq dN/dA@ (rad™)

o
-

0.05}3-#-

B 0.04]
“5003_— o
O 003 .pmyi¥s

0.02) ="

0.01?’ ipgsét

ALICE Collaboration, JHEP 09 (2024) 102

SS OS
SB OB
* ° Minimum bias
" 0 —5%
¢ 40 - 100%
Red = high multiplicity, Grey = minimum bias, Blue = low multiplicity
SB = same baryon number, OB = opposite baryon number

« anticorrelation persists in heavier baryon—baryon pairs

« visible for both high- and low-multiplicities

7-11/07/2025, EPS HEP 2025

Matgorzata Janik for the ALICE Collaboration
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=-N\ correlatlons mult p11c1ty de!endence AN

ALICE Collaboratlon, JHEP 09 (2024) 102

- Ep, 0.8 < p" < 12 GeVic
2% 0.4 < passeec 3 Gevie SS OS
SB OB

. . Minimum bias

1/Nq dN/dA@ (rad™)

/N,y dN/dA (rad)

0.1 - o . e
i ¢ 40 —100%
) 0.05_. s =3=._3_
» 0.04
O g-gz- Red = high multiplicity, Grey = minimum bias, Blue = low multiplicity

0.01

SB = same baryon number, OB = opposite baryon number

« anticorrelation persists in heavier baryon—baryon pairs

« visible for both high- and low-multiplicities

7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration 14/23



correlatlons mult1p11c1ty dependence A
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ALICE Collaboratlon, JHEP 09 (2024) 102
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= same baryon number, OB = opposite baryon number

« anticorrelation persists in heavier baryon—baryon pairs

« visible for both high- and low-multiplicities

7-11/07/20

25, EPS HEP 2025

Matgorzata Janik for the ALICE Collaboration
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7-11/07/2025, EPS HEP 2025

ALICE preliminary, pp Vs = 13 TeV
pp+Pp, 20-40% pp+Pp, 40-70%

CclAp, Ay)
CclAp, Ay)

The anticorrelation persists in pp at 13 TeV:
- It becomes stronger for higher multiplicity classes

Matgorzata Janik for the ALICE Collaboration

ColAp, Ay)

pp+pp, 70-100%
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—

System & multipﬁgtydé}pfei)x/\l"e\nce

PP pairs ALICE preliminary, pp Vs = 13 TeV
+PP, 20-40% +Pp, 40-70% +Pp, 70-100%
13 TeV PpP+Pp PpP+Pp PP+PP
®— «—0O 3 5 3 3
i i i i
p p <o o o <
ALICE Preliminary, p-Pb ys,,, = 5.02 TeV
PP+PP, 0-20% PP-+PP, 20-40% PP+PP, 40-70% PP+PP, 70-100%
= = = = i =Tk
< < g I 0 5
S = = = 0
3 3 3 3
o < S S

The anticorrelation persists in pp at 13 TeV and p-Pb at 5.02 TeV:
- It becomes stronger for higher multiplicity classes

7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration
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pp Vs =13 TeV

C.(Ap, Ay)

ALICE Preliminary

p—Pb s,y = 5.02 TeV
p - P b 0-20% "

®— «—
5.02 TeV
7-11/07/2025, EPS HEP 2025

70-100%

70-100%

— ALICE Preliminary
_ PP+Pp

— PP, fsyy = 13 TeV
 #:0-20%, <dN_/dy> = 15.8
20-40%, <dN_/dy> = 8.9
40-70%, <dN_/dy> = 5.1
70-100%, <dN,_ /dy> = 2.5

0.005

-0.005

-0.01

p—Pb, s\ = 5.02 TeV
0-20%, <dN_/dy> = 35.55
20-40%, <dN_/dy> = 23.2

= 40-70%, <dN_ /dy> = 9.6

#+70-100%, <dN, /dy> = 4

l”llllllllll

llllllllll”l

0 2
Ao (rad)

The anticorrelation persists in pp

at 13 TeV and p-Pb at 5.02 TeV:
- It becomes stronger for higher
multiplicity classes

Matgorzata Janik for the ALICE Collaboration
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5.02 TeV,

Heavy-ion collisions g s - EE

ALICE Preliminary, Pb—Pb s, = 5.02 TeV
pPP+PP, |¥] £0.5, 0.5 < p. < 2.5 GeV/c

50-60%

40-50%

Cr(Ag, Ay)
CrlAp, Ay)
Cr(Ap, Ay)

CrlAg, Ay)
Cr(Ap, Ay)

« The azimuthal flow effect appears at the mid centrality classes;
« The anticorrelation visible even with the flow modulation, and shows a clear dip in

the semicentral collisions, where the influence of the flow is the strongest.

7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration 19/23



Mass matters? ¢ meson .\

Baryons are heavier than studied mesons (pions, kaons).
Can the source of the anticorrelation be explained by the influence of mass?

