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The dripline in calcium isotopes 

§ Existing data, energy density functional and relativistic mean field calculations 
suggest the dripline extends well beyond 60Ca 

§ Ab initio computations sets the dripline closer to 60Ca 

Leo Neufcourt, et al, PRL 122 062502  (2019) S. R. Stroberg et al, Phys. Rev. Lett. 126, 022501 (2021)



The dripline in calcium isotopes 
▪ Optimized a new chiral interaction 

with NN at N3LO and 3NFs at N2LO 
▪ Use few - and many-body 

emulators to efficiently evaluate 
objective function

▪ Observables included in the fit:
‣ Scattering phase shifts
‣ Scattering lengths and effective 

range
‣ Deuteron properties, 
‣ 4He binding energy and  radius 
‣ 16O binding energy and radius

Baishan Hu et al, arXiv:2512.11723 (2025)



The dripline in calcium isotopes 

Baishan Hu et al, arXiv:2512.11723 (2025)



The dripline in calcium isotopes 



The dripline in calcium isotopes 



The dripline in oxygen isotopes 



The dripline in oxygen isotopes 



Spherical Deformed 
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| i = ⌦|�i
Wave-operator (includes 
many-body correla:ons)

§ Compute Hartree-Fock reference state: 

§ Informs us about emergent breaking of symmetries  

Coupled-cluster computations of nuclei
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Inclusion of three-body forces
§ The normal ordered 2-body approximation breaks rotational symmetry when normal-ordered with 

respect to a broken symmetry reference state
§ Perform spherical HF with fractional filling to normal-order three-nucleon force 

Mikael Frosini et al, Eur. Phys. J. A 57 (2021)

What is the 
correct spherical 
filling in very 
deformed nuclei?



§ Include short-range correla1ons via 
coupled-cluster theory 
− Large contribu1on to total energy
− Cost increases polynomial with mass 

§ Include long-range correla1ons via 
symmetry projec1ons 
− Small contribu1on to total energy
− Relevant for rota1onal bands and 

transi1on matrix elements

Coupled-cluster computations of deformed nuclei
S. J. Novario, et al PRC 102, 051303 (2020)

Total energy: 
! = !#$% + ∆!(( + )!
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Superfluidity reduces 
moments of inertia

Clearly visible in 
rotational bands, which 
are less compressed 
than what is expected 
from a rotating 
deformed liquid drop 
(no superfluid 
component)

The role of pairing on rotational bands



Rotational stretching: Moment of inertia increases with increasing spin

Ø Energy levels are lower than expected from

Ø Reflected in data: EFT at next-to-leading order

Rotors from molecules to 
deformed nuclei exhibit 
rota?onal stretching 
because !" > 0

Coello Perez & Papenbrock, Phys Rev C (2015) 

Stretching of rotational bands 

What does ab initio 
calculations of 
deformed nuclei say?



Where is the pairing gone? 

A. Scalesi et al, unpublished (2026) 
P-G Reinhard et al, J. Phys. G 51, 105101 (2024)

Pairing

Fayans EDF
(density dependent 
pairing funcGonal)

Ab iniGo computaGons 
based on chiral EFT 
interacGons 
A. Scalesi, et al Eur. Phys. J. A 60, 
209 (2024).

No Pairing



Where is the pairing gone? 

Francesco Marino et al. arXiv:2512.17311 (2025) Zhonghao, et al, unpublished 

See talk by Francesco Marino



1.8/2.0 (EM) has too small radii
Ø Moment of inertia too small
Ø Rotational bands should 

have too large spacings 
compared to data 

However, the spacings are fine 
when compared to data
Ø Is the absence of 

superfluidity (which would 
increase moments of 
inertia) compensated by the 
too small radii???

