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e Physics motivations
o  strange hadron production in high-energy hadronic collisions
o  strangeness hadronization models

o higher precision results in pp and Pb—Pb collisions at 5.02 TeV from ALICE Collaboration
(arXiv:2511.10306, arXiv:2511.10360)

e New Run 3 results in 00 and pp collisions at 5.36 TeV from ALICE Collaboration

e New observable: (multi-) strange particle multiplicity distributions (arXiv:2511.10413)

o  multiple strange hadron production yields vs multiplicity
o vyield ratios
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High-energy collisions

From QCD a phase transition is expected (T ~ 160 MeV, y,, = 0 [1]) from
hadronic matter to a deconfined state of quarks and gluons: quark—gluon

plasma (QGP)

Experimentally - ultrarelativistic heavy-ion collisions: ALICE (A Large Ion

Collider Experiment)

[1] C.Gale, SJeon, B.Schenke, arxiv.org/1301.5893
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e  “Fireball” in local thermal equilibrium that expands hydrodynamically:
partonic degrees of freedom

e chemical freeze-out: hadrons are formed

e Kkinetical freeze-out: all particles cease to interact

e vl Short lifetime (z ~ 102*s) of the QGP: no direct detection > characterization from
Phase (< 1) the determination of the properties and modifications of final-state observables

7, y Tz
/I\\\ Phymess Historical QGP signatures include hadrochemistry - measurement of relative

abundances of produced particle species

[1] C.Gale, SJeon, B.Schenke, arxiv.org/1301.5893 NEI seminar - 28/05/2026
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Hadrochemistry as a probe of QGP?

Hadrochemistry: measurement of relative abundances of produced particle species

Strange quarks are not part of the valence content of the initial colliding systems: they are newly produced during the
collision - strangeness is a sensitive probe of particle production and hadronization
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Hadrochemistry: measurement of relative abundances of produced particle species

Strange quarks are not part of the valence content of the initial colliding systems: they are newly produced during the
collision - strangeness is a sensitive probe of particle production and hadronization

time
Strangeness enhancement: relative abundance of particles containing strange el i f
quarks is expected to be higher in AA collisions than in pp interactions

e historically proposed signature of QGP formation
(Rafelski I, Miiller B., Phys.RevLett. 48,1066 (1982))
o  lower Q-value for ssrelative to HH_formation
o faster equilibration in partonic medium
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Strangeness enhancement: relative abundance of particles containing strange
quarks is expected to be higher in AA collisions than in pp interactions

e historically proposed signature of QGP formation
(Rafelski I, Miiller B., Phys.RevLett. 48,1066 (1982))
o  lower Q-value for ssrelative to HH_formation
o faster equilibration in partonic medium

e similar enhancement patterns can also arise from statistical models
(e.g. Vislavicius V., Kalweit.A, arxiv.org[1610.03001)
o  canonical suppression in small systems
o  incomplete equilibrium of strangeness
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QGP —— (foreseen) altered chemical
composition

QGP c%é altered chemical composition
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Hadrochemistry in large systems: strangeness sara.pucillo@cern.ch

Strangeness enhancement (SE): experimentally observed at CERN SPS [2-4], BNL RHIC [5] and CERN LHC [6, 7]
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e strangeness production enhanced in large systems with
respect to small ones

e enhancement increases with the strangeness content

e energy hierarchy problem: ratio larger for lower energy collisions

[2] WA97 Coll., Phys. Lett. B 449 (1999) 401406 [5] STAR Coll., Phys. Rev. C 77 (2008) 044908
[3] NA49 Coll., Phys. Lett. B 538 (2002) 275-281  [6] ALICE Coll, Phys. Lett. B 728 (2014) 216-227 - 810512076
[4] NA57 Coll., ] Phys. G 37 (2010) 045105 [7] ALICE Coll., arXiv:2511.10360 (NEW!) seminar - 28/05/
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Strangeness enhancement (SE): experimentally observed at CERN SPS [2-4], BNL RHIC [5] and CERN LHC [6, 7]
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e strangeness production enhanced in large systems with L.
respect to small ones strangeness production in small systems depends
_ _ / on the energy -> small systems cannot be used as a
e enhancement increases with the strangeness content reference

e energy hierarchy problem: ratio larger for lower energy collisions
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Statistical hadronization model (SHM) in large systems

Statistical Hadronization Models

e hadronization is modeled as the statistical
emission of hadrons from an excited source,
described as an ideal gas of hadrons and
resonances in thermal and chemical
(non-interacting) equilibrium

e large systems: grand-canonical ensemble

e thermal parameters: T, V, n (uQ, g, Hg)

o extracted from a fit to the experimental
data
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e thermal parameters: T, V, n (uQ, g, Hg)

o extracted from a fit to the experimental
data

(mod.-data)

e yields are reproduced well over 9 orders of
magnitude, including strange particles

(mod.-\daw

ALICE Coll., Eur. Phys. ]. C 84, 813 (2024)
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Strangeness evolution with multiplicity
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TAKE HOME MESSAGE

UNIVERSALITY

from the multiplicity information alone the chemical composition
of the created system can be inferred

[8] ALICE Coll., Nature Physics 13 (2017) 535—539
[9] ALICE Coll., Eur. Phys. ]. C 80 (2020) 2, 167

ALICE Coll., Nature Physics 13 (2017) 535—539
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Strangeness evolution with multiplicity: comparison to statistical models sara.pucillo@cern.ch

e Canonical suppression of strangeness (CSM)

o  extension of statistical models to small systems - conservation of the strange quantum number must be enforced
locally

m constraints on the phase space available for particle production

o introduce a strangeness saturation parameter Vs

m account for incomplete thermalization of strange quarks
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Vovchenko, V,, et al., Phys. Rev. C 100, 054906 (2019)
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Strangeness evolution with multiplicity: comparison to microscopic models

—
<

e Pythia 8: linear parametrization of the QCD interaction potential at
large distances (Lund string model)

o  confined color fields - “string”
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ALICE Coll., Eur. Phys. ]. C 80 (2020) 2, 167
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Pythia 8: linear parametrization of the QCD interaction potential at

large distances (Lund string model)

o  confined color fields - “string”

Pythia 8 Monash: baseline of in-vacuum hadronization

o hadron formation: string breaking

o  multiplicity dependence of particle production: multiple
parton-parton interactions (MPI) + effective interaction

among strings (CR)
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Pythia 8: linear parametrization of the QCD interaction potential at
large distances (Lund string model)

o

confined color fields - “string”

Pythia 8 Monash: baseline of in-vacuum hadronization

o

o

Pythia 8 QCD-CR Ropes: newest version

hadron formation: string breaking

multiplicity dependence of particle production: multiple
parton-parton interactions (MPI) + effective interaction

among strings (CR)

o

o

hadron formation: overlapping strings (color-ropes)

multiplicity dependence of particle production: MPI +
sophisticated CR

——— enhanced production rate of strange particles
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Strangeness evolution with multiplicity: comparison to hybrid models sara pucillo@cern.ch

e EPOS LHC: double regime scenario ’g IS =1
o core~ high energy density (statistical hadronization) i B e
corona - in-vacuum hadronization (string fragmentation) *% S|
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ALICE Coll., Nature Physics 13 (2017) 535—539
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Strangeness production in pp: hybrid models

EPOS LHC: double regime scenario
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e EPOS 4: modified hadronization in high-multiplicity

environments (core)

o core > statistical hadronization + hydrodynamic expansion
corona - string fragmentation
o  multiplicity dependence of particle production: saturation

effects and collective expansion
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Strangeness production in pp: hybrid models

EPOS LHC: double regime scenario
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environments (core)

o core > statistical hadronization + hydrodynamic expansion
corona - string fragmentation

o  multiplicity dependence of particle production: saturation
effects and collective expansion

o

o

evolution of the system is dynamic

hadronization: in vacuum (using
PYTHIA) or using the Cooper-Frye
formula from core droplets
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Strangeness production in Pb—Pb: hybrid models

ALICE largest and most precise dataset in Pb—Pb collisions: strangeness production at +/s = 5.02 TeV
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e  Peak shifts to higher p_, with increasing
multiplicity (stronger radial flow for baryons)

e EPOS 4 describes central collisions; agreement
worsens at intermediate/high p, in semi-central
and peripheral collisions > hydrodynamic
expansion

New paper! |

ALICE Coll., arXiv:2511.10360
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Strangeness production in Pb—Pb: hybrid models
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ALICE largest and most precise dataset in Pb—Pb collisions: strangeness production at +/s = 5.02 TeV
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e EPOS 4 describes central collisions; agreement
worsens at intermediate/high p, in semi-central
and peripheral collisions > hydrodynamic
expansion

New paper !

B[] ALICE Coll, arXiv:2511.10360
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EPOS 4 describes the evolution of h/z in Pb—Pb -
recent tuning of core—corona mechanism is
responsible SE

qualitative agreement, despite remaining
quantitative tensions
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Strangeness production in Pb—Pb: hybrid models 6/6

New paper! |
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e New Run 3 results in 00 and pp collisions at 5.36 TeV from ALICE Collaboration
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How can we improve our understanding of strangeness production? sara pucillo@cern.ch

e Build a bridge from small to large systems - investigate the strangeness production in light-ion collisions

o  Preliminary approved results in OO collisions at 5.36 TeV, next step investigate also p-O and Ne-Ne collisions
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1 10 10? 10°

[CAMEL s
Particle yields: OO results are
consistent with the smooth,
multiplicity-driven evolution of
strange-hadron production observed
across colliding systems

ALICE Coll., arXiv:2511.10306 (NEW!)

