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Motivations

● Interface between low- and high-energy nuclear physics

 
● New and mutually beneficial possibilities

 

→ Determine the initial geometry of collisions
 

→ Select nuclear species to collide
 

→ Gain information about the structure of nuclei
 

● A lot of activity over the past few years
 

Giacalone, PRL 127, 242301 (2021)
Bally, PRL 128, 082301 (2022)
Jia, PRL 131, 022301 (2023)
Ryssens, PRL 130, 212302 (2023)
and others...
 

EMMI RRTF 2022 (Heidelberg)
INT Program 23-1a (Seattle)
Several workshops (Saclay, CERN, Beijing)
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→ Determine the initial geometry of collisions
 

→ Select nuclear species to collide
 

→ Gain information about the structure of nuclei
 

● A lot of activity over the past few years
 

Giacalone, PRL 127, 242301 (2021)
Bally, PRL 128, 082301 (2022)
Jia, PRL 131, 022301 (2023)
Ryssens, PRL 130, 212302 (2023)
and others...
 

● Culminated on the 8th of July with the 20Ne+20Ne collisions at LHC

EMMI RRTF 2022 (Heidelberg)
INT Program 23-1a (Seattle)
Several workshops (Saclay, CERN, Beijing)
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Nuclear arrangements → spatial anisotropies 
● Protons and neutrons inside nuclei can adopt various spatial configurations
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Nuclear arrangements → spatial anisotropies 
● Protons and neutrons inside nuclei can adopt various spatial configurations

 
● Nuclear deformation (quadrupole, octupole, ...)

 

 

● Neutron-skin 
→ directly connected to the EoS
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Nuclear arrangements → spatial anisotropies 
● Protons and neutrons inside nuclei can adopt various spatial configurations

 
● Nuclear deformation (quadrupole, octupole, ...)

 

 

● Neutron-skin 
→ directly connected to the EoS

● Clustering (e.g. α-clusters)
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Deformation correlations are (almost) everywhere
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Ab initio nuclear theory in a nutshell

1) Nuclei made of A interacting structureless nucleons (Z protons, N neutrons)
 
2) Internucleon interaction rooted in QCD through Effective Field Theory (EFT)

  
3) Solve as exactly as possible the A-body Schrödinger equation: H Ψ  = E Ψ∣ ⟩ ∣ ⟩

 

Courtesy of P. Arthuis
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Reach of ab initio nuclear theory (2010)
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Reach of ab initio nuclear theory (2025)
P

ro
to

n
n

u
m

b
er

Z
(u

p
to

1
1

8
)

Neutron number N (up to 258)

Stable

Atomic mass evaluation 2020

Energy density functional (Gogny D1M)

Ab initio 2025

Data partly taken from:
M. Wang et al., Chin. Phys. C 45, 030003 (2021)
S. Goriely et al., EPJA 52, 202 (2016)
H. Hergert (private communications)2

2

8

8

20

20

28

28

50

50

82

82

126

184

7



B. Bally - Light ions - CERN - 01/12/2025  

Also contributions from density functionals
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The shape of gold (197Au)
Bally, EPJA 59, 58 (2023)
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Projected Generator Coordinate Method (PGCM)

● Ansatz for the nuclear many-body wave function
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Projected Generator Coordinate Method (PGCM)

● Ansatz for the nuclear many-body wave function

● Set of (deformed) reference states generated by exploring
the energy surface

● Weight of each state is determined variationally

● Calculations for 16O and 20Ne are the largest ever performed (to my knowledge)
 

→ Simultaneous exploration of β20, β22, β30, β32 + symmetry restoration (total: 10 dimensions)
→ Chiral EFT interaction at N3LO
Giacalone, PRL 135, 012302 (2025)

h̄ωh̄ω
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Low-energy spectroscopy
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Average one-body density for 16O and 20Ne

● Ideally, you would sample the correlated many-body wave function: 

● Approximation: capture the spatial correlations through the one-body density of a state       
with the “average deformation” of 

● Help visualize the matter distribution of the nucleus 
 

● Agreement with NLEFT calculations (reduced to a one-body)
11
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Impressive results!
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New application to 22Ne

● 208Pb+Ne collided at LHCb/SMOG2
LHCb Collaboration, arXiv:2509.12399 (2025)
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New application to 22Ne

● 208Pb+Ne collided at LHCb/SMOG2
LHCb Collaboration, arXiv:2509.12399 (2025)

● But natural abundance: 
20Ne (~90.5%), 21Ne (~0.3%), 22Ne (~9.2%)

● We already computed 20Ne and 21Ne is negligible
Giacalone, PRL 134, 082301 (2025)

● Deformation often changes along an isotopic chain
 

→ Need calculation of 22Ne
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New formalism: PGCM-SVD

● PGCM is based on non-orgothonal reference states
Stavros Bofos
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New formalism: PGCM-SVD

● PGCM is based on non-orgothonal reference states

● Induces a lot of redundancy in the calculation (e.g. density matrices) 

● New dimension reduction method: PGCM with Singular Value Decomposition (PGCM-SVD)
Bofos, in preparation (2026)

● Reduces the computational burden
 

→ heavier systems and more systematic calculations

Stavros Bofos
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Low-energy spectroscopy

Preliminary
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One-body density at average deformation

● Similar shape but certain components (e.g., octupole) are smaller in 22Ne 
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Eccentricity operator ε2(r1,r2)

● New operator recently proposed that access the two-body density of the ground state
Duguet, PRL 135, 182301 (2025)

● Resemblance with “Kumar invariants” known in nuclear structure
Kumar, PRL 28, 249 (1972) 
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Eccentricity operator ε2(r1,r2)

● New operator recently proposed that access the two-body density of the ground state
Duguet, PRL 135, 182301 (2025)

● Resemblance with “Kumar invariants” known in nuclear structure
Kumar, PRL 28, 249 (1972) 

● Implementation on going with application to 22Ne
Bofos, in preparation (2026)

0 5 10 15 20 25 30 35 40 45 50
Ngcm

850

900

950

1000

1050

1100

1150

2 (
e2 f

m
4 )

22Ne0+
1

Preliminary

17



B. Bally - Light ions - CERN - 01/12/2025  

Conclusion
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Conclusion

● Very useful approximation
 

→ Starting point to determine the initial geometry
 

→ Capture part of the correlations at moderate cost

● Nucleus is a strongly correlated quantum system with symmetries
 

→ Can’t fully be absorbed in a one-body density
 

→ Giuliano’s talk
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Collaborators

T. Duguet
J.-P. Ebran
M. Frosini
L. Heitz
V. Somà

G. Giacalone
G. Nijs
W. van der Schee

 

A. Tichai

M. Bender
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