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The nuclear ab initio endeavour

○ A systematic approach to describe nuclei
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0
|�A

0
i

H| ki = Ek| ki

H| Ai = EA| Ai

| A

0
i = ⌦0|�i

| ki = ⌦k|�(0)

k
i

| 0i = ⌦|�(0)

0
i

| 0i = eT |�(0)

0
i

T ⌘
AX

n=1

Tn

Tn ⌘ 1

n!

2 X

↵�...��...

T↵�...

��...
c†
↵
c†
�
. . . c�c� . . .



3

Disposition : Titre et contenu

Actus CEA

q Un nouveau Haut Commissaire (placé auprès du 1er ministre) depuis Sept. 2023 
Vincent Berger

q Une nouvelle directrice de la recherche fondamentale depuis Nov. 2023  
Anne-Isabelle Etienvre

q Deux agences de programmes seront coordonnées par le CEA :
     Energies décarbonées et Composants système et infrastructures du numérique

q Recherche à risque : enveloppe de crédits additionnels pour la recherche 
amont/exploratoire sans garanti de succès. Annonces à venir en février 2024.

q Conseil Scientifique du CEA en 2024 : diffusion neutronique avec focalisation 
sur le projet ICONE

4

The nuclear ab initio endeavour

○ A systematic approach to describe nuclei
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Option 1: Exact solutions have factorial or exponential scaling en  ➝  limited to light nuclei
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The nuclear ab initio endeavour

○ A systematic approach to describe nuclei

Option 2: Correlation-expansion methods to achieve polynomial scaling

Inter-nucleon forces from chiral EFT
○ Low-energy limit of QCD
○ Nucleons and pions as d.o.f.
○ Power counting ➝ expansion of H
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○ Hamiltonian partitioning

○ Reference state

○ Wave-operator expansion

1. Model Hamiltonian

2. Solve Schrödinger eq.
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k
|�A

k
i

H0|�(0)

k
i = E(0)

k
|�(0)

k
i

H0|�A

0
i = ẼA
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Option 1: Exact solutions have factorial or exponential scaling en  ➝  limited to light nuclei
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○ Reference state

○ Wave-operator expansion

scaling  n4

scaling  nα           with α > 4

Option 1: Exact solutions have factorial or exponential scaling en  ➝  limited to light nuclei

CPU-scalable to heavy masses?

1. Model Hamiltonian

2. Solve Schrödinger eq.
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k
|�A

k
i

H0|�(0)

k
i = E(0)

k
|�(0)

k
i

H0|�A

0
i = ẼA
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Solution: start from a symmetry-breaking reference state

➝  cf. energy density functionals

➝  At some point, necessary to restore symmetries
SU(2) Deformation

U(1)N x U(1)Z Superfluidity

Static correlations
Dynamic correlations
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○ Keep polynomial cost (with higher pre-factor)
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Solution: start from a symmetry-breaking reference state

➝  cf. energy density functionals

➝  At some point, necessary to restore symmetries

○ Many different strategies exist

SU(2) Deformation

U(1)N x U(1)Z Superfluidity

Static correlations
Dynamic correlations

➝  Break which symmetries?

➝  Restore then expand or expand then restore?

Most efficient option will depend on

○ Nucleus

○ Observables

○ Required precision

○ …

Necessity to develop many different, complementary approaches 

○ Keep polynomial cost (with higher pre-factor)
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0
|�A

0
i

H| ki = Ek| ki

H| Ai = EA| Ai

| A

0
i = ⌦0|�i

| ki = ⌦k|�(0)

k
i

| 0i = ⌦|�(0)

0
i

| 0i = eT |�(0)

0
i

T ⌘
AX

n=1

Tn

Tn ⌘ 1

n!

2 X

↵�...��...

T↵�...

��...
c†
↵
c†
�
. . . c�c� . . .

“Simple” symmetry-breaking reference state

Self-consistent Green’s functions (SCGF)

Dynamical correlations on top

Symmetry restoration missing
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Sophisticated reference state (linear combination of projected dHFB states)

Projected Generator Coordinate Method (PGCM)

Dynamical correlations not shown here

Symmetry restoration missing
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Superfluid self-consistent Green’s functions
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Magic numbers emerge “ab initio” Energies

○ Dynamical correlations at 2nd order

○ Symmetry breaking: particle number

➝  G.s. properties of singly open-shell
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6 Proton transfer reaction o↵ers supporting evidence for a charge density bubble in 46Ar
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Fig. 4: Neutron (⌫) and charge density (ch.) pro-
files of 48Ca (a) and 46Ar (b). The bands represent
the spread of predictions from the four di↵erent
�EFT interactions used. The ab initio results are
compatible with the measured charge distribution
of 48Ca [34] (red line). For 46Ar, a charge depletion
is predicted and reflects in an empty s1/2 orbit at
the microscopic level. The three-dimensional den-
sity profiles associate brighter colours with higher
densities.

the proton shell closure in 46Ar is even stronger
than our �EFT predictions. Note that the 1s1/2
and 0d3/2 orbits seen from 48Ca(e,e0p) reactions
almost overlap [45], showing a dramatic change of
structure with a new proton magic number arising
when one moves from Z=20 towards Z=18. The
�EFT prediction of this trend is sound and it is
found already at the level of independent particle
approximations (see Methods).

On the contrary, standard shell model calcula-
tions predict the ground-state configuration as an
open shell with a fairly even mixture of the 1s1/2
and 0d3/2 proton orbitals but overestimate the
46Ar B(E2; 0+ ! 2+). Considerations based on
inelastic proton-scattering (p,p’) experiments [19]
narrowed down this overestimation to the proton
component of the B(E2) matrix element and the
presence of too large 1s1/2 admixtures imposed
by the shell model interactions. To solve the long-
standing puzzle of the B(E2; 0+ ! 2+) value, we
performed new shell model calculations by map-
ping the NNLOsat �EFT Hamiltonian [36] into
the e↵ective mean-field orbits generated by SCGF-
ADC(3), as described in Refs. [46, 47] and in
the Methods. The obtained small B(E2) value of
35(1) e2fm4 is in much closer agreement with the
experimental data with respect to the standard
shell model predictions.

The still unknown structure of many near-
dripline isotopes is expected to change dramati-
cally due to extreme proton-neutron asymmetry
conditions. We propose that the charge bub-
ble phenomenon may be a recurrent feature in
atomic nuclei whenever a s1/2 orbital is near a
shell closure. As shown in the present 46Ar case
study, deviations of the density from the satu-
rated liquid-drop model at the core of the nucleus
can signal previously unknown nuclear structure.
Our work shows that the synergy between exper-
imental measurements and ab initio simulations,
despite its indirect nature, can unveil the missing
link between shell evolution and nuclear matter
bulk properties in exotic nuclei.

In this respect, the knowledge of charge den-
sity distribution in unstable isotopes would be
a primary tool for discovering regions of uncon-
ventional nuclear structure and where to test
and advance our knowledge of nuclear forces. So
far direct measurements of charge distribution in
exotic isotopes have been demonstrated by col-
liding electrons with radioactive ion beams in
storage rings [48, 49] but remain at an infancy
stage. In medium to heavy ions, luminosities of
1027�29 cm�2 s�1 are necessary to extract infor-
mation on charge distribution features beyond the
charge radius, a threshold that could be reached
in future fragmentation facilities [50].

The emergence of nucleon localisation proper-
ties is still to be thoroughly explored [4] and could
help to shape and improve theoretical models.
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ping the NNLOsat �EFT Hamiltonian [36] into
the e↵ective mean-field orbits generated by SCGF-
ADC(3), as described in Refs. [46, 47] and in
the Methods. The obtained small B(E2) value of
35(1) e2fm4 is in much closer agreement with the
experimental data with respect to the standard
shell model predictions.

The still unknown structure of many near-
dripline isotopes is expected to change dramati-
cally due to extreme proton-neutron asymmetry
conditions. We propose that the charge bub-
ble phenomenon may be a recurrent feature in
atomic nuclei whenever a s1/2 orbital is near a
shell closure. As shown in the present 46Ar case
study, deviations of the density from the satu-
rated liquid-drop model at the core of the nucleus
can signal previously unknown nuclear structure.
Our work shows that the synergy between exper-
imental measurements and ab initio simulations,
despite its indirect nature, can unveil the missing
link between shell evolution and nuclear matter
bulk properties in exotic nuclei.

