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Outline

§ Theory method

§ Ab initio no-core shell model (NCSM) and NCSM with continuum (NCSMC)

§ Input chiral NN+3N interactions

§ Continued fraction Lanczos method for Green’s functions

§ Fundamental symmetries

§ Calculations of β-decay electron spectrum

§ 6He, 16N – reach to light sd-shell, e.g., 19Ne

§ Nuclear structure corrections for the extraction of the Vud from the superallowed Fermi transition

§ 𝛿C and 𝛿NS for 10C→10B – reach to 14O → 14N and possibly 18Ne → 18F, 22Mg → 22Na

§ Parity-violating and time-reversal violating nuclear moments

§ Anapole and electric dipole moments of light nuclei

§ Proton capture on 7Li and the hypothetical X17 boson
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Outline

§ Nuclear structure

§ Resonances close to threshold – reach to light sd-shell

§ DT fusion, 6He+p, 10Be+p – 11Be β-decay to continuum

§ Halo nuclei 

§ 11Be – photodissociation, ANC

§ 15C – ANCs, narrow resonances in the 15F mirror

§ Radii of weakly bound nuclei within the NCSMC – much superior to NCSM (HO basis)

§ Nuclear astrophysics

§ Capture reactions – reach to light sd-shell

§ 4He(d,γ)6Li, 7Be(p,γ)8B, 11C(p,γ)12N, 8Li(n,γ)9Li, 14C(n,γ)15C
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5Ab initio No-Core Shell Model (NCSM)

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

§ Short- and medium range correlations
§ Bound-states, narrow resonances
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Motivated by limitations of the Bloch–Horowitz–Brandow perturbative approach to
nuclear structure we have developed the non-perturbative ab initio no core shell model
(NCSM) capable of solving the properties of nuclei exactly for arbitrary nucleon–nucleon
(NN) and NN + three-nucleon (NNN) interactions with exact preservation of all
symmetries. We present the complete ab initio NCSM formalism and review highlights
obtained with it since its inception. These highlights include the first ab initio nuclear-
structure calculations utilizing chiralNNN interactions, which predict the correct low-lying
spectrum for 10B and explain the anomalous long 14C �-decay lifetime. We also obtain the
small quadrupole moment of 6Li. In addition to explaining long-standing nuclear structure
anomalies, the ab initio NCSM provides a predictive framework for observables that are
not yet measured or are not directly measurable. For example, reactions between short-
lived systems and reaction rates near zero energy are relevant to fusion research but may
not be known from experiment with sufficient precision. We, therefore, discuss, in detail,
the extension of the ab initio NCSM to nuclear reactions and sketch a number of promising
future directions for research emerging from theNCSM foundation, including amicroscopic
non-perturbative framework for the theorywith a core. Having a parameter-free approach,
we can construct systems with a core, which will provide an ab initio pathway to heavier
nuclei.
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Abstract
The description of nuclei starting from the constituent nucleons and the realistic interactions
among them has been a long-standing goal in nuclear physics. In addition to the complex nature
of the nuclear forces, with two-, three- and possibly higher many-nucleon components, one faces
the quantum-mechanical many-nucleon problem governed by an interplay between bound and
continuum states. In recent years, significant progress has been made in ab initio nuclear
structure and reaction calculations based on input from QCD-employing Hamiltonians
constructed within chiral effective field theory. After a brief overview of the field, we focus on
ab initio many-body approaches—built upon the no-core shell model—that are capable of
simultaneously describing both bound and scattering nuclear states, and present results for
resonances in light nuclei, reactions important for astrophysics and fusion research. In particular,
we review recent calculations of resonances in the 6He halo nucleus, of five- and six-nucleon
scattering, and an investigation of the role of chiral three-nucleon interactions in the structure of
9Be. Further, we discuss applications to the 7Be gp, B8( ) radiative capture. Finally, we highlight
our efforts to describe transfer reactions including the 3H d, n 4( ) He fusion.

Keywords: ab initio methods, many-body nuclear reaction theory, nuclear reactions involving
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1. Introduction

Understanding the structure and the dynamics of nuclei as
many-body systems of protons and neutrons interacting
through the strong (as well as electromagnetic and weak)
forces is one of the central goals of nuclear physics. One of
the major reasons why this goal has yet to be accomplished
lies in the complex nature of the strong nuclear force, emer-
ging form the underlying theory of quantum chromodynamics
(QCD). At the low energies relevant to the structure and
dynamics of nuclei, QCD is non-perturbative and very diffi-
cult to solve. The relevant degrees of freedom for nuclei are

nucleons, i.e., protons and neutrons, that are not fundamental
particles but rather complex objects made of quarks, anti-
quarks and gluons. Consequently, the strong interactions
among nucleons is only an ‘effective’ interaction emerging
non-perturbatively from QCD. Our knowledge of the
nucleon–nucleon (NN) interactions is limited at present to
models. The most advanced and most fundamental of these
models rely on a low-energy effective field theory (EFT) of
the QCD, chiral EFT [1]. This theory is built on the sym-
metries of QCD, most notably the approximate chiral sym-
metry. However, it is not renormalizable and has an infinite
number of terms. Chiral EFT involves unknown parameters,
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Abstract
The description of nuclei starting from the constituent nucleons and the realistic interactions
among them has been a long-standing goal in nuclear physics. In addition to the complex nature
of the nuclear forces, with two-, three- and possibly higher many-nucleon components, one faces
the quantum-mechanical many-nucleon problem governed by an interplay between bound and
continuum states. In recent years, significant progress has been made in ab initio nuclear
structure and reaction calculations based on input from QCD-employing Hamiltonians
constructed within chiral effective field theory. After a brief overview of the field, we focus on
ab initio many-body approaches—built upon the no-core shell model—that are capable of
simultaneously describing both bound and scattering nuclear states, and present results for
resonances in light nuclei, reactions important for astrophysics and fusion research. In particular,
we review recent calculations of resonances in the 6He halo nucleus, of five- and six-nucleon
scattering, and an investigation of the role of chiral three-nucleon interactions in the structure of
9Be. Further, we discuss applications to the 7Be gp, B8( ) radiative capture. Finally, we highlight
our efforts to describe transfer reactions including the 3H d, n 4( ) He fusion.
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1. Introduction