~ study of the p-¢ angular correlations my ~ m,,

ALICE Preliminary C T T T
pp Vs=13.6 TeV 11— ALICE Preliminary, pp Ys = 13.6 TeV

................... S ]
T 12 1.05 + t A W
= 1 N e & oY N i
sy 1 N7 g 4, % .
s/ s + 52?' ! 4+ 5 —

S 1.4 AY oo +

] \ ¥ A
1_-‘ ...... Y e+ % g PYTHIAS Monash -
I\ \o/ micts
] 105 < <2.5GeV/ 7
0.91= E; 09 < ﬁ: S35 Gevie ]
<]9 0.5 o1.05 ; by —:
kB § SR L e L L L ELECELED i AL R LR R R L SE
o 029 095 Hissanniniiic
0 — 0 1 2 3 4
Ag

Distinct near-side peak! 938 1019
No anti-correlation.

7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration 20/23



Charm baryon’

Will picture change for the
charm baryons?

- ALICE studied p-A?
correlations.

Anti-correlation visible for
baryon—baryon in all
studied transverse
momentum ranges.

7-11/07/2025, EPS HEP 2025
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Matgorzata Janik for the ALICE Collaboration
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Summary

« Baryon correlations puzzle: surprising anti-correlation not reproduced

by models.

 Plethora of new experimental results:

« All observed effects persist at the highest energies of 13.6 TeV.
« Correlations with E baryons show that the anti-correlation persists

for heavier, multi-strange baryons (forp Z, A Z, = 2).
 Study of anticorrelation across different multiplicity classes reveals that

the phenomenon intensifies at higher multiplicity. —

« Anticorrelation present in different collision systems: p-Pb and Pb-Pb.

« Study of p—¢ pairs supports statement that anti-correlation is \
connected to baryons, and is not an effect of mass.

« A{-p pairsreveal that effects persists also for charm baryons! ‘ \\\ A\

* Outlook: results require careful revision of the Y S\
understanding of baryon production processes. |

\ Fd 2 1 A
7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration g gl /,
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PHO]JET, PYTHIA 6 and PYTHIA 8

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

(¢) PP pairs.

3 (@) n*n pairs 3 (b) K'K pairs 3
= L I B B B B = [T e e 7 = [
2 F 4 AUCEppVs=7TeV,anj<13 1 S [ «eed ‘ . ] 2
O, 5f  —— PYTHIAG Perugia-0 1 O, -- Unllke-Slgn = Py

~F  =...= PYTHIA6 Perugia-2011 ] T ] T

2F - o = 21

1.5F = 150 et - 55
] N N,

T. Sjostrand, QM 2018, plenary talk
https://indico.cern.ch/event/656452/contributions/28997
49/

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

[...] soitis clear we still lack some
Collective Effects: fund linsish b
the viewpoint of HEP MC codes undamenta Insig ton aryon
production, at least in the string
Torbjorn Sjostrand ’
Department of Astronomy and Theoretical Physics Cont eXt.

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

Quark Matter 2018, Venice, 13-19 May 2018
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CALM

Nucl. Phys. A 956 (2016) 886-889

“Toy” Monte Carlo:
Inclusion of conservation of energy, momentum and all

guantum numbers local to the emission

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

BUT

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

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

C(An, Ag)

C(AnAg)
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(a) pp C correlation with unmodified PYTHIA (b) pp C correlation, one-baryon per string policy
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Modified PYTHIA
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N. Demazure, V. Gonzalez, F. Llanes-
Estrada
Few Body Systems 64, 57 (2023)
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(c) pp C correlation, always-baryon policy
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Two modifications to PYTHIA string fragmentation allow the model to
describe the data:

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

ratio)

— always baryon - each string must always produce one baryon (no




AMPT model

Contains 4 main components to describe the whole phase space of heavy-
ion collisions

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

Coalescence: when partons stop interacting, combine nearest quark and

antiquark  to meson, and nearest three quarks to baryon
A+B Structure of AMPT v2.xx (String Melting version)

HIJING1.0:

Initial conditions

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

- Strings melt to g & gbar

via intermediate hadrons

ZPC (parton cascade)

Partons freeze out

Generate parton space-time

Parton Interactions

Hadronization (Quark Coalescence)

Hadronization

<

Extended ART (hadron cascade)

Hadron cascade Hadrons freeze out (at a global cut-off time);
then strong-decay all remaining resonances

Final particle spectra

Chao Zhang, SCU AMPT Workshop 2017

. . https://myweb.ecu.edu/linz/ampt/Ampt2017/ZhangC.
Final particle spectra odf




Modified AMPT

. Improved coalescence (removed separate conservation for mesons and baryons)
. String melting (SM) - parton degrees of freedom are expected in the initial state
— AMPT-SM with non-zero parton cross section desrcibes the data

