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* Collectivity in heavy-ion physics

 Importance of varying system size
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Soft probes, in large and small colliding systems

Soft probes in heavy-ion collisions:
e Study of collective phenomena
* Test statistical limits of particle production

* Disentangle hadronic phase effects

Hadrochemisty

| Rescattering
Coalescence

Particle flow
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Soft probes, in large and small colliding systems

Soft probes in heavy-ion collisions:

Hadrochemisty
e Study of collective phenomena
| Rescattering
* Test statistical limits of particle production Coalescence

* Disentangle hadronic phase effects

Particle flow

Small systems

* Multi-parton interactions needed to explain multiplicity © 220515591
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https://cds.cern.ch/record/2868827/files/2308.16591.pdf

Collective flow B

Anisotropic flow dN

a5 < |12, m@) cos(n(e — )
Interacting matter — the initial spatial anisotropy reflects on n
anisotropy of final momenta

o ) _ & 1105.3865
Sensitive to shear viscosity, entropy, ... = T B B B B
> Centrality 0-1%, | < 0.8 3
O o |An|>1 1
' Vy345(2, |An| > 1}
Radial flow locally thermal
Radial Flow
« Common expansion velocity of particles

* Translates into modification of p; spectra

— low bulk and shear viscosity lead to large radial and anisotropic flows Ao (rad.)
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https://arxiv.org/abs/1105.3865

Radial flow E’

L Spectra get harder going from peripheral to central A-A collisions
O Higher effect for heavier particle species

O Well reproduced by hydro calculations (at least at low py)
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https://arxiv.org/abs/2308.16119v2
https://arxiv.org/abs/1910.07678

Radial flow, small systems

O Hardening of p; spectra well established also in pp and p-Pb

O Different measurements consistent with the presence of a short hadronic phase in small systems .. ?
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https://arxiv.org/pdf/2507.19332v1

Anisotropic flow

J A well established observation

O Higher coefficients for semi-peripheral collisions (higer eccentricity)

O Reproduced by hydronicamic calculation with almost perfect fluid

 Recent results showing v,, # 0 up to very high p;
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https://arxiv.org/abs/1205.5761
https://arxiv.org/pdf/1602.01119
https://indico.cern.ch/event/1334113/contributions/6350969/
https://arxiv.org/pdf/2412.15658

Anisotropic flow =

O Mass ordering at low py

© 1805.043%0 O Baryon/meson grouping at higher p; « quarks recombine
N o3} 10-20%
A =
st o Mass ordering verified alsof for light nuclei
ﬂ; - ot wo
Q{_\.‘ 02} P n g (m] Ki Kg_
> E %mo Hp+p O A+A & 1910.09718
L o
[ : (o] :l|||||||||||l||l|l|l||||||::III|IIII|IIII|IIII|IIII|IIII|:
7 #e 5 (# 2 4 T 07 ALICE T :
C 0.60 Pb-Pb, |5, =5.02 TeV,0-20% 1 20-40% .
Sl e i S i 171 <0.8 1 :
A 03} e 40-50% 05t o 3e . e I E
3 & o 3 0.4F JHEP 09 (2018) 006: + .
AARPY @w@é ¢ 035 " T4 T :
< T [ 3+ K'+K I _ .
W ++. ¥ . ¢ p+D T ﬂ“‘"*“ﬂ“’” U
0.1 &% °" o i # 0.2 i E :#:*' Chie - E
- % 0.1 tﬂ"““ * + f‘,ﬁ" —4— "
L 4 T Pt =+=- :
O 1 1 1 | 1 | 1 1 0 ﬁ* . ’

12345'6123456
p, (GeV/c) p, (GeVic)

Soft probes of collectivity | N.Valle | EUNPC - 22 Sep 2025


https://arxiv.org/pdf/1910.09718
https://arxiv.org/abs/1805.04390

Anisotropic flow, small systems

Q v, >v3 >v, # 0 inall colliding systems

O Mass ordering as evidence of radial flow

Soft probes of collectivity | N.Valle | EUNPC - 22 Sep 2025

0.3

0.2

0.1

& 1606.06198

CMS
T T T
" O pPb |5, =5 TeV 1
010l O PbPb {5 =276 Tev ooooo-
- JAn| > 2 q 0 a .
8| g " |
Pl | O o © © 0000p @
ool %0 © 7
o ® —
. 0% efete 8 epp (5=13TeV |
- E&’ Cppls=7TeV A
i =5TeV ]
L 03<p_<3GeVic oppis=5Te |
Al i A A J A A il i l i i I A
0 100 200 300
wfﬂine
rk
& 2411.09323
Twlo-pa;rticlle colrrelation' s I_ T\n.:o-pallrticlle colrrelationI ] T\.'\;o-pa:rticlle oolrrelaltionI .,I;t Iq.pl{p) '
B |Aq|>2.0#'|‘4 T 1.1<|An] <78 T 1.1<]An| <64 IK: ¥ A(R) T
- ¥ ] * K
+
I o } 1 * 1 .
o’ “. | +
XM s + ] :. ¢ +
=+ L 4 f [ ] - & B
- ~+*_ . -.- -

