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From relativistic ion collisions to nuclear structure, and back

Vittorio Soma

CEA Paris-5Saclay, France
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It all started with high-energy collisions

o0 Phenomenological study of non-linear and collective effects in proton rapidity spectra

— Departure from ideal QGP described in terms of non-extensive statistics (Tsallis)

— Spectra computed via a relativistic diffusion equation (Fokker-Planck) incorporating Tsallis statistics
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Abstract
We investigate, from a phenomenological point of view, the relevance of non-conventional statistical mechanics effects on the O GOOd repro du Ctlon Of rapldlty dl StrlbUtlonS

rapidity spectra of net proton yield at AGS, SPS and RHIC. We show that the broad rapidity shape measured at RHIC can be very
well reproduced in the framework of a non-linear relativistic Fokker—Planck equation which incorporates non-extensive statistics

and anomalous diffusion. o Non-linear effects grow with beam energy

© 2007 Elsevier B.V. All rights reserved.

— Microscopic justification?



Outline

o Part I: nuclear structure

o Progress in ab initio nuclear structure

o Some examples of recent applications

[Soma et al, EPJA 57 135 (2021); Frosini et al. EPJA 58 63 (2022); Porro at al. EPJA 60 134 (2024), ...]

o Part II: high-energy collisions

o O-O & Ne-Ne collisions
[Giacalone et al., Phys. Rev. Lett. 135 012302 (2025)]

[Giacalone et al., Phys. Rev. Lett. 134 082301 (2025)]

o Triaxial shape of 129Xe

[Bally et al., Phys. Rev. Lett. 128 082301 (2022)]



Outline

o Part I: nuclear structure

o Progress in ab initio nuclear structure

o Some examples of recent applications

[Soma et al, EPJA 57 135 (2021); Frosini et al. EPJA 58 63 (2022); Porro at al. EPJA 60 134 (2024), ...]



Diversity of nuclear phenomena

Ground state Radioactive decays
Mass, size, superfluidity, ... B, 2B, o, p, 2p, fission, ...

Exotic structures
Clusters, halos, ...
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Strongly-correlated systems Several scales at play

Anoul ) Def b Nucleon momenta ~ 100 MeV
eEEEE o Separation energies ~ 10 MeV

Vibration modes ~ 1 MeV
Rotation modes ~ 0.01-few MeV

Pairing corr. — Superfluidity

Quartet corr. = Clustering

Spectroscopy
Excitation modes

Reaction processes

Fusion, transfter, knockout, ...
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What is the most appropriate theoretical description?

>

More reductionist/elementary /“fundamental” description

Physics of Hadrons

Physics of Nucle

Degrees of Freedom
¢ %% @
Quarks, Gluons

Constituent Quarks

prE

Baryons, Mesons

Protons, Neutrons

Nucleonic Densities
and Currents

Collective Coordinates

140
Pion Mass

8
Proton Separation Energy in Lead

132
Vibrational State in Tin

. 0.043 ,
Rotational State in Uranium
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QCD

Microscopic nuclear model (nucleons d.o.f.)

Collective models
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Ab initio approach to nuclear structure

o A systematic approach to describe nuclei

H|Vy) = B |¥y)



Ab initio approach to nuclear structure

o A systematic approach to describe nuclei

Inter-nucleon forces from chiral EFT
o Low-energy limit ot QCD
o Nucleons and pions as d.o.f.

o Power counting — expansion of H

LO
(Q/Ay)°

NLO
(Q/Ay)*

NNLO
(Q/AY)°

N3LO
(Q/Ay)"

2N Force

-
-
-

3N Force




Ab initio approach to nuclear structure

o A systematic approach to describe nuclei

Inter-nucleon forces from chiral EFT
o Low-energy limit ot QCD
o Nucleons and pions as d.o.f.

o Power counting — expansion of H

2N Force 3N Force

amy X}
o ><|1_f_3_3H<]
I

NNLO +H] H

(Q/Ay)°

N3LO ><+H| H ’H

(Q/Ay)" +H# » [ X

Option 1: Exact solutions have factorial or exponential scaling e? — limited to light nuclei (A < 20)
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Ab initio approach to nuclear structure

