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Large “Heavy-ion” Collider @ CERN

Large Hadron Collider, CERN, Geneva
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Anisotropic flow -> QGP properties

¢ Shape of the fireball: Anisotropic flow Initial state Final state
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Anisotropic flow -> QGP properties

¢ Shape of the fireball: Anisotropic flow Initial state Final state
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Radial flow -> QGP properties

%Size of the flreball radlal flow [pT]
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Radial flow -> QGP properties

“»Size of the fireball: radial flow, | p]
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Data and model comparisons

Hadrons ALICE Detector

. Formation \ i From ALICE@NBI group |
Conditions ™
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' ALICE, Physics Letters B 850 (2024) 138477
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{ ALICE, Physics Letters B 834, 137393 (2022)
t ALICE, Physics Letters B 818, 136354 (2021)

{ ALICE, Phys. Rev. C 104, 024903 (2021)
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Time evolution of the Little Big Bang
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Data and model comparisons

ALICE Detector

. Hadrons
Initial /
Conditions rormarion - (i,
' \

Time evolution of the Little Big Bang
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Global Bayesian Analysis

Flow cumulants
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Primary goal of high-energy nuclear collisions: QGP

ALICE, Eur. Phys. J. C 84 (2024) 813, Published: 14 August 2024, 588 citations
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Current best understanding on the time evolution of QGP (Early Universe)

n/s(T) is very close to 1/4nm (Quantum limit) -> Perfect fluid
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Primary goal of high-energy nuclear collisions: QGP
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Quark-Gluon Plasma? Not Nuclear Structure?

M oy or You Zhou (NBI) @ I5th Nordic Nuclear Physics Meeting, Visby May 7, 2026




Collective flow

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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QGP <— Collective flow

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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initial conditions <— QGP <— Collective flow

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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Nuclear Structure <—initial conditions <— QGP <— Collective flow

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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Nuclear Structure <—initial conditions <— QGP <— Collective flow

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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Nuclear Structure <—initial conditions <— QGP <— Collective flow

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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Nuclear Structure <—initial conditions <— QGP <— Collective flow

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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Starting point: | m==s i

v One-body nucleon
density distributions
with W-5 including NS
parameters

quadrupole Triaxial Octuple Hexadecapole
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Emergence of Nuclear structure effect via

. ALICE, Physics Letters B 784 (2018) 82 .
C III|III|III|III|III|II]|III|III|III|III

> .
®  Xe-Xe |5 =5.44 TeV: v,{2,|]An| > 2}

B O Pb-Pb \5,,=5.02 TeV: v,{2,|An| > 2} .

Y | ® Xe-Xe: v,{2,|An| > 2}

Pb-Pb: v,4{2,]An| > 2}

ALICE
0.2< p_< 3.0 GeV/c

V3 —
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* Significant v2 enhancements in central Xe-Xe collisions than in Pb-Pb collisions
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Emergence of Nuclear structure effect via

. ALICE, Physics Letters B 784 (2018) 82 . ‘ Physics Letters B 784 (2018) 82
C III|III|III|III|III|III|III|III|III|III

= ®  Xe-Xe |5, =5.44 TeV: v,{2,|An]| > 2} = _ [P-Glasma+MUSIC+UrQMD (55 = 0)

B O Pb-Pb \5,,=5.02 TeV: v,{2,|An| > 2} - ' IP-Glasma+MUSIC+UrQMD (8, = 0.18)

A= @ XeXe:v,f2An| > 2} T, Lbf ALICE data —O—
O Pb-Pb: v,{2,|An| > 2} Xe

ALICE
0.2< p_< 3.0 GeV/c

1 |
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Centrality (%) centrality (%)

* Significant v2 enhancements in central Xe-Xe collisions than in Pb-Pb collisions

* |t was realised that such enhancement is due to the NS effect, originated from large (3, deformation
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sensitivity of to nuclear structure

Eur. Phys. J. A (2023) 59:279 THE EUROPEAN
https://doi.org/10.1140/epja/s10050-023-01194-2 PHYS'CAL JOURNAL A c

Regular Article - Theoretical Physics

Probe nuclear structure using the anisotropic flow at the Large
Hadron Collider

. . . 2 e . q s . e 34 v 2.4
Zhiyong Lu', Mingrui Zhao'?, Xiaomei Li', Jiangyong Jia>*, You Zhou?*
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Nuclear structure of 29Xe with
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=  Compatible with low-energy nuclear structure (MeV energy scale).
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Nuclear structure of 129Xe with