In this respect, the knowledge of charge den-
sity distribution in unstable isotopes would be
a primary tool for discovering regions of uncon-
ventional nuclear structure and where to test
and advance our knowledge of nuclear forces. So
far direct measurements of charge distribution in
exotic isotopes have been demonstrated by col-
liding electrons with radioactive ion beams in
storage rings [48, 49] but remain at an infancy
stage. In medium to heavy ions, luminosities of
1027�29 cm�2 s�1 are necessary to extract infor-
mation on charge distribution features beyond the
charge radius, a threshold that could be reached
in future fragmentation facilities [50].

The emergence of nucleon localisation proper-
ties is still to be thoroughly explored [4] and could
help to shape and improve theoretical models.
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FIG. 5. Differential cross section (top panel) and analyzing
power (bottom panel) as a function of the center-of-mass scattering
angle θc.m. for elastic proton scattering off 48Ca at a laboratory energy
of 201 MeV. Experimental data [89] are compared with the results of
microscopic OPs obtained using NNLOsat (red curves) and N4LO
(blue curves) chiral interactions in the NN t matrix. In both cases,
the nuclear density is obtained from GkvADC(2) SCGF calculations
computed with NNLOsat with Nmax = 13 and h̄" = 14 MeV.

data are compared with the results obtained using the NNLOsat
and N4LO chiral interactions in the NN t matrix. The two
forces produce significant differences in both shape and size
of the cross section and analyzing power. Both results give a
reasonable description of the experimental cross section, al-
though the agreement is somewhat better for NNLOsat. Larger
differences are found for Ay where both interactions are able
to describe the shape and the position of the experimental
minima. However, only NNLOsat reproduces their depth. The
analogous comparison for 58Ni at 192 MeV is given in Fig. 6.
It confirms that there is a significant dependence of the OPs on
the chiral interactions used for the NN t matrix. In general, the
results obtained with NNLOsat give a better description of the
experimental data and, in particular, a remarkable description
of the experimental analyzing power. We have tested other
isotopes and energies and always found confirmation of these
findings, see Appendix.

In Figs. 5 and 6 and in the Appendix we have com-
pared the results of our OPs with experimental data above
150 MeV, where the approximations adopted in our OP
model are expected to be valid. This has been already
investigated and confirmed in previous works [43,46,49–
51,56]. Let us remark, however, that NNLOsat was con-
strained to much lower NN scattering energies. A quick
look at NN scattering amplitudes shows that predictions
from NNLOsat still compare reasonably well to the ex-
periment up to 200 MeV although this is far from being
perfect (in contrast to N4LO which fits the data by construc-
tion). For a multiple scattering-based approach such as the
present work, it is plausible that small discrepancies with

FIG. 6. Same as in Fig. 5 but for elastic proton scattering off 58Ni
at 192 MeV. Experimental data is taken from Ref. [90].

NN data due to missing higher orders in the chiral EFT
expansion average out as the IA gains validity. Even if its
predicted NNLO phase shifts remain reasonable at larger en-
ergies, the good agreement on experimental analyzing powers
could still be somewhat fortuitous. Importantly, even though
the shape of the target nucleus is under control, the depen-
dence on the interaction between the projectile and the target
nucleons can be important.

The comparison between the results of our OPs computed
with NNLOsat and the experimental differential cross sec-
tions of elastic proton scattering off 40Ca in a range of proton
energies between 65 and 182 MeV is displayed in Fig. 7. Our
OPs are able to give a reasonable description of the experi-
mental cross section at all energies considered. The agreement
gets somewhat worse for larger values of the scattering angle.
We note the remarkably good agreement between our OP and
the data at 65 MeV, an energy that can be considered at the
limit of validity of the impulse approximation adopted in our
OP model.

Overall, the agreement found between our theoretical re-
sults and the experimental data is remarkably good, and it
makes our approach to the OP comparable to the other ex-
isting approaches on the market. The striking feature of our
method is that allows us to compute the OP using NN and 3N
interactions as the only input, which is extremely important to
maintain consistency and predictive power in our calculations.

We now turn to predictions for the total cross sections at
different energies. Figure 8 shows the elastic neutron scatter-
ing cross sections off 40Ca and 48Ca for laboratory scattering
energies between 40 and 250 MeV. The results of our mi-
croscopic OPs computed with the NNLOsat interaction are
compared with the experimental cross sections. The model
adopted to derive our OPs contains several approximations
and we do not expect to obtain a perfect agreement with
the experimental cross section across the whole energy range
considered. The main aim of this investigation is to obtain
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Fig. 4: Neutron (⌫) and charge density (ch.) pro-
files of 48Ca (a) and 46Ar (b). The bands represent
the spread of predictions from the four di↵erent
�EFT interactions used. The ab initio results are
compatible with the measured charge distribution
of 48Ca [34] (red line). For 46Ar, a charge depletion
is predicted and reflects in an empty s1/2 orbit at
the microscopic level. The three-dimensional den-
sity profiles associate brighter colours with higher
densities.

the proton shell closure in 46Ar is even stronger
than our �EFT predictions. Note that the 1s1/2
and 0d3/2 orbits seen from 48Ca(e,e0p) reactions
almost overlap [45], showing a dramatic change of
structure with a new proton magic number arising
when one moves from Z=20 towards Z=18. The
�EFT prediction of this trend is sound and it is
found already at the level of independent particle
approximations (see Methods).

On the contrary, standard shell model calcula-
tions predict the ground-state configuration as an
open shell with a fairly even mixture of the 1s1/2
and 0d3/2 proton orbitals but overestimate the
46Ar B(E2; 0+ ! 2+). Considerations based on
inelastic proton-scattering (p,p’) experiments [19]
narrowed down this overestimation to the proton
component of the B(E2) matrix element and the
presence of too large 1s1/2 admixtures imposed
by the shell model interactions. To solve the long-
standing puzzle of the B(E2; 0+ ! 2+) value, we
performed new shell model calculations by map-
ping the NNLOsat �EFT Hamiltonian [36] into
the e↵ective mean-field orbits generated by SCGF-
ADC(3), as described in Refs. [46, 47] and in
the Methods. The obtained small B(E2) value of
35(1) e2fm4 is in much closer agreement with the
experimental data with respect to the standard
shell model predictions.

The still unknown structure of many near-
dripline isotopes is expected to change dramati-
cally due to extreme proton-neutron asymmetry
conditions. We propose that the charge bub-
ble phenomenon may be a recurrent feature in
atomic nuclei whenever a s1/2 orbital is near a
shell closure. As shown in the present 46Ar case
study, deviations of the density from the satu-
rated liquid-drop model at the core of the nucleus
can signal previously unknown nuclear structure.
Our work shows that the synergy between exper-
imental measurements and ab initio simulations,
despite its indirect nature, can unveil the missing
link between shell evolution and nuclear matter
bulk properties in exotic nuclei.

In this respect, the knowledge of charge den-
sity distribution in unstable isotopes would be
a primary tool for discovering regions of uncon-
ventional nuclear structure and where to test
and advance our knowledge of nuclear forces. So
far direct measurements of charge distribution in
exotic isotopes have been demonstrated by col-
liding electrons with radioactive ion beams in
storage rings [48, 49] but remain at an infancy
stage. In medium to heavy ions, luminosities of
1027�29 cm�2 s�1 are necessary to extract infor-
mation on charge distribution features beyond the
charge radius, a threshold that could be reached
in future fragmentation facilities [50].

The emergence of nucleon localisation proper-
ties is still to be thoroughly explored [4] and could
help to shape and improve theoretical models.
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Fig. 4: Neutron (⌫) and charge density (ch.) pro-
files of 48Ca (a) and 46Ar (b). The bands represent
the spread of predictions from the four di↵erent
�EFT interactions used. The ab initio results are
compatible with the measured charge distribution
of 48Ca [34] (red line). For 46Ar, a charge depletion
is predicted and reflects in an empty s1/2 orbit at
the microscopic level. The three-dimensional den-
sity profiles associate brighter colours with higher
densities.

the proton shell closure in 46Ar is even stronger
than our �EFT predictions. Note that the 1s1/2
and 0d3/2 orbits seen from 48Ca(e,e0p) reactions
almost overlap [45], showing a dramatic change of
structure with a new proton magic number arising
when one moves from Z=20 towards Z=18. The
�EFT prediction of this trend is sound and it is
found already at the level of independent particle
approximations (see Methods).