ALICE Coll,, Phys.Lett.B 728 (2014) 25-38, 2014

ALICE Coll., Phys.Lett.B 758 (2016) 389-401, 2016 ,
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How can we improve our understanding of strangeness production? sara pucillo@cern.ch

e Build a bridge from small to large systems - investigate the strangeness production in light-ion collisions @

o  Preliminary approved results in OO collisions at 5.36 TeV, next step investigate also p-O and Ne-Ne collisions
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Baryon-to-meson p,, spectra ratios
Particle yields: OO results are
consistent with the smooth,
multiplicity-driven evolution of

strange-hadron production observed - interplay of hydrodynamic expansion and coalescence
across colliding systems

e increase at intermediate p,, across all centrality classes
e convergence at high p, across all centrality classes

e across collision systems at fixed p,: A/K’ evolves smoothly with the

ALICE Coll, arXiv:2511.10306 (NEW!) charged-particle multiplicity

ALICE Coll., Phys.Lett.B 728 (2014) 25-38, 2014

ALICE Coll., Phys.Lett.B 758 (2016) 389-401, 2016 )
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(py as a function of multiplicity across colliding systems - model comparison sara pucillo@cern.ch

©

S b aceeeimnay e 1 € [ acepeimnay  awce
© 1.2~ 00, {5,=536 Tev o pp, 5= 5.02 TeV 3 @ 2 e00,|5,=536Tev 0 pp, 15=5.02 TeV
g E Pythia8 predictions ° p-Pb, % =o.02TeV E g L Pythia8 predictions ° p-Pb, m =502 Tov . . . . .
Y- 1 4 HRopes. pps=538Tev PPPONsmBOTV N gl MRopes,pof5=536Tev 3 PE-PD qu= 5.02TeV (p..) evolution with multiplicity
S [ B Angantyr, 0O |5, = 5.36 TeV Total uncertainties shown in open box 7 SN [ B Angantyr, 0O |5, = 5.36 TeV Total uncertainties shown in open box T
[ 8 Angantyr, Pb-Pb Sy = 5.36 TeV e 16 B Angantyr, Pb-Pb |5, = 5.36 TeV
3 photd K E - p B % A e clear multiplicity dependence for all particles
C S ] 1.4— b h
0.9— - - A T o . P
: 1 o A ot e small and large collision systems show a visible
F - 2 ¢ @® . . .
08 3 g AL discontinuity
F = 4 . .
o7 KO Fogr A e 0O results follow the Pb—Pb like evolution
: osh-
0.6 S E ¢ T
: : ol 5 o multiplicity comparable to small
e T I T systems
N, fdn) o AN fam), o o  spectral hardening closer to large
S oo iy ol [T oo s B AL LI Systems
E 2.6 ®00,{5y=536Tev ° pP,PE= 502 ;3‘; rev = g 26F ®00,{55=536TeV ° pp;:f =502 ;eo\; rv = .
S e R e ] S e R 1 ® Model comparison:
[P lopes, §= 0. ) -] [ opes, §=2. e |
o3 F ngantyr, N = O-00 1€ Total uncertainties shown in open box _ QL F ngantyr, Ny = 0-30 Te Total uncertainties shown in open box | :
> 2o i e e sy S e e R s > 3 o None of the model (Pythia8 Angantyr for
&3 E 2= i ; i + os S 00 and Pb-Pb, Pythia8 Ropes for pp)
18 b T 3 i b E simultaneously describes the trend and
3 got ot ER Mﬁ) ey i E magnitude over the full multiplicity
e AT I 3 ME ge E range - EPOS 4 simulations are ongoing
120, Od@vo “31?_._5 ' 1_2__+ R
r [0} P g amesiaadl r P =
= oo — = O,
FO -
08t = o8 ALICE Coll., arXiv:2511.10306 (NEW!)
0sF- = 0sE- = ALICE Coll, PhysLett.B 728 (2014) 25-38, 2014
L e sl ool ALICE Coll, Phys.Lett.B 758 (2016) 389-401, 2016

0 "
(dN_/dr) ALICE Coll,, arXiv:2511.10360 (NEW!) g serinar - 28/05/2026

Inl<05



https://arxiv.org/pdf/1806.10820
https://link.springer.com/article/10.1007/JHEP03(2015)148
https://arxiv.org/pdf/2406.04096
https://arxiv.org/abs/2511.10306
https://doi.org/10.1016/j.physletb.2013.11.020
https://doi.org/10.1016/j.physletb.2016.05.027
https://arxiv.org/abs/2511.10360

How can we improve our understanding of strangeness production?

sara.pucillo@cern.ch

e Find other properties than a difference in <dN , /d;>

o  Connection of strangeness production with the presence of jets - preliminary approved results for VOs in pp
collisions at 5.36 TeV, next step investigate also cascades and pp at 13.6 TeV e

r A Jet axis
dp 1 " 1 " dN
de Ney  Aace de

A
Charged primary
particles

Jet cone

Perpendicular|
cone

e  Charged-particle jet reconstructed using the
anti-k, algorithm with jet p, > 10 GeV/c

° Jet cone (JC): R (strange hadron, jet) < 0.4

. Underlying Event (UE): strange hadrons in
perpendicular cone (PC)

° In Jet production (JE) = JC - PC
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p. differential density: the spectra in jets
are harder than in the UE

Analogous in Run 2 measurement at 13 TeV
ALICE Coll,, [HEP 07 (2023) 136
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Spectral shape in- and out-of-jets sara pucillo@cern.ch
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Spectral shape in- and out-of-jets

sara.pucillo@cern.ch
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How can we improve our understanding of strangeness production? sara pucillo@cern.ch

e  Find other properties than a difference in <dN , /d;>

o  Connection of strangeness production with the presence of jets -

Ml <0.8
W5 = 13TeV, Nipsa (). Il <08, N, >10 .

|
¢
I

o  Classification via the shape of the event (spherocity)
ALICE Coll., JHEP 2024 (2024) 184
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o  Tentative connection of SE to global event properties (effective energy)
ALICE Coll,, [HEP 03 (Mar, 2025) 29
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How can we improve our understanding of strangeness production? sara pucillo@cern.ch
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e New observable: (multi-) strange particle multiplicity distributions (arXiv:2511.10413)

o  multiple strange hadron production yields vs multiplicity

o vyield ratios
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Extension of published results - physics motivation sara pucillo@cern.ch

Published results: analysis of the number of strange particles in a given set of events - average value of production rate
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Extension of published results - physics motivation

sara.pucillo@cern.ch

Published results: analysis of the number of strange particles in a given set of events - average value of production rate
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More insightful information on
the strangeness production: (multi-)strange
particle multiplicity distribution

e extend beyond the average of the
distribution

e new test bench for production
mechanisms, probing events with a large
imbalance between strange and
non-strange content

e powerful tool for MC tuning
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(multi-) Strange particle multiplicity distribution: P(n,)

o [S)

Probability to produce n particles of a given species per event

New paper! |

- | | | | | | | |
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ALICE Coll., arXiv:2511.10413

First measurement of the probability to produce
n particles of a given species per event P(n) for
different selection in the event multiplicity
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(multi-) Strange particle multiplicity distribution: P(n,)

Probability to produce n particles of a given species per event

New paper! |
@@

- | | | | | | | |
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First measurement of the probability to produce
n particles of a given species per event P(n) for
different selection in the event multiplicity

e forng>0, P(n,) increases with multiplicity

)

increase of the charged-particle
multiplicity

ALICE Coll., arXiv:2511.10413
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(multi-) Strange particle multiplicity distribution: P(n,)

New paper! |

Probability to produce n particles of a given species per event
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(multi-) Strange particle multiplicity distribution: P(n,) - NBD fit sara pucillo@cern.ch
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[10] ALICE Coll., arXiv:1708.01435

[11] ALICE Coll., arXiv:1004.3034%

New paper! |

First measurement of the probability to produce n
particles of a given species per event P(n)

e dataset allows measurement of P(ng) up to 7 K’
5 A, 4 =and 2 Q particles per event

e good agreement between particle and
antiparticle

e Negative Binomial Distribution (10, 11] is able to
accommodate all the data
(V%%: x2<1, cascades: x2<3)

e same physics message discussed for K’

ALICE Coll., arXiv:2511.10413 NBI seminar - 28/05/2026
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(multi-) Strange particle multiplicity distribution: P(n,) - NBD fit sara pucillo@cern.ch
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New paper! |

First measurement of the probability to produce n
particles of a given species per event P(n)

e dataset allows measurement of P(ng) up to 7 K’
5 A, 4 =and 2 Q particles per event

e good agreement between particle and
antiparticle

e Negative Binomial Distribution (10, 11] is able to
accommodate all the data
(V%%: x2<1, cascades: x2<3)

e same physics message discussed for K’

TAKE HOME MESSAGE

The measurement of P(ng) represents a unique
opportunity to test the connection between
charged- and strange- particle production

ALICE Coll., arXiv:2511.10413 NBI seminar - 28/05/2026
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Average yield of strange hadron multiplets

P(ny) allows to calculate the average production yield of n particles/event:

max

IlS

(Yos) = 3 sy - Pl

1=1n

e <Y, >:mean of the multiplicity distribution (dN/dy in previous studies)

i <Yn>IS

o e.g.doublets »> equivalent to the extraction of double signal through 2D invariant mass fit

>: average production yield of multiplets (n = 1 singlet, n = 2 doublets, and so on) of the particle
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Multiple strange hadron production yields vs multiplicity sara pucillo@cern.ch
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Yield ratios with AS > 0 - strangeness enhancement at its extremes .

