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Setting the stage: final state of high-energy AA collisions

800

« Formation of a Quark-Gluon Plasma (QGP)

200 - Fast, collective expansion and cooling — hadronisation
" « Thousands of particles produced

Quark-gluon plasma

« Spatially extended system (R ~ few fm)

Central rapidity region

Hadrons

40 | Other phases

0 200 400 600+ 800 1,000 1,200 1,400 1,600 1,800 2,000

e ¢ 4 (MeV)
(’E Neutron stars

Phase transition to hadron gas
Hadron gas phase

at Tpc = (156.5 £ 1.5) MeV ,
P. Steinbrecher et al. NPA 982 (2019) 847 A T~ 155 - 100 MeV
beam
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Setting the stage: final state of high-energy pp collisions

« Fragmentation and hadronization in vacuum
« Jets and underlying event, multi-parton interactions, color reconnection, ...
» Conservation of quantum numbers

 From few to few tens of charged particles produced per unit of rapidity
“Small” system (R~ 1fm)

CMS Experiment at the LHC, CERN
L W Data recorded: 2015-Sep-28 06:09:43.129280 GMT
L@ | Run/Event/LS: 257645 /1610868539 / 1073

(O Hard Interaction

® Resonance Decays

W MECs, Matching & Merging
M F5R

M ISR*

Credits: ALICE Coll., CERN

QED
Weak Showers
Hard Onium
() Multiparton Interactions
O Beam Remnants*
Strings
Ministrings / Clusters
Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac
M Primary Hadrons
M Secondary Hadrons

CMS, pp Vs =13 TeV, a multi-jet event
Credits: CMS Coll., CERN CDS

M Hadronic Reinteractions
{*:incoming lines are crossed)

W Antibaryon
@ Haavy Flavour

Figure from C. Bielrich et al, arXiv:2203.11601
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https://cds.cern.ch/record/2114784

Proton production

ALICE, PRC 101, 044907 (2020)

.:-—'107 T T rrT] T T T TT1TT]

~5% of bulk particles in central Pb—Pb collisions g _
8 Pp+pP

* Low p+: thermal production by QGP

- b
10°F Pb-Pb|5,=502TeV %]
107 F e ]pp (s=5.02 TeV

—8 | L1 1 1.1 | 1 1 L1 1 111 |
10 1 10
p, (GeV/c)

f.bellini@unibo.it | WPCF 2026



Proton production

~5% of bulk particles in central Pb—Pb collisions

* Low p+: thermal production by QGP
» Intermediate p+: flow and recombination
» High py: fragmentation (jets)

Eur. Phys. J. C 84 (2024) 813
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Proton production

~5% of bulk particles in central Pb—Pb collisions

* Low p+: thermal production by QGP
» Intermediate p+: flow and recombination
» High py: fragmentation (jets)

Qualitatively similar in small systems
— smooth multiplicity-driven evolution from pp to AA

V,{2PC, 1.1 < |A77| < 7.8}

Ratios

0.25

0.2

0.15

o
o

HM | (0-0.01%)
El ((dN_/dn) = 35.8)

VOM | (0-0.92%)
® | (aN_ /) = 26.02)

IIIlITIIIIITI]IIII|TIII

1.5 F [X]HM 1vom |

pp, (s=13TeV, ly| < 0.5

- ALICE
F p-Pb, Y5y =5.02 TeV
0-20% VOA &

‘¥

10
Py (GeV/c)

arXiv:2603.13203

ot ¥ p(r)_)
sK* ¥A(A)
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Nat. Comm. 17
(2026), 2585
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Proton production

~5% of bulk particles in central Pb—Pb collisions
Cleymans et al, PRC 103, 014904 (2021)

