Imaging the nuclear structure at the TeV energy scale
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Aage Niels Bohr

50 Years since 1975

Strong interactions described by QCD

@ Neutron

© Proton

Many-body interactions
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Nuclear Structure at low energies

Atomic nuclei have rich phenomenology. Rooted in the strong nuclear force.
Nuclear structure is a very old field. Many different approaches.

Update 2024
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Reactions Excitation spectra :
> Ab initio
Cross sections, energix ur 1SITION Prooad LIE ; approaches

-

Phenomenological
energy density
functional method

Nuclei are complex systems
@® Many characteristic scales :
—p&n momenta 100 MeV Interacting
—» Separation energies 10 MeV boson
-+ vibration modes 1MeV
-+ rotation modes 0.01-5 MeV
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Data panly taken from:
M. Wang et al., Chin. Phys. C 45, 030003 (2021)
H. Hergent (private communications)

Decay modes

o
lifetime, yields,
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&= Imaging the nuclear structure in nuclear collisions

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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&= Imaging the nuclear structure in nuclear collisions

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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@+ Imaging the nuclear structure in nuclear collisions

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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@+ Imaging the nuclear structure in nuclear collisions

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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@+ Imaging the nuclear structure in nuclear collisions

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state
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@+ Imaging the nuclear structure in nuclear collisions

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state

i o9 -
o“,", @
\3 .~ o ©
‘-;‘\_',1 ‘:‘. “.‘
Do ‘U4 e

» o2

..
LA
Q
>
]

&; ‘ .
: ‘”{0?“:2“ y )
) ,?. f:_f. - ;-).

)‘-'*»

. > - B Y
- ‘ . %}
[ " > P a o

208Pp-208Ph

129X e-129X a

Can we build the connection between final state collective motion
and structure of the atomic nuclei we collided
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@ “Reverse engineering” with collective motion

¢ Shape of the fireball: Anisotropic flow

';‘ small v2 large v2 ‘
Vo &, |

c( €y, ) =0.990
C, =0.148

sBC 7/s=0.16

20—-30 %
0.1 0.2 0.3 0.4 0.5 0.6
€,

[H. Niemi et al., PRC 87 (2013) 5, 054901
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@ “Reverse engineering” with collective motion

¢ Shape of the fireball: Anisotropic flow “»Size of the fireball: radial flow, | p]

';‘ small v2 large v2 ‘
Vi & |

<pt>
small <pt large <pt>

c(€9,09 ) =0.990
C, =0.148

{s)

/ Pb+Pb 1

sBC n/s=0.16 ' ® /sxn=5.02TeV “

20—30 % |
0.1 0.2 0.3 0.4 0.5 0.6 .1 0.0 0.9 0.0
€9 R (fm) E; ('TeV)

[H. Niemi et al., PRC 87 (2013) 5, 054901 [G. Giacalone et al.. PRC103 (2021) 2. 0249091
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@ “Reverse engineering” with collective motion

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

d <t ~small <pt>

';‘ small v2 large v2 , | <p Iarge pt>

.<P

cov(vy,, [pr))
B Current flow studies o) = \/vafr (v72) \/UCLT([pT])

- Current pt correlation studies P. Bozek etc, PRC96 (2017) 014904
L] Vn-pT correlation studies

>

% Considering vi « €, [p1] =

p(vy, [pr]) = ple; [Eo])
I >

T final-state model Initial-state model
Flow studies . ) i
calculation estimation

Transverse momentum studies
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@ “Reverse engineering” with collective motion

¢ Shape of the fireball: Anisotropic flow ‘.*Slze of the flreball radlal flow [pT]

DS IS _‘, 5

dE small <pt>

';'; small v2 large v2 ‘ e > Iarge <pt>
. == N d<Pt>

()

Many-body interactions Quark-Gluon Plasma Multi-particle correlations in
of the colliding nuclei the final state

Anisotropic flow
[pr]
Reverse engineering flow & [ pr] correlations
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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?*