Zhonghao Sun, A. Ekstrom, C. Forssen, G. Hagen. G. R. Jansen, T. Papenbrock, Phys. Rev. X 15, 011028 (2025)

Ensemble of delta-full interacSons 
from recent study of 28O
Y. Kondo et al., 
Nature 620, 965–970 (2023)

Pairing puzzle for ab initio rotational bands 



Strongly deformed nuclei around 80Zr

N = Z

Tomás R. Rodríguez, J. Luis Egido,  
Phys. Le;. B 705 255 (2011) 

Baishan Hu, Zhonghao Sun, G. Hagen, T. Papenbrock. 
Phys. Rev. C 110, L011302 (2024)



Baishan Hu, Zhonghao Sun, G. Hagen, T. Papenbrock. Phys. Rev. C 110, L011302 (2024)

1.8/2.0(EM)

Spectrum prefers larger prolate shape !(#2) prefers prolate band

Strongly deformed nuclei around 80Zr



The verdict is s,ll out in ab ini,o computa,ons?

Ø Projec,on a8er varia,on would probably not yield much rota,onal stretching
Ø GCM could perhaps remedy this
Ø Projec,on a8er varia,on at spin-dependent deforma,ons could remedy this

Lack of rota,onal stretching in coupled-cluster 
with projec,on a8er varia,on 
[Hu, Sun, Hagen, Papenbrock, Phys Rev C (2024)]

Ab initio rotational stretching



How do the  
individual 
LECs impact 
deformation?

What drives deformation in nuclei?

Nuclear deforma-on viewed at different resolu-on scales 
Credit: Güneş Özcan/ORNL, U.S. Dept. of Energy

§ 50’s: surface vibrations of a liquid drop 
(Bohr/Mottelson)

§ 60’s: competition between pairing and 
quadrupole interactions from HFB 
calculations in two shells (Baranger/Kumar) 

§ 70’s: isoscalar neutron-proton interactions 
dominate over isovector pairing from shell 
model (Federman/Pittel, Dufour/Zuker)



Global sensitivity analysis

Global methods deal with the uncertain3es of the outputs due to input varia3ons 
over the whole domain. 

Sensi3vity analysis addresses the ques3on ‘How much does each model parameter 
contribute to the uncertainty in the predic3on?’

A global sensi3vity analyses of proper3es of 
atomic nuclei typically would require more 
than one million model evalua3ons

Computational bottleneck

Andreas Ekström, Gaute Hagen PRL 123, 252501 (2019) 
Sensi3vity analysis of the radius and binding energy of 16O



▪ Eigenvector continuation method [Frame D. et 
al., Phys. Rev. Lett. 121, 032501 (2018),  A. Ekström, G. 
Hagen PRL 123, 252501 (2019), S. König et al Phys. Lett. 
B 810 (2020) 135814]

▪ Write the Hamiltonian in a linearized form

▪ Select “training points” (snap-shots) where 
we solve the exact problem

▪ Project a target Hamiltonian onto sub-
space of training vectors and diagonalize 
the generalized eigenvalue problem 

Latin Hypercube Sampling 

Reduced order models for ab initio computations
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Emulating ab-initio coupled-cluster calculations
Andreas Ekström, Gaute Hagen PRL 123, 252501 (2019) 

Exact coupled cluster calculations at 
the singles and doubles level
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Andreas Ekström, Gaute Hagen PRL 123, 252501 (2019) 
Emulating ab-initio coupled-cluster calculations

Exact coupled cluster calculations at 
the singles and doubles level
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Andreas Ekström, Gaute Hagen PRL 123, 252501 (2019) 
Emulating ab-initio coupled-cluster calculations

Exact coupled cluster calculaBons at 
the singles and doubles level
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Andreas Ekström, Gaute Hagen PRL 123, 252501 (2019) 
Emulating ab-initio coupled-cluster calculations

Exact coupled cluster calculaBons at 
the singles and doubles level
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Emulating ab-initio coupled-cluster calculations

Exact coupled cluster calculations at 
the singles and doubles level



Linking deformation to nuclear forces
§ More than 50% of the deforma0on is 

driven by the S-wave contact part of 
the interac0on

§ Adding short-range repulsion increase 
deforma0on presumably by reducing 
pairing