. 105E:I IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| !:I IIIIIIII 1 IIIIIII| I IIIIIII| 1 IIIIIII| E105
* Low ps: thermal production by QGP F () - (b) V(i) x 5]
. . . 15 4
- Intermediate py: flow and recombination b i
» High py: fragmentation (jets) Ks x 10 4407
5 ]
. . . . . P __5102
Qualitatively similar in small systems ’ .
— smooth multiplicity-driven evolution from pp to AA TF; - 110
=x0. ]
o . . L S 1
— midrapidity dN/dy described fairly by statistical 5 gl
. . o100 ~
hadronization models L 1
where inclusion of multi-hadron interactions via S- 10 4107
i i i inti [ ® ALICE data
matrix formalism improves p/1r description 167 el o | o pp, 7 TeV {10°
—Ten= F ¢ p-Pb,5.02 TeV ]
Vovchenko et al., PRC 100, 054906 (2019) 10 © gl e A Pb-Pb, 2.76 Tev 410
A_ Andron[c et a/’ PLB 792 (2019) 304-309 17 |||||1||0 Ll ||||1||(|)0 1l ||:l|6|00| ] ||1|Sg00 1 ||||1I||0 Ll ““1”(|)0 1l ||!l|5|00| ] ||1|(|)|E|)OO|
Cleymans et al, PRC 103, 014904 (2021
g ( ) <chh/d n>h1|<0.5 <d Nch/d 77>|r1|<0.5

pp — pPb — Pb-Pb
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Sources of protons

ALICE, Eur. Phys. J. A 61, 194 (2025)

* Prompt protons: including thermal production, o SRR
jets, UE... 5 E Ja— =

- Strong decays of resonances (t ~ 1 — 10 fm/c): [vire
irreducible component r ALICE pp s =13 TeV ]
0.9/ High Mult. (0-0.17% INEL>0)  _Z
j m;e [0.95, 1.20) GeV/c? -
! O p-n* ©pn ]
0.8 Background —
—— Coulomb + Strong Interaction -
0.7 | Ry~ + 1 i
' —— Total Fit .

& 4 ] : :

2'_ ‘ ...-o.. . o%e® ”.:
0 B ooo ’ o%% ..l"-'...." “e®, e ....-. .... LR o ® '.n e "
Dl . . —

-4 ..'."1-'.'1....|....|....|....|....|....|....|....

0 005 01 015 0.2 025 0.3 0.35 0.4 045

k* (GeV/c)
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Sources of protons

arXiv:2511.10360

T [ r [
. . . S
* Prompt protons: including thermal production, & §
jets, UE... 101 L0e _
w ~ _
L] B _
- Strong decays of resonances (r ~ 1 — 10 fm/c): 2t ~ -
iIrreducible component 5 T A+A i
ke |
S b ]
 Weak decays (t ~1 — 10 cm/c): c E 4T (x2)
displaced decay vertex allows for feeddown 10=e E
correction in yield measurements, N . -
+ mind strangeness “enhancement”’ vs multiplicity i . @+ (3) 4
A L
_ Ll EPOS 4 - Pb-Pb s, =5.02TeV |
« Knock-out from material: i : o
DCA-based selections to remove and template fits 10° = (4 pp, 15 = 7 TeV Pb-Pb, {5y = 276 TeV
to determine secondary fraction N pp. (s =13TeV M PO-PD, {5y =502TeV
i p-Pb, {5, = 5.02 TeV ]
1l

11 Lo vl ool Lo ol
10 10° 10° 10*

(N _/dn)

pp HM range Inl< 0.5
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Momentum correlations help characterizing the final state

Momentum correlations are powerful experimental
observables for characterising the final state of high-energy
collisions:

v sensitive to final-state interactions

« matter-antimatter annihilation

« formation of bound states

* resonances, exotic states, ...
v' constrain space-time structure of particle emission
v' clarify hadronization dynamics
v’ sensitive to collective flow

f.bellini@unibo.it | WPCF 2026
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Momentum correlations help characterizing the final state

Momentum correlations are powerful experimental
observables for characterising the final state of high-energy
collisions:

v sensitive to final-state interactions

« matter-antimatter annihilation

« formation of bound states

* resonances, exotic states, ...
v' constrain space-time structure of particle emission
v' clarify hadronization dynamics
v’ sensitive to collective flow

= jd3 r* S(r = R) [P(k*; 1 %)|?

—_

Fa
S(r)

Proton femtoscopy
v’ Validate strong interaction potentials

v Access baryon source

v Test my-scaling, broken for m and K
ALICE, Phys. Rev. C, 96 (2028) 064613

v' Provide information for coalescence modeling

Blum, FB, et al, Phys. Rev. C, 103 (2021) 014907
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p—p correlations: probes of the strong nuclear interaction

At low relative momentum k*, the p—p correlation

function is affected by

» Strong interaction (short-range)
 Coulomb

« Quantum Statistics (QS)

* size of the source (system dependence!)