Understanding the structure and the dynamics of nuclei as
many-body systems of protons and neutrons interacting
through the strong (as well as electromagnetic and weak)
forces is one of the central goals of nuclear physics. One of
the major reasons why this goal has yet to be accomplished
lies in the complex nature of the strong nuclear force, emer-
ging form the underlying theory of quantum chromodynamics
(QCD). At the low energies relevant to the structure and
dynamics of nuclei, QCD is non-perturbative and very diffi-
cult to solve. The relevant degrees of freedom for nuclei are

nucleons, i.e., protons and neutrons, that are not fundamental
particles but rather complex objects made of quarks, anti-
quarks and gluons. Consequently, the strong interactions
among nucleons is only an ‘effective’ interaction emerging
non-perturbatively from QCD. Our knowledge of the
nucleon–nucleon (NN) interactions is limited at present to
models. The most advanced and most fundamental of these
models rely on a low-energy effective field theory (EFT) of
the QCD, chiral EFT [1]. This theory is built on the sym-
metries of QCD, most notably the approximate chiral sym-
metry. However, it is not renormalizable and has an infinite
number of terms. Chiral EFT involves unknown parameters,
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Abstract
The description of nuclei starting from the constituent nucleons and the realistic interactions
among them has been a long-standing goal in nuclear physics. In addition to the complex nature
of the nuclear forces, with two-, three- and possibly higher many-nucleon components, one faces
the quantum-mechanical many-nucleon problem governed by an interplay between bound and
continuum states. In recent years, significant progress has been made in ab initio nuclear
structure and reaction calculations based on input from QCD-employing Hamiltonians
constructed within chiral effective field theory. After a brief overview of the field, we focus on
ab initio many-body approaches—built upon the no-core shell model—that are capable of
simultaneously describing both bound and scattering nuclear states, and present results for
resonances in light nuclei, reactions important for astrophysics and fusion research. In particular,
we review recent calculations of resonances in the 6He halo nucleus, of five- and six-nucleon
scattering, and an investigation of the role of chiral three-nucleon interactions in the structure of
9Be. Further, we discuss applications to the 7Be gp, B8( ) radiative capture. Finally, we highlight
our efforts to describe transfer reactions including the 3H d, n 4( ) He fusion.

Keywords: ab initio methods, many-body nuclear reaction theory, nuclear reactions involving
few-nucleon systems, three-nucleon forces, radiative capture
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1. Introduction

Understanding the structure and the dynamics of nuclei as
many-body systems of protons and neutrons interacting
through the strong (as well as electromagnetic and weak)
forces is one of the central goals of nuclear physics. One of
the major reasons why this goal has yet to be accomplished
lies in the complex nature of the strong nuclear force, emer-
ging form the underlying theory of quantum chromodynamics
(QCD). At the low energies relevant to the structure and
dynamics of nuclei, QCD is non-perturbative and very diffi-
cult to solve. The relevant degrees of freedom for nuclei are

nucleons, i.e., protons and neutrons, that are not fundamental
particles but rather complex objects made of quarks, anti-
quarks and gluons. Consequently, the strong interactions
among nucleons is only an ‘effective’ interaction emerging
non-perturbatively from QCD. Our knowledge of the
nucleon–nucleon (NN) interactions is limited at present to
models. The most advanced and most fundamental of these
models rely on a low-energy effective field theory (EFT) of
the QCD, chiral EFT [1]. This theory is built on the sym-
metries of QCD, most notably the approximate chiral sym-
metry. However, it is not renormalizable and has an infinite
number of terms. Chiral EFT involves unknown parameters,
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Abstract
The description of nuclei starting from the constituent nucleons and the realistic interactions
among them has been a long-standing goal in nuclear physics. In addition to the complex nature
of the nuclear forces, with two-, three- and possibly higher many-nucleon components, one faces
the quantum-mechanical many-nucleon problem governed by an interplay between bound and
continuum states. In recent years, significant progress has been made in ab initio nuclear
structure and reaction calculations based on input from QCD-employing Hamiltonians
constructed within chiral effective field theory. After a brief overview of the field, we focus on
ab initio many-body approaches—built upon the no-core shell model—that are capable of
simultaneously describing both bound and scattering nuclear states, and present results for
resonances in light nuclei, reactions important for astrophysics and fusion research. In particular,
we review recent calculations of resonances in the 6He halo nucleus, of five- and six-nucleon
scattering, and an investigation of the role of chiral three-nucleon interactions in the structure of
9Be. Further, we discuss applications to the 7Be gp, B8( ) radiative capture. Finally, we highlight
our efforts to describe transfer reactions including the 3H d, n 4( ) He fusion.

Keywords: ab initio methods, many-body nuclear reaction theory, nuclear reactions involving
few-nucleon systems, three-nucleon forces, radiative capture

(Some figures may appear in colour only in the online journal)

1. Introduction

Understanding the structure and the dynamics of nuclei as
many-body systems of protons and neutrons interacting
through the strong (as well as electromagnetic and weak)
forces is one of the central goals of nuclear physics. One of
the major reasons why this goal has yet to be accomplished
lies in the complex nature of the strong nuclear force, emer-
ging form the underlying theory of quantum chromodynamics
(QCD). At the low energies relevant to the structure and
dynamics of nuclei, QCD is non-perturbative and very diffi-
cult to solve. The relevant degrees of freedom for nuclei are

nucleons, i.e., protons and neutrons, that are not fundamental
particles but rather complex objects made of quarks, anti-
quarks and gluons. Consequently, the strong interactions
among nucleons is only an ‘effective’ interaction emerging
non-perturbatively from QCD. Our knowledge of the
nucleon–nucleon (NN) interactions is limited at present to
models. The most advanced and most fundamental of these
models rely on a low-energy effective field theory (EFT) of
the QCD, chiral EFT [1]. This theory is built on the sym-
metries of QCD, most notably the approximate chiral sym-
metry. However, it is not renormalizable and has an infinite
number of terms. Chiral EFT involves unknown parameters,
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12NCSM & NCSMC

§ What are the observables that will have the most impact?
§ Input – chiral NN+3N interactions

§ NN well constrained by the nucleon-nucleon scattering data
§ 3N is not well constrained

§ Need to measure three-nucleon scattering
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§ What theoretical advances are required?
§ Coupling of different mass partitions

Moving in that direction:
First example 6Li(n,t)4He
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15Precise measurements of β decays to search for Physics Beyond the Standard Model 

§ Precision measurements of β-decay observables offer the possibility to search for deviations from the Standard Model
§ β-decay observables are sensitive to interference of currents of SM particles and hypothetical BSM physics
§ Discovering such small deviations from the SM predictions demands also high-precision theoretical calculations 

§ ⇒ Nuclear structure calculations with quantified uncertainties



166He β-decay

§ Decay rate proportional to

§ The V-A structure of the weak interaction in the Standard Model 
implies for a Gamow-Teller transition

where a�⌫ is the angular correlation coefficient between the emitted electron
and anti-neutrino, and bFierz is Fierz interference term, that can be extracted
from the electron energy spectrum measurements. The V � A structure of
the weak interaction within the Standard Model entails that, for Gamow-Teller
transitions, a�⌫ = � 1

3 , while bFierz = 0.
In the presence of beyond standard model interaction with tensor sym-

metries, aBSM
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axial-vector interactions [5, 6]. Thus, �-⌫ correlation measurements are sen-
sitive to interactions of exotic, i.e., tensor, symmetries. Previous correlation
measurements from 6He got to reach a relative precision of 1% [7].

As for the Fierz term derived from the �-energy spectrum, which vanishes for
the known V �A differential distribution of Gamow-Teller �-decay transitions,
in the presence of BSM tensor interactions, it entails bBSM

Fierz =
CT+C

0
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.

Deviations from the textbook formulas, however, are also caused by finite
momentum transfer, EFT corrections, and nuclear structure effects as already
shown in [8]. Pin-pointing these effects demands a detailed calculation of the
nuclear dynamics of the weak decay.

The purpose of this letter is to provide these detailed calculations of the
nuclear dynamics for such 6He beta-decay experiments. The novelty in this
work is, not only do we perform the corrections within the standard Model, but
we also conduct accurate numeric calculations for the matrix elements, which
allows us, together with the formalism, to give a satisfactory precision estimation
of the theoretical calculation.