§ Increasing the pion-nucleon coupling 
strength also increases deforma0on, 
presumably by adding aArac0on in 
higher par0al waves

~106 samples

400 cross-validation 
points 10% around 
Delta-GO(394)

R42 
ra0o

32Ne 

Total 
energy

~106 samples



Linking deformation to nuclear forces

Two neutron shell gap and three point  
difference in calcium isotopes  
A. Scalesi, et al in prepara9on (2026)

Rigid rotor

Varying only one parameter  
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C1S0
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E(4+)/E(2+)
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20Ne

Decreasing the s-wave contact strength leads 
to increased pairing and reduced deforma9on



Computa(on of Schiff moment in 225Ra relevant for EDM 
searches in atoms and molecules. Schiff moment is par(cularly 
sensi(ve to octupole deforma(on 

Towards ab-initio description of Schiff moments 

½+ and ½- parity doublet in 225Ra 
differ by only 50keV 

Nature 2013, 
octupole deformed 220,224Ra 



Explicit symmetry breaking as a tool

M. Frosini et al, EPJA, 58, 63 (2022)

CCSD -149.43 MeV
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→Q30↑ = 3.21

CCD -147.79 MeV
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→Q30↑ = 50

<latexit sha1_base64="l9tgozyd19LvYI7W9IcWmGrcssM=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCq5KIr41QdOOyBfuAJoTJdNoOnUzCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2Hrhw5px7mXtPmHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqjiVhDZIzGPZDrGinAna0Exz2k4kxVHIaSsc3k781gOVisXiXo8S6ke4L1iPEayNFNgHHseizymqB5nrjJEnZ89r5AR22ak4U6BF4uakDDlqgf3ldWOSRlRowrFSHddJtJ9hqRnhdFzyUkUTTIa4TzuGChxR5WfTG8bo2Chd1IulKaHRVP09keFIqVEUms4I64Ga9ybif14n1b0rP2MiSTUVZPZRL+VIx2gSCOoySYnmI0MwkczsisgAS0y0ia1kQnDnT14kzdOKe1E5r5+Vqzd5HEU4hCM4ARcuoQp3UIMGEHiEZ3iFN+vJerHerY9Za8HKZ/bhD6zPH8cnllM=</latexit>

→Q10↑ = 0

Constrained HF:



The coupled-cluster bi-variational energy functional:

Finding the stationary solution implies: 

Under the condi;on that the constraints are fulfilled:

With the solu;ons for                 we compute the energy: 
<latexit sha1_base64="bGnTdCh5DfSdgcyak7vzOQRpOzQ=">AAACAnicbVDLSgMxFM3UV62vUVeiSLAILqTMCD6WRTcuXLTQF3SGksmkbWgmMySZQhmKG/0UNy4UcdOFX+HOb/AnTKddaOuBwMk555Lc40WMSmVZX0ZmYXFpeSW7mltb39jcMrd3ajKMBSZVHLJQNDwkCaOcVBVVjDQiQVDgMVL3ejdjv94nQtKQV9QgIm6AOpy2KUZKSy1zr3IKnTud95EmfYITh6W3YcvMWwUrBZwn9pTkiwej8vfj4ajUMj8dP8RxQLjCDEnZtK1IuQkSimJGhjknliRCuIc6pKkpRwGRbpKuMITHWvFhOxT6cAVT9fdEggIpB4GnkwFSXTnrjcX/vGas2lduQnkUK8Lx5KF2zKAK4bgP6FNBsGIDTRAWVP8V4i4SCCvdWk6XYM+uPE9qZwX7onBe1m1cgwmyYB8cgRNgg0tQBLegBKoAg3vwBF7Aq/FgPBtvxvskmjGmM7vgD4yPH9prmi4=</latexit>