C(k*)

f.bellini@unibo.it | WPCF 2026

Y |
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p—p correlations: probes of the strong nuclear interaction

At low relative momentum k*, the p—p correlation
function is affected by

» Strong interaction (short-range)

« Coulomb

« Quantum Statistics (QS)

* size of the source (system dependence!)

By fixing/knowing the source,
— constrain/validate interaction potentials
— extract scattering length f, and effective range d,

— impact on nuclear physics, neutron-star physics (EoS),
effective field theories, ...

_ Raffaele Del Grande, Mon 18/5

C(k*)

A
> ] attractive

= 1 no interaction

< 1 repulsive

k* >
ALICE Phys. Lett. B 811 (2020) 135849
Ll T 1 T I T L 1 Ll I T Ll T 1 I Ll T T 1 I Ll T
sl ALICE pp Vs =13 TeV N
i 0 High-mult. (0-0.17% INEL > 0)
m; €[1.26, 1.38) GeV/c?
o5 B Gaussian Source N
Pl &l pp ® PP -
[ — Coulomb ﬁt):
2 # u
1.5 u o
1_1 1 1 1 I 1 1 1 1 lvlvrl\ 1 1 rkljr:nlu T lulu
0 50 100 150 200

k* (MeV/c)
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Intermezzo: “strong-in-a-box’ potential approach
G. Romanenko, FB, arXiv:2602.11027

An analytical approach to the p—p correlation function: _
w(7) = i'(21 + 1)e“gp,(r)P,(cos )

« wavefunction obtained using the partial wave expansion

Fo@) [ WD _2u, 0 o
* @;(r) = solution of the radial Schrodinger’s equation (SE) dr2 r2 h2 PR =

* Region | — short-range: solve SE with V() = Vi (1) + V(1)
Coulomb + strong as a square-well

>

» Region Il — long range: solve SE with Vi(n)]
Coulomb + strong asymptotically

 Total solution from matching the solutions for the regions
() and (Il) at r =d;

f.bellini@unibo.it | WPCF 2026
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Intermezzo: “strong-in-a-box’ potential approach
G. Romanenko, FB, arXiv:2602.11027

An analytical approach to the p—p correlation function:

Coulomb + strong asymptotically — EFT: square-well

- Total solution from matching the solutions for the regions "o L asymplotic

() and (Il) at r =d;

« wavefunction obtained using the partial wave expansion 512 AR LS S LS LS L L L L A
* @;(r) = solution of the radial Schrodinger’s equation (SE) o 10 ‘Eﬁl:::‘j:‘_‘;?i”“ 3
» Region | — short-range: solve SE with — R,,=2.0fm i

Coulomb + strong as a square-well 8 . — Ry, =4.0fm ~
* Region Il — long range: solve SE with 6 Strong potential (s-wave) _

-?IJ-II-ITII'II|III[II'IIIII

%
%
%
\
LY
~
L
-
! -
-
‘h
-
- — === =
[

PN AR BT N NI A BT A B | l o o o 1 4
0O 20 40 60 80 100 120 1 180 200

— The WF is used to construct the theoretical CF for femtoscopy 0

40 160

k* [MeV/
In the case of including the strong potential in the s-wave only, (MeVic]
the asymptotic part of the WF is equivalent to the Lednicky-

Lyuboshits (LL) model
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Intermezzo: “strong-in-a-box” potential approach
G. Romanenko, FB, arXiv:2602.11027

An analytical approach to the p—p correlation function:

« wavefunction obtained using the partial wave expansion

Clk*)

* @;(r) = solution of the radial Schrodinger’s equation (SE)

» Region | — short-range: solve SE with
Coulomb + strong as a square-well

S ong poleniial (s-wave)
— EFT: square-well
- DATS: AviE

* Region Il — long range: solve SE with
Coulomb + strong asymptotically

 Total solution from matching the solutions for the regions N 3

() and (Il) at r =d; 5 F -
N The WF |S USGd tO ConStrUCt the theoret|ca| CF for femtOSCOpy 0.95 I ................ | I ................ e l . ................ I. ................ - q
— Good agreement compared to CATS using Av18 A

— Sensitivity to the shape of the short-range potential?
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p—p correlations: space-time structure of particle emission

Femtoscopy uses measurements of the p—p correlation
function to infer source sizes at the femtometer scale,
based on the knowledge (or assumption) of the
interaction.

o emission radius,

o source lifetime,

o collective expansion,
o flow effects.