2N Force 3N Force
o A systematic approach to describe nuclei LO
- (Q/A)° ><
o NLO >‘<’<:3H<]
| | (Q/AD)* o [f1h
Inter-nucleon forces from chiral EFT [H] ll
o Low-energy limit of QCD N + H ] H%
© Nucleons and pions as d.o.f. (Q/A)? L }X >K

o Power counting — expansion of H
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Option 1: Exact solutions have factorial or exponential scaling e? — limited to light nuclei (A < 20)

Option 2: Correlation-expansion methods to achieve polynomial scaling
o Hamiltonian partitioning H = Hy + H;
o Reference state HO|<I>](€O)> — E,io) ‘@,io)>

o Wave-operator expansion ‘\If‘]?> = Qk|<I>§€O)> = ‘CI),({O)> + ‘(I)S)> + ‘CI),(f)> + ...
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Ab initio approach to nuclear structure

2N Force 3N Force
o A systematic approach to describe nuclei LO
- (Q/Ay)° ><
. NLO >‘<’:::3H:::]
| . (Q/AD)* o [f1h
Inter-nucleon forces from chiral EFT [H] ll
o Low-energy limit of QCD N + H ] H%
© Nucleons and pions as d.o.f. (Q/A)? L |>< >K

o Power counting — expansion of H
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Option 1: Exact solutions have factorial or exponential scaling e? — limited to light nuclei (A < 20)

Option 2: Correlation-expansion methods to achieve polynomial scaling
CPU-scalable to heavy masses?

o Hamiltonian partitioning H = Hy + H;

o Reference state H 0|<I>](€O)> — E,io) ‘@,iO)> scaling n*
o Wave-operator expansion ‘\If‘é> = Qk|<I>§€O)> = ‘CI),({O)> + ‘(I)él)> + ‘(1)1(42)> + ... scaling n®/ with a >4
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The Segre chart

Nuclear structure approaches

o Energy density functionals

o Empirical shell model

o Ab initio

O ...

N ie s Ao [Figure: B. Bally]

o it B Stable
w Atomic mass evaluation 2020

Proton number Z (up to 118)

B Energy density functional (Gogny D1M)
B Ab initio 2024

Data partly taken from:
Q M. Wang et al., Chin. Phys. C 45, 030003 (2021)
Neutron number N (up to 258) S. Goriely et al., EPJA 52, 202 (2016)
2 - H. Hergert (private communications)
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The Segre chart

Heaviest closed-shell
Nuclear structure approaches

o Energy density functionals

o Empirical shell model

o Ab initio
R EL S I

Heaviest doubly open-shell

Proton number Z (up to 118)

Heaviest singly open-shell

Neutron number N (up to 258)
—————————————————————————

[Figure: B. Bally]

B Stable
Atomic mass evaluation 2020

B Energy density functional (Gogny D1M)
B Ab initio 2024

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)
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Diversity of many-body techniques

o Correlation expansion performed in terms of particle-hole excitations — Breaks down in open-shell systems

Solution: start from a symmetry-breaking reference state

— At some point, necessary to restore symmetries o
U x U(1)z Superfluidity

SU(2) Deformation

15



Diversity of many-body techniques

o Correlation expansion performed in terms of particle-hole excitations — Breaks down in open-shell systems

Solution: start from a symmetry-breaking reference state

— At some point, necessary to restore symmetries

U x U(1)z Superfluidity
SU(2) Deformation
o Keep polynomial cost
o Many different strategies exist Most etficient option will depend on

— Break which symmetries? © Nucleus

— Restore then expand or expand then restore? © Observables

o Required precision

O ...