On the contrary, standard shell model calcula-
tions predict the ground-state configuration as an
open shell with a fairly even mixture of the 1s1/2
and 0d3/2 proton orbitals but overestimate the
46Ar B(E2; 0+ ! 2+). Considerations based on
inelastic proton-scattering (p,p’) experiments [19]
narrowed down this overestimation to the proton
component of the B(E2) matrix element and the
presence of too large 1s1/2 admixtures imposed
by the shell model interactions. To solve the long-
standing puzzle of the B(E2; 0+ ! 2+) value, we
performed new shell model calculations by map-
ping the NNLOsat �EFT Hamiltonian [36] into
the e↵ective mean-field orbits generated by SCGF-
ADC(3), as described in Refs. [46, 47] and in
the Methods. The obtained small B(E2) value of
35(1) e2fm4 is in much closer agreement with the
experimental data with respect to the standard
shell model predictions.

The still unknown structure of many near-
dripline isotopes is expected to change dramati-
cally due to extreme proton-neutron asymmetry
conditions. We propose that the charge bub-
ble phenomenon may be a recurrent feature in
atomic nuclei whenever a s1/2 orbital is near a
shell closure. As shown in the present 46Ar case
study, deviations of the density from the satu-
rated liquid-drop model at the core of the nucleus
can signal previously unknown nuclear structure.
Our work shows that the synergy between exper-
imental measurements and ab initio simulations,
despite its indirect nature, can unveil the missing
link between shell evolution and nuclear matter
bulk properties in exotic nuclei.

In this respect, the knowledge of charge den-
sity distribution in unstable isotopes would be
a primary tool for discovering regions of uncon-
ventional nuclear structure and where to test
and advance our knowledge of nuclear forces. So
far direct measurements of charge distribution in
exotic isotopes have been demonstrated by col-
liding electrons with radioactive ion beams in
storage rings [48, 49] but remain at an infancy
stage. In medium to heavy ions, luminosities of
1027�29 cm�2 s�1 are necessary to extract infor-
mation on charge distribution features beyond the
charge radius, a threshold that could be reached
in future fragmentation facilities [50].

The emergence of nucleon localisation proper-
ties is still to be thoroughly explored [4] and could
help to shape and improve theoretical models.
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○ Accuracy degrades away from semi-magic Ca
○ Correlation with nuclear deformation
➝ Calls for explicit inclusion of deformation
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FIG. 5. Differential cross section (top panel) and analyzing
power (bottom panel) as a function of the center-of-mass scattering
angle θc.m. for elastic proton scattering off 48Ca at a laboratory energy
of 201 MeV. Experimental data [89] are compared with the results of
microscopic OPs obtained using NNLOsat (red curves) and N4LO
(blue curves) chiral interactions in the NN t matrix. In both cases,
the nuclear density is obtained from GkvADC(2) SCGF calculations
computed with NNLOsat with Nmax = 13 and h̄" = 14 MeV.

data are compared with the results obtained using the NNLOsat
and N4LO chiral interactions in the NN t matrix. The two
forces produce significant differences in both shape and size
of the cross section and analyzing power. Both results give a
reasonable description of the experimental cross section, al-
though the agreement is somewhat better for NNLOsat. Larger
differences are found for Ay where both interactions are able
to describe the shape and the position of the experimental
minima. However, only NNLOsat reproduces their depth. The
analogous comparison for 58Ni at 192 MeV is given in Fig. 6.
It confirms that there is a significant dependence of the OPs on
the chiral interactions used for the NN t matrix. In general, the
results obtained with NNLOsat give a better description of the
experimental data and, in particular, a remarkable description
of the experimental analyzing power. We have tested other
isotopes and energies and always found confirmation of these
findings, see Appendix.

In Figs. 5 and 6 and in the Appendix we have com-
pared the results of our OPs with experimental data above
150 MeV, where the approximations adopted in our OP
model are expected to be valid. This has been already
investigated and confirmed in previous works [43,46,49–
51,56]. Let us remark, however, that NNLOsat was con-
strained to much lower NN scattering energies. A quick
look at NN scattering amplitudes shows that predictions
from NNLOsat still compare reasonably well to the ex-
periment up to 200 MeV although this is far from being
perfect (in contrast to N4LO which fits the data by construc-
tion). For a multiple scattering-based approach such as the
present work, it is plausible that small discrepancies with

FIG. 6. Same as in Fig. 5 but for elastic proton scattering off 58Ni
at 192 MeV. Experimental data is taken from Ref. [90].

NN data due to missing higher orders in the chiral EFT
expansion average out as the IA gains validity. Even if its
predicted NNLO phase shifts remain reasonable at larger en-
ergies, the good agreement on experimental analyzing powers
could still be somewhat fortuitous. Importantly, even though
the shape of the target nucleus is under control, the depen-
dence on the interaction between the projectile and the target
nucleons can be important.

The comparison between the results of our OPs computed
with NNLOsat and the experimental differential cross sec-
tions of elastic proton scattering off 40Ca in a range of proton
energies between 65 and 182 MeV is displayed in Fig. 7. Our
OPs are able to give a reasonable description of the experi-
mental cross section at all energies considered. The agreement
gets somewhat worse for larger values of the scattering angle.
We note the remarkably good agreement between our OP and
the data at 65 MeV, an energy that can be considered at the
limit of validity of the impulse approximation adopted in our
OP model.

Overall, the agreement found between our theoretical re-
sults and the experimental data is remarkably good, and it
makes our approach to the OP comparable to the other ex-
isting approaches on the market. The striking feature of our
method is that allows us to compute the OP using NN and 3N
interactions as the only input, which is extremely important to
maintain consistency and predictive power in our calculations.

We now turn to predictions for the total cross sections at
different energies. Figure 8 shows the elastic neutron scatter-
ing cross sections off 40Ca and 48Ca for laboratory scattering
energies between 40 and 250 MeV. The results of our mi-
croscopic OPs computed with the NNLOsat interaction are
compared with the experimental cross sections. The model
adopted to derive our OPs contains several approximations
and we do not expect to obtain a perfect agreement with
the experimental cross section across the whole energy range
considered. The main aim of this investigation is to obtain
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Fig. 4: Neutron (⌫) and charge density (ch.) pro-
files of 48Ca (a) and 46Ar (b). The bands represent
the spread of predictions from the four di↵erent
�EFT interactions used. The ab initio results are
compatible with the measured charge distribution
of 48Ca [34] (red line). For 46Ar, a charge depletion
is predicted and reflects in an empty s1/2 orbit at
the microscopic level. The three-dimensional den-
sity profiles associate brighter colours with higher
densities.

the proton shell closure in 46Ar is even stronger
than our �EFT predictions. Note that the 1s1/2
and 0d3/2 orbits seen from 48Ca(e,e0p) reactions
almost overlap [45], showing a dramatic change of
structure with a new proton magic number arising
when one moves from Z=20 towards Z=18. The
�EFT prediction of this trend is sound and it is
found already at the level of independent particle
approximations (see Methods).

On the contrary, standard shell model calcula-
tions predict the ground-state configuration as an
open shell with a fairly even mixture of the 1s1/2
and 0d3/2 proton orbitals but overestimate the
46Ar B(E2; 0+ ! 2+). Considerations based on
inelastic proton-scattering (p,p’) experiments [19]
narrowed down this overestimation to the proton
component of the B(E2) matrix element and the
presence of too large 1s1/2 admixtures imposed
by the shell model interactions. To solve the long-
standing puzzle of the B(E2; 0+ ! 2+) value, we
performed new shell model calculations by map-
ping the NNLOsat �EFT Hamiltonian [36] into
the e↵ective mean-field orbits generated by SCGF-
ADC(3), as described in Refs. [46, 47] and in
the Methods. The obtained small B(E2) value of
35(1) e2fm4 is in much closer agreement with the
experimental data with respect to the standard
shell model predictions.

The still unknown structure of many near-
dripline isotopes is expected to change dramati-
cally due to extreme proton-neutron asymmetry
conditions. We propose that the charge bub-
ble phenomenon may be a recurrent feature in
atomic nuclei whenever a s1/2 orbital is near a
shell closure. As shown in the present 46Ar case
study, deviations of the density from the satu-
rated liquid-drop model at the core of the nucleus
can signal previously unknown nuclear structure.
Our work shows that the synergy between exper-
imental measurements and ab initio simulations,
despite its indirect nature, can unveil the missing
link between shell evolution and nuclear matter
bulk properties in exotic nuclei.

In this respect, the knowledge of charge den-
sity distribution in unstable isotopes would be
a primary tool for discovering regions of uncon-
ventional nuclear structure and where to test
and advance our knowledge of nuclear forces. So
far direct measurements of charge distribution in
exotic isotopes have been demonstrated by col-
liding electrons with radioactive ion beams in
storage rings [48, 49] but remain at an infancy
stage. In medium to heavy ions, luminosities of
1027�29 cm�2 s�1 are necessary to extract infor-
mation on charge distribution features beyond the
charge radius, a threshold that could be reached
in future fragmentation facilities [50].