® [pr] and its event-by-event fluctuations measured in heavy-ion collisions at the LHC
-> probe initial size and size fluctuations -> NS E.G. Nielsen etc., EPJA (2024) 60, 38
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Nuclear structure with “Shape=-Size correlation”

¢ Shape of the fireball: Anisotropic flow »Size of the flreball Radlal FIow [pT]

d <pt> d E small <pt>

{ small v2 large v2 { | X —
": Vn X gn | (Py)
— P dlpy) AR

X —
) R
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Nuclear structure with “Shape=-Size correlation”

¢ Shape of the fireball: Anisotropic flow »Size of the flreball Radlal FIow [pT]

d <pt> d E small <pt>

: small v2 large v2 § | X —
;-: V., x &, | (Pt)
— N~ P dlpy) AR

X —
) R

“*Shape-Size correlation: p(vn2, [pT])

> cov(vy,; [pr))

p(vy, pT)) = vvar(v2)y/var([pr|)

P. Bozek etc, PRC96 (2017) 014904

% Considering v, « €., [pT] = Eo
p(vs, [p1]) = pley, [Eo))

final-state model Initial-state model
calculation estimation
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Nuclear structure with “Shape=-Size correlation”

¢ Shape of the fireball: Anisotropic flow “*Slze of the flreball Radlal FIow [pT]

';‘ small v2 large v2 ‘
Vo &, |

d< small <pt> Iarge <pt>

“*Shape-Size correlation: p(vn2, [pT])
, cov(v;,, [pr])

P\U ( n’ [p T]) 5
Vovar(vz)y/var([pr]) . o .
‘ Exploring the Nuclear-Shape Phase Transition in Ultrarelativistic
P. Bozek etc, PRC96 (2017) 014904 #Xe + 'Xe Collisions at the LHC

Shujun Zhao"%*, Hao-jie Xu 231, You Zhou 4%, Yu-Xin Liu"5%5, and Huichao Song ("6

S. Zhao etc., Phys. Rev. Lett. 133 (2024) 192301

Physical Review Letters *

% Considering v» « €n, [p7] = Eo
3v/5 (cos(37v) 33
p(vy, [pT]) = plen, [Eo)) P(v3, [pr]) = <287T3/2 1)

final-state model Initial-state model ,0(7137 prQIw) — Aﬁg [53 + 16 <COS(6’7)>] + B [ﬁg, <COS(3W)>}

calculation estimation
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Extract precise Nuclear Structure with Bayesian Fit

** Precise imaging of nuclear structure with collective flow

3-body correlation  6-body correlation 1.9
S L D L B L L B B B B
[ TRENTo+VISH(2+1)+UrQMD ALICE Preliminary 17.5
=== MAP, XeXe 5.44 TeV O ALICE, XeXe 5.44 TeV ]
==+ MAP, PbPb 5.02 TeV B ALICE, PbPb 5.02 TeV

ALICE data

Unified 10 20 30 40 50 0 8 16 24
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Anisotropic flow Radlal flow

T
_|'"'|""|""|""|""|"'_|""|'"'|""|""|""|"" i pt XX544TV

(%) (x3.0) Vg ] [ ==:MAP XeXe 5.44 TeV
Bl | ALICE, PbPb 5.02 TeV TRENTo+VISH(2-41)+UrQMD - ; . - O ALICE XeXe 5.44 TeV

==:=MAP, PbPDb 5.02 TeV ]
=== MAP, XeXe 5.44 TeV 1 lo.s

0.0

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 oI5 30 as 600‘ 1530 45 60
] - Centralit o
ALICE, in preparation for entrality (%) Centrality (%)

Report on Progress in Physics
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Extract precise Nuclear Structure with Bayesian Fit

¢ Precise imaging of nuclear structure wit

h collective flow

ALICE data

3-body correlation  6-body correlation 1e—g

1 I 1 LI | 1 I 1 1 1 1 I 1 1 1

TRENTo+VISH(2+1)4+UrQMD ALICE Preliminary 17.5
=== MAP, XeXe 5.44 TeV O ALICE, XeXe 5.44 TeV
=== MNAP, PbPb 5.02 TeV B ALICE, PbPb 5.02 TeV

Unified 10 20 30 40 50 0
algorithm Centrality (%)

Anisotropic flow
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16 24 32 Fit

Centrality (%)