—-

. TZ oY TZ ”Y . \
spheric " -l = | Tl Xe-Xe sy = 5.44 TeV
X X NN '
(B2=0) x/\ x\ 0.2<p_<3.0GeVic

ml < 0.8

ﬂ A vumfhe A m - ey . ‘-9.1-“‘-
ref-g-V-0-g-0-99-9-¢9-¢--C
¢ ¢ 7

}2 )2
Prolate | X
(B2 > 0, y=0) A A
| ?Z N | ?z . ‘_ ” X
Triaxial \ ' ‘ | | 5 15 20 25 30
(BZ > 0, Y=3O°) e —~ Centrality percentile

Significant v2 enhancements in central Xe-Xe

5 5 ificant v e |
Oblate ) - = N collisions, originated from large deformation 3>
\»\X x\" No difference observed from the results with

2

Ratioto3_=0.18, y = 27°

» > 0,y=60° . . . .
(B Y ) different y values, no impact of triaxial structure in v;
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@w==  Probe structure of 129Xe with [pt] fluctuations
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Eur. Phys. J. A (2024) 60:38 THE EUROPEAN S ‘
https://doi.org/10.1140/epja/s10050-024-01266-x PHYSICAL JOURNAL A Check for =

Regular Article - Theoretical Physics

Generic multi-particle transverse momentum correlations as a :
o ™ f/)

new tool for studying nuclear structure at the energy frontier & .
1))

Emil Gorm Dahlbak Nielsen, Frederik K. Romer, Kristjan Gulbrandsen, You Zhou*

Niels Bohr Institute, University of Copenhagen, 2200 Copenhagen, Denmark Flow studies
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e [pT] fluctuations, which reflect the initial size fluctuations, also bring new information on the NS.
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ok Probe triaxial structure of 127Xe
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ALICE Preliminary V. |An| > 0.8
Pb—Pb | sy =5.02 TeV [o_]: ml < 0.4
Xe—Xe \sy = 5.44 TeV
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3 =0.207,y. . =26.93°
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Centrality (%)

Flow studies

% Better agreement between ALICE data and calculations with y = 26.93°
» First study of triaxial structure of 122Xe at high energy collisions at the LHC
= Similar results confirmed by ATLAS

B. Bally etc, PRL128 (2022) 8, 082301
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Prolate Triaxial Oblate
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(S e Nuclear Shape Phase Transition
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Nuclear Shape Phase diagram

Prolate Triaxial Oblate Transitional
(“soft”)
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@w== Explore nuclear shape phase transition with 27 Xe
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Phys. Rev. Lett. 133 (2024) 192301

Physical Review Letters

Exploring the Nuclear-Shape Phase Transition in Ultrarelativistic
129X e + 12Xe Collisions at the LHC

Shujun Zhao'2*, Hao-jie Xu %3, You Zhou ®*#, Yu-Xin Liu'*®3, and Huichao Song ("6

Transitional
(“SOft”)

A 77
L A
ATy
"“ | ™
i

You Zhou (NBI) @ EPS-HEP 2025, Marseille, France July 7th, 2025



D 6‘
Q@

@=»= Explore nuclear shape phase transition with 27Xe

SEW

Phys. Rev. Lett. 133 (2024) 192301 _ _
.

L

Physical Review Letters =~ RS S w2 3-particle pr correlation

Exploring the Nuclear-Shape Phase Transition in Ultrarelativistic r,. — (OPT,:0PT.,50PT k) 2<[pT]>

T

129%a 4+ 129%e Collisions at the LHC OPT,i0PT;)

Shujun Zhao'2*, Hao-jie Xu %3, You Zhou ®*#, Yu-Xin Liu'*®3, and Huichao Song ("6

Transitional
(“soft”)

You Zhou (NBI) @ EPS-HEP 2025, Marseille, France

129y, 129
Xe+'“Xe, \sy=5.44 TeV
2% [32=O.1 7, y-soft (0°=y=60°)

[32=O.17, triaxial (y=30°)
u ALICE PL850 (2024) 138541

) 10 15 20 25
Centrality (%)

o
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@w== Explore nuclear shape phase transition with 27 Xe