The emergence of nucleon localisation proper-
ties is still to be thoroughly explored [4] and could
help to shape and improve theoretical models.
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Fig. 4: Neutron (⌫) and charge density (ch.) pro-
files of 48Ca (a) and 46Ar (b). The bands represent
the spread of predictions from the four di↵erent
�EFT interactions used. The ab initio results are
compatible with the measured charge distribution
of 48Ca [34] (red line). For 46Ar, a charge depletion
is predicted and reflects in an empty s1/2 orbit at
the microscopic level. The three-dimensional den-
sity profiles associate brighter colours with higher
densities.

the proton shell closure in 46Ar is even stronger
than our �EFT predictions. Note that the 1s1/2
and 0d3/2 orbits seen from 48Ca(e,e0p) reactions
almost overlap [45], showing a dramatic change of
structure with a new proton magic number arising
when one moves from Z=20 towards Z=18. The
�EFT prediction of this trend is sound and it is
found already at the level of independent particle
approximations (see Methods).

On the contrary, standard shell model calcula-
tions predict the ground-state configuration as an
open shell with a fairly even mixture of the 1s1/2
and 0d3/2 proton orbitals but overestimate the
46Ar B(E2; 0+ ! 2+). Considerations based on
inelastic proton-scattering (p,p’) experiments [19]
narrowed down this overestimation to the proton
component of the B(E2) matrix element and the
presence of too large 1s1/2 admixtures imposed
by the shell model interactions. To solve the long-
standing puzzle of the B(E2; 0+ ! 2+) value, we
performed new shell model calculations by map-
ping the NNLOsat �EFT Hamiltonian [36] into
the e↵ective mean-field orbits generated by SCGF-
ADC(3), as described in Refs. [46, 47] and in
the Methods. The obtained small B(E2) value of
35(1) e2fm4 is in much closer agreement with the
experimental data with respect to the standard
shell model predictions.

The still unknown structure of many near-
dripline isotopes is expected to change dramati-
cally due to extreme proton-neutron asymmetry
conditions. We propose that the charge bub-
ble phenomenon may be a recurrent feature in
atomic nuclei whenever a s1/2 orbital is near a
shell closure. As shown in the present 46Ar case
study, deviations of the density from the satu-
rated liquid-drop model at the core of the nucleus
can signal previously unknown nuclear structure.
Our work shows that the synergy between exper-
imental measurements and ab initio simulations,
despite its indirect nature, can unveil the missing
link between shell evolution and nuclear matter
bulk properties in exotic nuclei.

In this respect, the knowledge of charge den-
sity distribution in unstable isotopes would be
a primary tool for discovering regions of uncon-
ventional nuclear structure and where to test
and advance our knowledge of nuclear forces. So
far direct measurements of charge distribution in
exotic isotopes have been demonstrated by col-
liding electrons with radioactive ion beams in
storage rings [48, 49] but remain at an infancy
stage. In medium to heavy ions, luminosities of
1027�29 cm�2 s�1 are necessary to extract infor-
mation on charge distribution features beyond the
charge radius, a threshold that could be reached
in future fragmentation facilities [50].

The emergence of nucleon localisation proper-
ties is still to be thoroughly explored [4] and could
help to shape and improve theoretical models.
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Deformed self-consistent Green’s functions

○  Trend consistent with CC results

○  Successful benchmark in odd-even isotopes

○  Preliminary test in odd-Z chain promising

➝ First odd-odd calculations with expansion methods

Preliminary

Preliminary

[Scalesi et al. in preparation]

○ Dynamical correlations at 2nd order

○ Symmetry breaking: rotational invariance
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Projected generator coordinate method

9

Fig. 4: (Color online) Collective PGCM wave-functions in the axial (�2,�3) plane of low-lying positive- and
negative-parity states. Calculations employ the N3LO �EFT Hamiltonian with �srg = 1.88 fm�1.

Fig. 5: (Color online) Low-lying positive- and negative-parity bands in 20Ne. The intra-band E2 transition strengths
(in e2fm4) are indicated along vertical arrows whereas a selection of E3 transition strengths (in e3fm6) are indicated
along oblique lines. Panel (a): PGCM results obtained by restricting the mixing to the quadrupole axial degree of
freedom. Panel (b): PHFB results based on the HFB configuration corresponding to the minimum of the 0+ TES
located at (�2 = 0.75, �3 = 0.53) (see Fig. 3). Panel (c): PGCM results obtained using the set of points in the axial
(�2,�3) plane displayed in Fig. 2. Panel (d): IM-NCSM results. Panel (e): experimental data. PGCM results in
panel (c) display model-space (black box) plus �EFT (pink band) uncertainties. IM-NCSM results in panel (d)
display total many-body (black box) plus �EFT (pink band) uncertainties. The N3LO �EFT Hamiltonian with
�srg = 1.88 fm�1 is employed in PGCM and IM-NCSM calculations.

3.2.3 Density distributions

Point matter densities of 20Ne associated with three
di↵erent HFB configurations are displayed in the x-y

6While IM-NCSM energies and radii are very robust, it is
less clear for B(E2) values at this point in time such that the
reference should be taken with a grain of salt.
7Excitation energies of the positive parity band were however
slightly worse than in the present calculation.

PGCM IM-NCSM Experiment

○ Good agreement with experiment and (quasi-)exact IM-NCSM
➝  Essential static correlations captured by PGCM

[Frosini et al., 2022]

20Ne

○ No dynamical correlations

○ Symmetry breaking & restoration
➝  particle number
➝  rotational invariance (axial)
➝  parity

➝ Excitation spectra & collective properties
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freedom. Panel (b): PHFB results based on the HFB configuration corresponding to the minimum of the 0+ TES
located at (�2 = 0.75, �3 = 0.53) (see Fig. 3). Panel (c): PGCM results obtained using the set of points in the axial
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3.2.3 Density distributions

Point matter densities of 20Ne associated with three
di↵erent HFB configurations are displayed in the x-y

6While IM-NCSM energies and radii are very robust, it is
less clear for B(E2) values at this point in time such that the
reference should be taken with a grain of salt.
7Excitation energies of the positive parity band were however
slightly worse than in the present calculation.

PGCM IM-NCSM Experiment

○ Good agreement with experiment and (quasi-)exact IM-NCSM
➝  Essential static correlations captured by PGCM

[Frosini et al., 2022]

[Porro et al., 2024]

○ Oblate ground state & low-lying prolate isomer
➝  Shape coexistence (but weak mixing)

20Ne

○ No dynamical correlations

○ Symmetry breaking & restoration
➝  particle number
➝  rotational invariance (axial)
➝  parity

➝ Excitation spectra & collective properties
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Nuclear structure & relativistic ion collisions

➝ Test of the hydrodynamic QGP paradigm for small systems

➝ New observables to test nuclear structure models
3

medium-mass nuclei [50–55] and first applications to
208Pb were even recently reported [55, 56]. In this work,
we employ results for the structure of 16O and 20Ne de-
rived within the the framework of Nuclear Lattice E↵ec-
tive Field Theory (NLEFT) simulations and the ab initio
Projected Generator Coordinate Method (PGCM).

The NLEFT framework [57–59] combines the princi-
ples of e↵ective field theory with lattice Monte Carlo
methods, and is well suited to probe clustering and other
collective phenomena in the ground states of nuclei [60].
NLEFT simulations implement a Euclidean time evolu-
tion coupled with auxiliary-field Monte Carlo simulations
to produce ground-state configurations of nucleons for
each realization of the nuclear wave function. The pin-
hole algorithm [60] enables one to keep track of the posi-
tions of the nucleons during the Euclidean time evolution
while preserving the information about their center-of-
mass. The produced nuclear configurations carry, thus,
many-body correlations to all orders as dictated by the
ground state of the Hamiltonian. We employ a mini-
mal pion-less EFT Hamiltonian with a periodic lattice of
eight sites with spacing a = 1.315 fm [61], which success-
fully reproduces measured binding energies and charge
radii for the isotopes under study. For 16O, the pinhole
configurations are taken from Ref. [62], while a new set
is calculated for 20Ne. Due to the larger mass number,
these configurations contain a larger fraction of nuclei
with a non-unique center-of-mass due to the periodic-
ity, as well as a higher number of negative-weight states
[58, 60] than the 16O ones. These issues are addressed in
the evaluation of our uncertainties for the subsequent hy-
drodynamic study (see the Supplemental Material (SM)).
Lastly, we distribute nucleons at each lattice site uni-
formly between �a/2 and a/2 while maintaining a mini-
mum inter-nucleon distance, dmin, to mimic the e↵ect of
short-range repulsion.