C(k*;R) = fd3 r*S(r*R) I)I2

FIX interaction
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Proton 1D radii in Pb—PDb collisions

Proton radii exhibit the dynamics that is
typical for heavy-ion collisions, as
observed already for pion and kaon pairs

* R, decreases with increasing my

» Size decreases from central to
peripheral collisions

— collective (radial) flow: “explosive”
behaviour, weaker for more peripheral

Phys. Lett. B 871 (2025) 139921

ALICE Pb Pb VSN _502 TeV .
m— (-10% ex p p@p p

—10-80% Pisa fit: R :
m— 30-50% O L-L fit: Rd-(R2 - Ry

i ”///77’// C ISP IIIIr = :

7 /:/ // /;/ //; -, e

- &k
I]i ! ”””’W/W////////

000000000 /;/ /
]

,,,,,,,

2 25 3 35
(my) (GeV/c)
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Proton 1D radii in Pb—Pb collisions — Run 3 results

Ongoing: measurement of the proton 1D
source radii with Run 3 Pb—Pb data with
“strong-in-a-box” modell’]

- m+- and centrality-dependence
consistent with previously reported
measurements

- Extended to more peripheral collisions
wrt Run 2 to bridge with smaller systems

- Benchmark for measurement of 3D radii
with full Run 3 sample

['1G. Romanenko, FB, arXiv:2602.11027

R., (fm)

L] 1 I ] 1 ] I L] ]
ALICE Preliminary
o | Pb-Pb {Sy, = 5.36 TeV

—4—

+

p-p ® PP
*0-10%
" 10-30%
30-50%
+50-90%

| stat. unc.

Dsyst. unc.

2
m: (GeV/c?)
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Proton 1D radii in Pb—Pb collisions — Run 3 results

Ongoing: measurement of the proton 1D A L L L .
source radii with Run 3 Pb—Pb data with < r ALICE Preliminary ]
1) . 39 * g 6 P—p ® PP =]
strong-in-a-box” modell’] o F . .
5 ~ e Pb-Pb %: 5.36 TeV, «my>=1.3 GeV/c n —]

- my- and centrality-dependence f w POPD VS =5.02TeV, amp> =135 GeVie e .
. . . aF [arXiv:2505.01061] -
consistent with previously reported - ]
measurements N= . =

-> Extended to more peripheral collisions 21 : E
wrt Run 2 to bridge with smaller systems - ]
1 | stat. unc. —

E [Jsyst. unc. E
- Benchmark for measurement of 3D radii 0B~ Z'l L é — é e 1'0 . 1'2 - 1‘4
with full Run 3 sample (dN._/dn >1le|3<05

['1G. Romanenko, FB, arXiv:2602.11027
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Proton source in pp collisions

Study of p—p and p—A correlations using Gaussian
source:

* myscaling observed

* species-dependent source size ry

» decays of short-lived hadronic resonances contribute
— effective source

ro (fm)

1.6
15
1.4
1.3
12
1.1

0.9

ALICE, PLB 811 (2020) 135849

L rprrrryprerrrprrrryprrrryrrreyprrrerjprrrrjry
I I I I I I I I

I,

7
/.
WM//////////

‘II+II

ALICE pp Vs =13 TeV
High-mult. (0—0.17% INEL> 0)

Gaussian Source

) - “ 1 *2
t - S - S(r°) (47r3)3/2 =P ( 4r3
+
= 3 z
* pp * - . =
< | = -
= pA(NLO) = . E
i —
_* | p-A(LO) == 3
I 1 1 1 I 1L 1 1 I 1 1 1 I 1 l 1 1L I 1 1L I 1 1 I 1 1 1 I 1L =3
1 1.2 1.4 16 1.8 2 22 24 26