SEW

Phys. Rev. Lett. 133 (2024) 192301 -
ys. mev. =€ ( ) : Size fluctuation '*Xe+'*Xe, (s =5.44 TeV

Physical Review Letters “ D S | 3-particle pr correlation g B,=0.17, y-soft ((°sy=607) 7
. | YRR RS BT . $,=0.17, triaxial (y=30°) i

L e

Exploring the Nuclear-Shape Phase Transition in Ultrarelativistic r,, = \Pri%Pr;0prk)(pr] 5. ™ ALICE PL850 (2024) 138541 |

T

129%a 4+ 129%e Collisions at the LHC OPT,i0PT;)

Shujun Zhao'2*, Hao-jie Xu %3, You Zhou ®*#, Yu-Xin Liu'*®3, and Huichao Song ("6

Transitional

(SOft) MNP B R R R
. 5 10 15 20 25

Centrality (%)

'%%Xe+'*"Xe, s\ =5.44 TeV

Shape-size correlations

3-particle v,2 — [pr1] correlation

cov(v2{2}*, [pT])

\/var (v2{2}2)+/var([p

: p,=0.17, v-soft (0°<y=<60°)

-~ B,=0.17, triaxial (y=30°)
m  ALICE PLB834 (2022) 137393

) 10 15 20 25
Centrality (%)

o
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@w== Explore nuclear shape phase transition with 27 Xe

SEW

Phys. Rev. Lett. 133 (2024) 192301 _ _
.

L e

Physical Review Letters R RO o & P W 3-particle pr correlation

Exploring the Nuclear-Shape Phase Transition in Ultrarelativistic r,. — (OPT,:0PT.,50PT k) 2<[pT]>

T

129%a 4+ 129%e Collisions at the LHC OPT,i0PT;)

Shujun Zhao'%*, Hao-jie Xu (3231, You Zhou ®4##, Yu-Xin Liu'>®3, and Huichao Song (®1.>6!

Transitional
(“soft”)
: Shape-size correlations
> 3-particle v,2 — [pr1] correlation

4 cov(v{2)?, [pﬂ)

\/var (v2{2}2)+/var([p

5z

“**One can NOT distinguish triaxial (fixed y = 30°) and
{ Y-soft (fluctuating y) structures with existing 3-particle |
correlations measurements

You Zhou (NBI) @ EPS-HEP 2025, Marseille, France

129 129
Xe+ “Xe, \s\=5.44 TeV
: [32=O.1 7, y-soft (0°<y=60°)

[32=O.17, triaxial (y=30°)
u ALICE PL850 (2024) 138541

o

5 10 15 20

25

Centrality (%)

'%%Xe+'*"Xe, s\ =5.44 TeV

|32=O.‘| 7, v-soft (0°<y=60°)

$,=0.17, triaxial (y=30°)

m  ALICE PLB834 (2022) 137393

o

5 10 15 20

25

Centrality (%)
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@@fﬁgﬁpe transition via high-order correlations of v, and pr

P 4 ! ‘ (@) )
y=0 y =30 y = 60°
T =T <713 T E T ETS < T =73

prolate | triaxial oblate
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@@fﬁgﬁpe transition via high-order correlations of v, and pt

y =0 { y = 30° y = 60°

T =T <713 BEEREVERE < T =73

prolate | triaxial oblate

¢ To probe the relation of ri, r, and r3, we need 3-particle correlations
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@@fﬁgﬁpe transition via high-order correlations of v, and pt

y =0 { y = 30° y = 60°

T =T <713 BEEREVERE < T =73

prolate | triaxial oblate

¢ To probe the relation of ri, r, and r3, we need 3-particle correlations

%* To probe the Y fluctuations, we need 6-particle correlations
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@@fﬁgﬁpe transition via high-order correlations of v, and pr

Phys. Rev. Lett. 133 (2024) 192301

y=0 | y =30 y = 60° L :
| 1o (initial state calculations)