The ab initio PGCM formalism [63–68] is also adapted
to describe collective correlations, e.g. quadrupolar and
octupolar deformations that appear in doubly-open-shell
systems such as 20Ne. In particular, it was shown in
Ref. [67] that this method captures experimental data
on the ground-state rotational band and the charge den-
sity of this nucleus, employing a recent N3LO chiral EFT
Hamiltonian [69] which we also use here. We first perform
PGCM calculations exploring simultaneously the triax-
ial quadrupole (�v

20
,�

v
22
) and octupole (�v

30
,�

v
32
) degrees

of freedom to determine average intrinsic deformations
for the correlated ground states of 16O and 20Ne. The
resulting shape parameters align with the results of em-
pirical frameworks such as the energy density functional
approach [70–72] or the antisymmetrized molecular dy-
namics approach [73]. Then, we compute an intrinsic
Hartree-Fock-Bogoliubov state constrained at those av-
erage deformations, and we evaluate the particle-number
projected one-body density of the resulting system. To
quantify the systematic uncertainty on the procedure, the

Figure 1. Point-nucleon densities of 16O and 20Ne obtained
from particle-number-projected Hartree-Fock-Bogoliubov
states with deformations constrained to the predictions of
the ab initio PGCM framework. The background plots show
slices of the densities through the origin. The black dots and
lines show the centers and boundaries of the regions used in
the clustered sampling method (see text and SM for details).

average deformations of the ground states are computed
from pure mean-field states as well as from particle-
number-projected states (more details in the SM). The
results in the latter case are shown in Fig. 1. We note de-
formed geometries with well-separated clusters. In 16O
they form an irregular tetrahedron with two short and
two long edges of 2.30 and 2.55 fm respectively (see [74]
for recent work employing a regular tetrahedron). For
20Ne we observe a characteristic bowling-pin-like 16O+↵.

For the hydrodynamic simulations, the densities in
Fig. 1 are randomly oriented and used to sample either
16 or 20 coordinates of nucleons for each realization of
the nucleus. Unlike the NLEFT simulations, PGCM does
not provide us with correlated samplings of nucleon po-
sitions. Sampling nucleons capturing the ground-state
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average deformations of the ground states are computed
from pure mean-field states as well as from particle-
number-projected states (more details in the SM). The
results in the latter case are shown in Fig. 1. We note de-
formed geometries with well-separated clusters. In 16O
they form an irregular tetrahedron with two short and
two long edges of 2.30 and 2.55 fm respectively (see [74]
for recent work employing a regular tetrahedron). For
20Ne we observe a characteristic bowling-pin-like 16O+↵.

For the hydrodynamic simulations, the densities in
Fig. 1 are randomly oriented and used to sample either
16 or 20 coordinates of nucleons for each realization of
the nucleus. Unlike the NLEFT simulations, PGCM does
not provide us with correlated samplings of nucleon po-
sitions. Sampling nucleons capturing the ground-state

[Calculations by B. Bally]

20Ne16O

○ Nuclear densities (PGCM & NLEFT) ➝ Hydro simulation ➝ Hadronization
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Nuclear structure & relativistic ion collisions

nonlinear coupling. This extra layer of complexity leads to
an even more stringent test of the hydrodynamic model. It
should be investigated in experiments, and tested as well
within a framework that is not hydrodynamic, such as
transport [59].
Before concluding, we analyze a standard probe of

hydrodynamic behavior in high-energy collisions, the
fourth-order cumulant of the elliptic flow distribution,

c2f4g ¼ hv42i − 2hv22i2; ð5Þ

where averages are again over events at a given centrality.
As we explain in the SM, this quantity measures the
kurtosis of the elliptic flow vector distribution at a given
centrality [60,61], and can have either negative or positive
sign. The centrality dependence of c2f4g is shown in
Fig. 4(a). Surprisingly, in central collisions we predict

c2f4gPbNe < 0 < c2f4gPbO: ð6Þ

To get some understanding, we calculate in Fig. 4(b) the
same quantity with v2 in Eq. (5) replaced by the initial-state
ellipticity, ε2. The sign of the resulting cumulant is
negative, and its magnitude is much larger in Pbþ Ne
collisions than in Pbþ O collisions, in agreement with
previous studies with deformed nuclei [62,63]. The hydro-
dynamic expansion adds a positive correction to the value
of c2f4g in a given centrality, changing even the sign of the
cumulant in Pbþ O collisions, or when a spherical neon is
used. Similar results are found for p-p collisions [64,65].

However, the effect of the 20Ne shape is opposite: the
impact of the deformation reduces the kurtosis, causing
c2f4g in Pbþ Ne collisions to preserve its negative sign
after the hydrodynamic evolution. This interplay between
the deformation effect and hydrodynamic response pro-
vides a nontrivial probe of the dynamics of the collisions,
and so we urge the experiments to verify this result.
Note that the parameters of the hydrodynamic model

used here do not yet result from a Bayesian analysis of the
RHIC Beam Energy Scan data. Though unlikely, we cannot
exclude a priori that there may exist a plausible set of
parameters (likely, initial-state parameters) for which cε2f4g
has a different sign. In addition, the choice of the variable
used to the define the collision centrality affects the sign of
the cumulant [66,67]. Systematic analyses to address these
points are costly for 3þ 1D simulations, and outside the
scope of present manuscript, but should be carried out for
future comparisons with the experimental results.
In summary, we have unveiled the great opportunities

offered by studies of the anisotropic flow in fixed-target
collisions at the LHCb detector. Our predictions may be
amenable to experimental verification already with the next
LHC ion run. The availability of the bowling-pin nucleus
20Ne in SMOG2 enables one to isolate strong effects of the
hydrodynamic response. If the dramatic enhancements of
v2 and v4 relative to the Pbþ O baseline will be confirmed
by the LHCb Collaboration, they will hint at the validity of
a QGP description. This will pave the way to quantitative
characterizations of the matter formed in these experiments
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calculated within the LHCb acceptance, as a function of the collision centrality. Upper panels show predictions for the rms elliptic flow,
v2f2g (a), triangular flow, v3f2g (c), and quadrangular flow, v4f2g (e). Lower panels show the corresponding ratios taken between
Pbþ Ne and Pbþ O collisions. Different line colors correspond to different nuclear structure inputs. Errors are statistical only and of the
same size as the shown lines when not visible.

PHYSICAL REVIEW LETTERS 134, 082301 (2025)

082301-5

4

v
2
{2
,|
Δ
η
|>
1
}

N
e
N
e
/O
O

0.2 GeV ≤ pT ≤ 3 GeV, 0.5 ≤ |η| ≤ 0.8

0.06

0.07

0.08

Trajectum

0.06

0.07

0.08

0 10 20 30 40 50
1.00
1.05
1.10
1.15
1.20

centrality [%]

Figure 2. The deformed shape of 20Ne impacts the hydrodynamic flow of its collisions as compared to 16O16O collisions.
Here we show results for charged particle multiplicity dNch/d⌘ (top left), mean transverse momentum hpT i (top middle),
relative fluctuations of transverse momentum �pT /hpT i (top right), elliptic flow v2{2, |�⌘| > 1} (bottom left), triangular flow
v3{2, |�⌘| > 1} (bottom middle) and the Pearson correlation coe�cient ⇢(v2{2}2, hpT i) (bottom right). In each panel, we
show the 16O16O and 20Ne20Ne results, as well as their ratio, using both PGCM and NLEFT as nuclear structure inputs. For
⇢(v2{2}2, hpT i) a di↵erence is taken instead of a ratio in the lower panel. We show statistical uncertainties (error bars), the
total systematic uncertainty (solid bands) as well as its components being Trajectum (hatched) and nuclear structure (dotted).

16 or 20 coordinates of nucleons for each realization of
the nucleus. Unlike the NLEFT simulations, PGCM does
not provide us with correlated samplings of nucleon po-
sitions. Sampling nucleons capturing the ground-state
correlations of the N3LO Hamiltonian is therefore am-
biguous. We use two methods as a quantification of this
systematic uncertainty. One samples nucleons indepen-
dently (as in [76, 77]), whereas the second divides up
space into four or five regions (see Fig. 1) and samples
exactly two protons and two neutrons from each (see also
SM). Lastly, configurations are rejected if nucleons are
closer than dmin.

