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Low-energy dipole response
(SAMURAI collaboration)

→ SFB project A06 (T. Aumann’s group)



Ab initio methods
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H. Hegert, Front.in Phys. 8 379 (2020)
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2021: 208Pb
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Ab initio methods
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2021: 208Pb
B. Hu et al, 
arXiv:2112.01125

H. Hegert, Front.in Phys. 8 379 (2020)

 Main degrees of freedom of the 
problem: protons and neutrons.

 Solve

with controlled approximations.

 Two ingredients: a nuclear
interaction model and a many-
body solver. 



Nuclear interaction models
We work with Chiral Effective Field Theory interactions:

 Low-energy approximation of QCD, with π, n, (Δ) as degrees of freedom.

 Separation of scales allows for low-momentum expansion, many-body forces arise naturally in the theory.

 Short-range physics enclosed in low-energy constants, fitted to experiment. 
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NNLOsat [A. Ekstrom et al, 2015]
 Fitted on radii and BEs of light and medium-mass 

nuclei, including carbon and oxygen isotopes.

ΔNNLOGO [W. G. Jiang et al, 2020]
 Includes Δ explicitly.
 Fitted on radii and BEs of light nuclei and nuclear

matter saturation.
 Two cutoffs: 394 and 450 MeV.     

W. G. Jiang, et al., 
Phys. Rev. C 102, 
054301 (2020)

Ca



Coupled-cluster theory
 Starting point: Hartree-Fock reference state on the HO basis

 Correlations are included via exponential ansatz:

with
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Coupled-cluster theory
 Starting point: Hartree-Fock reference state on the HO basis

 Correlations are included via exponential ansatz:

with

5

singles 
and 
doubles
(CCSD)

+ triples
(CCSDT-1)

→ coefficients
obtained via 
coupled-cluster 
equations



Charge radius 
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FB et al., PRC 105, 034313 (2022)

8He



From ground to dipole-excited states
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FB et al., PRC 105, 034313 (2022)

 Dipole excitations are described by 
the nuclear response function.

continuum problem
addressed via Lorentz 

Integral Transform method

8He

Nmax = 14
ħΩ = 12 MeV
T-1/T-1



From ground to dipole-excited states

7

FB et al., PRC 105, 034313 (2022)

 Dipole excitations are described by 
the nuclear response function.

continuum problem
addressed via Lorentz 

Integral Transform method

energy range of exp data

8He

Nmax = 14
ħΩ = 12 MeV
T-1/T-1



Dipole polarizability
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FB et al., PRC 105, 034313 (2022)

8HeD → CCSD
T-1 → CCSDT-1



Dipole polarizability
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FB et al., PRC 105, 034313 (2022)

 5 times larger than αD(4He) = 0.074(9) 
fm3 [Arkatov et al, 1975, 1980, Pachucki
et al, 2006].

8HeD → CCSD
T-1 → CCSDT-1



Comparison between chiral orders

9

B. Acharya, S. Bacca, FB et al, 
arXiv:2210.04632 

Nmax = 14
T-1/T-1



Running sums
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U N P U B L I S H E D

8He



Running sums
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Exp data: C. Lehr (TU Darmstadt PhD thesis) and the SAMURAI collaboration

8He



more weight 
to high-energy

states

more weight to 
low-energy

states
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Exp data: C. Lehr (TU Darmstadt PhD thesis) and the SAMURAI collaboration

8He



Deformation in 8He? 
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SA-NCSM ground state calculations
Launey et al., EPJ Special Topics 229, 2429-2441 
(2020) 

First 2+ excited state
M. Holl et al, Phys. Lett. B 822 136710 (2021)

β2  = 0.40(3)



Coupled cluster theory for deformed nuclei
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 Coupled-cluster computations starting from axially-
symmetric reference states now possible [S. J. 
Novario et al, 2020].

 Need of symmetry restoration [G. Hagen et al, 
2022].

 To do that, we calculate the expectation value:

 In this way we project a state with Jz = 0 on total
angular momentum J.
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Deformed reference states for 8He 

We start from Hartree-Fock
calculations where: 
 we assume Jz conservation,
 we minimize the energy under the 

constraint of a fixed expectation
value for the quadrupole moment. 

We then perform an angular
momentum projection after variation
(PAV) of the Egs vs Q curve.

14



Deformed reference states for 8He 

We start from Hartree-Fock
calculations where: 
 only axial symmetry is assumed,
 we minimize the energy under the 

constraint of a fixed expectation
value for the quadrupole moment. 

We then perform an angular
momentum projection after variation
(PAV) of the Egs vs Q curve.
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QHF @ -22 fm2 QHF @ 20 fm2



Deformed CC results for 8He 
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QHF @ -22 fm2

Nmax = 8
ħΩ = 16 MeV
ΔNNLOGO(394)

QHF @ 20 fm2

Q < 0
oblate

Q = 0
spherical

Q > 0
prolate



Conclusions and outlook

 Good agreement between theory and experiment for ground-state properties of 8He. 

 Our theory may miss some correlations in the description of the low-lying dipole states. 
 Neglecting the nuclear deformation effects could be a possible reason.
 Symmetry-restored CC calculations point to an interplay of prolate and oblate shapes in the 

ground state of 8He.
 Our plan is to extend our αD calculations to the deformed coupled cluster framework.

16
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Ground state energy
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8HeD → CCSD
T-1 → CCSDT-1

FB et al., PRC 105, 034313 (2022)



Low-lying dipole states in 8He
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Proton inelastic scattering on 8He
No sign of dipole resonances below
6 MeV, compatible with NCSMC 
calculations with NN-N4LO.

M. Holl et al, 
Phys. Lett. B 822 
136710 (2021)

Dipole response in DFT-RPA framework
Presence of a soft dipole mode disfavoured
(attributed to spurious CM contamination).

Cluster orbital shell model calculation
Predicted strength at low-energy,
associated with 7He + n channel. 

J. Piekarewicz,
Phys. Rev. 
C 105, 044310
(2022) T. Myo and K. Katō,

Phys. Rev. C 106, 
L021302 (2022)



The photoabsorption cross section is:

so we get:

Energy-weighted dipole sum rule
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FB et al., PRC 105, 034313 (2022)

D → CCSD
T-1 → CCSDT-1

8He



Cluster sum rule
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 How much of the dipole strength of 8He is related to the relative motion 
between core and halo?

 Let us describe 8He in terms of an 4He core and a four-neutron halo.

 Comparing the m1 sum rule for 8He to 

we probe a new dipole degree of freedom, connected to the relative motion 
of two “clusters” inside the nucleus (cluster sum rule).

 Using NNLOsat, and the m1 sum rule value for 4He (≈ 41 MeV fm2), we get: 



From ground to dipole-excited states
 Dipole excitations in nuclei can be studied

calculating the nuclear response function.
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From ground to dipole-excited states
 Dipole excitations in nuclei can be studied

calculating the nuclear response function.

 To avoid the continuum problem, we calculate a 
Lorentz Integral Transform of the response. 

 In this way we obtain a bound-state-like 
problem, that we can handle in CC theory. 

 Then via inversion we get to the response. 

8

S. Bacca et al, Phys. Rev. C 90, 064619 (2014)
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