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Outline

§ Introduction – ab initio nuclear theory – no-core shell model (NCSM)

§ Precision chiral EFT Hamiltonian with a sub-leading 3N interaction term

§ Ab initio calculations of parity-violating moments

§ Experimental limits on the Schiff moment of 19F

§ Borromean halo nucleus 11Li within NCSM (prerequisite for 11Li ~ 9Li + n + n)

§ Enhanced short-range 3N interaction with two-pion exchange – results for 3H                     

§ Conclusions

Sub-leading 3N interactions
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Ab initio nuclear theory - 
no-core shell model (NCSM)
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Chiral Effective 
Field Theory

(parameters fitted 
to NN data)

First principles or ab initio nuclear theory

Quantum Chromodynamics
(QCD)

Many-body ab initio 
nuclear theory
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Conceptually simplest ab initio method: No-Core Shell Model (NCSM)

§ Basis expansion method (CI)
§ Harmonic oscillator (HO) basis truncated in a particular way (Nmax)

§ HO frequency variational parameter
§ Why HO basis? 

§ Lowest filled HO shells match magic numbers of light nuclei 
(2, 8, 20 – 4He, 16O, 40Ca)

§ Equivalent description in relative(Jacobi)-coordinate and 
Slater determinant basis – nuclei self-bound, [H,PCM]=0
§ Exact factorization of CM and intrinsic eigenfunctions       

at each Nmax

2→2

N = 2
N = 3

6→8
12→20

20→40
N = 2n + l

l = 1,3
l = 0,2

l = 1

l = 0

N = 1
N = 0

𝐸 = (2𝑛 + 𝑙 + !
")𝔥Ω

!"#$ += !!
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Precision chiral EFT Hamiltonian with 

a sub-leading 3N interaction term
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§ NN N4LO 500 interaction by Entem-Machleidt-Nosyk (2017)
§ 3N N2LO plus a sub-leading spin-orbit enhancing term with a new LEC (E7) – Girlanda 2011 

§ local/non-local regulator
§ The Hamiltonian fully determined in A=2, A=3,4, and 6Li systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ New LEC (E7) fitted to improve excitation levels in 6Li

§ Denoted as NN N4LO + 3NlnlE7

Precision chiral EFT Hamiltonian with LECs determined in few-nucleon systems
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Precision chiral EFT Hamiltonian with LECs determined in few-nucleon systems

§ Successfully applied to 7Be(p,𝛾)8B and muon capture on 6Li, 12C, and 16O
§ Applied here for 

§ 19F structure and exotic moments
§ 11Li structure

§ NN N4LO 500 interaction by Entem-Machleidt-Nosyk (2017)
§ 3N N2LO plus a sub-leading spin-orbit enhancing term with a new LEC (E7) – Girlanda 2011 

§ local/non-local regulator
§ The Hamiltonian fully determined in A=2, A=3,4, and 6Li systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ New LEC (E7) fitted to improve excitation levels in 6Li

§ Denoted as NN N4LO + 3NlnlE7
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Precision chiral EFT Hamiltonian with LECs determined in few-nucleon systems
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Describes well ground-state energies & excitation levels of light nuclei 
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Precision chiral EFT Hamiltonian with LECs determined in few-nucleon systems

§ NN N4LO 500 interaction by Entem-Machleidt-Nosyk (2017)
§ 3N N2LO plus a sub-leading spin-orbit enhancing term with a new LEC (E7) – Girlanda 2011 

§ local/non-local regulator
§ The Hamiltonian fully determined in A=2, A=3,4, and 6Li systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ New LEC (E7) fitted to improve excitation levels in 6Li

§ Denoted as NN N4LO + 3NlnlE7
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Precision chiral EFT Hamiltonian with LECs determined in few-nucleon systems

§ NN N4LO 500 interaction by Entem-Machleidt-Nosyk (2017)
§ 3N N2LO plus a sub-leading spin-orbit enhancing term with a new LEC (E7) – Girlanda 2011 

§ local/non-local regulator
§ The Hamiltonian fully determined in A=2, A=3,4, and 6Li systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ New LEC (E7) fitted to improve excitation levels in 6Li

§ Denoted as NN N4LO + 3NlnlE7

Improvement for 7Be(p,𝛾)8B S-factor 
compared to other interactions
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Ab initio calculations                   
of parity-violating moments 

Anapole moment
Electric dipole moment
Nuclear Schiff moment
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Why investigate the electric dipole moment (EDM) and nuclear Schiff moment (NSM)?