:,! ALICE

Pb-Pb, {5y, = 5.02 TeV

L]
ALICE o

a4
1 & s
] f p-Pb, Y5y = 5.02 TeV]|

- 40-50% VOM (N ) ~478) .
P BT

- 0-20% VOA ((N )= 35)
1 N B

T '.. - +
ALICE ' o o
pp, Ys =13 TeV #

1 0-007%VOM ((N_)=~35)

0 5 10
P, (GeVie)

0 5

100 5 10
P, (GeV/c) P; (GeVice)
10


https://arxiv.org/pdf/1606.06198
https://arxiv.org/pdf/2411.09323

Anisotropic flow, small systems
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https://arxiv.org/pdf/1903.01790
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https://arxiv.org/pdf/2411.09323

Hadrochemistry

O Statistical thermal models predicts light-flavor hadron abundances over orders of magnitude

O Hot hadron-resonance gas in thermal equilibrium

O AtLHC: ug = 0, Tep = 155 MeV @ 1710.09425 / Nature
>, sf T o | ] o P L N R B I
g 10°F o0 . Pb-Pb \s,,=2.76 TeV, 0-10% centrality E T 10° _2 Pb-Pb riSNN=2-76 Tev

£ K K K ~ E . E
D 10°F e PP AR < % 102;_*--.,..5 0-10% centrality N
T 0T Ve S e PA
< 10F e = E E 2 10f e ]
F o8, . = " e = E
s QQ h © 1L 0. N
%4 a Q
10"k - y 107"k * d .
3 .
102} . 107 ' ;
F ] 3 . _
107 F ® Data, ALICE *HeHe 3, 5— = 107 “.3He 5
: 5 aH zH ] 4[ o, _aH .
10~F  — Statistical Hadronization SN 9 4 107 e Data, ALICE Y
10°5 : _ 10°° — Statistical Hadronization —
i » e 1090 total (after decays) “.2He ]
10°F ..Te__?_ . E ------- primordial $ 3
E 3 Sy I B B SR SR SR SR SRR
_ : 0005 1 15 2 25 3 35 4
g 2F B Mass (GeV)
i T AT
8 e XA, t - |
5 1 e PPy
0.5F ]
mr KKK opP AAZTE QO d d Hee  H A *He'Fle

12

Soft probes of collectivity | N.Valle | EUNPC - 22 Sep 2025



https://arxiv.org/abs/1710.09425

Hadrochemistry

O Statistical thermal models predicts light-flavor hadron abundances over orders of magnitude

O Hot hadron-resonance gas in thermal equilibrium

O AtLHC: ug = 0, T, =~ 155 MeV
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Particle production =

U Increase of strange-particle production for small

systems, saturation around thermal-model values — — , o | |
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Particle production =

Core: high density, QGP, thermal hadronization

Corona: scatterings, string fragmentation, lower
density, hadronization in vacuum
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https://arxiv.org/pdf/2003.13757
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Particle production, nuclei

O d, *He and 3H significantly enhanced at higher multiplicity

d Canonical suppression ?

O Coalescence probability at kinetic freeze-out ?
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https://arxiv.org/abs/2212.04777

Hydrodynamic calculations employ QGP equation of state to predict v,

v, sensitive to deformed shape of the nucleus

Common initial pictures from experiments, look like a QGP
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https://arxiv.org/abs/2509.06428
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-25-010/
https://arxiv.org/abs/2509.05171
https://indico.in2p3.fr/event/30430/contributions/157814/

Ey

O Studying soft probes in heavy-ions:
O A color-deconfined thermalized medium is produced in heavy-ion collisions at the LHC
O It’s an almost perfect fluid expanding hydrodynamically
O It undergoes chemical freezeout at ~ 150 — 160 MeV

O Nucleosynthesis is consistent with thermal production

O In small systems....
U Hadrochemistry and collectivity at high-multiplicity match what is observed in A-A

O Challenging scenario for any theoretical model

Follow the HI session for more
> https://indico.in2p3.fr/levent/30430/sessions/24271/ <

Thank you
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