(m_) (GeVic?)
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Proton source in pp collisions

Study of p—p and p—A correlations using Gaussian ALICE, PLB 861 (2025) 139233

e e
_ 5 1.3 High-mult. (0-0.17% INEL > 0) —
* myscaling observed ) E Gaussian + Resonance Source -
- species-dependent source size r, 12 % E
» decays of short-lived hadronic resonances contribute 1.1 *% ’H* S
— effective source F + - E
Working hypothesis: 0.95 _ -+ .
common gaussian “core” source of baryons and mesons 08b " PP (AV15) — =
modified by decays of different resonances - || p-A (Usmani-tuned) n :
— Resonance Source Model (RSM) 0.7 [Tlppr, =a-(m)+c f -
068 .. 10 byl L SR s | T

1 12 14 16 18 2 22 24 26
(m_) (GeV/c?)
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Pretomi source in pp collisions
Hadron

Study of p—p and p—A correlations using Gaussian
source:

 myscaling observed

» species-dependent source size r,

» decays of short-lived hadronic resonances contribute
— effective source

Working hypothesis:

common gaussian “core” source of baryons and mesons
modified by decays of different resonances

— Resonance Source Model (RSM)

— measuring my for any pair, this scaling and the RSM
can be used to “fix” the source and enable the study of
the strong interaction

_ Raffaele Del Grande, Mon 18/5

" Maximilian Korweiser, Wed 20/5

rI.BEI = {f m:}

2.5

1.5

0.5

ALICE, Eur. Phys. J. A 61, 194 (2025)

ALICEpp v5=13 TeV
. High Mult. {0-0.17% INEL>0)
s C=lpnm@®pn
L= lpp@pp

© fogre=4a- {mT}L‘ +C
. [ % ] t—nt ® v, Polt
[ a@nx n,Pol2

_+_ p-iK' @ p-K

Wl

-

-

.5 1 1.5 2 2.0
my (GeV/ic?)

C(k*:R) = de r* Wk 1 #)|?

FIX source
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Proton source in pp collisions — Run 3 results

First measurement of p—p correlations in pp collisions
at Vs = 900 GeV and source radius

—_— 6 T T T T T T T T T T T T I T T T T |
* p—
« detail: using box potential for strong interaction S ALICE Preliminary 3
5 Run 3, pp Vs = 900 GeV, Min. bias
R, =1.01+0.09 (stat) + 0.04 (syst) fm
4 —4— pPpO®pP
Lednicky-Lyuboshitz model
+ box potential (fit)

IIII|]III|IIII|IIII

w
III\|IIII|IIII|IIII|IIII|IIII
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Proton source in pp collisions — Run 3 results

First measurement of p—p correlations in pp collisions
at Vs = 900 GeV and source radius

] . . ] . —_—— T T T T T T T T T T T T T T T T T T | T T T
 detail: using box potential for strong interaction qg 1.6~ AL|(|3E PrelliminaryI |<0“\’Ch/d’7>m|<o.5 ]
o [ ppVs=13.6 TeV o ALICEpp V5= 13 TeV i
s 1.4 o b +~30 Phys.Lett.B 811 (2020) 135849 —]
. . e s . . lcore = @ <mT> +C

First multiplicity-dependent measurement in pp - + 16.5872 i
collisions at \s = 13.6 TeV 1.2 # 4 1250 —
. & " 00 11 i
» detail: Using CATS+RSM Foat . 4 2082 i
— ) - 290,05 ]
« multiplicity-dependence of myscaling . I -+ -— i
o8 ** .+ . -
- ~+ : .
0.6 $ =
B | 1 | | | | | I | | | I | | 1 | | | | ‘ | | | | | | | I | 1 | |

0'41 1.2 1.4 1.6 1.8 2 2.2 24 2.6
(m.) (GeV/c?)
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Proton source in pp collisions — Run 3 results