§ Unsolved problem in physics: matter-antimatter asymmetry of the universe

§ Standard model predicts some CP violation, not enough to explain this asymmetry

§ The EDM and nuclear Schiff moment is a promising probe for CP violation beyond 
the standard model, as well as CP violating QCD 𝜃̅	parameter 

§ Nuclear EDMs can be measured in storage rings (CERN feasibility study: arXiv:1912.07881)

§ Nuclear Schiff moments can be measured using (radioactive) molecules

To understand the nuclear EDM and Schiff moment, nuclear structure effects must be understood

Nuclear Schiff moment measurements planned in 227ThF+, RaF, and FrAg molecules

Proposal to measure 8Li EDM in ion trap at ISOLDE



15What is the nuclear Schiff moment?

Slide by Matthew R. Dietrich (ANL)



16Parity violating (PV) and parity & time-reversal (PTV) violating nucleon-nucleon (NN) interaction

§ Anapole moment arises due to PV NN interaction (weak force - imaginary),     
EDM and Schiff moment due to PTV NN interaction (real)

§ Parity non-conserving PV or PTV VNNPNC interaction
§ Conserves total angular momentum I
§ Mixes opposite parities 
§ Has isoscalar, isovector and isotensor components
§ Admixes unnatural parity states in the ground state

N N



17Parity violating (PV) and parity & time-reversal (PTV) violating nucleon-nucleon (NN) interaction

§ Anapole moment arises due to PV NN interaction (weak force - imaginary),     
EDM and Schiff moment due to PTV NN interaction (real)

§ Parity non-conserving PV or PTV VNNPNC interaction
§ Conserves total angular momentum I
§ Mixes opposite parities 
§ Has isoscalar, isovector and isotensor components
§ Admixes unnatural parity states in the ground state

§ EDM and Schiff moment operators

§ EDM and Schiff moment calculation
§ Nuclear EDM is dominated by and the Schiff moment determined by the polarization contribution:
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NCSM applications to parity-violating moments:
How to calculate the sum of intermediate unnatural parity states?

§ Solving Schroedinger equation with inhomogeneous term

§ To invert this equation, we apply the Lanczos algorithm
— Bring matrix to tri-diagonal form (v1, v2 … orthonormal, H  Hermitian)

—  nth iteration computes 2nth moment
— Eigenvalues converge to extreme (largest in magnitude) values
— ~ 150-200 iterations needed for 10 eigenvalues (even for 109 states)
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NCSM applications to parity-violating moments:
How to calculate the sum of intermediate unnatural parity states?

§ Solving Schroedinger equation with inhomogeneous term

§ To invert this equation, we apply the Lanczos algorithm
— Bring matrix to tri-diagonal form (v1, v2 … orthonormal, H  Hermitian)

—  nth iteration computes 2nth moment
— Eigenvalues converge to extreme (largest in magnitude) values
— ~ 150-200 iterations needed for 10 eigenvalues (even for 109 states)

Sum over all possible 
intermediate states
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§ Solving Schroedinger equation with inhomogeneous term

§ To invert this equation, we apply the Lanczos algorithm
— Bring matrix to tri-diagonal form (v1, v2 … orthonormal, H  Hermitian)

—  nth iteration computes 2nth moment
— Eigenvalues converge to extreme (largest in magnitude) values
— ~ 150-200 iterations needed for 10 eigenvalues (even for 109 states)

NCSM applications to parity-violating moments:
How to calculate the sum of intermediate unnatural parity states?
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NCSM applications to parity-violating moments:
How to calculate the sum of intermediate unnatural parity states?

