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MOTIVATION

Challenge:

* Nuclei exhibit emergent collective phenomena

« Standard CC
— good at dynamic correlations/few ph excitations
— at low-orders fails to capture collectivity

Strategy:
 Symmetry breaking — static correlations
e Coupled Cluster — dynamic correlations

Figure by C. Cain, adapted from Stroberg, Physics 18, 28 (2025)
e Symmetry restoration — physical quantum numbers (J%)

Ab initio framework: see talk by H. Hergert
» Describe phenomenology via systematically improvable interactions Study the emergence of nuclear
and many-body methods with quantified uncertainties collectivity from microscopic nuclear

interactions
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AB INITIO CALCULATIONS FOR DEFORMED NUCLEI

» Deformed Hartree-Fock (HF) Reference |®)

Determine the from the energy surface
Breaks rotational invariance — not good J

» Coupled Cluster (CC) Expansion

Captures dynamic correlations via few particle-hole excitations
Key Feature: Size-extensive.

» Angular Momentum Projection

Restores symmetry — good J
Energy gain from projection is not size-extensive!

— Dynamic correlations
— Symmetry restoration
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(Deformed) Coupled Cluster Theory
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Closed-shell nuclei:

» Global minimum is spherical — rotationally invariant
« Adding ph correlations on top is sufficient

« J-scheme (« spin adapted) implementation 4 S

Proton number Z

Neutron number N

Figure adapted from ‘The colorful nuclide chart’. https://people.physics.anu.edu.au/~ecs103/chart/,
Version 2.157. Accessed: 2026-08-24, 2026.

24/08/2026 TU Darmstadt | Institute for Nuclear Physics | Mualla Aytekin 4



TECHNISCHE
UNIVERSITAT
DARMSTADT

STATIC CORRELATIONS

Closed-shell nuclei:

» Global minimum is spherical — rotationally invariant

« Adding ph correlations on top is sufficient |Fu
« J-scheme (« spin adapted) implementation 4 .

Open-shell nuclei:
» Global minimum is deformed — breaks rot. invariance
» Deformation (axial) is parametrized by

Proton number Z

A5
3A Rg

= existence of prolate/oblate minima

B = (@ 0y | D)

Neutron number N

= energy gain

Figure adapted from ‘The colorful nuclide chart’. https://people.physics.anu.edu.au/~ecs103/chart/,
Version 2.157. Accessed: 2026-08-24, 2026.
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STATIC CORRELATIONS

Mean field: Rotational symmetry breaking
Interaction: 1.8/2.0 (EM) Hebeler et al., PRC (2011)

Closed_shell nuclei: :I rrJ] 11117111 | rt1 1T 11 1 rrrrrrfrrrriq l:
« Global minimum is spherical — rotationally invariant r 1.8/2.0 (EM) 20Ne 1
« Adding ph correlations on top is sufficient - -
« J-scheme (<« spin adapted) implementation —90 I -
Open-shell nuclei: = -9 F ]
« Global minimum is deformed — breaks rot. invariance % i ]
« Deformation (axial) is parametrized by = _100 4
& R _
4 A i -
ﬂ=3AR8<<D|Q20|(D> 105 | ;
= existence of prolate/oblate minima
—110 | -
= energy gain — Ewr(B)
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DYNAMIC CORRELATIONS

Coupled Cluster Theory: see talk by R. Bartlett
« Exponential ansatz: |¥) = efl D)

- Cluster operator: T =T, 4+ 7T, + ...

« Amplitude equations: (®¢ - |Hyel | @) =0
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DYNAMIC CORRELATIONS

Coupled Cluster Theory: see talk by R. Bartlett
« Exponential ansatz: |¥) = eT|¢>

- Cluster operator: T =T, 4+ 7T, + ...