New paper !
AS moves from 2 to 5
Q
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Yield ratios with AS > 0 - strangeness enhancement at its extremes

First-time investigation of strangeness
enhancement with ASup to 5

e AS =5:unprecedented enhancement of
2 orders of magnitude between lowest
and highest multiplicity classes

e consistency between trends for
<Y,_>and <Y, >

TAKE HOME MESSAGE

Enhancement proportional to S even when
exceeding the maximum number of
strange quarks in a single hadron
(using multiplets)

sara.pucillo@cern.ch 41/61 .
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Yield ratios with AS > 0 - model comparison

First-time investigation of strangeness enhancement with AS up to 5 - model comparison New paper! |
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e  MC generators exhibit different multiplicity dependencies for <Y,_> and <Y, >

o theincrease with multiplicity in models is affected by the number of baryons in the numerator

e EPOS LHC: agreement at high multiplicity, but incorrect multiplicity trend
e Pythia 8 OCD-CR Ropes: closer to the data but still underestimating the observed behavior
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Yield ratios with AS = 0 - n/\/nKOS .

New paper !

AS=0
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ALICE
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Yield ratios with AS = 0: important to factor-out non
strangeness-related effects
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extension beyond the mean ratio
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e increase of A/K’; VS multiplicity when looking

at multiple production! (0
o  the evolution with multiplicity is not
solely due to the strangeness imbalance

between the numerator and denominator 1078
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o Isitbaryon enhancement?

e Model comparison: 107

o  possible baryon-related effect well
reproduced by Pythia 8 QCD-CR Ropes, 10°°
especially at high multiplicity
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New paper! |

m baryon/nK’; and m baryon/nA - testing hadron production at fixed S and with different light quark content (AL) eo
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Decreasing trend with increasing multiplicity due to the larger number of light quarks involved in the denominator
- trend VS multiplicity is not determined by the presence of a baryon!

e high multiplicity: it is simpler to pair s-quarks with light quarks (very abundant)

e low multiplicity: the shortage of light quarks enhances the probability of multi-strange baryon formation
NBI seminar - 28/05/2026
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AS = 0 multiple-particle yield ratios ara pucillo@ce :

New paper! |

m baryon/nK’; and m baryon/nA - testing hadron production at fixed S and with different light quark content (AL) eo
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Model comparison:

e Pythia 8 QCD-CR Ropes: excellent description of all trends > QCD-CR mechanism implemented in the model effectively
captures the reconnection of strange and light quarks as a function of multiplicity

e  Pythia 8 Monash underestimates all particle ratios for K°, while overestimating ratios relative to A (except for 1Q)

e  EPOS LHC qualitatively captures the trend for all ratios relative to K°;, while overestimates the trends relative to A
NBI seminar - 28/05/2026
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New paper! |
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TAKE HOME MESSAGE

Multiplicity trends are driven by light quark availability,
not by baryon content
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Strangeness production is a sensitive probe of QCD hadronization. ALICE investigates it through complementary measurements:
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Strangeness production is a sensitive probe of QCD hadronization. ALICE investigates it through complementary measurements:

e High precision measurements of the ratio of strange to non-strange hadron yields (h/z) across colliding systems

o  multiplicity-driven evolution from pp to Pb—Pb, with OO bridging small and large systems
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Strangeness production is a sensitive probe of QCD hadronization. ALICE investigates it through complementary measurements:

e High precision measurements of the ratio of strange to non-strange hadron yields (h/z) across colliding systems

o  multiplicity-driven evolution from pp to Pb—Pb, with OO bridging small and large systems

e Additional experimental activity in small systems under investigation trying connections between strange-particle
production and local or global characteristics of the events under study

o first measurement of the strangeness production in- and out- of jets vs multiplicity
m strangeness evolution with multiplicity is primarily driven by the UE
m thejet component gives the dominant contribution to the absolute strange-hadron production
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Strangeness production is a sensitive probe of QCD hadronization. ALICE investigates it through complementary measurements:

High precision measurements of the ratio of strange to non-strange hadron yields (h/r) across colliding systems

o  multiplicity-driven evolution from pp to Pb—Pb, with OO bridging small and large systems
Additional experimental activity in small systems under investigation trying connections between strange-particle
production and local or global characteristics of the events under study

o first measurement of the strangeness production in- and out- of jets vs multiplicity
m  strangeness evolution with multiplicity is primarily driven by the UE
m thejet component gives the dominant contribution to the absolute strange-hadron production
First measurement of (multi-)strange particle multiplicity distribution P(n,)

o  relevant extension of the traditional yield determination, as it tests at a higher order the strange hadron
production mechanisms

o  perfect benchmark to MC models to test the interplay between charged and strange particle multiplicity
o  multiple strange hadron production yields

m ratios with AS moves from 2 to 5: strangeness enhancement at its extremes -> enhancement pattern is
strongly driven by the strangeness content of the hadron

m ratios with AS = 0: perfect strangeness balance - exhibit a secondary role of u and d quarks
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Summary - model comparison

Model comparison:

e Ratio of strange to non-strange hadron yields (h/x) across collision systems

o  different kind of models have been considered - recent model developments improve the qualitative description
of strangeness-enhancement patterns, but quantitative tensions with the data persist

o  none of the available models simultaneously describes the trend and magnitude over the full multiplicity range

e  First measurement of (multi-)strange particle multiplicity distribution P(n,)

o  multiple strange hadron production yields vs multiplicity: the agreement worsens with increasing n - strange
quark production rate remains an open issue

o vyield ratios vs multiplicity: the majority are rather well reproduced by Pythia 8 OCD-CR Ropes -> once S is created
the model of re-connection with light quarks catches the trends observed in the data
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Future directions

e Extension of presented study to other colliding systems
o  strangeness production as a function of multiplicity to p-O and Ne-Ne collisions
o  NOTE: strangeness production in- and out- of jets is currently ongoing in OO collisions

o  P(ng)toPb—Pb
m test the collision system invariance with multiplets of particles
m test the trends up to extreme multiplicities and verify the relative importance of
baryon/strangeness in a light-quark rich environment
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e Extension of presented study to other colliding systems
o  strangeness production as a function of multiplicity to p-O and Ne-Ne collisions
o  NOTE: strangeness production in- and out- of jets is currently ongoing in OO collisions

o  P(ng)toPb—Pb
m test the collision system invariance with multiplets of particles
m test the trends up to extreme multiplicities and verify the relative importance of
baryon/strangeness in a light-quark rich environment

e Extension of presented study to other particles

o  strangeness production in- and out- of jets will be extended to multi-strange baryons
(ongoing)

o  more generally: investigate resonance production (preliminary approved results in light-ion
for K* and ¢, ongoing studies for =* and A*)
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e Extension of presented study to other colliding systems
o  strangeness production as a function of multiplicity to p-O and Ne-Ne collisions
o  NOTE: strangeness production in- and out- of jets is currently ongoing in OO collisions

o  P(ng)toPb—Pb
m test the collision system invariance with multiplets of particles
m test the trends up to extreme multiplicities and verify the relative importance of
baryon/strangeness in a light-quark rich environment

e Extension of presented study to other particles

o  strangeness production in- and out- of jets will be extended to multi-strange baryons
(ongoing)

o  more generally: investigate resonance production (preliminary approved results in light-ion
for K* and ¢, ongoing studies for =* and A*)

e Extension of P(n,) to Run 3 (and Run 4) data: larger statistics (3/4 orders of magnitude higher)

o  several software filters have been developed for the selection of events with strange hadron
candidates (e.g. events with at least 1 Q, 2 or more =, two or more Q, atleast 1 Q and 1 =)
m  useful for cascade analyses
m enable investigations of the simultaneous production of multiple strange hadron
species
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ALICE experiment in Run 3

TPC: Time Projection Chamber
Gas detector (new readout
chambers: GEM)

Tracking, vertexing, PID (dE/dx)

ITS: Inner Tracking System
7 layers of MAPS detectors

Tracking, triggering, vertexing, PID

»
o e el

—-——
new 1T Fast Interaction Trigger [ I
two arrays, FTOA and FTOC, of N generat:
Cherenkov radiators e readout upgraded for most detectors to allow continuous readout
Interaction trigger, online luminometer, e excellent tracking & PID capabilities over broad p range

orward multiplicity counter
f ultiplicity cou e low material budget
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Candidate selection - analyzed particles