Necessity to develop many different, complementary approaches »



First example: spherical superfluid calculations

° es
. » . L. py - 606‘—%‘ . i
M agic numbers emerge ab initio 6o L Full symbols: experimental data b
I Empty symbols: extrapolated data -
o Self-consistent Green’s functions <« 3 Symbols + line: theory
o Symmetry breaking: particle number Yok
— G.s. properties of singly open-shell 0k

10 f

20 F

16 18 20 22 24 26 28 30 32 34 36 38

N
|Soma et al., 2021]
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First example: spherical superfluid calculations

P —— - : ~ e‘%.‘es
Q/Iaglc numbers emerge “ab initio” | co b ¥ Full symbols: experimental data -
— - o l Empty symbols: extrapolated data -
o Self-consistent Green’s functions \ : Symbols + line: theory -

o Symmetry breaking: particle number

(o]

Densities

— G.s. properties of singly open-shell

T— —

|[Brugnara et al., submitted]

16 18 20 22 24 26 28 30 32 34 36 38
0 2 1 6 8 10 N
Radius (fm)

|Soma et al., 2021]
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First example: spherical superfluid calculations

I S— - 1e9
! . 7, TR/ A il E«ﬁe‘% : . |
Q/Iaglc numbers emer g€ ab initio” | 60 | Full symbols: experimental data -
N . o B I Empty symbols: extrapolated data -
o Self-consistent Green’s functions N ol Symbols + line: theory -
o Symmetry breaking: particle number E oos )
. . = «|§ 0.06 -
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X o |Soma et al., 2021]
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First example: spherical superfluid calculations

R — f — %"65

Q/Iagic numbers emerge “ab initio” | co b Full symbols: experimental data
N . — | I Empty symbols: extrapolated data -

o Self-consistent Green’s functions ~ : Symbols + line: theory -

o Symmetry breaking: particle number

— G.s. properties of singly open-shell

T— — "r‘ Ch .

10%E | ; | ; | ; | ' I ; =
103k —— NNLOg;t - GkvADC(2) _g h
—— N*LO - GkvADC(2)
— 10°F =
< z
_E 10! | = -
— 100F te )
C nNtig]g
D 107'F E N
%10_2E 58Nl(p’p)58NI : . - 1< - +r - r 51
103 192 MeV _ 16 18 20 22 24 26 28 30 32 34 36 38
z = ; - |
1.0: 5 Radius (fm) ', N
o e f_'i ) ) - R |Soma et al., 2021]
. . ) ' l\\
& 00 S o Accuracy degrades away from semi-magic Ca
o ) o Correlation with nuclear deformation
B i N
: : Lﬁ ° ° ° ° °
ol C Calls for explicit inclusion of deformation ) .

Oc.m. [ded] — | | B



Second example: deformed calculations

PGCM IM-NCSM Experiment
o Projected generator coordinate method [Frosini ef al., 2022] .
o Symmetry breaking & restoration . 20Ne =
. 61 R 213(8) 6.t
— particle number L
— rotational invariance (axial) N @6)3 1
: e
— parity
ey : : 47
— Excitation spectra & collective properties
71(6)
27 21—
2|8(1) 65(3)
0 _L 0 _L

0 Good agreement with experiment and (quasi-)exact IM-NCSM

— EHssential static correlations captured by PGCM

21



Second example: deformed calculations

o Projected generator coordinate method
o Symmetry breaking & restoration

— particle number

— rotational invariance (axial)

— parity

— Excitation spectra & collective properties

| |

5 288i Ground State
O, e IThemba 2022
§ ‘ Shape Isomer
o)
73 I
@ I |Porro et al., 2024]
oC
@
o)
Q
8 ‘ IV‘L\.' \f
@) ® ‘ N/ J \ \
= sx A e P

10 20 30

Excitation Energy [MeV]

213(8)

— Shape coexistence (but weak mixing)

IM-NCSM

ZONe

0 Good agreement with experiment and (quasi-)exact IM-NCSM

— EHssential static correlations captured by PGCM

o Oblate ground state & low-lying prolate isomer

Experiment




Outline

o Part II: high-energy collisions

o O-O & Ne-Ne collisions
[Giacalone et al., Phys. Rev. Lett. 135 012302 (2025)]

[Giacalone et al., Phys. Rev. Lett. 134 082301 (2025)]

o Triaxial shape of 129Xe

[Bally et al., Phys. Rev. Lett. 128 082301 (2022)]
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High-energy collisions of small systems - motivations

o Open question: is QGP formed in small systems?

