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Nuclear matter equation of state (EOS)
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How to constrain the symmetry energy?
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Data from M. Centelles et al, PRC 82, 054314 (2010), Hu et al, Nat Phys. 18, 1196-1200 (2022).



Ab mnitio nuclear theory

O Building blocks: protons and neutrons.

L Solve quantum many-body problem

H|¢) = FE V)
H=T+Vyn+ Vsn

with controlled approximations.

O 2 ingredients: nuclear interactions and many-body solver.




Chiral Eftective Field Theory (EFT)

Neutron Proton

O Low-energy approximation of QCD,
with m, n, (A) as degrees of freedom.

. . Quantum
[ Separation of scales — systematic order- Chromodynamics

by-order expansion in powers of momenta.

O Short-range physics enclosed in
low-energy constants.

Proton Neutron Virtual

Chiral Effective-Field Theory

APS/Alan Stonebraker

Weinberg, van Kolck, Epelbaum, MeiSner, Entem, Machleidt, ...



Coupled-cluster theory

[ Starting point: Hartree-Fock reference state |(I)o>

1 Add correlations via:

To) =’ | Do)
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with

G. Hagen, T. Papenbrock, M. Hjorth-Jensen, D. J. Dean, RPP 77, 096302 (2014).



Coupled-cluster theory
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Coupled-cluster theory

[ Starting point: Hartree-Fock reference state |(I)0>
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Neutron skin measurements
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Nuclear structure input for pion scattering

O Goal: predict differential cross sections for
pion scattering off non-zero isospin nuclei, as
48Ca.
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do /dS2 [mb/sr]

P1on scattering oft **Ca
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Pion

scattering oft **Ca
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How to constrain the symmetry energy?
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Nuclear response functions
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Strength

From bound to dipole-excited states

R(w)
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Continuum problem

S. Bacca, N. Barnea, G. Hagen, G. Orlandini, T. Papenbrock, PRL 111, 122502 (2013).
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Strength

From bound to dipole-excited states
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The case ot *948(Ca
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Constraints on symmetry energy
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Constraints on symmetry energy
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Constraints on symmetry energy
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Happy ending for *>**Ca... but what’s next?
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Happy ending for *>**Ca... but what’s next?

New (p,p’) experiments
in open-shell Ca, Ni isotopes,
as e.g. 4°Ca, °8Ni...

We need to extend our method beyond closed-shell nuclei!
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... and with
future

¥ upgrades,
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possible for
very neutron-
rich nuclei.
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Open-shell nuclet:
two-particle-attached systems (2PA)
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o along the oxygen chain

Experiment
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o along the calcium chain
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o along the calcium chain
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Back to the EOS
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Incompressibility of a finite nucleus

Incompressibility of a finite nucleus
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from moments of the isoscalar monopole response
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Incompressibility of nuclear matter

KA — Kvol + [(surfA_l/3 + ...

incompressibility of nuclear matter
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Incompressibility of nuclear matter

KA — Kvol + KsurfA_1/3 + ...
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Conclusions

O Modern nuclear structure input can help in refining uncertainties in pion scattering differential
Cross sections.

1 Electromagnetic observables cast light on the collective excitations of the nucleus as well as
constraining the symmetry energy.

d We extended ab initio reach of this observable to nuclei in the vicinity of closed shells.

[ Estimates of the incompressibility of symmetric nuclear matter based on ab initio predictions of
monopole moments in finite nuclei are consistent with nuclear matter calculations.
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