64/112
Particles reconstructed through their weak decays
| Particle | Quarks | S | I(J¥) | Mass (MeV/c?) | Decay channel |  BR.(I;/T) |7 (em) |

(1 KO dized | — | L(07) | 497.611+0.013 w0r® (30.69 + 0.5)% 2.68
o b (69.20 + 0.5)%
Single strange particles: Vs <| A uds | =1 | 0(1") | 1115.683 + 0.006 pr- (63.9 + 0.5)% 7.89
nm® (35.8 £ 0.5)%
A uds | +1|0(3%) | 1115.683 + 0.006 prt (63.9+0.5)% 7.89
{ o (35.8 £ 0.5)%
B~ dss | -2 | 337 | 132171+ 007 Ar~ (99.887 +£0.035)% | 4.91
’
=" dss | +2 | 13T)| 1321714+ 0.07 A+ (99.887 £ 0.035)% | 4.91
Multi-strange particles: Cascades < Q- 888 -3 O(g+) 1672.45 + 0.29 AK~ (67.7+0.7)% 2.461
=on- (24.3+0.7)%
[N 555 [ +3|0(2%) | 1672.45+0.29 AK+ (67.7+£0.7)% 2.461
{ ont (24.3+0.7)%




Strange hadron reconstruction in ALICE

e The strange hadrons reconstruction relies on two weak decay
topologies:

V0 : neutral particle decaying into a pair of charged particles
(V-shaped decay)

KQ = ntn~ B.R. 69.2%
A(A) = p(P)r (zT) B.R. 63.9%

Cascade : charged particle decaying into a VO + charged particle

E-E") > AR) 7 () B.R. 99.9%
0" (@") = A(R) K~ (KY) B.R.67.8%

e  Statistical identification using an invariant mass analysis
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Strangeness enhancement 66/112

Strangeness enhancement: relative abundance of particles containing strange quarks is expected to be higher in AA
collisions than in pp interactions

e proposed signature for QGP formation
(Rafelski I, Miiller B., Phys.Rev.Lett. 48,1066 (1982))

Hadron gas - hadronic degrees of
freedom

QGP - partonic degrees of freedom

e strange quarks are thermally
e energy threshold problem: produced in the medium

cheaper production of ss e production mechanisms: gluon

compared to KK in vacuum : fusion gg > 5 (Q,._ °% ~ 200 MeV )
Hydrodynamic Phase

(Quape '€ ~ 1GeV)
alue . .

' . i b vl o o efficient way to produce
e  production mechanisms: Phase (< 1) strangeness

multi-step hadronic o’ o  abundance of strange quarks
interactions a) without QGP \ b) with QGP
o  penalized processes
© @
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.48.1066

SE observation: historical point of view and energy hierarchy problem

sara.pucillo@cern.ch 67/112
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Explanation of the energy hierarchy: for all systems the number B_ [, FPERLINEL - A central :
of (Eharged—particles produced at central rapidity enhances as =° 124 owms ¢ CMS _,
\/s increases S L v uAs o ATLAS i
~_qn[* PHOBOS + PHOBOS :
e the higher the energy in the pp reference, the higher the ~ 31 O a 1sR A PHENIX ]
average charged-particle multiplicity and, hence, the \Z/ i A(dA), NSD : 2?::""8 o g015203) 7
lower the ratio between yields in AA and pp 8 u XLICE ’ < NASO .
e elementary collisions cannot be used as a baseline for i 1 ghﬂgs os i
comparisons between different energies 6 —
. J.ﬁ i
\ 4 H‘ 01032 ]
\ B ,__ i
Further investigations into strange particle 2r e N
production rates in elementary interactions - CoX ALICE, |n]< 0.5 1

improved observable: ratio of strange yields to L T T S S Y S T W 1 B

pions at the same +/s 10 102 10° 10*

VSa (GeV)

ALICE Coll., Eur. Phys. . C 84, 813 (2024)
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Particle yield ratios

ALICE Coll., Nature Physics 13 (2017) 535—539 ALICE Coll., Nature Physics 13 (2017) 535—539
o 045 - ‘ ‘ T : : — ? [ T T L B T ]
= u ALICE —— PYTHIA8 . N o | ALICE ]
L 04-@ ppis=7TeV oo DIPSY - 82 o[ ®ppis=7Tev cﬂ:%
S © () p-Pb, |y =5.02TeV EPOSLHC ] B L Op-Pb, {8y =5.02TeV EE“ i
o 0.351 - =y - oK il
& - - — T mA )
ReagniLULRI £ 1 i A o0
- E SEPPTTLY ] e + . 0 G__,-' _
CC) 025 C \\\\\\\\\\\ . - f— B EHT."@G %.mg i
w0 e AKg ] - R
> e ] g .
ool . : R
R — : IR 2 b
0.5 Fovemamremeeeeeeee _ ® 0 1
0.1 g @ §o-8-8- TS 8 66 & %‘ @ 1
z | P/ 62) 3 0.5 ‘ ;
0.05 10 10
ALI-PUB-106882 <dNCh/d 77>|7]|< 0.5 ALI-PUB-106886 <dNCh/d 77>|77|< 0.5
Baryon/Meson VS charged-particle multiplicity Particle yield ratios to pions normalised to the values
measured in the inclusive INEL> O pp sample
- Observed flat trend can be understood considering that the e low charged-particle multiplicity: the increase vs
strangeness enhancement is proportional to the number of multiplicity is more rapid as their content of
strange quarks in the hadron strangeness grows, being the highest for the

triple-strange Q
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Strangeness hadronization phenomenological models

sara.pucillo@cern.ch 69/112

Pythia 8: linear parametrization of the QCD interaction potential at large distances EPOS LHC
(Lund string model)

Double regime scenario

e confined color fields > “string” hioh denst
e  core: high energy density

Pythia 8 Monash Pythia 8 QCD-CR Ropes (statistical hadronization)
e corona: vacuum hadronization

freeze out

q g q g
Proj. p Target p
e hadron formation: string breaking e  hadron formation: overlapping e multiplicity dependence of particle
(tension ~ 1 GeV/fm); strings (effective string tension from production: different relative
o . the lattice); importance of core and corona
e multiplicity dependence of particle across multivlicit
production: Multi-Parton e multiplicity dependence of particle pucity.
Interactions (MPI) + Color production: MPI + sophisticated CR
Reconnection (CR). allowing 3-leg junctions.
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https://arxiv.org/pdf/0710.3820
https://link.springer.com/article/10.1007/JHEP03(2015)148
https://arxiv.org/abs/2203.11601
https://doi.org/10.1103/PhysRevC.92.034906

More recent hybrid models

EPOS 4 : newest version of EPOS model

double-regime scenario with dynamic core—corona

o  core - statistical hadronization + hydrodynamic
expansion

o  corona - string fragmentation

10°
1071
102
103
104kF 8
1075 v v /! Nconn = 1
—6 p

18_7 //,/'/ increasing
108}/ J3 ; Nconn
1072F 2 .
10~ L ;

10 10 10?

pt(GeV/c)

dn/dpy

multiplicity dependence of particle production:

low-p,, suppression and collective expansion driven by
saturation (via the number of partonic connections,
Neonn)

conn

DCCI (Dynamical Core—Corona Initialization)

state of the art core-corona approach

dynamical initialization of QGP: partons deposit
energy and momentum proportionally to the local
density, leading to the dynamical formation of a fluid
(core), while other partons remain non-equilibrated
(corona)

multiplicity dependence of particle production:
continuous transition from string fragmentation
(low multiplicity) to statistical hadronization (high
multiplicity) via dynamical core—corona separation
(core fraction increases with multiplicity)

hadronization: in vacuum (using PYTHIA) or using
the Cooper-Frye formula from core droplets
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https://arxiv.org/pdf/2301.12517
https://doi.org/10.1103/PhysRevC.101.024912

Multiplicity and centrality determination in Run 3 112

e Event multiplicity is estimated from the FTO detector signal amplitudes at forward rapidity

e Centrality is determined by fitting the FT0 amplitude distribution with a Glauber-inspired model coupled to a
Negative Binomial Distribution (NBD)

o  Glauber MC: collision geometry is generated using the nuclear density profile parameters

o N-ancestor + NBD model: particle production is described by assuming independent particle-emitting sources
and fitting the measured distribution

T T T T T T

ALICE Pb-Pb {5, =5.36 TeV

5%-wide intervals shown alternatingly

€10’

_(Q . T T T T T T
5 10 Shown: glauber normalized after fit
8 to integral in range: 275-325

Nancestors - f Npart + (1 ‘f) Ncoll

95-100% | 9095% 85:90% 80-85%
L L N L s L
0 100 200 300 400 500 600

FTOA+C Amplitude

b L e |
10000 20000 30000 40000

Each ancestor emits particles according to an
NBD with parameters (j1,k)