Radlal flow

L L A D L A D R D N
v2 | (x3.0) U3
M | ALICE, PbPb 5.02 TeV [ TRENTo+VISH(241)+ UrQMD

TR

~8
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P t XX 544TV
= MAP XeXe 5.44 TeV
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5500 15” 30-""%5 ”60

Centrality (%)

ALICE, in preparation for
Report on Progress in Physics
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Combining NS + “heavy-ion theory”

Hydrodynamic| PRL135 (2025) 012302

CERN-TH-2024-021

The unexpected uses of a bowling pin: exploiting °Ne isotopes for precision
characterizations of collectivity in small systems

Giuliano Giacalone,!** Benjamin Bally,? Govert Nijs,® Shihang Shen,*
Thomas Duguet,”® Jean-Paul Ebran,”® Serdar Elhatisari,” 1 Mikael Frosini,'' Timo A. Lahde,!? 13
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Combining NS + “heavy-ion theory”

Hydrodynamic PRLI35 (2025) 012302 Parton Transport | In preparation

CERN-TH-2024-021

The unexpocted uses ofa bowling pin: explotting 2N isotopes for precision Deciphering the Origins of Anlgotroplc Flow in t.hfa Small Systems using unique
characterizations of collectivity in small systems Ne + Ne and O + O Collisions
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Evidence of nuclear geometry driven flow in light ion collisions

ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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Evidence of nuclear geometry driven flow in light ion collisions

ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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Evidence of nuclear geometry driven flow in light ion collisions

ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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Evidence of nuclear geometry driven flow in light ion collisions

ALICE. arXiv:2509.06428. submitted to Phvs. Rev. Lett.
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Many new OO & Ne-Ne measurements available in 2026

+ many more to be available before this summer
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&5 Toward precise nuclear structure imaging (5-a vs a+160Q)  (ALICE, Phys. Rev. Lett. in preparation)
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Neutron skin study at Relativistic Nuclear Collisions

1
1+ exp ([r — R(©,®)] /a)

Neutrons p(r,0,P) x

Protons \ 1
a1, 0, ) x

Ny \ B 1 +exp([p— R(O,®)] /ay
Neutron skin I

1
1 +exp([n— R(O,P)] /a)

Radius
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Neutron skin study at Relativistic Nuclear Collisions
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Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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“neutron skin
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What can we learn from 48Ca-48C3a vs 40Ca-40Ca

4SCa 48Ca
No neutron skin ' Large neutron skin '
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What can we Iearn from 48Ca-48Ca vs 40Ca-40Ca

4SCa 48C g
No neutron skin Large neutron skin '

Characterizing the Neutron Skin of **Ca Through Collective Flow at the
CERN Large Hadron Collider

Andreas Vitsos !, Leonora Misciattelli Mocenigo Soranzo !, Emil Gorm Dahlbzk
Nielsen ', You Zhou'?

'Niels Bohr Institute, Jagtvej 155A, 2200 Copenhagen, Denmark

arXiv: 2512.00114, accepted by EPJC

Neutron skin thickness comparison
] 1
| )

Arpp = Arpp (CREX, HB)
=0.181 fm

= 0.068 fm

Arpp =0 fm

ab initio

CREX band
ab initio band

0.10 . 0.20
Arpp (fm)

You Zhou (NBI) @ 15t Nordic Nuclear Physics Meeting, Visby May 7th, 2026 20




What can we learn from 48Ca-48C3a vs 40Ca-40Ca

48C g 48C g LHC

No neutron skin Large neutron skin
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® Highly non-trivial differences observed when using large and small neutron skin
® 48Ca-48Ca as a promising candidate for the future light-ion runs at the LHC-Run4

You Zhou (NBI) @ 15t Nordic Nuclear Physics Meeting, Visby May 7th, 2026 20




New opportunities from 2030

Colliding mode
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New opportunities from 2030

Colliding mode With a second injection source
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New opportunities from 2030

Colliding mode With a second injection source

208Pp  20Ne
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New opportunities from 2030

Colliding mode With a second injection source

208Pp  20Ne
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New opportunities from 2030

Colliding mode With a second injection source

208Pph  20Ne 208Ph
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Update 2024
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Summary

* With the inputs on NS from low-
energy community, we have
significantly improved our

understanding on the Quark-

Gluon Plasma (critical for the HI
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Neutron number N (up to 177)

community!)