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

. If initial state momentum correlation (ISMC) are removed - the result is similar to standard
AMPT-SM version - describes anticorrelation
l\lemm> —mmmm—m—mmmm———mm———— 7 T T .Y Zhang et al., Phys. Rev. C 98 (2018) 3,
[ AMPT-SM (o'p = 1.5 mb) I pp@ Vs=7TeV (minimum bias) i 034912
1 4 = %= normal 1 —— Exp.data L L.Y. Zhang et al., Phys. Lett. B 829 (2022)
- 3/73 -l @ I PYTHIA8 Monash b) I 137063
S 12F e AMPT-SM (0, = 0 mb) 1 == AMPT-def (5, = 1.5 mb) ;
Ik getiies . T g idds . T
O 1N“"“‘"*i'—/\g""'"""'i il
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08 + ]

pp +Pp: 0.5 < P, 1.%5 GeV/c I ;_)A + ;')'Xl: 0..5(0..6) < P < 2..5 ?e\{/c .
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Still similar behaviour

Integrated correlation function for pp + pp

.
+

10

0.9

Pyttt

0.8 4 Data
—I— Pythia8315

0.7 e -
14

12
mW
0.8

0.6

1.3 @8IV 54520 0. IPABEEAT0E 1 52 7RIS TI38 B B2 (B ZF54F68. 8. WIB5E77
Agh (rad)

7-11/07/2025, EPS HEP 2025

c(ag)

]

]

-

9]
=

Integrated correlation function for pA + A
13—

12

AT

11

10

0.9

Data
-+ Pythia8315

0.8 _+_

07—
14

12
4
[
1.0 M—

0.8
0.6

1.00.80.56 2T.00.20.56.82 09 31 64.97.19 48 73.03. 2B.55.82 1 34 64 92
Ag {rad)

Matgorzata Janik for the ALICE Collaboration
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Integrated correlation function for AA + AA

<+ Data
-+ Pythia8315

11
10

0.9

o THHS

og——————————————
14

1z
10
0.8

0.6

1.00.82.568.27.00.20.56.82.09 37 62 97,18 48 73.03 28 55 824 1. 3R 64 92
Adp (rad)

30/25



EPOS4(HQ

Still similar behaviour

Integrated correlation function for pp + pp Integrated correlation function for pA +pA Integrated correlation function for AN 4+ AA
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7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration
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How to overcome the trivial multiplicity scaling?

o Use a rescaled two-particle correlation function (Cg)

Cr(By. Ap) = (M )(Cp — 1)

dep

o N,y = % dd’ia> is the average number of particle type produced in

the analyzed multiplicity/centrality classes;
o a is the particle type analyzed (PID);

ALICE preliminary, pp Vs = 13 TeV

pPpP+Pp, 2040% ppP+pPp, 40-70% pp+pp, 70-100%
B B B B
s & s s
o o o S
Anticorrelation becomes stronger for higher
multiplicity classes
7-11/07/2025, EPS HEP 2025 Matgorzata Janik for the ALICE Collaboration

33/25



AN

Multiplicity d.

ALICE Preliminary, p-Pb ys,, = 5.02 TeV
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No anti-correlation.
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sum

Pr =

AnAe correlation of baryons

Eur.Phys.J. C77 (2017) 8, 569

1.0< pi“m <2.8GeV/c

C(Ag, An)

0
|pril Horl %

ALICE Preliminary, pp \s =7 TeV

proton unlike-sign pairs
28< pi“"‘ < 8.0 GeV/c

ALICE pp s =7 TeV, pp+pp pairs

(D) 1.25=< p; < 2.

Near-side peak grows with p;

p; growth

. (c) projections

[ ¢ 0.5< p, < 1.25 GeV/c

(A@

QA [¢125<p <25 GeV/c
125 <13 :

Anticorrelation
even stronger

o
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Higher energy / multiplicity?

ALICE Preliminary, pp 1s = 13 TeV
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STAR, Phys. Rev. C 101, 014916
(2020)

The anticorrelation effect
is present for Au-Au
results

It is convoluted with the
flow double-ridge
structure

(a) CMS PbPb s, = 2.76 TeV, 220 < Nji'™ < 260

1 <p:"<aGeVIc

1< p;"“ <3 GeV/c

CMS, Phys. Lett. B 724 (2013) 213
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Fig. A. Zaborowska
p - particle momentum;

0 - polar angle;

n - pseudorapidity: n=—I (tgg)
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pr - transverse momentum;
@ - azimuthal angle;
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VA

= correlationy

P VY

y -~

= — K correlations, same sign:
ALICE Preliminary pp Vs = 13 TeV (FK +E K2
1.2 < p‘T"'g <12 GeV/c ~
0.2<pEC<3GeV/c — .

— — 7 correlations, same sign:
ALICE Preliminary pp Vs = 13 TeV ET + TR
1.2< p‘T”'*1< 12 GeVic
0.2<p$m<3GeV/c .

No anti-correlation for baryon-meson g 3o
Pairs. g 09 g 0.15
B, 5,
z z
Near-side peak present. e e
g 1 1 qp 1 1
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ALICE Collaboration, JHEP 09 (2024) 102
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