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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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Motivations

* Interface between low- and high-energy nuclear physics

PHYSICAL REVIEW LETTERS 135, 012302 (2025)

* New and mutually beneficial possibilities

Exploiting 2’Ne Isotopes for Precision Characterizations of Collectivity in Small Systems

— Determine the initial geometry of collisions

Giuliano Giacalone ,I‘g Benjamin Bally ,Z Govert Nijs ,3 Shihang Shen ,4 Thomas Duguet ,5‘(’ Jean-Paul Ebran ,7‘8

% Select nUCIGar SpeCieS tO CO”ide Serdar Elhatisari :;_m Mikael Frosini,“ Timo A. Liihde,lz‘lS Dean Lee ,M Bing—I\{an Lu,|5 Yuan-Zhuo Ma;M
UIf-G. MeiBner®,'*'¢!7 Jacquelyn Noronha-Hostler i Christopher Plumberg . Tomds R. Rodriguez =
Robert Roth,”"** Wilke van der Schee,’”*** and Vittorio Soma®’

— 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)

e Culminated on the 8t of July with the 2°Ne+*Ne collisions at LHC
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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. a-clusters)
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Deformation correlations are (almost) everywhere

Deformation of the HFB minimum
with Gogny DIM energy functional
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ADb initio nuclear theory in a nutshell

1) Nuclei made of A interacting structureless nucleons (Z protons, N neutrons)
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ADb 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)
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ADb 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 Schrédinger equation: H|W) = E |W)
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ADb 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 Schrédinger equation: H|W) = E |W)
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Reach of ab initio nuclear theory (2010)
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Reach of ab initio nuclear theory (2025)
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Proton number Z (up to 118)

Also contributions from density functionals

e
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Also contributions from density functionals
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Also contributions from density functionals
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Projected Generator Coordinate Method (PGCM)

* Ansatz for the nuclear many-body wave function

WMy = ok Pk |®(q))  whereo = Z,N, J,w
qK
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Projected Generator Coordinate Method (PGCM)

* Ansatz for the nuclear many-body wave function -136 | Mg
~—~ hw:20’ emax:8
@My =N foM pg L |®(g))  whereo = Z,N, J,w 7140
qK %
. -l44 |
* Set of (deformed) reference states generated by exploring o0
the energy surface S o148 |
/M
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Projected Generator Coordinate Method (PGCM)

* Ansatz for the nuclear many-body wave function -136 | Mg
VN hw:20? emax:8
@My =N foM pg L |®(g))  whereo = Z,N, J,w 7140
qK %
. -l44 |
* Set of (deformed) reference states generated by exploring o0
the energy surface S o148 |
/M
* Weight of each state is determined variationally -152
g <\I,0M‘H |\I,aM>) —0 0.0 0.2 0.4 0.6
P oM € €
69K 620
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Projected Generator Coordinate Method (PGCM)

* Ansatz for the nuclear many-body wave function -136 | Mg
VN hw:207 emax:8
@M Z FEM Py |®(q)) whereo = Z,N, J,x 7140
2
. -l44 |
* Set of (deformed) reference states generated by exploring o0
the energy surface S o148 |
/M
* Weight of each state is determined variationally -152
g <\I,0M‘H |\I,aM>) —0 0.0 0.2 0.4 0.6
P oM € €
€,qK 620

e Calculations for O and *°Ne are the largest ever performed (to my knowledge)

— Simultaneous exploration of B2, B2, Bao, Ba2 + Symmetry restoration (total: 10 dimensions)

— Chiral EFT interaction at N3LO
Giacalone, PRL 135, 012302 (2025)
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Low-energy spectroscopy
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Average one-body density for O and *’Ne

* |deally, you would sample the correlated many-body wave function: |\IJ§M>
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Average one-body density for O and *’Ne

2fm

* |deally, you would sample the correlated many-body wave function: |\IJ§M>

* Approximation: capture the spatial correlations through the one-body density of a state ‘@(g))
with the “average deformation” of |\Il‘€’M >
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Average one-body density for O and *’Ne

2fm

* |deally, you would sample the correlated many-body wave function: |\IJ§M>

* Approximation: capture the spatial correlations through the one-body density of a state ‘@(g))
with the “average deformation” of |\Il‘€’M >

* Help visualize the matter distribution of the nucleus
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Average one-body density for O and *’Ne

il | .

[ZGNe, Pm (X, ¥, Z) - NLEFT

* |deally, you would sample the correlated many-body wave function: |\IJ§M>

* Approximation: capture the spatial correlations through the one-body density of a state ‘@(g))
with the “average deformation” of |\Il‘€’M >

* Help visualize the matter distribution of the nucleus

e Agreement with NLEFT calculations (reduced to a one-body)
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Impressive results!
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New application to %’Ne
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New application to %’Ne

~ 0.06 1 T

S s E
. ‘T:‘ :_ Mw "."m'." :
« 205ph+Ne collided at LHCb/SMOG2 o 3 i
. . 0.04 Faves o LHCb Preliminary E
LHCb Collaboration, arXiv:2509.12399 (2025) g - 2024 PbA gy = 70.9 GeV 3
0.03F 2-sub |An|=1.0 5
0.02 Pl 0.2<p <3.0GeV i
0.01F -+ v,{2} PbNe = E
. F - v,{2} PbAr 3
* But natural abundance: 0F = 12(2) PoNe t E
*Ne (~90.5%), *'Ne (~0.3%), ?Ne (~9.2%) BT S i NN

0 20 40 50
q(E ) [%]
0.06 ——
: — 208pp 6 (PGCM) ]
oosfF == 208ph4 2Ne (PGCM)
- e 205Ph AL (NLEFT)
0.04 f a2 -

E«E’(].OS

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

20

40 60 80
Centrality (%)

13



New application to %’Ne
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New application to %’Ne
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New formalism: PGCM-SVD

* PGCM is based on non-orgothonal reference states (®(p)|®(q)) # 0
Stavros Bofos
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New formalism: PGCM-SVD

* PGCM is based on non-orgothonal reference states (®(p)|®(q)) # 0
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* Induces a lot of redundancy in the calculation (e.g. density matrices)
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New formalism: PGCM-SVD

* PGCM is based on non-orgothonal reference states (®(p)|®(q)) # 0
Stavros Bofos

(®(p)lala;|®(q))
(@(p)|2(q))

* 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)
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New formalism: PGCM-SVD

PGCM is based on non-orgothonal reference states (®(p)|®(q)) # 0
Stavros Bofos

(®(p)lala;|®(q))
(@(p)|2(q))

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
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Low-energy spectroscopy
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One-body density at average deformation
Hiither N3LO, ey =6, hiw =12

Hiither N3LO, ep.x =6, hiw =12
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e Similar shape but certain components (e.g., octupole) are smaller in 2Ne
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Eccentricity operator €,(ry,r»)

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

E.(ri; 1) = o3 FYE(Q e Th YR (9)

* Resemblance with “Kumar invariants” known in nuclear structure
Kumar, PRL 28, 249 (1972)
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E.(ri; 1) = o3 FYE(Q e Th YR (9)

* Resemblance with “Kumar invariants” known in nuclear structure
Kumar, PRL 28, 249 (1972)
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* Implementation on going with application to ??Ne

Bofos, in preparation (2026) & 1050¢

Preliminary
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Conclusion

* Very useful approximation
— Starting point to determine the initial geometry
— Capture part of the correlations at moderate cost
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Conclusion

— Giuliano’s talk

76Se

* 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
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