2 Method

2.1 Physical observables in
6
He beta decay

The 6He beta minus decay transition is a pure Gamow-Teller transition 6He (0+) !
6Li (1+) (the numbers represent the nuclei angular momentum and parity J⇡),
with an endpoints of Q = 3.510MeV. Within the standard model, the 6He beta
minus decay general differential distribution, including shape and recoil leading
corrections will take the form:
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§ In the presence of Beyond the Standard Model interactions

§ with tensor and pseudo-tensor contributions

§ However, deviations also within the Standard Model caused by 
the finite momentum transfer, higher-order transition operators, 
and nuclear structure effects

§ Detailed, accurate, and precise calculations required
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§ Higher-order Standard Model recoil and shape corrections

The multipole operator L̂A
1 / 1 is the Gamow-Teller leading order, while

ĈA
1 and M̂V

1 are its NLO recoil corrections, both dominated by the two small
parameters ✏recoil and ✏qr ·✏NR. While ✏NR ⌘ PFermi

mN
⇡ 0.2, for the Q = 3.510MeV

endpoint of 6He beta decay, ✏recoil ⌘ Q
mN

⇡ 0.004 and ✏qr ⌘ QR ⇡ 0.04. All the
NLO corrections in equation (5) are accurate to the order of ✏2qr . cite recoil

paper
2.2 Nuclear matrix elements

The three nuclear operators L̂A, ĈA and M̂V appearing in equations (2) and
(5) can be expressed in terms of four basic multipole operators ⌃̂

00, ⌦̂, �̂, and
⌃̂

0 from Standard-Model electroweak theory [9] as
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Here, J is the multipole number with projection MJ , A is the mass number of the
initial- and final-state nucleus, ~rj is the jth nucleon position vector, and ⌧±(j)
is the isospin raising(lowering) operator of nucleon j. The multipole operators
are defined as
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with ~�(j) being the Pauli spin matrices associated with nucleon j. In (7),
MJMJ (q~rj) = jJ(q~rj)YJMJ (⌦~rj ) and ~MJJMJ (q~rj) = jJ(q~rj)~YJJMJ (⌦~rj ), where
⌦~rj represents azimuthal and polar angles of ~rj . YJMJ and ~YJJMJ are spherical
and vector spherical harmonics, and jJ are spherical Bessel functions. Since the
multipole operators in (7) are one-body operators, the reduced matrix elements
of the many-body nuclear operators (6) can be expressed as products of one-
body transition density matrix and one-body matrix elements, as detailed in the
following section. For a harmonic oscillator (HO) single-particle basis, employed
in this work, the one-body matrix elements of all multipole operators defined in
(7) can be calculated analytically [9].
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Here, J is the multipole number with projection MJ , A is the mass number of the
initial- and final-state nucleus, ~rj is the jth nucleon position vector, and ⌧±(j)
is the isospin raising(lowering) operator of nucleon j. The multipole operators
are defined as
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with ~�(j) being the Pauli spin matrices associated with nucleon j. In (7),
MJMJ (q~rj) = jJ(q~rj)YJMJ (⌦~rj ) and ~MJJMJ (q~rj) = jJ(q~rj)~YJJMJ (⌦~rj ), where
⌦~rj represents azimuthal and polar angles of ~rj . YJMJ and ~YJJMJ are spherical
and vector spherical harmonics, and jJ are spherical Bessel functions. Since the
multipole operators in (7) are one-body operators, the reduced matrix elements
of the many-body nuclear operators (6) can be expressed as products of one-
body transition density matrix and one-body matrix elements, as detailed in the
following section. For a harmonic oscillator (HO) single-particle basis, employed
in this work, the one-body matrix elements of all multipole operators defined in
(7) can be calculated analytically [9].
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§ Higher-order Standard Model recoil and shape corrections
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Ultimately, we need to calculate 
6He(0+ 1) → 6Li(1+ 0) matrix elements 

of these “one-body” operators  

gV = 1       gA = -1.2756(13)

Hadronic vector, axial vector and pseudo-scalar charges
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functions and the operator matrix elements NCSM

§ Matrix elements of the relevant operators 
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§ Convergence investigation 
§ Variation of HO frequency

§ h𝝮 = 16 - 24 MeV 
§ Variation of basis size 

§ Nmax= 0 - 14 for NNLOopt
§ Nmax= 0 - 12 for NNLOsat
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§ We find up to 1% correction for the β spectrum and up to 
2% correction for the angular correlation

§ Propagating nuclear structure and 𝝌EFT uncertainties 
results in an overall uncertainty of 10-4

§ Comparable to the precision of current experiments 

to the LHC frontier) implies bBSM
Fierz =

CT+C
0
T

CA
⇠ 10

�3.
The angular correlation, as well as the Fierz term, show a distinguished

deviation from the GT known values, and since the experiments are aiming to
reach an accuracy of per-mill, those corrections will be crucial for analyzing the
measurements data.
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in L̂ A
1 , consistent with the fact that these corrections are of higher 

order in EFT counting than M̂ V
1 . This consistency allows us to con-

servatively estimate that εEFT ! 0.15.
As shown in Fig. 3b(d), we find up to 1% (2%) corrections to the 

β spectrum (angular correlation), consistent with the a priori es-
timates based on the small parameters of the problem. However, 
these corrections depend on the electron kinetic energy, thus ex-
tracting aβν requires an energy-weighted average, adhering to the 
particular experimental setup. Here, we exemplify the important 
effect of this procedure, by using an average of aβν weighted by 
the spectrum dω1+β−

dE . In this example, the total correction to aβν

due to nuclear structure is
〈
δ̃

1+β−
a

〉
= −2.54 (68) · 10−3, (8)

i.e., a 7 per-mil correction to the SM aGT
βν = − 1

3 . This, however, is 
a naive value, as one should keep in mind the (often neglected) 
dependence of the measured aβν value on the bF-analogous term 
detailed below.

Such a term with a similar spectral behavior as the Fierz in-
terference can be extracted from the corrected spectrum, and our 
calculations indicate that it is non-zero

b1+β−
F = δ

1+β−
b = −1.52 (18) · 10−3. (9)

This result, with an uncertainty of ∼ 10−4, is vital for ongoing ex-
periments, aiming for a per-mil level of precision.

In order to extract the β −ν correlation coefficient aβν , one no-
tices that the spectral shape suggests that ameasured

βν = aβν

1+bF
〈 me

E

〉 [22], 
resulting in the following relation:

aβν = ameasured
βν − aGT

βν

(〈
δ̃

1+β−
a

〉
− b1+β−

F

〈me

E

〉)

= ameasured
βν − 0.70 (24) · 10−3,

(10)

where 
〈me

E

〉
= 0.28536 (10).