T,!,ωε
<latexit sha1_base64="PwTwWEOjy711i4DUxRnZzMB2RTI="></latexit>

E = →!0|(1 + ”)H2b|!0↑
<latexit sha1_base64="T6QzhDoyQ5fNCLq7M6CP1r7KeIg="></latexit>

E
(Jω) =

→!0|(1 + ”)e→T
P

J
P

ω
H2be

T |!0↑
→!0|(1 + ”)e→TP JPωeT |!0↑

M. Frosini et al, EPJA, 58, 63 (2022)

<latexit sha1_base64="gHkAmM7zN3HvYd8hgoNCIsCHIjk="></latexit>

H
→(ωε) = H2b →

n∑

i=1

εiQi

Explicit symmetry breaking as a tool



Constrained sub-space Coupled-Cluster 

Choose a small set of training points (snapshots) 
Project the Hamiltonian onto sub-space 
of snapshots and diagonalize the 
generalized eigenvalue problem 

<latexit sha1_base64="sB7F10jATxAO04Pi61fXndIDz0E="></latexit>{
→!0|(1 + ”i)e

→Ti , eTi |!0↑
}

Project                                                       onto sub-space           
<latexit sha1_base64="0JxIu6Aou5t3ncKZFLl4SmQF59s=">AAACDXicbVDLSgMxFM3UV62vUZeKBKvgQspMwcey6Ka4asE+oB2HTJqpoZkHSUYowyzduPFX3AhVxK17d36DP2Gm04W2Hgj35Jx7Se5xQkaFNIwvLTc3v7C4lF8urKyurW/om1tNEUQckwYOWMDbDhKEUZ80JJWMtENOkOcw0nIGl6nfuiNc0MC/lsOQWB7q+9SlGEkl2fpB1Y7LTnIM63ZMDVWze+0m7oY0LVcJhLZeNErGGHCWmBNSrOyO6t/3e6OarX92ewGOPOJLzJAQHdMIpRUjLilmJCl0I0FChAeoTzqK+sgjworH2yTwUCk96AZcHV/Csfp7IkaeEEPPUZ0ekrdi2kvF/7xOJN1zK6Z+GEni4+whN2JQBjCNBvYoJ1iyoSIIc6r+CvEt4ghLFWBBhWBOrzxLmuWSeVo6qas0LkCGPNgB++AImOAMVEAV1EADYPAAnsALeNUetWftTXvPWnPaZGYb/IH28QMgi54O</latexit>

H2b, Qi0, H2bP
ω
P

J

Solve the non-linear least-squares problem in the sub-space:

<latexit sha1_base64="qqR9FzwlxWnBpDot8QDckdJ4WnI="></latexit>

H
→(ω1,ω2,ω3) = H2b → ω1Q1 → ω2Q2 → ω3Q3

<latexit sha1_base64="RcqmaTFwTp+Z+AftARKQO6Bmhfg="></latexit>

min
ωε

{ 3∑

i=1

wi(→Qi0(ωε)↑ ↓ qi0)
2
}
.



Constrained sub-space Coupled-Cluster 

20Ne 1.8/2.0(EM) 
Nmax = 6, hw = 16MeV



Constrained sub-space Coupled-Cluster 
1.8/2.0(EM), Nmax = 6, hw = 16MeV



Constrained sub-space Coupled-Cluster 

Nmax = 8, hw = 16MeV



Constrained sub-space Coupled-Cluster 

1.8/2.0(EM) Nmax = 6, hw = 16MeV



- Rota&onal bands well reproduced. Is the absence of superfluidity (which would 
increase moments of iner&a) compensated by the too small radii???

- Much improved B(E2) values with no effec&ve charges in 3xNe, 3xMg, 80Zr
- Connected deforma&on to microscopic forces
- Constrained coupled-cluster for octupole deformed nuclei 
- Dripline extends to 70Ca from a new chiral interac&on  

Summary
Breaking and restoring symmetries

Exploits separation of scale between collective and specific UV physics
Conceptually simple & computationally affordable