55-60%
50-55%
35-40%

[ 45-50%
" 40-45%
40%

|
50000

FTOC amplitude

30-35%
25-30%

[ 10-15%
5-10%
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rgest dataset in pp collisions @ 5.02 TeV sara pucillo@cern.ch
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. e e . .
e extension of similar studies performed at 7 and 13 TeV to a lower energy regime ' 1
New paper! |

e improvement in the statistical precision

e  p,spectra show a maximum shifting to higher values with increasing multiplicity (as observed in large systems and
attributed to radial collective flow)
o  lower panel: ratios evolve significantly at low p_, approaching a plateau at around 4 GeV/c
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Largest dataset in Pb—Pb collisions @ 5.02 TeV sara pucillo@cern.ch

§105 event centrality classes E ;‘?105{.IIIIlIIlIII”II”III”I”/;LIK';I;IJ% Newpaper! I
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10 —=—4 1°F 3
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3 . T T T T T .
1 Seb ] e model comparison:
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] g of uncertainties, underestimates = at p,, > 2 GeV/c
i3 f and overestimates the Q in peripheral collisions
1 20 E o  hardening of the spectra from peripheral to
£ : 3 central collisions reflects partonic radial flow
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Transverse momentum spectra in 00 collisions - K"S sara pucillo@cern.ch
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=
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ALICE Preliminary, OO \s,, = 5.36 TeV

K$ v < 05,10, <08 — First measurement of the K corrected p_ spectra in 00
' collisions for different centrality classes

IIIIII_IJ_I_

Uncertainties: stat. (bar), total sys. (open box)

FTOC centrality percentile
[0]0-100% [0]0-5%
[0]5-10% [0]10-20%
[0]20-30% [©/30-40%

40-50% [0/50-60%

e large amount of data allow to extend the strangeness
production measurement up to 20 GeV/c

e hardening of the spectra from peripheral to central

IIIIILL|,| IIIIIIII| IIIIIJ_I,I,| L

10 60-70% [8]70-80% -
= [0]80-90% [8]90-100% collisions
10 . e maximum moves towards larger values as the multiplicity
g increases - interpreted as the result of a collective boost in
10° ; the radial direction
. - —— : | e bottom panel: ratio to integrated 0-100%
e i
0 — : o large yield variations among different classes
S N
S o  evolve significantly at low p,,
b o  reacha plateau ~ 3 GeV/c
(@] 9 - I 1
E 107 : T -
I o —+—t | E
o 0 5 10 15 20
P, (GeV/ce)
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Transverse momentum spectra in 00 collisions - baryons

First measurement of the A, Zand Q S A AR MMM AN R PR A A AN AN BN R |t
. . . S 1 ALICE Preliminary L 10 ALICE Preliminary B

corrected p_ spectra in OO collisions for 3 0O, sy, =536TeV, |y| < 0.5 % 'O F 00, {5y = 5.36 TeV, |y| < 0.5
i 1 [©) C _ [©) F @ . N
different centrality classes = b LT S [ ¢ O T ]
mw '8:_ E ::... ':% Uncertainties: stat.(bars), syst.(boxes) %}_ 102 ? = Uncertainties: stat.(bars), syst.(boxes) E|

el e e él : ...-’ "ﬁg % E E

, ALICE Preliminary, 0O {8, = 5.36 TeV 210 T T 2 100k -
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FTOC centrality percentile
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[]5-10%  [#/10-20%
©/20-30% - 30-40%

|
|
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|
|
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e  Same conclusions discussed previously for K°

e Avyields ~ 10x Z yields ~ 10x Q yields in OO collisions _
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ALICE Preliminary
00, {5 =5.36 TeV, [y| < 0.5

FTOC centrality percentile

[£J0-5% [<]5-10% [-]10-20%
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To study the particle production dynamics: baryon-to-meson p,,

spectra ratios in OO for each centrality class
e increase at intermediate p,, across all centrality classes

o  peak shifts to higher p_, with increasing
multiplicity

00 baryon-to-meson pattern suggests an interplay of
hydrodynamic expansion and coalescence, leading to
enhanced baryon production at intermediate p,,

e convergence at high p, across all centrality classes
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Baryon-to-meson p, spectra ratios across colliding systems sara.pucillo@cern.ch
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Baryon-to-meson p,, spectra ratios across collision systems o . . o
Similar particle production dynamics in 0O,
e comparable =/K° and Q/K°, values in OO, Pb—Pb, and pp at similar :
p =R 22K ) ) pPp peripheral Pb—Pb and central pp suggests common
charged-particle multiplicity underlying hadron-production mechanisms
ALICE Coll, arXiv:251110306 (NEW!) :
ALICE Coll, Phys.Lett.B 758 (2016) 389-401, 2016 NBI seminar - 28/05/2026
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Integrated yields as a function of multiplicity across colliding systems
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Yield ratios to K"S for all strange particles across colliding systems
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e Strange-hadron production follows a common 102 = Is|=3
multiplicity scaling, with stronger enhancement for c LYy @t FPEEE 3
increasing strangeness content i z Q=+ 0’ ]

N ALICE |

10 B O pp,is =5.02 TeV E

. ALICE Preliminary 0 p-Pb, Sy =5.02TeV -

| ®00, sy =536TeV % Pb-Pb, Sy = 5.02 TeV -

1 0_4 | Uncertainties: stat.(bars), syst.(boxes) ]

ALICE Coll., arXiv:2511.10306 (NEW!) ol Lol Lol Nt

ALICE Coll., Phys.Lett.B 728 (2014) 25-38, 2014 10 102 10°
ALICE Coll, Phys.Lett.B 758 (2016) 389-401, 2016

ALICE Coll, arXiv:2511.10360 (NEW!) (dN_/dn)
ALICE Coll., arXiv:2204.10263 L L

ALICE Coll., arXiv:2106.13113 } resonances NBI seminar - 28/05/2026
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Spectral shape in- and out-of-jets - KUS

mw . E T T T T T T ::""I""I""I""l""I""I'l‘. W
A\l 10?I\I\IIH\I\IV|IVIV|IH\|IVIH“’_:j Kl 103;_ALICEPreIiminary KO - ;_Je::anli-kTR=0.4 KO - Oxm Fr T T t "“’—_j
8 E ALICE Preliminary Mult. integrated: | 5 E PP Vs=5.36 TeV S P, > 10 GeVic O Q 0.45; ALICE Preliminary +det =
o " pp, (s =5.36 TeV o Jet ] A UE TE e Jet 3 0.45 PP /=536 TeV e 3
> 1L Jetantik, A=0.4 = UE e IE e A Jet: anti-k; A= 0.4 *U 3
S ; P?,hje( >10 GeV/c -4-Jet Cone %l% E —— %= % % Sy, SN ? 0.35( p;’_‘;m >10 GeV/c Kg E
sla” [ 0 e e TF = E
o3 K Foves = 1 F e 3 0.3 E
e S _ 101 —— 4k e F ® ¢ o |o E
g ;‘D% £ ~+r == 3¢ ——— ] 0.25F
F S 10°F e qF 3 F 3
== E —————— J F FToM multiplicéty classes: ) 3 0 2; g
.l S E— i 10k = 1 4-0-1% (x2) - 15% (x2) 4 ek E
10 o= E = F f 510% (x2%) ¥ 10-80% (x2), E E ]
[ 10_4;_ _; ;_ ;g%gé: :ig‘&)‘#smml}% (x2) _; 0_15:, H H H H 7:
= ° SEESERETTTE T FNA TN A ) AT SR TS R R oE E
— E—) & % 0.05:, ]
2 1F - el = === e— ————— .l TN i aaid
=} o e ¢ 1 71 0

ot b b L g —— 1 10 102

o 1z 3 4 s b, i) « R ] FTOM multiplicity class (%)
S R R Y O N R R .
Py (GeVic) Py (GeVic) First measurement of the pIT
p, differential density: the spectra integrated yields vs multiplicity
in jets are harder thaninthe UE  gj/t measurement of the p, differential density e  Strangeness evolution with

vs multiplicity multiplicity is primarily

. . driven by the UE
e UE: hardening of the p, spectra with event

multiplicity - similar to inclusive measurement ~ ®  The total production
] becomes dominated by the
e InJet: the effect is suppressed - spectral shapes jet component in events with

and yields are consistent across multiplicity ajet p,> 10 GeV/c
classes
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Multiplicity dependent baryon/meson ratio sarapucillo@cernch | g1/m2

X” 09F ALCE Preliminary  FTo mutiplciy olasses: —

S = PP {5=5.36TeV I %1—:/50% 3

|$. 0'85 JeL: anti-k; R=04 full markers: UE ]

= 0.7 p% ot 10 GeV/c open markers: Jet 3

. 0.6F- + | =

In pp @ 5.36 TeV ALICE observed that A/K° ratio shows an E K . ¢ 3
enhancement in the intermediate p.. region (-3 GeV/c) + evolution with 0.5 (o] =
multiplicity (flow-like effect + quarlT< recombination) 0.4 D:G-jI ] + E
E ] f 3

Is this true in- and out-of-jets? 0-3;_ o o : _;
: : : . , 0.2F e - =

e  UEratios show a hint of enhancement in the intermediate-p,, E =0 3
region (~ 3 GeV/c), the effect is suppressed in the Jet 0 == o N

o\o 1 .6 __ T T J T T T —_

o o - -

e A multiplicity evolution is observed in the UE, milder but IS | | E
significant sensitivity to the event activity also within the Jet S 9'3 F T | ]