However, a realistic measurement cannot probe directly the 
correlation between the neutrino and the β particle. For example, 
in the 1963 experiment [16], the recoil ion energy spectrum was 
studied, resulting in a different effect. The effect for 6He is given 
by ameasured

βν = aβν +0.127 bF [22], so the measured value (including 
radiative corrections [17], influence of the updated shake-off prob-
ability [18] and Q-value [19,20]) ameasured

βν + δrad,so,Q = −0.3324(30)

should be modified to

aβν = ameasured
βν + δrad,so,Q −

(
aGT
βν

〈
δ̃

1+β−
a

〉
+ 0.127b1+β−

F

)

= −0.3331 (32) .
(11)

Thus, the extracted aβν depends on corrections that imitate 
the spectral dependence of the Fierz term (suppressed by a nu-
merical factor of about 0.1). Importantly, this indirectly induces 
a linear dependence of this observable upon BSM corrections, be-
yond the naive quadratic dependence of aβν . Consequently, ∼ 10−4

experimental precision on this observable would entail tighter BSM 
constraints [52].

Summarizing, we have used a χEFT framework combined with 
the ab initio NCSM to analyze the nuclear-structure related correc-
tions to 6He β-decay observables. In particular, we have studied 
the angular correlation coefficient and a nuclear structure term 
with an inverse energy spectral dependence, imitating a Fierz in-
terference term. Our analysis uses the existence of small param-
eters, originating mainly in the low-energy regime characterizing 
β-decays, to quantify the relevant theoretical uncertainties. We 
find that the induced me/E behavior, that can be wrongly inter-
preted as a result of Fierz interference between SM and BSM cur-
rents, is significantly different than the naive SM value of zero. Our 

theoretical prediction comes with less than 15% uncertainty. Fur-
thermore, 0.2 per-mil bounds were found for SM nuclear structure 
effects correcting the angular correlation coefficient. Albeit these 
are smaller than the current experimental uncertainty, future an-
gular correlations measurements of 6He decay, aimed at reducing 
the current error by one order of magnitude, should use these 
bounds to check for BSM signatures, due to the indirect depen-
dence of the angular correlations on the Fierz term. These results 
increase significantly the potential to correctly check the SM, as 
well as pin-pointing possible deviations from it.
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Appendix A. Nuclear multipole operators

The four basic operators from SM electroweak theory that ap-
pear in Eq. (5) in the main text are defined as [30]

'̂′′
J M J

(q$r j) =
[

1
q

$∇$r j
M J M J (q$r j)

]
· $σ j,

)̂′
J M J

(q$r j) = M J M J (q$r j) $σ j · $∇$r j
+ 1

2
'̂′′

J M J
(q$r j),

*̂ J M J (q$r j) = $M J J M J (q$r j) · 1
q

$∇$r j
,

'̂′
J M J

(q$r j) = −i
[

1
q

$∇$r j
× $M J J M J (q$r j)

]
· $σ j,

(A.1)

with $σ j being the Pauli spin matrices associated with nucleon 
j. Furthermore, M J M J (q$r j) = j J (qr j)Y J M J (r̂ j) and $M J LM J (q$r j) =

5

Overall results for 6He(0+ 1) → 6Li(1+ 0) + e- + #𝜈

Non-zero Fierz interference term due to nuclear 
structure corrections 



22Unique first-forbidden beta decay 16N(2-) → 16O(0+)

§ The unique first-forbidden transition, JΔπ =2−, is of 
great interest for BSM searches 
§ Energy spectrum of emitted electrons sensitive to 

the symmetries of the weak interaction, gives 
constraints both in the case of right and left 
couplings of the new beyond standard model 
currents 

§ Ayala Glick-Magid et al., PLB 767 (2017) 285 

§ Ongoing experiment at SARAF, Israel



23Ordinary muon capture on 16O within the NCSM

§ Investigated using three sets of chiral EFT NN+3N interactions:
§ NN(N4LO)+3N(N2LO,lnl)

Entem, Machleidt, Nosyk, Phys. Rev. C 96, 024004 (2017) (NN) 

Gysbers et al., Nature Phys. 15, 428 (2019) (3N) 
§ NN(N4LO)+3N(N2LO,lnl,E7) 

Girlanda, Kievsky, Viviani, Phys. Rev. C 84, 014001 (2011) (E7)  
§ NN(N3LO)+3N(N2LO,lnl) 

Entem, Machleidt, Phys. Rev. C 68, 041001 (2003) (NN) 
Soma, Navratil et al., Phys. Rev. C 101, 014318 (2020) (3N)

§ Results quite encouraging
§ NCSM describes well the complex systems 16O and 16N 
§ → Feasible to apply NCSM to the 16N beta decay 

0 2 4 6 8 10 12
0

5

10

15

20

1

1b

1b + 2b

Nmax

R
a
t
e
(
1
0
3
/s
)

16
O(0

+
gs
) + µ� ! 16

N(2
�
gs
) + ⌫µ

NN-N
4
LO+3Nlnl Early exps.

NN-N
4
LO+3N

⇤
lnl

Kane 1973

NN-N
3
LO

⇤
+3Nlnl

Lotta Jokiniemi, PN, Kotila, and Kravvaris, in progress 

Preliminary



2416N(2-) Gamow-Teller transitions to the negative parity excited states of 16O

§ Tests of NCSM wave functions
§ B(GT)s overestimated – operator SRG, 2BC need to be included, continuum
§ Correct hierarchy of transitions

Preliminary
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§ Basic operator matrix elements
§ NN-N3LO+3Nlnl - Nmax dependence, COM effect Preliminary



26

D
is

co
ve

ry
,

ac
ce

le
ra

te
d

2023-05-19

Electroweak radiative 
corrections δ!" and δ#
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𝑉$% element of CKM matrix

§ Precise 𝑉%& from superallowed Fermi transitions

ℒ!! = −
𝑔
2
,𝑢" , ̅𝑐" , ̅𝑡" 𝛾#𝑊#$𝑉!%&

𝑑"
𝑠"
𝑏"

+ ℎ. 𝑐.

‒ hadronic matrix elements modified by nuclear environment
‒ Fermi matrix element renormalized by isospin non–conserving forces

𝐺' ≡ Fermi coupling constant
determined from muon 𝛽 decay
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Δ&' and 𝛿()

§ Tree level beta decay amplitude

§ Hadronic correction in forward scattering limit

Leptonic current
NME of charged 

weak current
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Nonrelativistic Compton amplitude

§ Goal: Non-relativistic currents in momentum space
§ Rewrite currents with 𝐴-body propagators
§ Fourier transform currents into momentum space
§ General multipole expansion of currents

NCSM calculations led by M. Gennari (UVic/TRIUMF PhD student)
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§ Goal: Non-relativistic currents in momentum space
§ Rewrite currents with 𝐴-body propagators
§ Fourier transform currents into momentum space
§ General multipole expansion of currents

Nonrelativistic Compton amplitude

Lanczos continued fraction 
method to compute nuclear 

Green’s functions

NCSM calculations led by M. Gennari (UVic/TRIUMF PhD student)
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Preliminary 𝛿NS  result at Nmax=3 and  Nmax=5 still being double checked

Feasible to reach Nmax=11 

Towner & Hardy used 𝛿NS = -0.4 

NCSM calculations led by M. Gennari (UVic/TRIUMF PhD student)
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The pathway to δ#

§ δ? in ab initio NCSM over 20 
years ago

HO expansion incompatible with reaction theory
i. imprecise asymptotics
ii. missing correlations in excited states
iii. description of scattering not feasible
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δ# in NCSMC