T =T <713 T E T ETS < T =73 0

N
<
o8

prolate | triaxial oblate

Je 1PXe+'*Xe, \s=5.44 TeV

-1
¢ To probe the relation of ri, r, and r3, we need 3-particle correlations

“* To probe the Y fluctuations, we need 6-particle correlations 5 5 017 100t (0"er <607
IIIE =0. ,Y'SO OS'YS o ABON
2

, [32=O.1 7, triaxial (y=30°)

; _ ([ (e36d3) 1 45 12 N2/ g2 4 2 N/ 2¢c 12 2 2 L ]
New proposal' P42 = <(€§1>(di>2)c (€3)(d )2 [<625dL> + 4(e2)"(0d7 ) — (€2)(0d1) — 4(e2)(e20d] ) — 4({e30d1) ] - i 0

N
<t -
oC B 4,2; vy-soft 4,2; triaxial

I p

4,2; triaxial

= The six-particle correlations allow to differentiate triaxial (fixed y = 30°)
and Y-soft (fluctuating y) structures.

Centrality(%)
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@@fﬁgﬁpe transition via high-order correlations of v, and pt

Phys. Rev. Lett. 133 (2024) 192301

y=0 | y =30 | y = 60° L :
1o (initial state calculations)

T =719 < T3 ™ F o F+ 13 < To =13 0

N
<
N

prolate triaxial oblate

Je 1PXe+'*Xe, \s=5.44 TeV

1

¢ To probe the relation of ri, r, and r3, we need 3-particle correlations
-1.5

%* To probe the Y fluctuations, we need 6-particle correlations

5 |32=O.1 7, y-soft (0°<y=60°)

, [32=O.1 7, triaxial (y=30°)

New proposal: [EPEHE: L (46t + a(eh)(6dt) — (e (0d) — 4D Bodd) — 4(chod.)? S e

N
<t -
oC B 4,2; vy-soft 4,2; triaxial

I p

4,2; triaxial

= The six-particle correlations allow to differentiate triaxial (fixed y = 30°)
and Y-soft (fluctuating y) structures.

“*Higher-order v, and pr correlations allows to probe nuclear shape
phase transition, but their implementations are highly non-trivial!

Centrality(%)
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2% A Unified Algorithm makes them all possible

B Current flow studies

Multi-particle azimuthal correlations studies

PHYSICAL REVIEW C 89, 064904 (2014) PHYSICAL REVIEW C 103, 024913 (2021)

Generic framework for anisotropic flow analyses with multiparticle azimuthal correlations

Generic algorithm for multiparticle cumulants of azimuthal correlations

Ante Bilandzic,'! Christian Holm Christensen,' Kristjan Gulbrandsen,'! Alexander Hansen,! and You Zhou?? A .
in high energy nucleus collisions

! Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark
Nikhef. Science Park 105, 1098 XG Amsterdam, The Netherlands
3Utrecht University, P.O. Box 80000, 3508 TA Utrecht, The Netherlands

Zuzana Moravcova®, Kristjan Gulbrandsen®,” and You Zhou®?

Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark

S———

You Zhou (NBI) @ EPS-HEP 2025, Marseille, France July 7th, 2025




2% A Unified Algorithm makes them all possible

B Current flow studies
- Current pt correlation studies

Eur. Phys. LA (2024) 60:38 THE EUROPEAN ()
https://doi.org/10.1140/epja/s 10050-024-01266-x PHYSICAL JOURNAL A it

Regular Article - Theoretical Physics

Generic multi-particle transverse momentum correlations as a
new tool for studying nuclear structure at the energy frontier

Emil Gorm Dahlbzk Nielsen, Frederik K. Remer, Kristjan Gulbrandsen, You Zhou*

Niels Bohr Institute, University of Copenhagen, 2200 Copenhagen, Denmark
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Multi-particle azimuthal correlations studies

PHYSICAL REVIEW C 89, 064904 (2014) PHYSICAL REVIEW C 103, 024913 (2021)