« Amplitude equations: (®¢ - |Hyel | @) =0

Realistic calculations:
« CCSD - emax =12 (71820 basis states)

Source Uncertainties
Finite basis size 0.5% AE-cgp
Truncation error 10 % AEqcsp
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Hagen et al., RPP (2014)
Bartlett and Musiat, RMP (2007)
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(Deformed) Coupled Cluster

Interaction: ANNLOGgo(394) Jiang et al., PRC (2020).
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see also Novario et al., PRC (2020) .
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Hagen et al., RPP (2014)
Bartlett and Musiat, RMP (2007)

DYNAMIC CORRELATIONS
(Deformed) Coupled Cluster

Coupled Cluster Theory: see talk by R. Bartlett Interaction: ANNLOgo(394) Jiang et al., PRC (2020).
. . B ]’\ - __ .I 1 1 1 1 1 1 1 1 1 1 -_

« Exponential ansat%. |‘IA’> = | D) 120 :025 ANNLOco ANe :
 Cluster operator: T =T, + T2A+ - o = sy = 12(8), o = 16 ]
« Amplitude equations: (®% | Hye! | @) =0 - 0 -
I... R : I ﬂHF - Exp :

L. : Z -160F = om / i cosp ]
Realistic calculations: § [ t I acosp(n) ]
N 0.30 .

« CCSD - emax =12 (1820 basis states) —180 | = I .
ATr A A B : 0.33

- Approximate triples correction: SE;, = (®|A[HyT| | @) : :
ACCSD(T) - emax =8 (660 basis states) —200 ’
Source Uncertainties 40

Finite basis size 0.5% AEccsp + 3 % SE;
Truncation error 10 % SE; E 20 3
it
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DYNAMIC CORRELATIONS

Coupled Cluster Theory: see talk by R. Bartlett

« Exponential ansatz: |¥) = efl D) —120
- Cluster operator: T =T, 4+ 7T, + ...
: : N —140
« Amplitude equations: (®¢| Hye' | ®). = 0
o . % —160
Realistic calculations: §
« CCSD - emax =12 (71820 basis states) —180
- Approximate triples correction: SE, = (®|A[H, T .| @)
ACCSD(T) - emax =8 (660 basis states) —200
Source Uncertainties 40
Finite basis size 0.5% AEqcsp + 3 % SE;
Truncation error 10 % SE; E 20
A
0
ACCSD(T) is systematically off by ~ 5 MeV
Which correlations are missing?
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Hagen et al., RPP (2014)
Bartlett and Musiat, RMP (2007)
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(Deformed) Coupled Cluster

Interaction: ANNLOGo(394) Jiang et al., PRC (2020).
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eMaX(T) = 12(8), hw = 16
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see also Novario et al., PRC (2020)
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SYMMETRY RESTORATION

Bally & Bender, PRC (2021)

A, 2+ 1 (7 , P
Projection operator P’ = T dp sinf doo(ﬂ JR(f)
(axial case) 0

Initial state: | @), | V)¢ Projected state: |'¥;) Observable evaluation
| N o — (P| P/ O P |P) 8+

P (¥ PI|P) ”

i =

i, > , -

E2
4 4+

The ‘intrinsic’ state Ny : E2
Projection restores this symmetry , ot
breaks SU(2) symmetry to " - : . VE2 .

by "averaging" over orientations 0

capture static correlations.
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SYMMETRY RESTORATION

« Projection grants access to different J states

(¥ | P’ H|'P) E@4)
R42 —

E’ =

which display ~ J(J + 1) trend (rigid-rotor picture)

(¥| P/ |¥P) E(2%) v
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SYMMETRY RESTORATION

- Projection grants access to different J states
_(PIPHIY) L EED

(P|P/|P) E(Q2%)

which display ~ J(J + 1) trend (rigid-rotor picture)

. good spectrum but far in total energy
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Rotational bands of 20Ne
Interaction: 1.8/2.0 (EM) Hebeler et al., PRC (2011)

1.8/2.0 (EM) 20Ne
enax = 6, iw = 16 )
Ry = 2.60 |
4+
2+
-160.64 |
PHF PCCSD PACCSD Experiment

Duguet, JPG (2015

Qiu et al., J. Chem. Phys. (2017
Hagen et al., PRC (2022

Sun et al., PRX (2025
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SYMMETRY RESTORATION

- Projection grants access to different J states
_(YIPTH|Y) _ B4

E’ = ~
(¥| P/ |¥P) E(2%)

42

which display ~ J(J + 1) trend (rigid-rotor picture)

. good spectrum but far in total energy
» Projected coupled cluster: captures bulk but bad spectrum
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Rotational bands of 20Ne
Interaction: 1.8/2.0 (EM) Hebeler et al., PRC (2011)