§ Compute Fermi matrix element in NCSMC 

§ Total isospin operator 𝑇@ = 𝑇@
A + 𝑇@

B for partitioned system

NCSM matrix element
NCSM-Cluster matrix elements

Continuum (cluster) matrix element
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10C structure from chiral EFT NN(N4LO)+3N(N2LO,lnl) interaction (𝑁CDE = 9)

§ Treat as mass partition of proton plus 9B
§ Use 3/2F and 5/2F states of 9B
§ Known bound states captured by NCSMC

State ENCSM (MeV) E (MeV) Eexp (MeV)
0$ −3.09 −3.46 −4.006
2$ +0.40 −0.03 −0.652
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𝜋 = +1

Eigenphase shifts

10C structure from chiral EFT NN(N4LO)+3N(N2LO,lnl) interaction (𝑁CDE = 9)
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§ Use 3/2F and 5/2F states of 9B and 9Be
§ Eight of twelve bound states predicted

State E (MeV) Eexp (MeV)
3$ −5.75 −6.5859
1$ −5.33 −5.8676
0$ −4.30 −4.8458
1$ −4.26 −4.4316
2$ −2.69 −2.9988
2$ −0.93 −1.4220
2$ −0.70 −0.6664
4$ −0.19 −0.5609

δ( calculations ongoing …

10B structure from chiral EFT NN(N4LO)+3N(N2LO,lnl) interaction (𝑁CDE = 9)
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Parity-violating and time-reversal 
violating nuclear moments
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Why investigate the anapole moment and the EDM?

§ Parity violation in atomic and molecular systems sensitive to a variety of “new physics” 

§ Probes electron-quark electroweak interaction

§ Best limits on the Z’ boson parity violating interaction with electrons and nucleons

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

§ Nuclear structure can enhance the EDM

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



39Nuclear spin dependent parity violating effects in light polyatomic molecules 

§ Experiments proposed for 9BeNC, 25MgNC

§ To extract the underlying physics, atomic, molecular, 
and nuclear structure effects must be understood
§ Ab initio calculations

§ Spin dependent PV
§ Z-boson exchange between nucleon axial-

vector and electron-vector currents (b)
§ Electromagnetic interaction of atomic electrons 

with the nuclear anapole moment (c)

3

FIG. 1: Potential nuclear spin-dependent parity violation measurement scheme. (Left) Laser cooled triatomic
molecules are prepared in the first bending mode to access the `-doublet structure, and are launched upward into an
interaction region to form a molecule fountain. Oscillating electric field E drives electric dipole transitions between
states of opposite parity. Magnetic field B tunes to degeneracy a particular pair of opposite-parity states | ±i to
enhance their interaction via the e↵ective parity violating Hamiltonian H

e↵
NSD�PV. Population transfer from the

initial state to the degenerate opposite-parity state is read out by laser spectroscopy after molecules fall back out of
the interaction region. (Right) Stark interference: State transfer (orange) is parity dependent due to the combined
NSD-PV interactions (wavy line) and electric dipole interaction interfering constructively or destructively depending

on the relative orientations of the electron spin, nuclear spin, and molecule axis.

PVDIS/SoLID, a precision NSD-PV measurement in one
of the systems considered here would represent the first
experimental determination of C2u and C2d.

The third contribution, hfs, originates in the nuclear-
spin-independent weak interaction combined with the hy-
perfine interaction [23], and in the single-particle approx-
imation is given by

hfs = �1

3
QW

↵µN

mpr0A
1/3

' 2.5⇥ 10�4
A

2/3
µN , (5)

with µN the magnetic moment of the nucleus and QW

the nuclear weak charge. The hyperfine interaction scales
like A

2/3, similar to the anapole interaction, but due to
the small numerical prefactor is strongly suppressed.

Equations 2 and 3 estimate a and ax respectively in
the single particle (i.e. valence nucleon) limit. This model
ignores nucleon-nucleon interactions (apart from the par-
ity violating e↵ects), and is an especially rough approxi-
mation for nuclei with partially filled shells. In Section III
we use a more sophisticated no-core shell model (NCSM)
[37] to calculate the anapole moments and ax of the 9Be,
13C, 14,15N, and 25Mg nuclei.

We should note another NSD-PV e↵ect produced by
the (tensor-type) interaction between the electrons and
the nuclear weak quadrupole moment. Measurements of
these moments will allow the first determination of the
quadrupole moments of the neutron distribution in nu-

clei and provide a test of the theory of nuclear forces
with applications to nuclei and neutron stars [38–40]. As
with other NSD-PV e↵ects, the e↵ect of the nuclear weak
quadruple moment is expected to be enhanced in certain
systems [41].
Eq. (1) can be rewritten for the 2⌃1/2 and 2⇧1/2 elec-

tronic states [15, 24] as

H
e↵
NSD-PV = WPV

⇣
n̂⇥ Se↵

⌘
· I/I, (6)

where n̂ is the unit vector pointing from the heavier to
the lighter nucleus along the internuclear axis, and Se↵

is the e↵ective spin of the valence electron. In order to
precisely determine the e↵ective coupling constant  from
experiments, the parameter WPV needs to be known with
high accuracy. This parameter depends on the electronic
structure and is specific to the given atom or molecule
and to the electronic state. It is defined by the matrix
element between two di↵erent |⌦i states [42],

WPV ⌘ GFp
2
h+ 1

2 | ⇢(r)↵+ |� 1
2 i (7)

with

↵+ = ↵x + i↵y =

✓
0 �x

�x 0

◆
+ i

✓
0 �y

�y 0

◆
, (8)

where �x and �y are the Pauli matrices and ⇢(r) is the
nuclear density distribution function, which is assumed
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FIG. 5 (Color online) Major diagrams contributing to the
parity violation in atoms. N and e

� label nucleons and
atomic electrons. Ae,N and Ve,N denote axial-vector and vec-
tor currents. (a) Z-boson exchange between electron axial-
vector and nucleon vector currents (AnVe); (b) Z-boson ex-
change between nucleon axial-vector and electron vector cur-
rents (VnAe); (c) Electromagnetic interaction of atomic elec-
trons with the nuclear anapole moment (shown as a blob); (d)
Combined e↵ect of the AnVe diagram (a) and hyperfine inter-
action. The vertical line separates nuclear spin-independent
(a) and spin-dependent (b)–(d) diagrams.

experiments described below show how Laporte’s rule is
violated in atoms and molecules.

Microscopically, APV is caused by the weak interaction
mediated by the exchange of a Z boson. Since the range
of this interaction is ⇠ ~/(mZc) ⇡ 2 ⇥ 10�3 fm [mZ ⇡
91GeV/c

2 is the mass of the Z boson], it is essentially
a contact interaction on the scale of atomic distances.
The relevant contact contribution to the SM Hamiltonian
density reads (Marciano, 1995)

HPV =
GFp
2

X

q

⇣
C

(1)

q
ē�µ�5e q̄�

µ
q + C

(2)

q
ē�µe q̄�

µ
�5q

⌘
,

(32)
where the Fermi constant

GF ⇡ 1.17⇥ 10�5(~c)3 GeV�2 = 2.22⇥ 10�14 a.u.

determines the overall strength of the weak interaction,
the summation is over quark flavors, q = {u, d, s, ...}, e
and q are field operators for electrons and quarks respec-
tively, �µ are Dirac matrices, and �5 is the Dirac matrix
associated with pseudoscalars.