Generic framework for anisotropic flow analyses with multiparticle azimuthal correlations

Generic algorithm for multiparticle cumulants of azimuthal correlations

Ante Bilandzic,'! Christian Holm Christensen,' Kristjan Gulbrandsen,'! Alexander Hansen,! and You Zhou?? A .
in high energy nucleus collisions

! Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark
Nikhef. Science Park 105, 1098 XG Amsterdam, The Netherlands

3Utrecht University, P.O. Box 80000, 3508 TA Utrecht, The Netherlands Zuzana Moraveova®, Kristjan Gulbrandsen®, and You Zhou

Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark
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2= A Unified Algorithm makes them all possible

Eur. Phys. LA (2024) 60:38 THE EUROPEAN
https://doi.org/10.1140/epja/s 10050-024-01266-x PHYSICAL JOURNAL A

Regular Article - Theoretical Physics

Generic multi-particle transverse momentum correlations as a
new tool for studying nuclear structure at the energy frontier

Emil Gorm Dahlbzk Nielsen, Frederik K. Remer, Kristjan Gulbrandsen, You Zhou*

Niels Bohr Institute, University of Copenhagen, 2200 Copenhagen, Denmark

PHYSICAL REVIEW C 89, 064904 (2014)
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Generic framework for anisotropic flow analyses with multiparticle azimuthal correlations

Ante Bilandzic,'! Christian Holm Christensen,' Kristjan Gulbrandsen,'! Alexander Hansen,! and You Zhou??
! Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark
Nikhef. Science Park 105, 1098 XG Amsterdam, The Netherlands
3Utrecht University, P.O. Box 80000, 3508 TA Utrecht, The Netherlands

arXi1v:2504.03044, submitted to EPJC

A unified algorithm for multi-particle correlations between azimuthal angle and
transverse momentum in ultra-relativistic nuclear collisions

Emil Gorm Dahlbaek Nielsen,! Nina Nathanson,! Kristjan Gulbrandsen,! and You Zhou!’ *

! Niels Bohr Institute, Jagtvej 155A, 2200 Copenhagen, Denmark
(Dated: April 7, 2025)

B NEW Vn-pT correlation studies

Multi-particle azimuthal correlations studies

PHYSICAL REVIEW C 103, 024913 (2021)

Generic algorithm for multiparticle cumulants of azimuthal correlations
in high energy nucleus collisions

Zuzana Moravcova®, Kristjan Gulbrandsen®,” and You Zhou®?

Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark
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Gy Exploring nuclear shape phase transition

RSE\WV

¢ First ALICE measurement on the multi-particle correlations of v, and pr

ALICE data

Nuclear Shape Phase Transition ?
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(B v 160-160 collisions at the LHC in 2025

a-clustering?

Data taking last week!
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X.L. Zhao etc., arXiv:2404.09780

Nuclear cluster structure effect in *0+41°0 collisions at the top RHIC energy

Xin-Li Zhao,»?3 Guo-Liang Ma,? 3> * You Zhou,* T Zi-Wei Lin,> and Chao Zhang®

ICollege of Science, University of Shanghai for Science and Technology, Shanghai 200093, China
®Key Laboratory of Nuclear Physics and Ion-beam Application (MOE),
Institute of Modern Physics, Fudan University, Shanghat 200433, China
3Shanghai Research Center for Theoretical Nuclear Physics,
NSFC and Fudan Uniwversity, Shanghai 200438, China
4 Niels Bohr Institute, Jagtvej 155A, 2200 Copenhagen, Denmark

’Department of Physics, East Carolina University, Greenville, NC 27858, USA
School of Science, Wuhan University of Technology, Wuhan, 430070, China

The impact of nuclear structure has garnered considerable attention in the high-energy nuclear
physics community in recent years. This work focuses on studying the potential nuclear cluster
structure in '°O nuclei using anisotropic flow observables in O+ O collisions at 200 GeV. Employing
an improved AMPT model with various cluster structure configurations, we find that an extended
effective parton formation time is necessary to align with the recent STAR experimental data. In
addition, we reveal that the presented flow observables serve as sensitive probes for differentiating
configurations of a-clustering of *°O nuclei. The systematic AMPT calculations presented in this
paper, along with comprehensive comparisons to forthcoming experimental measurements at RHIC
and the LHC, pave the way for a novel approach to investigate the a-clustering structure of ¢O
nuclei using O + O collisions at the ultra-relativistic energies.