1.8/2.0 (EM)
eMax = 0, hw = 16
Ris = 2.96
4+
2+
-151.90

20Ne i

Ris = 2.60 |
4+

-160.64

PHF

PCCSD PACCSD

Duguet, JPG

Qiu et al., J. Chem. Phys.
Hagen et al., PRC

Sun et al., PRX

Experiment

2015
2017
2022
2025
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SYMMETRY RESTORATION

- Projection grants access to different J states
_(YIPTH|Y) _ B4

(P|P/|P) E(Q2%)

which display ~ J(J + 1) trend (rigid-rotor picture)

. good spectrum but far in total energy

» Projected coupled cluster: captures bulk but bad spectrum

 Bivariational treatment is needed reproduce absolute and
relative properties simultaneously.
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Rotational bands of 20Ne
Interaction: 1.8/2.0 (EM) Hebeler et al., PRC (2011)

1.8/2.0 (EM) 20Ne
eMax = 0, hw = 16 i
Ry = 2.96 Ry =2.95 Ry2 =2.60
4+
e -
4+ |
2+
e ) T 7]
2+ 4
“151.90 -152.30 160.64 |
PHF PCCSD PACCSD Experiment
Duguet, JPG (2015)
Qiu et al., J. Chem. Phys. (2017)
Hagen et al., PRC (2022)
Sun et al., PRX (2025)
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SYMMETRY RESTORATION

« Projection grants access to different J states
_(YIFAY) G

E’ o= ~
(P|P/|P) E(Q2%)

which display ~ J(J + 1) trend (rigid-rotor picture)

« Projected mean field: good spectrum but far in total energy

» Projected coupled cluster: captures bulk but bad spectrum

 Bivariational treatment is needed reproduce absolute and
relative properties simultaneously.

Unified framework for dynamic (particle-hole) and

static (collective) correlations.

24/08/2026

E* (MeV)

ASQ% TECHNISCHE
1

e UNIVERSITAT
0 DARMSTADT

Rotational bands of 20Ne
Interaction: 1.8/2.0 (EM) Hebeler et al., PRC (2011)

1.8/2.0 (EM) 20Ne
eMax = 0, hw = 16 i
Ry = 3.37 Ry = 2.96 Ry = 2.95 Ry =2.60 |
4+
4+ 4+ -
4+ |
2+
2+ ]
2t ot |
-113.38 -151.90 -152.30 -160.64 |
PHF PCCSD PACCSD Experiment
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Duguet, JPG (2015

Qiu et al., J. Chem. Phys. (2017
Hagen et al., PRC (2022

Sun et al., PRX (2025
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UNIFIED TREATMENT OF STATIC AND /'~ DARMSTADT
COLLECTIVE CORRELATIONS (Deformed) Coupled Cluster

Interaction: ANNLOGgo(394) Jiang et al., PRC (2020).

&)
==/

120 [0.25 A 4

Neon chain systematics: ! X ANNLOgo Ne -
« Missing correlations are accounted by projection ~u0 . ax(r) = 12(8), Fiw = 16 -
 OEprr is used as a proxy for 6Epcc R I 3 (E;ggD ]
See also Novario et al., PRC (2020) % —160 | < 051 A ACCSD(T) N

« Overall good agreement and good prediction of the dripline o - I - L ACCSD(T)+3Epur 7
~180 | X o

OUTLOOK I i
—200 -

« Potential overestimation by 0EpHr i ]
« Full P(A)CC calculation is the next step. 10 - .
- Observables: Charge radii and electromagnetic transitions
strengths, B(E2). > F :
<20 F 3

