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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.
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Decay modes Exotic structures

Reactions Excitation spectra

cross sections, ... energies, transition probabilities, ...

Nuclei are complex systems

@® Many characteristic scales :
-+ p & n momenta ~
—» separation energies ~ 10 MeV
—» vibration modes ~ 1MeV
-» rotation modes ~ 0.01-5 MeV

100 MeV

@ Strongly correlated:
-» angular correlations
~» pairing correlations
—» quartetting correlations = clustering

= deformation
= superfluidity

lifetime, yields, ... clusters, buble, halo,

courtesy of Benjamin Bally

Ab initio
approaches

€«

Interacting
boson
model

Algebra
model

Cluster
model

ic

Collective
model

Proton number Z (up to 118)

Neutron number N (up to 258)

Modern ab-initio methods have successfully described light nuclei with A < 50

For heavy nuclei, computational complexity
rapidly arises due to the increasing number

of nucleons
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* there are no real probes of multi-nucleon correlations
* huge model dependence.
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M Stable
[ Atomic mass evaluation 2020

B Ab initio 2024

@ Energy density functional (Gogny D1M)

Data taken from:

M. Wang et al.. Chin. Phys. C 45, 030003
S. Goriely et al., EPJA 52,202 (2016)

H. Hergert (private communications)
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Nuclear structure at high energies

- s ,©

“final ‘stages

initial stages _ _
QGP medium expansion

ﬁﬁee‘ze‘o”t

: } | >
0 Thydro ™~ 1fm/C Tfo ™~ 10fm/c

hydro evolution

(nuclear structure)(—)(inital conditions) <€ >< azimuthal distribution of final-state particles >

probe
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Nuclear structure parameter ’

nucleon density described by Woods-Saxon profile

B Po
p(1,0,0) = T REaar

3 4
R(0,¢) = Ro(1 + Ba[cos 7Y + sinyYy o] + B3 Z Q3mY3m + Ba Z 4 Yam)

m=-—3 m=—4
B> quadrupole deformation parameter

dg: nuclear diffuseness parameter
Y: triaxiality parameter

1+ B2Ya(0, ¢) (@) deformed nucleus (B>0) (b) collisions at low (p;)

Radial profile: — y
com paCt ) [7=E 1 y=0 overlap
small a, \ =Ty <y _

)/ prolate v
N

|y =30°
diffused

TMERFED

triaxial

1+ ByY5(0,9)
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Experimental tool: anisotropic tflow

anisotropic pressure gradients

anisotropic momentum distributions

V(" cos(ng))? + (r sin(ng))?
{rm)

En:

— ocl—I—QZvncosn(go—\lln)

n=1

System

expansEon

— Fourier expansions

Carry unique information from
initial state and nuclear structure
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Nuclear structure at HIC

J. Jia, Phys. Rev. Lett. 131 no. 2, (2023) 022301

Many nuclear structure studies on GeV energies have been J. Jia, Chin. Phys. Lett. 40 no. 4, (2023) 042501
S. Zhao, Phys. Lett. B 839 (2023) 137838

mplemented in RHIC-STAR etc...

STAR, arxiv: 2401.06625 (accepted by nature)
talked by Chunjian, Wednesday afternoon
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The intersections between STAR data and the state-of-art IPGlasma+MUSIC hydrodynamic model
constrain the 238U nucleus as: 3, = 0.297+0.013, y=8.6" + 4.8°
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Nuclear structure at HIC

At the LHC, B. Bally et al., Phys.Rev.Lett. 128 (2022) 8, 082301

129X e 1s predicted to have deformed and triaxial structure (rq # ro # rs3).
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Study the effect of nuclear structure on azimuthal distribution of final-
state particles in 129Xe—129Xe, compared to 20°Pb—209Pb (no deformation)
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J. Jia, Phys.Rev.C 105
(2022) 4, 044905



X-axis: centrality

Centrality: a percentage of the
hadronic cross section corresponding
to a particle multiplicity, directly
related to the impact parameter

0% centrality: almost fully overlap
90% centrality: peripheral collisions

Initial shape is strongly related to centrality
The most central collisions can project the
shape of colliding nucleus
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https://cds.cern.ch/record/2315401

larger quadrupole
deformation f3,

increase initial geometric
anisotropy (more elliptical)

larger nuclear
diffuseness a,

more diffuse
and less elliptical
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1+ ﬂ2Y'2,O(H7 ¢)
N £
Radial profile:
compact

small ay
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AMPT: Z. Lu et al., 2309.09663
hydro: C. Shen, tunes with
arXiv:2108.09578
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Results: Uo
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ALICE, arxiv: 2409.04343
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dN S
G X 1+2D vacosn(p—Va) o \with two or four-particle correlations

v,{2}(Xe—Xe/Pb—PDb) starts from 1.5 in
the most central collisions, then goes
near 0.9 in midcentral collisions
Central: deformation effect dominates

Xe—Xe
significantly different

initial shape
Pb—Pb

Midcentral: viscous effects (medium)
dominates

Xe—Xe

Pb—Pb

Suppressed by larger nuclear

diffuseness a, in midcentral collisions 10
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Results: V> mean and flucutations ) = BT V@
Oy, = V(V2{2}2 — vy{4}2)/2

< oqf ° o o) J ¢ (Vj): similar trends with v,{2} and
[ ' ALICE 7
! ! Xe-Xe |5y = 5.44 TeV ] Vs {4}
M o iy Jow=802TVY o g, : Xe—Xe larger than Pb—Pb in 0-60%
0.06f 0.06F 02<p, <30GeVic ] centrality (larger flow flucutation in

smaller system)

