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2-neutron separa-on energies 



Symmetry breaking abundant in nuclear physics

Fig.: Bertsch, Dean, Nazarewicz (2007)
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Chiral symmetry breaking in low-energy QCD
• Pions enter as Nambu-Goldstone bosons
• Weakens the strong interaction 

Emergent symmetry breaking of rota?onal and phase symmetry
• Nuclear deforma?on and superfluidity
• Rota?onal bands and pairing rota?onal bands as lowest 

excita?ons



Model-independent approach: 
Broken symmetries via nonlinear realiza8ons
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Mean-field (Hartree-Fock-Bogoliubov) calcula8ons show which 
symmetries are broken
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Nontrivial vacuum / reference state: 𝜓 = ∏! $𝑎!" |0⟩

𝜓 not invariant under symmetry opera6ons (rota6ons, phase transforma6ons) of 
the Hamiltonian

In finite systems: Manifold of equivalent vacuum states:

𝜃, 𝜙 = 𝑒#!$ %&!𝑒#!' %&"|𝜓⟩ for deformed yet axially symmetric reference 

𝛼 = 𝑒#!( )*|𝜓⟩ 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 rota8onal symmetry: deformed nuclei 
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Axially symmetric, deformed nuclei break 𝑆𝑂 3 → 𝑆𝑂 2

𝜃(𝑡), 𝜙(𝑡) = 𝑒#!$(,) %&!𝑒#!'(,) %&"|𝜓⟩
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Coset ⁄𝑆𝑂 3 𝑆𝑂 2 ∼ 𝑆. two-sphere

Par6cle on a sphere à rotor spectrum

Most general: add monopole ``magne6c’’ field
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à Rota6onal bands



Superfluidity: breaking of a phase symmetry 
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Deformed nuclei à rotational bands

``Deformation in phase space / gauge space’’ à 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) 

𝛼 = 𝑒#!( )*|𝜓⟩U(1) Nambu-Goldstone manifold:

Lagrangian:

Hamiltonian: 

number of pairs



Leading order
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Hamiltonian:

Eigenfunc9ons / energies:

Pair transfer operator:

Pair transfer constant
within pairing rota9onal
band: à Broglia, Hansen & Riedel (1973)



Next-to-leading order / power coun8ng
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Low-energy scale:

NLO:

Breakdown scale:

Es9mates: (At breakdown: NLO as important as LO)

𝑎!"

consistent 
es9mates 



Semi-magic nuclei: EFT meets data

10

No to be confused with three-point difference



Protons and neutrons: two superfluids, pairing rota8onal tensor 
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àPairing rota6onal tensor in nuclear DFT: Hinohara 2015; Hinohara & Nazarewicz 2016
See also: Beck (1972), Krappe (1975)

Pairing rota8onal tensor 

Pairing rota9onal tensor superior indicator 
than usual three-point difference, because 
odd-even effects are absent



Combining low-energy EFTs and ab initio computations
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Δ𝑁

Tichai, Roth, & Duguet, Front. Phys. 8 (2020).

Es9ma9ng energy gain from par9cle-number projec9ons

(See right)

(from data)

Nickel isotopes



Intermission / Summary
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Effec6ve field theory of pairing rota6ons

• Low-energy excita6ons that connect superfluids differing by number of pairs

• Consequence of emergent symmetry breaking of a phase symmetry

• Pairing rota6onal tensor enters for open-shell nuclei (two superfluids)

• Model-independent es6mates for energy gain from par6cle-number projec6on

At lowest energies, open-shell nuclei exhibit emergent breaking

𝑈 1 ×𝑈 1 ×𝑆𝑂 3 → 𝑆𝑂 2

Rota6onal bands and pairing rota6onal bands are universal proper6es

Effec6ve field theories provide us with model-independent approach



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

Cluster operators introduce 
1p-1h, 2p-2h, …, Ap-Ah 
excita9ons

CCSD approxima9on yields
about 90% of correla9on energy

CCSD is lacking 3p-3h excita9ons
Assume three-body correla9ons are short ranged
Lepage (1996) à renormalize three-body contact V3

Convenient because nuclear Hamiltonians contain V3



Renormalizing coupled-cluster computa8ons of nuclei
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Renormalize 3-body contact in 16O

CCSD computa6ons with renormalized 
3-body contact close to triples 
benchmarks



Renormalizing coupled-cluster computa4ons

The renormaliza6on is a systema6c correc6on 
(taking triples as the benchmark)

The renormaliza6on mainly 
changes the HF energy



Summary
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Universal three-body correla6ons in nuclei

• are dominantly short ranged

• can be renormalized via three-body contact

• Renormaliza6on yields accurate binding energies from CCSD for 16O to 100Sn

Thank you

Outlook

• Implica6ons for short-range correla6on studies in electron-nucleus scahering

• RG link between p-h excita6ons and UV physics