Predicted significant differences in v2 from
W-S and a-cluster structures

LHC will allow precision measurements to

probe the a-cluster structure.
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AMPT: Z. Lu etc., Phys. Lett. B 868 (2025) 139698
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THE 2023 LONG RANGE
- PLAN FOR NUCLEAR SCIENCE
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SPRINGER NATURE Link

Find a journal Publishwithus  Trackyourresearch Q Search

EUROPEAN STRATEGY FOR PARTICLE PHYSICS Home > Nuclear Science and Techniques > Article

The European Strategy for Particle Physics is the comerstone of Europe’s decision-making process for the long-term future of the field. Mandated by the CERN Council, it is I m a gi n g t h e i n i t i a I CO n d i t i O n Of h e avy_ i O n

formed through a broad consultation of the grass-roots particle physics community, it actively solicits the opinions of physicists from around the world, and it is developed
in close coordination with similar processes in the US and Japan in order to ensure coordination between regions and optimal use of resources globally. I I ® ] d I t t t h
lide chart

Open access | Published: 11 December 2024
Volume 35, article number 220, (2024) Cite this article

% Use the LHC as the Nuclear Structure Machine L. Y
* presented in the ESPP update in Europe

Jiangyong Jia M, Giuliano Giacalone 4, Benjamin Bally, James Daniel Brandenburg, Ulrich Heinz,

* discussed in Long-Range Plan in US

Jacquelyn Noronha-Hostler, Mateusz Ploskon, Wilke van der Schee, Bjoern Schenke, Chun Shen, Vittorio
Soma, Anthony Timmins, Zhangbu Xu & You Zhou
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BNL (202201) 20 participants
Januar y 25—2%, 2022 - \"

GSI (2022.05 & 10)

Saclay (2022.09) i G- BT 30 participants

“@ EMMI Rapid Reaction Task Force: "Nuclear physics
"~ confronts relativistic collisions of isobars" (part 1/2) 50 participants

Heidelberg Unwversity

30 participants

NT (20232
INT PROGRAM INT-23-1A

Intersection of nuclear structure and high-energy nuclear collisions

o

NBI (2023'6) ’ &@ The Vii-th International Conference on the - 220+ p a rti Ci pa nts

Initial Stages of High-Energy Nuclear [REBRL A
Collisions (1S2023), Copenhagen. RIS

Exploring nuclear physics across energy scales 2024: intersection L.
PKU (2024'4) between nuclear structure and high energy nuclear collisions 200+ part|c|pants

CERN (2024.10) [l | ojn@ion colliSiomsiat the LHC 200+ participants

Frankfurt 2025.4)  Quark Matter 2025 1100+ participants

Intersection of nuclear structure and high-energy nuclear collisions: 2025 P
Fudan (2025.5) RO GPE G 100+ participants

The VIIITH of High-Energy

Taipei (2025_9) International Nuclear Collisions

Conference on the Taipei
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P4,22 probes <cos 4(W, - Wy) > [ AMPT

Xe—Xe \sy = 5.44 TeV

0.2< p_< 3.0 GeV/c

08 11<0.8

®
)
|
¢ ®

o
.t

L
| LLI'IIIIIIIIIIIIIIIIIIIIIIIIIIIJ_

27°

e
/

2

o O
»

20 25 30
Centrality percentile
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“* An enhanced v; and a stronger symmetry plane
correlation are found for the deformed nuclei

deformed
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“* An enhanced v; and a stronger symmetry plane
correlation are found for the deformed nuclei

deformed

“* None of the existing flow observable has any
sensitivity to the triaxial shape.
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