Hydrodynamic simulations. We perform event-by-
event hydrodynamic simulations of 20Ne20Ne and 16O16O
collisions by means of the Trajectum framework [44, 78–
80]. The calculations start with configurations of nucle-
ons in the colliding nuclei, taken from either the PGCM
or the NLEFT results.1 Each collision is then assigned to
an impact parameter, participant nucleons are selected,
and energy density is deposited in the transverse plane.
Following a brief pre-equilibrium phase, the system is

1
For all profiles we provide 20k configurations as part of the sub-

mission.

evolved as a relativistic viscous fluid. Hydrodynamic
cooling lasts until the local temperature reaches a critical
value (T ⇠ 154MeV), below which hadronization occurs.
Subsequent strong decays and rescattering of hadrons
are computed by the SMASH code [81–83], leading to
the particle distributions in the final state. These are
analyzed to construct multi-particle correlations follow-
ing the experimental protocols. We define the collision
centrality from the multiplicity of charged particles with
pT � 0.4GeV and |⌘|  2.4, with 0% centrality corre-
sponding to the limit of small impact parameters.
The parameters of the model are chosen probabilisti-

cally by sampling from the posterior distribution inferred
in a Bayesian analysis of 208Pb208Pb collisions, within
the same model [84]. We use twenty di↵erent samples
from the parameter space to quantify the uncertainty on
the results coming from wide parameter variations. This
represents the largest part of the Trajectum systematic
uncertainty, which in addition also takes into account ef-
fects of finite grid spacing (as discussed in the SM).
Our results for pT -integrated observables that char-

acterize the collective flow of hadrons are displayed in
Fig. 2. Our first remark concerns the cancellation of un-
certainties we observe when a relative variation of observ-
ables, e.g. a ratio, is taken between 16O16O and 20Ne20Ne
collisions. The dominant uncertainty on the absolute
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event hydrodynamic simulations of 20Ne20Ne and 16O16O
collisions by means of the Trajectum framework [44, 78–
80]. The calculations start with configurations of nucle-
ons in the colliding nuclei, taken from either the PGCM
or the NLEFT results.1 Each collision is then assigned to
an impact parameter, participant nucleons are selected,
and energy density is deposited in the transverse plane.
Following a brief pre-equilibrium phase, the system is

1
For all profiles we provide 20k configurations as part of the sub-

mission.

evolved as a relativistic viscous fluid. Hydrodynamic
cooling lasts until the local temperature reaches a critical
value (T ⇠ 154MeV), below which hadronization occurs.
Subsequent strong decays and rescattering of hadrons
are computed by the SMASH code [81–83], leading to
the particle distributions in the final state. These are
analyzed to construct multi-particle correlations follow-
ing the experimental protocols. We define the collision
centrality from the multiplicity of charged particles with
pT � 0.4GeV and |⌘|  2.4, with 0% centrality corre-
sponding to the limit of small impact parameters.
The parameters of the model are chosen probabilisti-

cally by sampling from the posterior distribution inferred
in a Bayesian analysis of 208Pb208Pb collisions, within
the same model [84]. We use twenty di↵erent samples
from the parameter space to quantify the uncertainty on
the results coming from wide parameter variations. This
represents the largest part of the Trajectum systematic
uncertainty, which in addition also takes into account ef-
fects of finite grid spacing (as discussed in the SM).
Our results for pT -integrated observables that char-

acterize the collective flow of hadrons are displayed in
Fig. 2. Our first remark concerns the cancellation of un-
certainties we observe when a relative variation of observ-
ables, e.g. a ratio, is taken between 16O16O and 20Ne20Ne
collisions. The dominant uncertainty on the absolute
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medium-mass nuclei [50–55] and first applications to
208Pb were even recently reported [55, 56]. In this work,
we employ results for the structure of 16O and 20Ne de-
rived within the the framework of Nuclear Lattice E↵ec-
tive Field Theory (NLEFT) simulations and the ab initio
Projected Generator Coordinate Method (PGCM).

The NLEFT framework [57–59] combines the princi-
ples of e↵ective field theory with lattice Monte Carlo
methods, and is well suited to probe clustering and other
collective phenomena in the ground states of nuclei [60].
NLEFT simulations implement a Euclidean time evolu-
tion coupled with auxiliary-field Monte Carlo simulations
to produce ground-state configurations of nucleons for
each realization of the nuclear wave function. The pin-
hole algorithm [60] enables one to keep track of the posi-
tions of the nucleons during the Euclidean time evolution
while preserving the information about their center-of-
mass. The produced nuclear configurations carry, thus,
many-body correlations to all orders as dictated by the
ground state of the Hamiltonian. We employ a mini-
mal pion-less EFT Hamiltonian with a periodic lattice of
eight sites with spacing a = 1.315 fm [61], which success-
fully reproduces measured binding energies and charge
radii for the isotopes under study. For 16O, the pinhole
configurations are taken from Ref. [62], while a new set
is calculated for 20Ne. Due to the larger mass number,
these configurations contain a larger fraction of nuclei
with a non-unique center-of-mass due to the periodic-
ity, as well as a higher number of negative-weight states
[58, 60] than the 16O ones. These issues are addressed in
the evaluation of our uncertainties for the subsequent hy-
drodynamic study (see the Supplemental Material (SM)).
Lastly, we distribute nucleons at each lattice site uni-
formly between �a/2 and a/2 while maintaining a mini-
mum inter-nucleon distance, dmin, to mimic the e↵ect of
short-range repulsion.

The ab initio PGCM formalism [63–68] is also adapted
to describe collective correlations, e.g. quadrupolar and
octupolar deformations that appear in doubly-open-shell
systems such as 20Ne. In particular, it was shown in
Ref. [67] that this method captures experimental data
on the ground-state rotational band and the charge den-
sity of this nucleus, employing a recent N3LO chiral EFT
Hamiltonian [69] which we also use here. We first perform
PGCM calculations exploring simultaneously the triax-
ial quadrupole (�v

20
,�

v
22
) and octupole (�v

30
,�

v
32
) degrees

of freedom to determine average intrinsic deformations
for the correlated ground states of 16O and 20Ne. The
resulting shape parameters align with the results of em-
pirical frameworks such as the energy density functional
approach [70–72] or the antisymmetrized molecular dy-
namics approach [73]. Then, we compute an intrinsic
Hartree-Fock-Bogoliubov state constrained at those av-
erage deformations, and we evaluate the particle-number
projected one-body density of the resulting system. To
quantify the systematic uncertainty on the procedure, the

Figure 1. Point-nucleon densities of 16O and 20Ne obtained
from particle-number-projected Hartree-Fock-Bogoliubov
states with deformations constrained to the predictions of
the ab initio PGCM framework. The background plots show
slices of the densities through the origin. The black dots and
lines show the centers and boundaries of the regions used in
the clustered sampling method (see text and SM for details).

average deformations of the ground states are computed
from pure mean-field states as well as from particle-
number-projected states (more details in the SM). The
results in the latter case are shown in Fig. 1. We note de-
formed geometries with well-separated clusters. In 16O
they form an irregular tetrahedron with two short and
two long edges of 2.30 and 2.55 fm respectively (see [74]
for recent work employing a regular tetrahedron). For
20Ne we observe a characteristic bowling-pin-like 16O+↵.

For the hydrodynamic simulations, the densities in
Fig. 1 are randomly oriented and used to sample either
16 or 20 coordinates of nucleons for each realization of
the nucleus. Unlike the NLEFT simulations, PGCM does
not provide us with correlated samplings of nucleon po-
sitions. Sampling nucleons capturing the ground-state
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average deformations of the ground states are computed
from pure mean-field states as well as from particle-
number-projected states (more details in the SM). The
results in the latter case are shown in Fig. 1. We note de-
formed geometries with well-separated clusters. In 16O
they form an irregular tetrahedron with two short and
two long edges of 2.30 and 2.55 fm respectively (see [74]
for recent work employing a regular tetrahedron). For
20Ne we observe a characteristic bowling-pin-like 16O+↵.