The coupling of the electron axial-vector currents to
the quark vector currents is parametrized by the con-

stants C
(1)

q ; the constants C
(2)

q describe the coupling of
the electron vector currents to quark axial-vector cur-
rents. These interactions and constants could be fur-
ther combined into couplings to protons and neutrons of
atomic nuclei (Marciano and Sanda, 1978), e.g.,

C
(1)

p
= 2C(1)

u
+ C

(1)

d
,

C
(1)

n
= C

(1)

u
+ 2C(1)

d
,

reflecting the quark composition of nucleons. Explicitly

in terms of the Weinberg angle ✓W:

C
(1)

p
=

1

2

�
1� 4 sin2✓W

�
,

C
(1)

n
= �1

2
,

C
(2)

p
= �C

(2)

n
= gAC

(1)

p
,

where gA ⇡ 1.26 is the scale factor accounting for the
partially conserved axial vector current and sin2 ✓W =
0.23126(5) (Patrignani et al., 2016). Since sin2 ✓W ⇡ 1/4,

the C
(1)

n contribution dominates HPV except for the 1H
atom.
The main diagrams contributing to PNC processes in

atoms are shown in Fig. 5. The HPV terms discussed
above are illustrated by diagrams (a) and (b). In addi-
tion, there is also a contribution from the nuclear anapole
moment (c) and a combined e↵ect of Z-boson exchange
and hyperfine interaction (d). The e↵ective weak Hamil-
tonian arising from diagram (a) does not depend on the
nuclear spin, while that from the set of diagrams (b)–(d)
does. We will consider the former in Sec. IV.B and the
latter in Sec. IV.C.

B. Nuclear-spin independent e↵ects

1. Overview

The dominant contribution to parity violation in atoms
arises from the electron axial-vector – nucleon-vector
term in HPV, Fig. 5(a). If we treat the nucleon mo-
tion non-relativistically, average over the nucleon distri-
bution, and neglect the di↵erence between proton and
neutron distributions, we reduce the corresponding part
of HPV to an e↵ective weak Hamiltonian in the electron
sector

HW = QW

GFp
8
�5 ⇢ (r) , (33)

where ⇢ (r) is the nuclear density and QW is a nuclear
weak charge. The non-relativistic limit of the operator
�5 ⇢ (r) is

1

2c
[2⇢(r)(� · p)� i(� ·r⇢)] ,

where p is the linear momentum operator and � are elec-
tron Pauli matrices.
The nuclear weak charge QW entering the e↵ective

weak Hamiltonian is

QW ⌘ 2Z C
(1)

p
+ 2N C

(1)

n
,

where Z and N are the numbers of protons and neu-
trons in the nucleus. Electrons predominantly couple
to neutrons and QW ⇡ �N . This is a “tree-level” [or



40Parity violating nucleon-nucleon interaction and the nuclear anapole moment

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

4

to have a Gaussian shape. WPV can not be measured
and has to be provided from sophisticated molecular cal-
culations.

We use the relativistic coupled cluster approach to de-
termine theWPV coupling constants of the BeNC, BeCN,
MgNC, and MgCN molecules with the highest possible
accuracy; these results are presented in Section IV. This
approach is considered to be the most powerful and ac-
curate method for computational investigation of atomic
and molecular properties. In the context of the NSD-PV
is was previously applied to RaF [42], HgH [43], and BaF
[20]. An advantage of this method is in the possibility
of setting uncertainty estimates on the obtained results,
which we also do in the present work. To the best of
our knowledge, no prior numerical investigations of the
sensitivity of the above systems to the NSD-PV e↵ects
are available.

III. NO-CORE SHELL MODEL NUCLEAR
CALCULATIONS

In the NCSM, nuclei are considered to be systems of A
nonrelativistic point-like nucleons interacting via realis-
tic two- and three-body interactions. Each nucleon is an
active degree of freedom and the translational invariance
of observables, the angular momentum, and the parity
of the nucleus are conserved. The many-body wave func-
tion is expanded over a basis of antisymmetric A-nucleon
harmonic oscillator (HO) states. The basis contains up
to Nmax HO excitations above the lowest possible Pauli
configuration and depends on an additional parameter ⌦,
the frequency of the HO well.

The only input for the present NCSM calculations
was the Hamiltonian from Ref. [44] consisting of chiral
nucleon-nucleon (NN) interaction obtained at the fourth
order of chiral perturbation expansion (N3LO) [45] and
chiral three-nucleon (3N) interaction at the N2LO or-
der denoted NN N3LO + 3N(lnl). For a more e�cient
convergence, the Hamiltonian was renormalized by the
Similarity-Renormalization-Group (SRG) unitary trans-
formation [46, 47] with the evolution parameter �SRG=2
fm�1. For 9Be, the largest basis space we were able
to reach was Nmax=9, while for the other p-shell nu-
clei we calculated up to Nmax=7 using the importance
truncation [48, 49] for Nmax=7. The 25Mg is on the bor-
derline of NCSM applicability. Only calculations up to
Nmax=3 were performed using importance truncation for
Nmax=3. The m-scheme dimensions of the largest basis
spaces were of the order of 108. The HO frequency of
~⌦=20 MeV, optimised in Ref. [44] was used.

The natural (i.e., ground-state) parity eigenstates are
obtained in the even Nmax spaces while the unnatural
parity eigenstates in the odd Nmax spaces. The parity
non-conserving (PNC) NN interaction admixes the un-

natural parity states in the ground state,

| gs Ii = | gs I
⇡i+

X

j

| j I
�⇡i (9)

⇥ 1

Egs � Ej
h j I

�⇡|V PNC
NN | gs I

⇡i ,

which then gives rise to the anapole moment. We used
the Desplanques, Donoghue and Holstein (DDH) PNC
NN interaction of Ref. [50] with their recommended pa-
rameter values except for the f⇡ ⌘ h

1
⇡=2.6⇥ 10�7 taken

from Ref. [51]. In NCSM, when the | gs I
⇡i is calculated

in Nmax space, the corresponding unnatural parity states
appearing in Eq. (9) are obtained in Nmax+1 space. It is
not neccessary to compute many excited unnatural par-
ity states as Eq. (9) suggests. Rather, the wave function
| gs Ii is obtained by solving the Schrödinger equation
with an inhomogeneous term

(Egs �H)| gs Ii = V
PNC
NN | gs I

⇡i . (10)

To invert this equation, we apply the Lanczos algo-
rithm [52–54].
In the presented calculations, we use the spin part of

the anapole operator

âs =
⇡e

m

AX

i=1

µi(ri ⇥ �i) , (11)

which gives the dominant contribution to the anapole
moment [55]. In Eq. (11), m is the nucleon mass and
µi is the nucleon magnetic moment in units of nuclear
magneton, i.e., µi=µp(1/2+tz,i) + µn(1/2�tz,i).
The relationship between A and as is given by

A =

p
2e

GF
as, (12)

with

as = h gs I Iz=I|â(1)s,0| gs I Iz=Ii. (13)

Using Eqs. (9), (11), (12), and (13) we calculate the
anapole moment similarly to Ref. [56] and find for the
dimensionless coupling constant A

A = �i4⇡
e
2

GF

~
mc

(II10|II)p
2I + 1

(14)

⇥
X

j

h gs I
⇡||

p
4⇡/3

AX

i=1

µiri[Y1(r̂i)�i]
(1)|| j I

�⇡i

⇥ 1

Egs � Ej
h j I

�⇡|V PNC
NN | gs I

⇡i .