o-i-o-i-E I S NN EENEEEEED®

B Stable
| Atomic mass evaluation 2020
B Ab initio 2024

Data partly taken from:
M. Wang et al., Chin. Phys. C 45, 030003 (2021)
H. Hergert (private communications)
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Summary

* With the inputs on NS from low-
Update 2024 energy community, we have
significantly improved our
understanding on the Quark-
Gluon Plasma (critical for the HI
community!)
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**  With the future developments, we
would like to fully explore the
B Stable

mesesesas [] Atomic mass evaluation 2020 POtentiaI of the LHC as the most

B Ab initio 2024
B powerful Nuclear Structure

Data partly taken from:

ES e o s o experiment, with a few carefully-
Neutron number N (up to 177) selected nuclei.
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Outlook

Question:
= What to collide at the Run 4 & Run 5 @ LHC
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Outlook

Question: CERN Menu
= What to collide at the Run 4 & Run 5 @ LHC ¢\

New collisions 5] 2 )/e) M) S &2
Dlegse A *

& AT LHC

Special offer

He-4 :
4.01603
NA:99.999%

L6 3

6.01512

7NA: 7.8%

- Ge-76§

75.92140

NA: 7.75%

~ Se-76%

[2:.9392]
NA: 9.23%

~ Ba-136:

135.90458
NA: 7.85%

Thanks for your attention!
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Flow ratios (Ne-Ne / OQO) -> sub-structure

" ALICE OO and Ne-Ne, \s, = 5.36 TeV
0.2< ,DT <3 GeV/c Data

Il <0.8 ¢ vy {2}

v, (Ne—Ne / O0O)
o

]
30
Centrality (%)

ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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Flow ratios (Ne-Ne / OQO) -> sub-structure

. , . , , . |
" ALICE 00 and Ne—Ne, (5. = 5.36 TeV - *¢ Enhanced v; in Ne-Ne than OO

0.2< p. < 3 GeV/c Data

L * Driven by nuclear geometrical shape of 20Ne
Inl < 0.8 ¢ vy {2}

(larger deformation compared to ¢O)

v, (Ne—Ne / O0O)
o

]
30
Centrality (%)

ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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Flow ratios (Ne-Ne / OQO) -> sub-structure

' ' | | - *** Enhanced v; in Ne-Ne than OO

- ALICE OO and Ne-Ne, |s, = 5.36 TeV
0.2< pT <3 GeV/c Data

“["ml<o0.8 ¢ v{2)

Trajectum
NLEFT

vi2} * Trajectum prediction using NLEFT-NS overestimates
the ratio

1 S N\

V, (Ne—Ne / O0)
o

* Driven by nuclear geometrical shape of 20Ne
(larger deformation compared to ¢O)

]
30
Centrality (%)

ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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Flow ratios (Ne-Ne / OQO) -> sub-structure

' ' ' | : ** Enhanced v, in Ne-Ne than OO

- ALICE OO and Ne-Ne, |s,, = 5.36 TeV
0.2< pT <3 GeV/c Data

Il <0.8 ¢ v{2)

Trajectum
PGCM NLEFT

v{2} * Trajectum prediction using NLEFT-NS overestimates
the ratio

* Driven by nuclear geometrical shape of 20Ne
(larger deformation compared to ¢O)

v, (Ne—Ne / OO)
.

* Trajectum prediction using PGCM-NS agrees better
although still overestimates the ratio

]
30
Centrality (%)

ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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Flow ratios (Ne-Ne / OQO) -> sub-structure

B ' ' ' ' ' ] < . )
ALICE 00 and Ne-Ne, (5. = 5.36 TeV ¢ Enhanced v, in Ne-Ne than OO
0.2<p <3 GeVic Data

“[ mi<o.8 ¢ V{2

3DGlauber IP-Glasma Trajectum
PGCM PGCM PGCM NLEFT

v{2} * Trajectum prediction using NLEFT-NS overestimates
the ratio

* Driven by nuclear geometrical shape of 20Ne
(larger deformation compared to ¢O)

v, (Ne—Ne / OO)
o

* Trajectum prediction using PGCM-NS agrees better
although still overestimates the ratio

| glo * predictions from 3DGlauber and IP-Glasma using
Rl PGCM describes the data

™\ * Data better described by the models using a
smaller sub-nucleon (~ 0.1 fm)

Difference? Subnucleon width w

Trajectum: w, ~ 0.4 fm
3DGlauber: w, ~ 0.11 fm

IP-Glasma: w, = 0.11fm

\ ALICE, arXiv:2509.oe4y

ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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