For the hydrodynamic simulations, the densities in
Fig. 1 are randomly oriented and used to sample either
16 or 20 coordinates of nucleons for each realization of
the nucleus. Unlike the NLEFT simulations, PGCM does
not provide us with correlated samplings of nucleon po-
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nonlinear coupling. This extra layer of complexity leads to
an even more stringent test of the hydrodynamic model. It
should be investigated in experiments, and tested as well
within a framework that is not hydrodynamic, such as
transport [59].
Before concluding, we analyze a standard probe of

hydrodynamic behavior in high-energy collisions, the
fourth-order cumulant of the elliptic flow distribution,

c2f4g ¼ hv42i − 2hv22i2; ð5Þ

where averages are again over events at a given centrality.
As we explain in the SM, this quantity measures the
kurtosis of the elliptic flow vector distribution at a given
centrality [60,61], and can have either negative or positive
sign. The centrality dependence of c2f4g is shown in
Fig. 4(a). Surprisingly, in central collisions we predict

c2f4gPbNe < 0 < c2f4gPbO: ð6Þ

To get some understanding, we calculate in Fig. 4(b) the
same quantity with v2 in Eq. (5) replaced by the initial-state
ellipticity, ε2. The sign of the resulting cumulant is
negative, and its magnitude is much larger in Pbþ Ne
collisions than in Pbþ O collisions, in agreement with
previous studies with deformed nuclei [62,63]. The hydro-
dynamic expansion adds a positive correction to the value
of c2f4g in a given centrality, changing even the sign of the
cumulant in Pbþ O collisions, or when a spherical neon is
used. Similar results are found for p-p collisions [64,65].

However, the effect of the 20Ne shape is opposite: the
impact of the deformation reduces the kurtosis, causing
c2f4g in Pbþ Ne collisions to preserve its negative sign
after the hydrodynamic evolution. This interplay between
the deformation effect and hydrodynamic response pro-
vides a nontrivial probe of the dynamics of the collisions,
and so we urge the experiments to verify this result.
Note that the parameters of the hydrodynamic model

used here do not yet result from a Bayesian analysis of the
RHIC Beam Energy Scan data. Though unlikely, we cannot
exclude a priori that there may exist a plausible set of
parameters (likely, initial-state parameters) for which cε2f4g
has a different sign. In addition, the choice of the variable
used to the define the collision centrality affects the sign of
the cumulant [66,67]. Systematic analyses to address these
points are costly for 3þ 1D simulations, and outside the
scope of present manuscript, but should be carried out for
future comparisons with the experimental results.
In summary, we have unveiled the great opportunities

offered by studies of the anisotropic flow in fixed-target
collisions at the LHCb detector. Our predictions may be
amenable to experimental verification already with the next
LHC ion run. The availability of the bowling-pin nucleus
20Ne in SMOG2 enables one to isolate strong effects of the
hydrodynamic response. If the dramatic enhancements of
v2 and v4 relative to the Pbþ O baseline will be confirmed
by the LHCb Collaboration, they will hint at the validity of
a QGP description. This will pave the way to quantitative
characterizations of the matter formed in these experiments
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FIG. 3. Anisotropic flow coefficients in Pbþ Ne collisions (solid lines) and Pbþ O collisions (dashed lines) at
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p ¼ 68.5 GeV,
calculated within the LHCb acceptance, as a function of the collision centrality. Upper panels show predictions for the rms elliptic flow,
v2f2g (a), triangular flow, v3f2g (c), and quadrangular flow, v4f2g (e). Lower panels show the corresponding ratios taken between
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Figure 2. The deformed shape of 20Ne impacts the hydrodynamic flow of its collisions as compared to 16O16O collisions.
Here we show results for charged particle multiplicity dNch/d⌘ (top left), mean transverse momentum hpT i (top middle),
relative fluctuations of transverse momentum �pT /hpT i (top right), elliptic flow v2{2, |�⌘| > 1} (bottom left), triangular flow
v3{2, |�⌘| > 1} (bottom middle) and the Pearson correlation coe�cient ⇢(v2{2}2, hpT i) (bottom right). In each panel, we
show the 16O16O and 20Ne20Ne results, as well as their ratio, using both PGCM and NLEFT as nuclear structure inputs. For
⇢(v2{2}2, hpT i) a di↵erence is taken instead of a ratio in the lower panel. We show statistical uncertainties (error bars), the
total systematic uncertainty (solid bands) as well as its components being Trajectum (hatched) and nuclear structure (dotted).

16 or 20 coordinates of nucleons for each realization of
the nucleus. Unlike the NLEFT simulations, PGCM does
not provide us with correlated samplings of nucleon po-
sitions. Sampling nucleons capturing the ground-state
correlations of the N3LO Hamiltonian is therefore am-
biguous. We use two methods as a quantification of this
systematic uncertainty. One samples nucleons indepen-
dently (as in [76, 77]), whereas the second divides up
space into four or five regions (see Fig. 1) and samples
exactly two protons and two neutrons from each (see also
SM). Lastly, configurations are rejected if nucleons are
closer than dmin.

Hydrodynamic simulations. We perform event-by-
event hydrodynamic simulations of 20Ne20Ne and 16O16O
collisions by means of the Trajectum framework [44, 78–
80]. The calculations start with configurations of nucle-
ons in the colliding nuclei, taken from either the PGCM
or the NLEFT results.1 Each collision is then assigned to
an impact parameter, participant nucleons are selected,
and energy density is deposited in the transverse plane.
Following a brief pre-equilibrium phase, the system is

1
For all profiles we provide 20k configurations as part of the sub-

mission.

evolved as a relativistic viscous fluid. Hydrodynamic
cooling lasts until the local temperature reaches a critical
value (T ⇠ 154MeV), below which hadronization occurs.
Subsequent strong decays and rescattering of hadrons
are computed by the SMASH code [81–83], leading to
the particle distributions in the final state. These are
analyzed to construct multi-particle correlations follow-
ing the experimental protocols. We define the collision
centrality from the multiplicity of charged particles with
pT � 0.4GeV and |⌘|  2.4, with 0% centrality corre-
sponding to the limit of small impact parameters.
The parameters of the model are chosen probabilisti-

cally by sampling from the posterior distribution inferred
in a Bayesian analysis of 208Pb208Pb collisions, within
the same model [84]. We use twenty di↵erent samples
from the parameter space to quantify the uncertainty on
the results coming from wide parameter variations. This
represents the largest part of the Trajectum systematic
uncertainty, which in addition also takes into account ef-
fects of finite grid spacing (as discussed in the SM).
Our results for pT -integrated observables that char-

acterize the collective flow of hadrons are displayed in
Fig. 2. Our first remark concerns the cancellation of un-
certainties we observe when a relative variation of observ-
ables, e.g. a ratio, is taken between 16O16O and 20Ne20Ne
collisions. The dominant uncertainty on the absolute
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⇢(v2{2}2, hpT i) a di↵erence is taken instead of a ratio in the lower panel. We show statistical uncertainties (error bars), the
total systematic uncertainty (solid bands) as well as its components being Trajectum (hatched) and nuclear structure (dotted).
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cooling lasts until the local temperature reaches a critical
value (T ⇠ 154MeV), below which hadronization occurs.
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are computed by the SMASH code [81–83], leading to
the particle distributions in the final state. These are
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dently (as in [76, 77]), whereas the second divides up
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exactly two protons and two neutrons from each (see also
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208Pb were even recently reported [55, 56]. In this work,
we employ results for the structure of 16O and 20Ne de-
rived within the the framework of Nuclear Lattice E↵ec-
tive Field Theory (NLEFT) simulations and the ab initio
Projected Generator Coordinate Method (PGCM).

The NLEFT framework [57–59] combines the princi-
ples of e↵ective field theory with lattice Monte Carlo
methods, and is well suited to probe clustering and other
collective phenomena in the ground states of nuclei [60].
NLEFT simulations implement a Euclidean time evolu-
tion coupled with auxiliary-field Monte Carlo simulations
to produce ground-state configurations of nucleons for
each realization of the nuclear wave function. The pin-
hole algorithm [60] enables one to keep track of the posi-
tions of the nucleons during the Euclidean time evolution
while preserving the information about their center-of-
mass. The produced nuclear configurations carry, thus,
many-body correlations to all orders as dictated by the
ground state of the Hamiltonian. We employ a mini-
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these configurations contain a larger fraction of nuclei
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to describe collective correlations, e.g. quadrupolar and
octupolar deformations that appear in doubly-open-shell
systems such as 20Ne. In particular, it was shown in
Ref. [67] that this method captures experimental data
on the ground-state rotational band and the charge den-
sity of this nucleus, employing a recent N3LO chiral EFT
Hamiltonian [69] which we also use here. We first perform
PGCM calculations exploring simultaneously the triax-
ial quadrupole (�v

20
,�

v
22
) and octupole (�v

30
,�

v
32
) degrees

of freedom to determine average intrinsic deformations
for the correlated ground states of 16O and 20Ne. The
resulting shape parameters align with the results of em-
pirical frameworks such as the energy density functional
approach [70–72] or the antisymmetrized molecular dy-
namics approach [73]. Then, we compute an intrinsic
Hartree-Fock-Bogoliubov state constrained at those av-
erage deformations, and we evaluate the particle-number
projected one-body density of the resulting system. To
quantify the systematic uncertainty on the procedure, the

Figure 1. Point-nucleon densities of 16O and 20Ne obtained
from particle-number-projected Hartree-Fock-Bogoliubov
states with deformations constrained to the predictions of
the ab initio PGCM framework. The background plots show
slices of the densities through the origin. The black dots and
lines show the centers and boundaries of the regions used in
the clustered sampling method (see text and SM for details).

average deformations of the ground states are computed
from pure mean-field states as well as from particle-
number-projected states (more details in the SM). The
results in the latter case are shown in Fig. 1. We note de-
formed geometries with well-separated clusters. In 16O
they form an irregular tetrahedron with two short and
two long edges of 2.30 and 2.55 fm respectively (see [74]
for recent work employing a regular tetrahedron). For
20Ne we observe a characteristic bowling-pin-like 16O+↵.