1.2~ @] I

T -

0.8 =

R A B S S

p_ (GeV/c)
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The concept of transverse spherocity

*top 1% multiplicity pp events
T Ay

e Can the h/x independence across collision systems be characterized by

— RN
properties other than differences in <dN, /dy>? F il [ﬂl il
SPpy 2K
o classify HM events® based on event topology S 107 . @S e
= il [ﬂ]@:
[0}
% A+A (X2)
g g pr=1 2 . IﬁTi,X ﬁl > 1
TRANSVERSE SPHEROCITY estimation S"T~" = —mjpn ). [ ——— 5 g @ g o
0 4 n : Ntrk = T +E (x6)
-> categorize events by their azimuthal topology & 1

—_
b
N

#@%@ 040" (x16)

ALICE
pp,\s=13TeV
pp,\s=7TeV 7
p-Pb, |\ s = 5.02 TeV
1 Pb-Pb,\s,, =276 TeV
PYTHIAS8 + color ropes i
--- HERWIG7
PYTHIA8 Monash

ol ---|--- PYTHIA8 Monash, NoCR
10 — pagrpeprpp gy )y | | L1 | ]

10 10° 10°
N (dN_/d7)

ALICE Coll., Eur. Phys. J. C 80 (2020) 2, 167
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The concept of transverse spherocity

*top 1% multiplicity pp events
e Can the h/x independence across collision systems be characterized by
properties other than differences in <dN, /dy>?

o classify HM events” based on event topology

s 2 ~ S ~
TRANSVERSE SPHEROCITY estimation 5(7)’T‘1 =S mijn ¥ (l?"‘l_“‘l)
4

-> categorize events by their azimuthal topology

Jet-like events Isotropic events

. " e symmetric azimuthal
J N topology

e topology similar to a pair of
back-to-back jets

| e  all tracks are uniformly
\ / distributed in the azimuthal
N plane

e all tracks are parallel in the
azimuthal plane

e particle production mainly
driven by hard processes
(in-vacuum hadonization)

e particle production mainly
driven by multiple softer
collisions (hadronization in

0 - Sg 1 amedium — QGP)
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Transverse spherocity - multiplicity estimation

ALICE can measure:

sara.pucillo@cern.ch
e midrapidity multiplicity (SPD)

e forward multiplicity (VO detectors) ALICE Coll, JHEP 05 (2024) 184

LENLENLINL I LI L N N I N L L Y LN B

0.9 ALICE, pp, Vs=13TeV
[ Ny >10,p_>0.15GeV/c, | < 0.8

_~
O
S
O}
inl<0.8 nl<0.8
n—« O] ® Ny HIl O VOMI @ Nigoes |
h
Q-
N~

i I Jetlike [0-1]% [] Jet-like [0-1]% M Jet-like [0-1]%
" ¥ Jetlike [0-10]% 3¢ Jetlike [0-101% X Jet-like [0-10]%
0 . 8 [— ¥V Isotropic [0-10]% Y/ Isotropic [0-10]% W Isotropic [0-10]% |

e Selecting the high multiplicity at midrapidity in conjunction - A lsotropic[0-11% A lsotropic[0-11% A lsotropic [0-1% T

with spherocity selection: - ) "] 1

] _ - TUT4TT 1

o large differences in <p,> among the event classes - .

o  small shift in yields 0.7 N & |

- best at separating events based on their hardness i A - j

° Selecting the high multiplicity at forward in conjunction with 0.6 B & % N
spherocity selection: el R L |

O Similar<pT>amongtheeventC1aSSeS IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

o large variations in yields 5 10 15 20 25 30 35 40
(dN_/dy )



https://link.springer.com/article/10.1007/JHEP05(2024)184

pT spectra sara.pucillo@cern.ch

Baryons Mesons ALICE Coll,, JHEP 05 (2024) 184
T ALICE
E T T T I_I"'I"'I"'I"'I"'I_"'I"'I"'I"'I';I"'I"'I"'I"'I"' "I"'l"'l"'lo"'l"'I"'I"'I"'I"_'I"'I"'I'*b'l"'l"'l
¢ - K'K Prfs= STV o ml S Ks K+K K? > Kn
+ SZ‘E‘ Integrated N(vacklets (|), Nch >10

48" 0-10%
1 —+ 07" 90 - 100%
c PYTHIA 8.2 MonasH

(1/N) N/(dydp.) (GeVicy'

PYTHIA 8.2 Ropes

_
o
[
Y 4

-Integrated

2.5. e

1

. -Integrated

h
f

1.5 == =

Ratio to S,
' Iﬂ
Tl
Ratio to

0.5

54 6 8 10 2 4 6 8 10 2 4 6 8 10 T 46810
pT(GeV/c)

e Trends are consistent between all observed particle species:
o  for jet-like events: suppression at low-p_, but enhancement at high-p,, (viceversa for isotropic events)
e  Model comparison:

o  none of the available models is able to reproduce the absolute trends
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p; spectra X-to-tt ratios sara.pucillo@cern.ch

Baryons Mesons ALICE Coll., JHEP 05 (2024) 184
& &
+ G o L 2 1 i gl + AN I LA RS R RS AR
B’ + —|—SZ'JIntegrated A A Pp: 1S = CFEC) B &
2 0.3 q) 2 K K Pl 0 109 + N8 (1), N, > 10 e L2 K 0 - KTC
= (4x) —+ S, :0-10% raoklets (1)s Nen (4x) »
5 0™ 90-100% s
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& ‘ opes J g #-—
|
==
- # § ==
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e Enhancement of strangeness yield in isotropic events, suppression in jet-like events - strange particle production is
driven by isotropic topologies

e selecting top 1% of N,

[71<0.8 10 pT=1 . . P P
rracklets , 1% S,P"= classes: more pronounced suppression in jet-like events

e Model comparison:

o  none of the available models is able to reproduce the absolute trends
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Integrated particle ratios VS spherocity .

ALICE Coll., JHEP 05 (2024) 184

e Strangeness production is suppressed in ]et—llke events

S, P~ 0), slightly enhanced in soft t t Vs = Il < 0.8
gs o 1_)1)), slightly enhanced in softer, isotropic events R 1.1;@ =13TeV, Niisew (), Ml <0.8, Nch >10
o - |
e increase as a function of S P** with indications of an = - +
ordering with strangeness content g 1—
o  Proton is mostly unmodified T I °® +
= *y
%’ 0.9+ t ALICE
5 L + oN,/ N,
) L | +N,/ N,
o YO T +N./ N,
T [
o i
0.7~
C_1 1 | | | | 1 | | | | | | | 1 | 1 | |
0 0.2 0.4 0.6 0.8 p- 11
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Integrated particle ratios VS spherocity

ALICE Coll., JHEP 05 (2024) 184

e Strangeness production is suppressed in jet-like events
(S,P™!~ 0), slightly enhanced in softer, isotropic events Vs=13TeV. N
(SoP™ 1> 1) ’

nl <0.8
tracklets

(), Il < 0.8, N_ >10

—
—h

e increase as a function of S P** with indications of an
ordering with strangeness content

—

o  Proton is mostly unmodified

e Model comparison:

o  PYTHIA 8.2 Ropes qualitative predicts the trends, but
not catching strangeness ordering, while PYTHIA 8.2
Monash is unable to capture the trends

=
©

+ ALICE

N 0.3 < p, < 20 GeV/c
N,:0.45 < p, < 20 GeV/c
N, 1.0< p. < 8 GeV/c

Ratio to pions / (HM ratio)
o
©

0.7 — PYTHIA 8.2 Monash N=:06 < p_<6.5GeVic
S PYTHIA 8.2 Ropes
C_1 1 1 | | | | | | | | | I I 1 | 1 | |
0 02 04 06 08 i
=
SO
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Integrated particle ratios VS spherocity
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ALICE Coll., JHEP 05 (2024) 184

e Strangeness production is suppressed in jet-like events i
(S,P™1~> 0), slightly enhanced in softer, isotropic events Vs=13TeV, Nl‘l;%fs .