Here, (II10|II)=I/

p
I(I + 1).

We have also performed NCSM calculations for the
matrix elements of the spin operators that serve as in-
put for the calculation of the coupling constant ax' �

§ Anapole moment operator dominated by 
spin contribution

31

where the weak-interaction constants C
(2)

n,p were intro-
duced in Sec. IV.A and

N = (I + 1/2)(�1)I+`N+1/2

is the relativistic angular quantum number for the un-
paired nucleon in a state with orbital angular momen-
tum `N . Notice that this contribution is substantially
suppressed compared to the VnAe diagram 5(a) because

|C(2)

N /C
(1)

n
| = gA(1� 4 sin2 ✓W) ⇡ 0.1

and only the unpaired nucleon contributes to Fig. 5(b)
whereas all nucleons coherently contribute to Fig. 5(a).

The ⌘NAM coe�cient parameterizes the nuclear
anapole moment (NAM) contribution to atomic parity
violation. It is illustrated in Fig. 5(c) and discussed
in Sec. IV.C.2. Parity violation in the nucleus leads
to toroidal currents that in turn generate a parity-odd,
time-reversal-even (P-odd, T-even) moment, known as
the nuclear anapole moment, that couples electromag-
netically to atomic electrons. The nuclear shell model
expression for the anapole moment (Flambaum et al.,
1984),

⌘NAM = 1.15⇥ 10�3
N

I(I + 1)
µN gNA

2/3
, (38)

depends on the atomic number A, the magnetic moment
µN of the unpaired nucleon expressed in units of the
nuclear magneton, and the weak coupling constant gN .
Their values are µp ⇡ 2.8, µn ⇡ �1.9, gp ⇡ 5, and
gn ⇡ �1.

The combined action of the hyperfine interaction and
the spin-independent Z-exchange interaction from nu-
cleon vector (VnAe) currents leads to the third nuclear-
spin dependent parity violating e↵ect, Fig. 5(d). This
contribution is quantified by a parameter ⌘hf . An an-
alytical approximation for ⌘hf was derived by Flam-
baum and Khriplovich (1985b) and values of ⌘hf were
determined for various cases of experimental interest by
Bouchiat and Piketty (1991) and Johnson et al. (2003).
Johnson et al. (2003) also tabulated the values of ⌘hf

for microwave transitions between ground-state hyper-
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The natural (i.e., ground-state) parity eigenstates are
obtained in the even Nmax spaces while the unnatural
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natural parity states in the ground state,
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j

| j I
�⇡i (9)

⇥ 1

Egs � Ej
h j I

�⇡|V PNC
NN | gs I

⇡i ,

which then gives rise to the anapole moment. We used
the Desplanques, Donoghue and Holstein (DDH) PNC
NN interaction of Ref. [50] with their recommended pa-
rameter values except for the f⇡ ⌘ h

1
⇡=2.6⇥ 10�7 taken

from Ref. [51]. In NCSM, when the | gs I
⇡i is calculated

in Nmax space, the corresponding unnatural parity states
appearing in Eq. (9) are obtained in Nmax+1 space. It is
not neccessary to compute many excited unnatural par-
ity states as Eq. (9) suggests. Rather, the wave function
| gs Ii is obtained by solving the Schrödinger equation
with an inhomogeneous term

(Egs �H)| gs Ii = V
PNC
NN | gs I

⇡i . (10)

To invert this equation, we apply the Lanczos algo-
rithm [52–54].
In the presented calculations, we use the spin part of

the anapole operator

âs =
⇡e

m

AX

i=1

µi(ri ⇥ �i) , (11)

which gives the dominant contribution to the anapole
moment [55]. In Eq. (11), m is the nucleon mass and
µi is the nucleon magnetic moment in units of nuclear
magneton, i.e., µi=µp(1/2+tz,i) + µn(1/2�tz,i).
The relationship between A and as is given by

A =

p
2e

GF
as, (12)

with

as = h gs I Iz=I|â(1)s,0| gs I Iz=Ii. (13)

Using Eqs. (9), (11), (12), and (13) we calculate the
anapole moment similarly to Ref. [56] and find for the
dimensionless coupling constant A

A = �i4⇡
e
2

GF

~
mc

(II10|II)p
2I + 1

(14)

⇥
X

j

h gs I
⇡||

p
4⇡/3

AX

i=1

µiri[Y1(r̂i)�i]
(1)|| j I

�⇡i

⇥ 1

Egs � Ej
h j I

�⇡|V PNC
NN | gs I

⇡i .

Here, (II10|II)=I/

p
I(I + 1).

We have also performed NCSM calculations for the
matrix elements of the spin operators that serve as in-
put for the calculation of the coupling constant ax' �
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curate method for computational investigation of atomic
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is was previously applied to RaF [42], HgH [43], and BaF
[20]. An advantage of this method is in the possibility
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our knowledge, no prior numerical investigations of the
sensitivity of the above systems to the NSD-PV e↵ects
are available.

III. NO-CORE SHELL MODEL NUCLEAR
CALCULATIONS

In the NCSM, nuclei are considered to be systems of A
nonrelativistic point-like nucleons interacting via realis-
tic two- and three-body interactions. Each nucleon is an
active degree of freedom and the translational invariance
of observables, the angular momentum, and the parity
of the nucleus are conserved. The many-body wave func-
tion is expanded over a basis of antisymmetric A-nucleon
harmonic oscillator (HO) states. The basis contains up
to Nmax HO excitations above the lowest possible Pauli
configuration and depends on an additional parameter ⌦,
the frequency of the HO well.

The only input for the present NCSM calculations
was the Hamiltonian from Ref. [44] consisting of chiral
nucleon-nucleon (NN) interaction obtained at the fourth
order of chiral perturbation expansion (N3LO) [45] and
chiral three-nucleon (3N) interaction at the N2LO or-
der denoted NN N3LO + 3N(lnl). For a more e�cient
convergence, the Hamiltonian was renormalized by the
Similarity-Renormalization-Group (SRG) unitary trans-
formation [46, 47] with the evolution parameter �SRG=2
fm�1. For 9Be, the largest basis space we were able
to reach was Nmax=9, while for the other p-shell nu-
clei we calculated up to Nmax=7 using the importance
truncation [48, 49] for Nmax=7. The 25Mg is on the bor-
derline of NCSM applicability. Only calculations up to
Nmax=3 were performed using importance truncation for
Nmax=3. The m-scheme dimensions of the largest basis
spaces were of the order of 108. The HO frequency of
~⌦=20 MeV, optimised in Ref. [44] was used.