§ Solving Schroedinger equation with inhomogeneous term

§ To invert this equation, we apply the Lanczos algorithm

Lanczos continued 
fraction method

or
Lanczos strength 

method~100 iterations
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Ab initio calculations                   
of parity-violating moments: 

Experimental limits on the Schiff 
moment of 19F

Anapole moment of 19F



24Large-scale NCSM calculations of 19F
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25Large-scale NCSM calculations of 19F

Basis dimension 
812 million

=
Full Nmax=5 

+
623 million N=7 states

Importance-truncated NCSM @ Nmax = 7

Basis dimension 
8.48 billion

Inaccessible for 
technical reasons

Basis dimension 
702 million

Polynomial extrapolation 
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Calculated ½+ state 
energy shifted to match 
the ½-

1 excitation energy

Nuclear Schiff moment and EDM of 19F
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Nuclear Schiff moment and EDM of 19F
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E1 matrix element small
S matrix element large due to the r3 term
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This is due to very different structure of the ½+ g.s. and the ½-1 state
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Nuclear Schiff moment and EDM of 19F
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E1 matrix element small
S matrix element large due to the r3 term

19F Schiff moment dominated by the contribution of the lowest ½- state
However, its contribution to the EDM of 19F is negligible.

This is due to very different structure of the ½+ g.s. and the ½-1 state
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Nuclear Schiff moment and EDM of 19F

Recent JILA high-precision measurements of the molecular electric dipole moment of 180Hf19F+
 
in combination with quantum-chemistry calculations to evaluate the sensitivity of the hafnium 
monofluoride cation, HfF+, to the nuclear Schiff moment of 19F
 
and with ab initio calculations of the 19F nuclear Schiff moment 

allows to set an experimental limit on the PTV pion-nucleon-nucleon couplings.

arXiv:2507.19811

𝐺$
#
= 𝑔	𝑔̅$	 ( g ~ 13.5)
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Nuclear Schiff moment and EDM of 19F

arXiv:2507.19811

𝐺$
#
= 𝑔	𝑔̅$	 ( g ~ 13.5)

19F Schiff moment comparable to 
129Xe Schiff moment calculated 
within the nuclear shell model

Recent JILA high-precision measurements of the molecular electric dipole moment of 180Hf19F+
 
in combination with quantum-chemistry calculations to evaluate the sensitivity of the hafnium 
monofluoride cation, HfF+, to the nuclear Schiff moment of 19F
 
and with ab initio calculations of the 19F nuclear Schiff moment 

allows to set an experimental limit on the PTV pion-nucleon-nucleon couplings.
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Nuclear Schiff moment and EDM of 19F

arXiv:2507.19811

𝐺$
#
= 𝑔	𝑔̅$	 ( g ~ 13.5)

19F Schiff moment comparable to 
129Xe Schiff moment calculated 
within the nuclear shell model

Still, the lighter mass of 19F results in smaller 
coefficients for the πNN coupling terms than 

those in heavier and octupole-deformed 
nuclei such as 225Ra and 227Ac.

Nevertheless, the 19F NSM can be computed 
using ab initio methods that provide a more 

detailed and reliable description of the 
nuclear structure than approaches typically 

used for heavier nuclei.

Recent JILA high-precision measurements of the molecular electric dipole moment of 180Hf19F+
 
in combination with quantum-chemistry calculations to evaluate the sensitivity of the hafnium 
monofluoride cation, HfF+, to the nuclear Schiff moment of 19F
 
and with ab initio calculations of the 19F nuclear Schiff moment 

allows to set an experimental limit on the PTV pion-nucleon-nucleon couplings.
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11Li within NCSM                          

(prerequisite for 11Li ~ 9Li + n + n)



34Borromean halo nucleus 11Li

§ Z=3, N=8
§ Very weakly bound: Eth=-0.3 MeV

§ Halo state – dominated by 9Li+n+n in the S-wave
§ Configuration mixing, 9Li ½- excited state plays a role 

§ Can we describe 11Li in ab initio calculations?
§ Continuum must be included
§ What role does the 3N interaction play in the configuration mixing?
§ NCSMC needs to be applied – very challenging
§ The first step – large-scale NCSM 

0s1/2

0p1/2
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0p3/2
0s1/2

0p1/2
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0p3/2vs.