For the hydrodynamic simulations, the densities in
Fig. 1 are randomly oriented and used to sample either
16 or 20 coordinates of nucleons for each realization of
the nucleus. Unlike the NLEFT simulations, PGCM does
not provide us with correlated samplings of nucleon po-
sitions. Sampling nucleons capturing the ground-state
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[Calculations by B. Bally]

20Ne16O



Disposition : Titre et contenu

Actus CEA

q Un nouveau Haut Commissaire (placé auprès du 1er ministre) depuis Sept. 2023 
Vincent Berger

q Une nouvelle directrice de la recherche fondamentale depuis Nov. 2023  
Anne-Isabelle Etienvre

q Deux agences de programmes seront coordonnées par le CEA :
     Energies décarbonées et Composants système et infrastructures du numérique

q Recherche à risque : enveloppe de crédits additionnels pour la recherche 
amont/exploratoire sans garanti de succès. Annonces à venir en février 2024.

q Conseil Scientifique du CEA en 2024 : diffusion neutronique avec focalisation 
sur le projet ICONE

4

Perspectives

48 52 56 60 64 68 72 76 80 84 88 92 96 100
�700

�600

�500

�400

�300

�200

E
0

[M
eV

]

EM 1.8/2.0

emax = 12

E3max = 24

ANi

48 52 56 60 64 68 72 76 80 84 88 92 96 100

0

10

20

30

40

S
2n

[M
eV

]

HFB

BMBPT(2)

BCCSD

Exp.

HFB

BMBPT(2)

BCCSD

Exp.

48 52 56 60 64 68 72 76 80 84 88 92 96 100

A

�2

0

2

4

6

8

10

12

14

16

�
2n

[M
eV

]

Figure 3: Similar to Fig. 2 for nickel isotopes.

significantly too low from 134Sn till 138Sn2. The difference
to the data relates to an overestimation of the N = 82
magic shell gap and is inconsistent with our many-body
error estimate. Consequently, it is probably attributable
to the Hamiltonian uncertainty.

The flat evolution of BCCSD S2n beyond 140Sn leads,
within estimated many-body uncertainties, to a large un-
certainty on the location of the predicted neutron drip-
line: A 2 [140 � 162]. In spite of its large span, the pre-
dicted interval is inconsistent with the energy density func-
tional (EDF) prediction, A 2 [172 � 176], from Ref. [74]
(partially) accounting for systematic and statistical uncer-
tainties of the EDF method. The location of the BCCSD
prediction at significantly smaller neutron numbers clearly
originates from the too large drop at N = 82. Conse-
quently, the predicted interval should be enlarged to be-
come consistent with the EDF prediction once the Hamil-
tonian uncertainty is included. Eventually, the uncertainty
should be drastically reduced by including triple excita-
tions and going to larger emax on the one hand and by

2At the mean-field level the ⌫2f7/2 is filled right beyond N = 82.
However, the addition of two neutrons to 132Sn inverts the relative
position of the ⌫2f7/2 and ⌫1h9/2 shells such that the former becomes
the lowest one being filled from 134Sn till 140Sn.

100 110 120 130 140 150 160 170 180

A

�1200

�1000

�800

�600

�400

E
0

[M
eV

]

EM 1.8/2.0

ASn

emax = 12

E3max = 24

HFB

BMBPT(2)

BCCSD

Exp.

HFB

BMBPT(2)

BCCSD

Exp.

Figure 4: Ground-state energy for 100�180Sn. Results from HFB,
BMBPT(2) and BCCSD are compared to experimental data. Model-
space parameters are identical to the ones employed in Figs. 2 and
3.
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using three different values for the harmonic oscillator frequency
around the empirical minimum of ~⌦ = 12MeV are compared to
experimental data. The gray box locates the drip-line prediction
from energy density functional calculations (including statistical un-
certainty from model parameters) of Ref. [75].

reducing the (presently omitted) Hamiltonian uncertainty
on the other hand.

6. Particle-number breaking and restoration

While the HFB reference state breaks particle-number
conservation in open-shell systems, Fig. 6 displaying
HFB, BMBPT(2) and BCCSD neutron-number variances
�N

2
⌘ h(N � hNi)2i demonstrates that the “EM1.8/2.0”

Hamiltonian induces only weak pairing correlations at
the mean-field level. Indeed the HFB variance is very
close to the minimal boundary corresponding to the zero-
pairing limit [76] along Ca, Ni and Sn isotopic chains ex-
cept, typically, for the most neutron-rich open-shell iso-
topes. Because | i is an eigenstate of N , one expects
that the symmetry violation is reduced by improving on

5

○ Current bottleneck: treatment of three-nucleon forces

○ How to extend such calculations to heavy systems?

Computational obstacles

[Tichai et al., 2024]

➝ Incorporated via rank-reduction techniques

➝ Use of spherical density inadequate for large deformation

W3N  ➝  W2N = ∫ W3N𝜌
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significantly too low from 134Sn till 138Sn2. The difference
to the data relates to an overestimation of the N = 82
magic shell gap and is inconsistent with our many-body
error estimate. Consequently, it is probably attributable
to the Hamiltonian uncertainty.

The flat evolution of BCCSD S2n beyond 140Sn leads,
within estimated many-body uncertainties, to a large un-
certainty on the location of the predicted neutron drip-
line: A 2 [140 � 162]. In spite of its large span, the pre-
dicted interval is inconsistent with the energy density func-
tional (EDF) prediction, A 2 [172 � 176], from Ref. [74]
(partially) accounting for systematic and statistical uncer-
tainties of the EDF method. The location of the BCCSD
prediction at significantly smaller neutron numbers clearly
originates from the too large drop at N = 82. Conse-
quently, the predicted interval should be enlarged to be-
come consistent with the EDF prediction once the Hamil-
tonian uncertainty is included. Eventually, the uncertainty
should be drastically reduced by including triple excita-
tions and going to larger emax on the one hand and by

2At the mean-field level the ⌫2f7/2 is filled right beyond N = 82.
However, the addition of two neutrons to 132Sn inverts the relative
position of the ⌫2f7/2 and ⌫1h9/2 shells such that the former becomes
the lowest one being filled from 134Sn till 140Sn.
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reducing the (presently omitted) Hamiltonian uncertainty
on the other hand.

6. Particle-number breaking and restoration

While the HFB reference state breaks particle-number
conservation in open-shell systems, Fig. 6 displaying
HFB, BMBPT(2) and BCCSD neutron-number variances
�N

2
⌘ h(N � hNi)2i demonstrates that the “EM1.8/2.0”

Hamiltonian induces only weak pairing correlations at
the mean-field level. Indeed the HFB variance is very
close to the minimal boundary corresponding to the zero-
pairing limit [76] along Ca, Ni and Sn isotopic chains ex-
cept, typically, for the most neutron-rich open-shell iso-
topes. Because | i is an eigenstate of N , one expects
that the symmetry violation is reduced by improving on

5

○ Current bottleneck: treatment of three-nucleon forces

○ How to extend such calculations to heavy systems?

[Frosini et al., 2024]
[Tichai et al., 2024]

➝ Incorporated via rank-reduction techniques

➝ Use of spherical density inadequate for large deformation

○ Future requirement: reduce computational costs

➝ Development of dimensionality-reduction techniques

➝ Use of emulators to produce statistically-relevant samples

Importance truncation, natural orbitals, tensor factorisation

W3N  ➝  W2N = ∫ W3N𝜌
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Computational obstacles


