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Pairing Rotational Tensor:
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Energy or Resolution

Physics of Hadrons

Physics of Nuclei

Symmetry breaking abundant in nuclear physics
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Model-independent approach:
Broken symmetries via nonlinear realizations
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Mean-field (Hartree-Fock-Bogoliubov) calculations show which
symmetries are broken

Nontrivial vacuum / reference state: [y) = []; a;" |0)

|1)) not invariant under symmetry operations (rotations, phase transformations) of
the Hamiltonian

In finite systems: Manifold of equivalent vacuum states:
10, p) = e_i¢jze_i9jY|1/)) for deformed yet axially symmetric reference

la) = e_i“Nh/J) for superfluid reference

Callan, Coleman, Wess & Zumino (1969): Nambu-Goldstone modes parameterize the
coset G/H when the symmetry group G is broken down to H.

Manifold of equivalent states < coset G/H



Breaking of rotational symmetry: deformed nuclei

Axially symmetric, deformed nuclei break SO(3) —» SO (2)
16(1), p(t)) = e_i(p(t)jze_ie(t)jyll/))

Coset SO(3)/S0(2) ~ S? two-sphere
Particle on a sphere - rotor spectrum

Most general: add monopole "magnetic” field
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Superfluidity: breaking of a phase symmetry

Deformed nuclei = rotational bands
“"Deformation in phase space / gauge space’” = pairing rotational bands

Bohr 1968; Bes, Broglia, Perazzo & Kumar 1970; Broglia, Hansen & Riedel 1973; ...; Potel, Idini,
Barranco, Vigezzi, & Broglia 2010s; Hinohara 2015; Hinohara & Nazarewicz 2016;

Revisit with effective field theory: TP, Phys. Rev. C 105, 044322 (2022)

U(1) Nambu-Goldstone manifold: |a) = e_iaﬁhb)

: a . .
Lagrangian: Lip = 5052 + npo number of pairs
. L , 1 A‘/ >
Hamiltonian: H = —(—idy —no)" = — (@ — nop)
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Leading order

Hamiltonian: H= —(—io, — n0)2
2a
1 Ino 1 2
Eigenfunctions / energies: ¥, (a) = (x|n) = e e, = —(n —np)
N2 2a
Pair transfer operator: (04/|p|05> = Poe_iafs(a/ — o)

Pair transfer constant
within pairing rotational .
band: (n+1|P'|n) = Py - Broglia, Hansen & Riedel (1973)



Low-energy scale:

NLO:

Breakdown scale:

Next-to-leading order / power counting
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Hxio = Hio + g(fl —np)’
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En = 2a(n no) +3(n nop)

ny ~ 15 or 20 in heavy nuclei
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(At breakdown: NLO as important as LO)

an
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(2a)~") 1(2)] M 9/((a)ny)
Sn 0.38 0.016 16 0.027
Pb 0.26 0.0057 22 0.0097
N = 82 0.97 0.038 16 0.068




Semi-magic nuclei: EFT meets data
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Protons and neutrons: two superfluids, pairing rotational tensor
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Pairing rotational tensor

Pairing Rotational Tensor:
Principal Axes
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—> Pairing rotational tensor in nuclear DFT: Hinohara 2015; Hinohara & Nazarewicz 2016
See also: Beck (1972), Krappe (1975) 12



Combining low-energy EFTs and ab initio computations

Estimating energy gain from particle-number projections

AE = L<A1\72> + i<Az2> +)1—m7@>
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Tichai, Roth, & Duguet, Front. Phys. 8 (2020).
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Intermission / Summary

Effective field theory of pairing rotations

Low-energy excitations that connect superfluids differing by number of pairs
Consequence of emergent symmetry breaking of a phase symmetry
Pairing rotational tensor enters for open-shell nuclei (two superfluids)

Model-independent estimates for energy gain from particle-number projection

At lowest energies, open-shell nuclei exhibit emergent breaking
U(1)xU(1)xS0@3) —» S0(2)
Rotational bands and pairing rotational bands are universal properties

Effective field theories provide us with model-independent approach

14



How to renormalize coupled-cluster theory
Z.H. Sun, C.A. Bell, G. Hagen, TP, arXiv:2205.12990

Coupled cluster method ) = €T|§Z5>

Cluster operators introduce
1p-1h, 2p-2h, ..., Ap-Ah

excitations I'="1T1+15+4+---+1T}y

CCSD approximation yields
about 90% of correlation energy T =17 +15

CCSD is lacking 3p-3h excitations
Assume three-body correlations are short ranged
Lepage (1996) = renormalize three-body contact V,

Convenient because nuclear Hamiltonians contain V;

e "*He'® ~ H+ V3

H =1, +VnNn +VNNN

15



Renormalizing coupled-cluster computations of nuclei

Renormalize 3-body contact in 10

CCSD computations with renormalized
3-body contact close to triples
benchmarks

Interaction Name CE
A —0.12 [52]
A renorm. 1.8/2.0(EM) —0.0665
B —0.002 [67]
B renorm. ANNLOGo(394) 0.11
Interaction and method
A renorm. | A B renorm. |B Exp.
CCSD A-CCSD(T)|CCSD CCSDT-1
%0 1127.8 127.8 127.5 127.5 127.62
240 | 166 165 169 169 168.96
0Ca (346 347 341 346 342.05
48 Ca 420 419 419 420 416.00
8Ni | 642 638 636 639 641.55
07r | 798 795 77 782 783.90
1009y, 1842 836 816 818 825.30

16




Renormalizing coupled-cluster computations
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summary

Universal three-body correlations in nuclei
* are dominantly short ranged
* can be renormalized via three-body contact

* Renormalization yields accurate binding energies from CCSD for 10 to 199Sn

Outlook

* Implications for short-range correlation studies in electron-nucleus scattering

* RG link between p-h excitations and UV physics

Thank you