— Observation of hydrodynamic behaviour would be a clear signature

— Focus on elliptic flow v

24



High-energy collisions of small systems - motivations

o Open question: is QGP formed in small systems?

— Observation of hydrodynamic behaviour would be a clear signature

— Focus on elliptic flow v

0 Available information (fixing the multiplicity of charged particles)

v2{2} 197 au > v2{2},197 A0 |RHIC] Geometry relies on poorly-known low-x proton structure
U2{2}208Pb208Pb > U2{2}p208pb |ILHC]
v2{2}208pp20spr, > V2{2}160160 |RHIC preliminary + LHC planned 2025]

Different origin of elliptic flow (geometry vs. fluctuations)
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High-energy collisions of small systems - motivations

o Open question: is QGP formed in small systems?

— Observation of hydrodynamic behaviour would be a clear signature

— Focus on elliptic flow v

0 Available information (fixing the multiplicity of charged particles)

v2{2} 197 au > v2{2},197 A0 |RHIC] Geometry relies on poorly-known low-x proton structure
U2{2}208Pb208Pb > U2{2}p208pb |ILHC]
v2{2}208pp20spr, > V2{2}160160 |RHIC preliminary + LHC planned 2025]

Different origin of elliptic flow (geometry vs. fluctuations)

o Inconclusive evidence

Suggestion: complement 160-160 collisions with a 2)Ne-20Ne run [Giacalone et al., 2025]

26



High-energy collisions of small systems - structure input

o Nuclear densities (PGCM & NLEFT) — Hydro simulation (Trajectum) - Hadronization (SMASH)

teNe, Pm,2 (X, ¥, Z) - PGCM]\ZONE
TN

|Giacalone et al., 2025]

o Nucleon configurations directly computed (NLEFT) or sampled from nucleon density (PGCM)
o Configurations randomly oriented + random impact parameter assigned — Trajectum + SMASH

o Careful assessment of statistical and systematic uncertainties
27
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NeNe/OO

High-energy collisions of small systems - hydro results
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High-energy collisions of small systems - hydro results

|Giacalone et al., 2025]
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o Systematic uncertainties dominate absolute error bars, but to a large extent cancel in ratios
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NeNe/OO

High-energy collisions of small systems - hydro results
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|Giacalone et al., 2025]

Traj.
syst.

o Systematic uncertainties dominate absolute error bars, but to a large extent cancel in ratios

(4)

str.
syst.

centrality [%]

(NLEFT)

o Enhanced elliptic flow in Ne collisions vs. O baseline

— ;
| 1.139(6)stat. (27) gyut (28)505
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02{2}00 (PGCM)
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NeNe/OO

High-energy collisions of small systems - hydro results
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o Systematic uncertainties dominate absolute error bars, but to a large extent cancel in ratios

o Enhanced elliptic flow in Ne collisions vs. O baseline

p
UQ{Z}NeNe _ 1174(8)5‘5&‘5(31)
UQ{Q}OQ \1.139(6)5158;5.(27)

Traj.
syst.
Traj.
syst.

(4)str.

syst.

(28)

str.
syst.

o Bowling-pin shape of 20Ne also leads to negative ratio of Pearson coefficients for central events
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(NLEFT)
(PGCM)
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High-energy collisions of small systems - hydro results

v2{2,|An|>1}

NeNe/OO

|Giacalone et al., 2025]
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o Systematic uncertainties dominate absolute error bars, but to a large extent cancel in ratios

o Enhanced elliptic flow in Ne collisions vs. O baseline

o Bowling-pin shape of 20Ne also leads to negative ratio of Pearson coefficients for central events
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v2{2}NeNe L
v2{2}00

o Triggered change in LHC schedule — 20Ne-20Ne will be run in July 2025!
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Fixed-target collisions

o SMOG2 @LHCDb offers further insight via fixed-target collisions
— Heavy (e.g. 208Pb) - light ion collisions optimal to vary initial-state geometry
— Large flexibility in the choice of the light species (- nuclear structure input)