>
(S, "1 1) (|), M| < 0.8, Nch >10

e increase as a function of S P** with indications of an
ordering with strangeness content

—h
N

o  Proton is mostly unmodified

e Model comparison:

o  PYTHIA 8.2 Ropes qualitative predicts the trends, but
not catching strangeness ordering, while PYTHIA 8.2
Monash is unable to capture the trends

o Also EPOS LHC qualitative predicts the trends, but
not catching strangeness ordering, while

ALICE

Nz 03 <p_ <20 GeV/c

©
o
I

Herwig 7.2 predicts opposite trends

Ratio to pions / (HM ratio)

Np: 0.45 < p_<20 GeVic
N,:1.0< p. < 8 GeV/c

. — EPOS-LHC Nz:0.6 < p_ <65 GeV/c
T e Herwig 7.2
| | | | | I 1 | | | | | I I 1 | 1 | |
0 0.2 0.4 0.6 0.8 b =1
T
SO
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Integrated particle ratios VS spherocity

e Strangeness production is suppressed in jet-like events
(S,P™!~ 0), slightly enhanced in softer, isotropic events
(8,74 D)

e increase as a function of S P** with indications of an
ordering with strangeness content

o  Proton is mostly unmodified

e Model comparison:

o  PYTHIA 8.2 Ropes qualitative predicts the trends, but
not catching strangeness ordering, while PYTHIA 8.2
Monash is unable to capture the trends

o Also EPOS LHC qualitative predicts the trends, but
not catching strangeness ordering, while

Herwig 7.2 predicts opposite trends

One is able to control the degree of QGP-like effects in small
systems by categorizing events based on the azimuthal
topology. S,P™*!integrated HM events are dominated by

isotropic processes

Ratio to pions / (HM ratio)

sara.pucillo@cern.ch 90/112

ALICE Coll., JHEP 05 (2024) 184

—h
N

—

fnl-<0.8
s=13TeV, Nyageess (1), Ml <0.8,N_>10

ALICE

Nz 03 <p_ <20 GeV/c

0.8+ Ny: 0.45 < p_< 20 GeVic
N NA:1.0<pT<8C=eV/c
—— EPOS-LHC N=:06 < p_<6.5GeVic
T e Herwig 7.2
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The concept of effective energy

e Canthe h/x independence independence across collision systems be characterized by properties other than differences
in <dN, /dy>? EurPhys].C 50, 341-352 (2007)

o  decouple global properties and local effects

The charged-particle multiplicity produced in pp collisions is: Nh s

e acharacteristic of the final state
leading baryon

e strongly correlated to the initial effective energy

leading baFy;c;n

EFFECTIVE ENERGY: energy available for particle
production in the initial stages of the collision ] =% =%

E_<Vs due to the emission of leading baryons at
very forward rapidity
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The concept of effective energy

e Canthe h/x independence independence across collision systems be characterized by properties other than differences
in <dN, /dy>? EurPhys].C 50, 341-352 (2007)

o  decouple global properties and local effects

The charged-particle multiplicity produced in pp collisions is: VOA
e acharacteristic of the final state

e strongly correlated to the initial effective energy I
ZDC I:I .................... s
=

EFFECTIVE ENERGY: energy available for particle I
production in the initial stages of the collision ] =%

ALICE can measure:

E_<Vs due to the emission of leading baryons at ) o o
very forward rapidity e midrapidity multiplicity (SPD)

e forward multiplicity (VO detectors)

e leading energy (ZDC)

Is strangeness production correlated with E ., which is FE =-vs-E
connected with the initial stage of the collision? eff

Vs - E

leading ~ ZDC
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Leading energy vs multiplicity - multi-differential event classes

sara.pucillo@cern.ch 93/112

ALICE measured that the forward energy (y-axis) decreases with
increasing particle multiplicity produced at midrapidity (x-axis)

M)
OA © 1.8_| TT T T TTT] IVLI L L L L LB DL L L B ] Standalone:
o % - ALICE, s=13TeV ] .
wf 2 Sq60 FP ’ Standalone 4 e  VOM percentile classes
s -~ B © Low-local-multiplicity
g ﬁ 14F- @ High-local-multiplicity ] e increasing <nch> for decreasing <ZN>
LTIJ -~ - \ ¢ B Low-ZN-energy |
12 High-ZN- = . N
< @ [ \'i M Hig eneray ’ High/Low-local-multiplicity:
A 4L 7
”a: = 1: n® */ . e VOM + SPD clusters percentile classes
- ] ] . .
(- ﬁ 0.8~ ° ] e fixed <n > and decreasing <ZN>
L) ToesE emaR.. " -
04 o B High/Low-ZN-multiplicity:
) 25 -~ PYTHIA8 Monash oo + e VOM + SPD clusters percentile classes
[ — PYTHIA8 QCD-CR+Ropes Tt e fixed <ZN> and increasing <n, >
_I 111 I 1111 I 1111 | L 111 | 1111 I 1111 I 1111 I | I I_
® 05 1 15 2 25 3 35 4
INEL>0
( n, >Inl<0-5 /< n, >Inl<0->5 NOTE: SPD classes based on the number of clusters in
v the SPD
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Strangeness production in standalone (VOM) classes

sara.pucillo@cern.ch 94/112

e increase with the multiplicity at midrapidity (the well known strangeness enhancement!) — left

Yields of strange hadrons normalised to the charged particle multiplicity (proxy for pions):

e are anticorrelated with the ZDC energy — right

?er1.4:l|llIIIIIIIIIIIIIIIIIIIIIIIII]IIIIIIIIIIII:_IIIIIIIIIIIIIIIIIIIIIIIIIlIl_
2% ..E ALICE, pp Vs =13 TeV :
3 EEE E3 E
i - 3 3
= <" : :
<17 1 =+ E
~ w  E ] ] There is a hierarchy:
= o r S 2 . .
~ L TE ] ] increase/decrease with
\C/ ~~ ook F E strangeness content
< F : :
-~ 08 - =
07F + e
o6k ¢ PYTHIA 8 Monash F 3
C — PYTHIA 8 + QCD-CR+Ropes 3
05:_ ] | | | | | | | —::_| v by by by by gy by g |_:
0 0.5 1 1.5 2 2.5 3 3.5 4 0.2 0.4 0.6 0.8 1 1.2 1.4

ch “|n|<0.5 ch “|n|<0.5 [n]>8.8 |n|>8.8
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Strangeness production at fixed multiplicity

22 14F ALICE. oo V5 = 13 Tel = E
J o 14E ALICE, pp Vs = 13 TeV ES - =t 3
3 = 18F =+ =+ E
g yigld§ r.10rrr.1a.lised to the chal.:g.ed particle g g 12E l = g ly|<05
multiplicity, fixing the multiplicity at ~l s 1E = - o 3
midrapidity: SIS F = o Wiy, , E
—| 2 09F = =
o in_crease at fi?(ed multiplicity (left) o| = osf ’ E3 Jq =
with decreasing forward energy g | = = 3
(increasing E g, right) S ef @ Low-local-multiplicity & == PYTHIA8Monash 3
~ o 5E @ High-local-multiplicity ¥ =——PYTHIA 8 + QCD-CR+Ropes 3
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Strangeness production at fixed multiplicity

22 1.4 A 1 - ' = T
- 2g 1.3§_ALICE, pp Vs = 13 TeV E3 e E
= yields normalised to the charged particle o7 12E ’ =3 <05 3
multiplicity, fixing the multiplicity at ~ & 1E 2 = o e
midrapidity: SIS E ¢ = 8> E
. . . L 8 = Ja¥h | 3
e increase at fixed multiplicity (left) ol £ osE i = <] L
with decreasing forward energy ~ "= o7E ! = L 3
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Standalone analysis as benchmark sarapucilo@cernch | g7/12
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Standalone analysis as benchmark
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Standalone analysis as benchmark
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Strangeness production in pp collisions shows a clear
correlation with the effective energy (initial stage)
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Analysis technique

Counting the number of strange particles (K’ A, £, Q) event-by-event in pp collisions at /s = 5.02 TeV
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MC injected production
INEL>0

ALICE Simulation
pp Vs=5.02TeV, |y|<0.5
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(a) nRec/ev.

Each candidate weighted by P(sig) or
P(bkg) estimated by 1D invariant
mass fit in p_/multiplicity bins

ALICE Coll., arXiv:2511.10413

Weights associated to each of the N
candidates combined to obtain:
P(all-sig), ..., P(all-bkg)

For each event: full probability spectrum
spanning from 0 to N

Correction for detector response
(MC production featuring correct
p, distribution)

Bayesian unfolding procedure applied

NBI seminar - 28/05/2026
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Signal extraction - weights procedure
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- signal: double-sided Crystal-Ball (dsCB); bkg: linear (gaussian for Q)

w (pT, m, VOM) =

Wy (py, My, s VOM) = 1- wg (pp, my, 5

VOM)
VOM)

dsCB (p, m, ;

inv?

Total (p,, m,_;

inv?

VOM)

inv?