First measurement of p—p correlations in pp collisions
at Vs = 900 GeV and source radius

 detail: using box potential for strong interaction E 1-6__I AL|(|3E Il"rlellirﬂir;alryI o éd}\’;h/ldmlmko.s ]
z 4: pp Vs=13.6 TeV % 20 ALICE pp Vs = 13 TeV i
3 A . b Phys.Lett.B 811 (2020) 135849 —
L oo = - {IMy) +C ys.Le 1
First multiplicity-dependent measurement in pp = N ! + 16.5872 ’
collisions at Vs = 13.6 TeV 1.2 *® 4 12 g0 -
[ ¢ W -00.9 11 i
. detail: Using CATS+RSM N R i
Bt - F o202y .
« multiplicity-dependence of mscaling R — i
o8- t*rF = - -
B = n i
— caveat: what multiplicity? 065 $ -
— hitting the smallest source at the LHC? E E
| 1 | | | | | I | | | I | | 1 | | | | ‘ | | | | | | | I | 1 |

0'41 1.2 1.4 1.6 1.8 2 22 24 26
(m.) (GeV/c?)
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Intermediate-size systems in light-ion collisions

ALICE collected light-ion data in OO, Ne—Ne and p-0O
collisions in 2025

R, (fm)

New measurements of p—p correlations in light-ion
collisions provide a bridge between small and large
colliding systems.

» Detail: using box potential for strong interaction

— Ordering with centrality and m+scaling

2.8
2.6
2.4
2.2

1.8
1.6
1.4
1.2

= ALICE Preliminary Centrality 3
— OO0, \s = 5.36 TeV —~-0-10% 3
: VS - ~10-30% -
= P-POP-P - 30-50% 3
— . —--50-70% 3
" e —— 70-90% -
:I_I L1 1 I 1 1 1 I L L L I L1 1 I L1 1 I L1 1 I L1l I L1 1 I L 1 1 I I_:
02 04 06 08 1 12 14 16 1.8 2

(kT) (GeV/c)
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Intermediate-size systems in light-ion collisions

ALICE collected light-ion data in OO, Ne—Ne and p-0O

. : = e L L L L L L L R L L L
collisions in 2025 E »6E ALICE Preliminary E
Q:E = (k. (GeV/c) E
New measurements of p—p correlations in light-ion E e 042 . @ E
collisions provide a bridge between small and large 2'25 e 0.70 @ & ]
colliding systems. 2 094 o Ul o E
» Detail: using box potential for strong interaction TE 1.72 S| . ]
1.6 @ M 3
1.4 z_ 3 _z
12f ! 3
i i i - = PPOp-P =
— Ordering with centrality and m+scaling - 5 00, {5y =536 TeV -
— Scaling of radii with (dN /dn)1/3 08¢ [+ Ne-Ne, |5,y = 5.36 TeV =
0.6 __ L I 1 [ L 1 I 1 L 1 1 l 1 1 1 1 I 1 1 L 1 I 1 L 1 1 I 1 ?

0 1 2 3 4 5 6
— |s there a common multiplicity dependence of (dN_/dn >|1,:|3<o.5

the proton source size across systems?
G _ Sofia Tomassini, Wed 20/5
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Summary

Precise and multi-differential measurements of p—p correlations in various systems
v First multiplicity-dependent measurement in pp collisions at Vs = 13.6 TeV
v Measurement in peripheral Pb—Pb collisions at Vsyy = 5.36 TeV
v' Pb—-Pb data demonstrate the dynamics typical for heavy-ion collisions — radial expansion

NEW First results in Ne—-Ne and OO at Vsyy = 5.36 TeV = NEXT TALK by Sofia Tomassini

Next:

« Exploit full Run 3 Pb—Pb dataset to measure proton 3D radii

 New avenue opened in small systems with multiplicity-dependent measurements
« Systematic investigation of scaling properties of the proton emitting source

The sources of protons (production level) exhibit smooth evolution across systems
— how does the proton femtoscopic source evolve across multiplicities and systems?

f.bellini@unibo.it | WPCF 2026 29



Extras

f.bellini@unibo.it | WPCF 2026

30



3D femtoscopy
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Kaon 3D source
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Multiplicity dependence of strangeness production
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Mean p- of light flavour hadrons
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Thermal yields with canonical ensemble and S-matrix

Cleymans et al, PRC 103, 014904 (2021)
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Thermal yields with canonical ensemble and yq

Vovchenko et al.,
PRC 100, 054906 (2019)
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