11Li

halo nucleus

weakly bound systems

large extension of density



35Large-scale NCSM calculations of 11Li
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Next step – including continuum via NCSMC – 11Li ~ 9Li + n + n
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Enhanced short-range 3N interaction 
with two-pion exchange 

 
Results for 3H
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A new class of three-nucleon forces – enhanced sub-leading terms? 

§ Enhanced short-range 3N interaction with two-
pion exchange 
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FIG. 1: Diagrams contributing to the 3NF in chiral EFT based on Weinberg’s power counting with pions and nucleons as
the only explicit degrees of freedom. Up to N4LO, all possible 3NF topologies are shown in the leftmost column and include
the two-pion exchange (a), two-pion-one-pion exchange (b), ring (c), one-pion-exchange-contact (d), two-pion-exchange-contact
(e) and purely contact (f) diagrams. Dashed and solid lines denote pions and nucleons, respectively. Solid dots, filled circles,
filled diamonds and filled squares denote the vertices from the e!ective chiral Lagrangian of dimension ”i = 0, 1, 2 and 3,
respectively. The dominant N2LO contributions are derived in Refs. [19, 20]. The expressions for the N3LO contributions,
calculated using dimensional regularization, can be found in Refs. [21–23], while the N4LO corrections of types (a), (b) and
(c) have been worked out in Refs. [24, 25]. The subleading contact 3NF of type (f) is discussed in Ref. [26], while the N4LO
contributions of the type (d) and (e) have not yet been worked out. The diagram in the last column is considered by Cirigliano
et al. [27] and argued to be enhanced beyond NDA as explained in the text.

of pions, whose strength is determined by D2 by virtue of spontaneously broken chiral symmetry. Accordingly,
the two-pion-exchange-contact 3NF → D2 in the rightmost column of Fig. 1 is argued to contribute at order Q4

(N3LO) rather than Q6 (N5LO).

• Motivated by these arguments, the authors of Ref. [27] derive the expressions for the type-(e) 3NF → D2 and F2,
where F2 denotes the LEC of the quark-mass independent ωωNN vertex with two derivatives, using dimensional
regularization to calculate pion loops. Assuming |D2|, |F2| ↭ 4 fm4, they find very large e!ects in nuclear matter,
which seems to support the need to promote these 3NFs to a lower order.

Clearly, these conclusions, if valid, put pressure on the mainstream applications of chiral EFT to nuclear systems
relying on the NDA-based hierarchy of nuclear forces as reviewed in Refs. [2, 3, 16]. In this paper, we critically
address the arguments put forward in Ref. [27] and take a closer look at the convergence pattern of the chiral
expansion for 3NFs, focusing especially on the type-(e) topology. We also estimate the contributions of the considered
3NFs to the EoS of nuclear matter.

Our paper is organized as follows. In sec. II, we discuss the RG equation and the resulting scaling of the LEC D2

for di!erent choices of renormalization conditions. We argue that the enhanced size of D2 assumed in the analysis
of Ref. [27], D2 ↑ O(Q→2), corresponds to the choice of renormalization conditions employed by Kaplan, Savage and
Wise (KSW) [29], while the LEC D2 is expected to scale according to NDA, i.e. D2 ↑ O(1), in the Weinberg scheme.

arXiv:2512.14117
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A new class of three-nucleon forces – enhanced sub-leading terms? 

§ Application to 3H gs energy – Jacobi NCSM Georgios Palkanoglou (TRIUMF) Calculations for 4He, 
p-shell nuclei in progress
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§ Sub-leading spin-orbit enhancing 3N interaction improves description of light nuclei
§  Enhanced short-range 3N interaction with two-pion exchange applied to 3H

§ Calculations for 4He and p-shell nuclei in progress

§ 19F Schiff moment and EDM calculated in NCSM
§ Obtained experimental limits for PTV πNN couplings

§ Nuclear structure of 11Li investigated in NCSM
§ Relevant for new 11Li(d,d’)11Li TRIUMF IRIS Experiment
§ Prerequisite for NCSMC 11Li ~ 9Li + n + n study with three-body continuum