SN 5

L ittt
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OUTLOOK: TRIAXIAL DEFORMATION IN NUCLEI UNIVERSITAT
> DARMSTADT
Triaxial 24Mg Coupled cluster for triaxial reference states
E (MeV) 24Mg 1 T T
1429 . hw=20,¢,,—8 *Mg
-144.9 S —80 F -
-146.9 3 i eMax = 6,hw =16 |
-148.9 27 .
— - - 90 Q° -
ﬁgg %5 Coupled-cluster solver can fully 100 I o f %{3 _____ Exp. |
adapt to spatial symmetries i N2LOopt i
N />-\ —120 ’ ANNLOgo
_ ? > z " e B 2T ® 1520 (EM)
p o T 140 F v: 12.2° -
a S " i
0” ~160 | .
0.0 0.1 0.2 03 04 05 0.6 i i
g ~180 | -
Bally et al., EPJA (2020) i T s
_200 T T T T T T T T T T T T T r e e e e e e =
1 1 1
OUTLOOK HF CCSD ACCSD(T)
e Pave the way for ab initio nuclear matrix elements in BSM searches
. . - . . Jiang et al., PRC (2020)
o Example: strong triaxiality in Ov2f candidate nucleus 76Ge Hebeler et al., PRC (2011)
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OUTLOOK: FROM CHIRAL INTERACTIONS TO DEFORMATION UNIVERSITAT
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Correlation between R2 and collective observables Interaction sensitivity of neon isotopes
lll/l(ll)l]lll]lll 16:"";;"'1(;!""""""""2;1"'E oy T T T T T T T T T -
L 1.8/2.0 (EM - E eMax = 8, hw = : 1.8/2.0 (EM) . - N .
80 F & 1.8/2.0 (EM7.5) 28] - 18/2.0 (EMT.5) Ne 1 i ANe ]
L 2 ﬁil\ggoco . 14 :— : R ANNLOGO ] —140 __ extax(T) = 12(8)7 hw — 16 —_
i o Z 1ok T N0 [ ACCSD(T)+6Epie
60 [ - = | = —160 | -
[ ] g10F < [ ]
. | - | ¥ i ]
I ; s °f ~200 | . -
o B i = L [ — i
S’ 20 . = 4: [ 1 ] ] ] ] ] ] ] ] ] 1]
7 2 F 40 T T T T T T T T T ]
1 [ L . 1.8/2.0 (EM)
0F n ok N —%— 1.8/2.0 (EM7.5) ]
] L 30 n —— ANNLOco ]
- Interaction m c : [ —A— N3LOTexas ]
-20F L5/ (BMrs) oot o ] _ E 20 F H
[ Moo w0~ 1 Which Low-Energy Constants (LECs) <= | ]
B y . . S 10 F -
—4p drive nuclear quadrupole collectivity? = ¢ ]
6 8 10 12 14 [ Two-neutron dripline Sk ]
R?, (fm?) 0 f-====m=mmmmmmm oo oo oo oo SEEE e
Arthuis et al., EPJA (2026) OUTLOOK 105 P —— ﬁ ' E
Jiang et al., PRC (2020).  Analyze how B(E2) transition strengths and radii R A R R SR

Hu et al., arXiv (2025),

depend on specific Chiral EFT interaction LECs.
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Thank you for your attention!

Collaborators:
TU Darmstadt: Benjamin Bally, Alexander Tichai
CEA Saclay: Thomas Duguet
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PROJECTION THEORY SARMSTADT
. ) R 2] 1 2 b4 Ar A
e J da[ dp sinﬁJ dy Dis(a. B.7) Ria, B, 1)
= Jo 0 0
Observable evaluation
oy = (WPOI¥R) _ o 45 sin 5dog(5)O(P) iy (PO WYY 03 )
(UL |P/|TR) fo dp Sinﬁd{)o(ﬂ)/\/(ﬁ) (E2)= (P | PO| W)W | P2| W)

Operator kernels
O(B) = (ULIR(B)O|¥r) = (®[R(B)|®)(P|L(8)O(B)e"?| @)
Where we make use the Thouless operator Z(3): (®|R(B) = (®|R(B)|®)(®|eZ(8)
Rotated operator and left amplitudes: 6(5) = eZ2(B)0e—2(8) Z(ﬁ) = ZBR71(p) e?(l 4+ /A\)e_T R(B)e~%(#)

Disentangled cluster operator

" P|0) = LD el |B)  where  W(B) = Wo(B) + Wi(B) + Wa(B) + ...+ Wa(B) Duguet, JPG
Qiu et al., J. Chem. Phys.

Hagen et al., PRC
Sun et al., PRX

2015
2017
2022
2025
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SEMI-EMPIRICAL CONVERGENCE ESTIMATION
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Eo=-200.11
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-

64.3 134 3.2 09 0.5

-=-= Exp. -206.87

Eoo=-196.20
$ ccsp

¢

62.3 134 3.3 1.0 0.5

Eoo=-201.75
A ACCSD(T)

| T

62.8 13.6 3.5 1.2
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