— 208Ph-160) and 208Pb-20Ne collisions can provide useful complementary information at lower energy

33



Fixed-target collisions

o SMOG2 @LHCDb offers further insight via fixed-target collisions
— Heavy (e.g. 208Pb) - light ion collisions optimal to vary initial-state geometry
— Large flexibility in the choice of the light species (- nuclear structure input)

— 208Ph-160) and 208Pb-20Ne collisions can provide useful complementary information at lower energy

o Same nuclear structure calculations applied to another set of simulations (PGCM /NLEFT + MUSIC + UrQMD)

© @ @

0.6

0.5

€12}

0.3

Impact parameter [fm] in Pb+>°Ne

|Giacalone et al., 2025]

Initial-state ellipticity
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Fixed-target collisions

o SMOG2 @LHCDb offers further insight via fixed-target collisions

— Heavy (e.g. 208Pb) - light ion collisions optimal to vary initial-state geometry

— Large flexibility in the choice of the light species (- nuclear structure input)

— 208Ph-160) and 208Pb-20Ne collisions can provide useful complementary information at lower energy

o Same nuclear structure calculations applied to another set of simulations (PGCM /NLEFT + MUSIC + UrQMD)
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Triaxial shape of 129Xe

o How precisely can nuclear deformation be determined in relativistic collisions?

o Compare prolate, oblate and triaxial systems — Parametrise surface as R(0,¢)=Ry{1+ B[cosyY,,(0,¢) +sinyY,,(0,¢)]}

y =0
M =7T<T13

prolate

v = 30°

T F Ty F 13

triaxial

vy = 60°

™M <T=173

oblate

[Bally et al., 2022]
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Triaxial shape of 129Xe

o How precisely can nuclear deformation be determined in relativistic collisions?

o Compare prolate, oblate and triaxial systems — Parametrise surface as R(0,¢)=Ry{1 -+ fB|cosyY,,(8,¢)+sinyY,(0,¢)|}

(Fix 3) (Low-(pr) events)
y=0
" ="T<T3 overlap
prolate
Collisions that minimise {pt) | y=30
y = 30° .
| <~ Mmaximise transverse area overlap
| |1 F T #7173 <
triaxial
= 60° overlap
M <TH=T3
" oblate

Low-(p1) events

[Bally et al., 2022]
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Triaxial shape of 129Xe

o How precisely can nuclear deformation be determined in relativistic collisions?

o Compare prolate, oblate and triaxial systems — Parametrise surface as R(0,¢)=Ry{1 -+ fB|cosyY,,(8,¢)+sinyY,(0,¢)|}

(Fix 3) (Low-(pr) events)

y=0
rn=mrn<rs overlap Large V2
prolate

Collisions that minimise {pt)

y = 30° ..
<~ maximise transverse area
/| |71 F T F 173

Small v

[Bally et al., 2022]

triaxial

vy = 60°

< Ty =173

" oblate

<5v%5<Pt>>
<(5U%)2><(5<Pz>)2> 38

o Pearson coefficient captures such correlation  p(v3, (p;)) = 7



Triaxial shape of 129Xe

0 Analysis of 129Xe-129Xe data from ATLAS vs nuclear structure calculations (PGCM with phenomenological interactions)
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=
N

-
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[Bally et al., 2022]

o Overall sensitivity to quadrupole def. 3

o Central collisions sensitive to triaxiality vy
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Triaxial shape of 129Xe

0 Analysis of 129Xe-129Xe data from ATLAS vs nuclear structure calculations (PGCM with phenomenological interactions)

[Bally et al., 2022]
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Conclusions

O Nuclear structure

o Progress in ab initio nuclear structure

o Some examples of recent applications

— Spherical vs deformed; “precision era” of ab initio calculations

o High-energy collisions

o O-O & Ne-Ne collisions

— Different shapes allow to pinpoint role of hydrodynamic evolution
O

— Complementary studies & more flexibility in the target species

o Triaxial shape of 129Xe

— Precision of high-energy data allows to quantitatively probe nuclear shapes
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