Signal weights as a function of p at
the peak and at a distance of 1o,

e w_ > 009 forall particles, except
for Q- (lower signal/bkg >
smaller w,)

e W, evolves smoothly with p,,

o .
e 1D it to real data: sum = signal + bkg
- for each invariant mass value - probability that candidate
is signal or background
e  Procedure applied for several p,/multiplicity bins
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1D invariant mass distributions
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e 1D invariant mass distributions for K’ (top, left), A (top,
right), =~ (bottom, left) and Q.- (bottom, right), at low (~ 1
GeV/c, red circles) and high transverse momentum (blue
circles) for the INEL > 0 event class

e dashed lines: signal + bkg fits.

e NOTE
Signal: dsCB
" log |2 n P W oo
()™ e (g = ol = =57) () < -y,
f($;750-7 aL77LLvaH$nH) = 6_% %5)2 —Qy, < (J'a;i) < oy
ny lagl n oz "H .
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e Bkg:linear/gaussian

flz;a,b)=a-z+b
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Un-corrected multiplicity spectrum
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Corrections: Bayesian unfolding

Correction for the detector response:

e typically: Axe method (ratio between the number of reconstructed particles and the number of generated particles) -
suitable for correcting the yield

o this work: Bayesian unfolding technique [12] (considering Monte Carlo simulation featuring realistic p,. distribution [13]) -
suitable for correcting the number of events containing a specific number of particles of a given species

Bayesian unfolding [12] - iterative process based on Bayes’ theorem

P(Gj|R;) x| P(Ri|G;)|-|P(G;) \

: LIKELIHOOD: reli)resents the PRIOR DISTRIBUTION: reflects the validity
represents the likelihood that the probability of observing the data R, of the theory before the measurement
theory is valid given the data given the theory distribution G,

e choice of the prior distribution in order to apply the Bayes’ theorem - posterior probability matrix obtained
e application to reconstructed spectra - 1t estimation of the corrected spectra
e corrected spectra obtained in the previous step becomes the prior distribution and the correction proceeds as before

e procedure is reiterated until stability is achieved (regularization parameter: n )

] ) PN I B : : r » .
[12] G. D’Agostini, “A multidimensional unfolding method based on Bayes' theorem NBI seminar - 28/05/2026

[13] ALICE Coll., arXiv:2511.10306
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Corrections: Bayesian unfolding ara pucillo@ce ;

probability of reconstructing i particles given
that j particles were generated

3
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e Response matrices obtained considering a dedicated MC
simulation including the measured p_, distributions of K’ (top,
left), A (top, right), == (bottom, left) and Q.- (bottom, right) for
INEL > 0 event class

MC injected production
INEL>0

MC injected production
INEL>0

ALICE Simulation
pp V5=502TeV,|y| <05
P PRI B

ALICE Simulation
pp Vs=5.02TeV,|y|<0.5
P PRI B |

e NOTE: strange particles were injected following a sub-sample
scheme designed to ensure similar statistics in events with A i e
varying strange particle multiplicities - o " M

ALICE Coll., arXiv:2511.10413 NBI seminar - 28/05/2026
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Corrections: Bayesian unfolding - reweighted response matrices ara pucillo@ce 06

2
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s . ) Reweighted response matrices for INEL>0
e  After the initial ~ 10 iterations: the unfolded

spectrum undergoes substantial changes i e
. . . . 107
o  injected MC yields response matrix with
flat generated distributions =
10°
o unfolding converges to a steeply )
declining spectrum '
10°
[ ] Beyond ].0 iteratiOHSZ ﬂUCtuatiOHS il‘l the MC injected production MC injected production
corrected spectrum <1% e e F
_— ALICE Simulation ALICE Simulation 10
pp Vs=5.02TeV, |y| < 0.5 pp Vs=502TeV,|y|<0.5
T 0 e
> (b) nRec/ev.
To have a more realistic generated distribution:
5 N 107
. . . 5 3 10
e unfolded spectrum obtained after 10 iterations < <0 10°
is fitted with a Negative Binomial Distribution o ”
(NBD)
: . 6k 10¢
e reweight the response matrix to match the ;
extracted preliminary NBD A& o
. . L MC injected production : MC injected production 10?
¢ new unfolding procedure is performed [ INEL>0 | INEL>0
. r ALICE Simulation F ALICE Simulation 10
o  smallern,  toachieve convergence [ Pp 15=502TeV, Iy <05 P ¥5=502TeV, /| <05
S TR
(d) nRec/ev.
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Corrections: Bayesian unfolding - analysis for different multiplicity classes

sara.pucillo@cern.ch 101/112

To perform the analysis for several multiplicity classes:
e signal extraction was performed for each class - reconstructed spectra

e  Axetrend VS p;doesn’t change with multiplicity, but when the response matrix is evaluated, the candidate’s p,, is
taken into account

Response matrix for each class were created correcting the response matrix
obtained for INEL>0 by a weight:

p. distrib. for class,

pdistrib. for INEL>0

- for each event, the weight was equal to the product of the weights obtained for
each candidate looking at its p,,

NBI seminar - 28/05/2026
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Systematics evaluation and comparison with statistics

Relative systematic uncertainties for INEL>0

Systematic uncertainty (%)
Hadron KY A = Q
ns 82171 ® [ 2 135 8] 2 1 & | 0] 172
Cut variation 03 | 56 | 21 0.07 547 38 0 6.3 38 0 44 10
Signal extraction 0.09 | 04 | 0.6 0 0.17 | 09 0 0.19 | 023 | 0.01 | 0.04 | 0.07
Unfolding procedure 1.6 | 178 | 225 | 04 16.8 65 0.2 15.1 65 0 10.7 24
Epart 09: |63 1158 | 02 3.7 95 [ 004 | 73 14 0 295 5.9
pr distribution 04 | 119|125 | 35 4.9 45 3 33 5.6 0 54 13
OOB pile-up cut 009 | 85 | 165 | 04 9.8 26 | 0.01 2.6 5 0 043 | 0.85
Feed-down correction - - - 0.15 3.01 7.8 - - - - - -
material budget 06 | 1.6 | 3.7 1.1 2:2 54 1.2 23 4.7 1 11 2
Strangeness from material | 0.15 | 0.38 | 0.9 0.4 0.7 1.7 | 048 | 09 1.8 0.25 | 031 0.44
Hadronic interaction - - - (0.17) | (0.31) | (0.8) | (0.2) | (0.36) | (0.72) | (0.2) | (0.28) | (0.36)
| Total | 2 [235[ 37 ] 37 [ 215 ] 90 [ 33 [ 176 | 66 | 1.1 | 144 | 30 |

e  Systematic sources increase significantly with n,

ALICE Coll., arXiv:2511.10413 NBI seminar - 28/05/2026
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Average yield of strange hadron multiplets

P(n,) allows to calculate the average production yield of n particles/event: (¥ ) = Z ; i! Pis)

e <Y, >:mean of the multiplicity distribution (dN/dy in previous studies)
e <Y _,.>:average production yield of multiplets (doublets, triplets ... of the particle

e NOTE: in principle the summation is defined over an infinite range

o  n-tuplets computed up to n = n;™**-1 for all particles, except for Q (n = n,™*)

o  systematic uncertainty due to the truncation:
extrapolate the tail of the multiplicity distribution using an exponential fit to the last three bins

|
m  extend summation to n = 100 using extrapolated probabilities P(ng > n,™**) for additional terms
m difference between extended calculation and the default approach = systematic uncertainty

m  due to this systematic, <Y, > is omitted

Kaidioii Sum truncation systematic uncertainty (%)
(Yis) | (Yos) | (Yas) | (Yas) [ (Yss)

Relative systematic uncertainty related to the sum truncation for INEL>0 K(s) <1 1.3 6.6 W) 79.0
A <1 <l 1.5 6.1 -
= ! | % - -
Q <1 <1 - - -

NBI seminar - 28/05/2026
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Strangeness-induced charged-particle multiplicity bias

Charged-particle multiplicity distribution at mid-rapidity covers a wide range [14]

e events with high ng: mid-rapidity multiplicity distribution that is

shifted towards higher values compared to the unbiased Ag
distribution - higher <dN , /dn> £ 1
e events with low n.: charged-particle multiplicity distribution Eﬁ 10"
skewed towards lower values o
1072
10°

P(ny) for INEL>0 align more closely with those of
low-multiplicity classes at low ng, while tending towards 10
high-multiplicity classes at high ng

To quantify the “multiplicity bias”: MC study comparison using Pvthia 8
QCD-CR Ropes between un-biased dN , /dy distributions and .
corresponding distributions whenn, > 5 10

e similar shape, but the average is systematically shifted 1075

sara.pucillo@cern.ch 110/112
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[14] ALICE Coll., arXiv:1708.01435
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Strangeness-induced charged-particle multiplicity bias ara pucillo@ce
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Relative shift in the <dN, /dn> for all VOM event classes, requiring at least one or more strange particle per event

e depends on the specific requirement for the number of strange = 400;' B L
particles: the bias is stronger under more stringent requirements w ¢ PYTHIA8 QCD-CR + Ropes
v
for ng = 390 Strange particle request
e depends on the type of strange particle being analyzed: stronger 300 ® Mg i O Mg ss
effect observed for multi-strange hadrons R UNECEE N N
. . o e s ¢ Nz 54 % Ns 55
e is more pronounced in low-multiplicity classes, decreases to below 250 . iy
Q 21 Q 22

50% in the highest-multiplicity class for all particles and ng

e is model-dependent: differences in how models implement 200

microscopic mechanisms governing strange particle production and

Relative increase of (chh/dn)

IIII‘IIII|I]II|IIIIIIIIIIIIIIlIIIIl
IIII‘IIII|I|II|IIII|IIII|IIII|III\lIIII

their correlations with non-strange hadrons 150
\\ 100
¥ 50
NOTE: this feature introduce complications when analyzing . g
particle ratios VS multiplicity - in this work: particle ratios O T I T A A A i AT
VS un-biased <dN, /dn> [<dN , /dn>(VOM class)] 2 4 6 8 10 12 14 16 18 20
Unbiased (chh/dn)

[7]<0.5
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<Y.> and yield ratios normalized to to <Y.> for INEL > 0 sara pucillo@cern.ch

<Y s> [ <Y, > : tool to assess the performance of MC generators in reproducing average production yield for nhS>1

particles/event under the assumption that <Y,, > is correct
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10 ALICE e PYTHIA 8 Monash 2013
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model predictions indicates discrepancies not
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