0.04 0.04

* Oy, model with £,= 0 is smaller in 0-

0.02 0.02
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ke I
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1||T-r-|LT Larger flow flucutation due to
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ALICE, arxiv: 2409.04343 Need further confirmation from model
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Results: v3{2}, vs{2} )

B742 (2015) 94-98
Centrality percentile Centrality percentile

e n=3,4 with two particle correlation
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ALICE, arxiv: 2409.04343 +  v,{2} is suppressed by nuclear
Nov—16—2024 diffueseness a, in midcentral collisions



Results: v4 component
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Vy

0

V2 =van IS '
' ¢,. Initial anisotropy

v, stems from & (linear component) and &

(nonlinear component)

* V4 (Xe—Xe/Pb—Pb) decreases with
centrality, v,- (Xe—Xe/Pb—Pb) has milder
centrality dependence

* v, shows sensitivities to £, and a,, while
v,L does not.

V4o OF & OC f5 @

. SN
Vg~ O &y S

; For V4{2},

Central: v,/ dominate, insensitive to £,

and a,

Midcentral: compatible v, ,,, sensitive 13
to a,
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Results: nonlinear coefficient and correlation

x4,22
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ALICE, arxiv: 2409.04343
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Xa2o: dimensionless value
quantifying the contribution
from &

P4 correlation between ! Vi
ordern=4andn=2
6
~ cos0O
Pa,22 =

VL = y402(V3)?

* X422 Seems independent of £ and a,
= The sensitives of |V,Nt| = v, ,, are
largerly from (V)2

*  p42: enhanced by deformation in central
collisions

* P42 Vaoo/vai2}: sensitivity to a, is
cancelled by the ratio

14



Results: theory fitness

10°

x2/ Ndof

16

10

107"

1l i fi

2 I i
Nyot =

X~/ Naot Ndofz' =
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2 y;: measurement of Xe—Xe/Pb—Pb
) fi: model of Xe—Xe/Pb—Pb
i o;: measurement uncertainty + model uncertainty

E 0 a,=057, B =0
— ¢ a,=057, B =0.162
= 0 a,=057, B =0.207
= & o 3 a,=0.492, B =0.207
L O Q o 2
= 3 %
= 3%
= o *
] | | l | ] ':II}' | | l ]
o2} {4 () Ov, {2} v {2} Vaz VL Xso  Paz NSC(3,2)

[PGlasma+MUSIC+UrQMD hydrodynamic model

* p,=0.207 generally provide better descriptions, except v, ,, (large uncertainties in central collision)
* ay=0.492 demonstrate better agreement, except v, 5, P42, and NSC(3,2)

* 1,{2} has better discrimination on f,, while v,{4},{V,) have better discrimination on a,.
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Sensitivity to y
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Summary

* A systematic study on the centrality dependence of various flow
observables in Xe—Xe and Pb—Pb collisions

* Several flow observables exhibit pronounced differences between Xe—Xe
and Pb—Pb, anticipated from the quadrupole deformation of 29°Xe

* [P-Glasma+MUSIC+UrQMD model with ay= 0.492, 5,=0.207 1s
favored by the presented measurements

v' Experimental measurements at the LHC enable a novel tool to
probe the nuclear structure, complementary to the low-energy
studies
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Observables |

£ o<1+2§:vncosn(90—\|fn) SQ{:‘_/
iE 8 By

Experimentally use multi-particle correlation cos (n;¢,+n,p,+...4n,.0,,)
because event plane ¥, estimation contains additional uncertainties

n—1.

» flow coefficients with 2- and 4-particle: v,,{2}(n = 2,3,4), v,{4}
« mean elliptic flow: (V) = V(V5{2}2 4+ v,{4}2)/2

« elliptic flow fluctuations: 0, = V(Uo{2}2 — v, {4}2)/2
* nonlinear flow modes (V4 22, ¥ 422, 04,22) R. S. Bhalerao et al., Phys. Lett. B742 (2015) 94-98
* normalized symmetric cumulants (NSC(3.2)) A. Bilandzic et al., Phys.Rev.C 89 (2014) 6, 064904

Y. Zhou, Phys.Rev.C 93 (2016) 3, 034909

Measured for the first time in Xe—Xe collisions
Compared to results in Pb—Pb collisions

The first systematic study on nuclear structure with various flow observables at the LHC energies!
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Final state cancellation

* the cancellation can be seen in the PCC correlation between the (vn g,COS (Wn = ¢n) )
initial state and final state Q S
* Basically, the two systems have the same linear correlation - 2N/ .2
between initial and final, which suggests the same final state O \/(Vn > (8n>
effects.
1.0F
0.8}
0.6
(%' trento+vUSPhydro
0.4} PbPb 5.02 TeV

- = = XeXe 5.44 Tev
0.2 =«=-ArAr5.85TeV

[ mmeae 00 6.5TeV
B . 2 ¢ ;o ow e ow o o« o oaow e oy o3 op 9
0 20 40 60 80 100
Nov—16—2024 Centrality (%)
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Results: normalized symmetric cumulant
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Nov—16—2004  ALICE, arxiv: 2409.04343
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NSC(3,2): the correlation between U% and U%
(positive: correlated, zero: uncorrelated, negative: anticorrelated)

 anticorrelation between v; and v, in Xe—Xe is larger than
Pb—Pb

* insensitive neither to B, nor a,

* model deviates from the data in central region
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