The natural (i.e., ground-state) parity eigenstates are
obtained in the even Nmax spaces while the unnatural
parity eigenstates in the odd Nmax spaces. The parity
non-conserving (PNC) NN interaction admixes the un-

natural parity states in the ground state,

| gs Ii = | gs I
⇡i+

X

j

| j I
�⇡i (9)

⇥ 1

Egs � Ej
h j I

�⇡|V PNC
NN | gs I

⇡i ,

which then gives rise to the anapole moment. We used
the Desplanques, Donoghue and Holstein (DDH) PNC
NN interaction of Ref. [50] with their recommended pa-
rameter values except for the f⇡ ⌘ h

1
⇡=2.6⇥ 10�7 taken

from Ref. [51]. In NCSM, when the | gs I
⇡i is calculated

in Nmax space, the corresponding unnatural parity states
appearing in Eq. (9) are obtained in Nmax+1 space. It is
not neccessary to compute many excited unnatural par-
ity states as Eq. (9) suggests. Rather, the wave function
| gs Ii is obtained by solving the Schrödinger equation
with an inhomogeneous term

(Egs �H)| gs Ii = V
PNC
NN | gs I

⇡i . (10)

To invert this equation, we apply the Lanczos algo-
rithm [52–54].
In the presented calculations, we use the spin part of

the anapole operator
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FIG. 7 (Color online) The toroidal component of current den-
sity j produces anapole moment a, with magnetic fieldB that
is entirely confined inside the “doughnut”. The azimuthal
component of current density generates magnetic dipole mo-
ment aligned with a, with its associated conventional dipolar
magnetic field not shown.

defining the constant ⌘NAM in Eq. (36). Atomic electrons
interact with NAM only inside the nucleus, as is appar-
ent from the classical analog, since the magnetic field is
entirely confined inside the “doughnut”. Another impor-
tant observation is that the NAM is proportional to the
area of the toroidal winding, i.e., / (nuclear radius)2 /
A

2/3, where A is the atomic number, illustrating the
trend in Eq. (38).

Microscopically, the nuclear anapole arises due to
nucleon-nucleon interaction, mediated by meson ex-
change, where one of the nucleon-meson vertexes is
strong and another is weak and P-violating. Thus,
determination of anapole moments from atomic parity
violation provides an important window into hadronic
PNC (Haxton and Wieman, 2001). The innards of
the anapole bubble in Fig. 5(c) are shown in Fig. 7
of the review by Haxton and Wieman (2001). The
nuclear-physics approach is to characterize weak meson-
nucleon couplings in terms of parameters of Desplan-
ques, Donoghue and Holstein (DDH) (Desplanques et al.,
1980), who deduced SM estimates of their values. These
six hadronic PNC parameters are f⇡, h

0,1,2

⇢
, h

0,1

!
, where

the subscript (⇡, ⇢,!) indicates meson type and the su-
perscript stands for isoscalar (0), isovector (1), or isoten-
sor (2). We refer the reader to Haxton and Wieman
(2001) for a detailed review of nuclear structure cal-
culations of NAMs within the DDH parameterization.
The e↵ective field theory parameterizations of hadronic
PNC, an alternative to DDH, are also discussed (Ramsey-
Musolf and Page, 2006), although NAM analysis in this
framework remains to be carried out. It should be
pointed out that a more recent review (Haxton and Hol-
stein, 2013) omits the Cs result. These authors explain
the omission by the fact that the accuracy of the con-
straints on the nucleon-nucleon PNC interaction derived

FIG. 8 (Color online) Constraints on combinations of par-
ity violating meson couplings (⇥107) derived from Cs anapole
moment (yellow band) and nuclear experiments. Bands have
a width of one standard deviation. Best value predicted by
the DDH analysis is also shown. This figure combines Cs
NAM band from Haxton and Wieman (2001) with more re-
cent nuclear-physics constraints figure from Haxton and Hol-
stein (2013).

from the NAM experiments is somewhat di�cult to as-
sess due to complex nuclear polarizability issues.

The derived bounds (Haxton and Wieman, 2001; Hax-
ton and Holstein, 2013) on PNC meson couplings are
shown in Fig. 8. The 133Cs APV result is shown in addi-
tion to constraints from scattering of polarized protons on
unpolarized proton and 4He targets and emission of cir-
cularly polarized photons from 18F and 19F nuclei. The
area colored red lies at the intersection of nuclear ex-
perimental bands. There is some tension with the Cs
anapole moment result, although the Cs result is consis-
tent with “reasonable ranges” of the DDH parameters.
Haxton and Wieman (2001) point out that additional
APV experiments with unpaired-neutron nuclei would
produce a band perpendicular to the Cs band (the 133Cs
anapole moment is primarily due to a valence proton).
This provides strong motivation for the ongoing exper-
iments to measure nuclear-spin-dependent APV e↵ects
in nuclei with unpaired neutrons such as 171Yb (Leefer
et al., 2014), 212Fr (Aubin et al., 2013), and 137Ba (De-
Mille et al., 2008a).
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culations.

We use the relativistic coupled cluster approach to de-
termine theWPV coupling constants of the BeNC, BeCN,
MgNC, and MgCN molecules with the highest possible
accuracy; these results are presented in Section IV. This
approach is considered to be the most powerful and ac-
curate method for computational investigation of atomic
and molecular properties. In the context of the NSD-PV
is was previously applied to RaF [42], HgH [43], and BaF
[20]. An advantage of this method is in the possibility
of setting uncertainty estimates on the obtained results,
which we also do in the present work. To the best of
our knowledge, no prior numerical investigations of the
sensitivity of the above systems to the NSD-PV e↵ects
are available.
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In the NCSM, nuclei are considered to be systems of A
nonrelativistic point-like nucleons interacting via realis-
tic two- and three-body interactions. Each nucleon is an
active degree of freedom and the translational invariance
of observables, the angular momentum, and the parity
of the nucleus are conserved. The many-body wave func-
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to Nmax HO excitations above the lowest possible Pauli
configuration and depends on an additional parameter ⌦,
the frequency of the HO well.
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order of chiral perturbation expansion (N3LO) [45] and
chiral three-nucleon (3N) interaction at the N2LO or-
der denoted NN N3LO + 3N(lnl). For a more e�cient
convergence, the Hamiltonian was renormalized by the
Similarity-Renormalization-Group (SRG) unitary trans-
formation [46, 47] with the evolution parameter �SRG=2
fm�1. For 9Be, the largest basis space we were able
to reach was Nmax=9, while for the other p-shell nu-
clei we calculated up to Nmax=7 using the importance
truncation [48, 49] for Nmax=7. The 25Mg is on the bor-
derline of NCSM applicability. Only calculations up to
Nmax=3 were performed using importance truncation for
Nmax=3. The m-scheme dimensions of the largest basis
spaces were of the order of 108. The HO frequency of
~⌦=20 MeV, optimised in Ref. [44] was used.

The natural (i.e., ground-state) parity eigenstates are
obtained in the even Nmax spaces while the unnatural
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⇡i is calculated

in Nmax space, the corresponding unnatural parity states
appearing in Eq. (9) are obtained in Nmax+1 space. It is
not neccessary to compute many excited unnatural par-
ity states as Eq. (9) suggests. Rather, the wave function
| gs Ii is obtained by solving the Schrödinger equation
with an inhomogeneous term
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To invert this equation, we apply the Lanczos algo-
rithm [52–54].
In the presented calculations, we use the spin part of
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which gives the dominant contribution to the anapole
moment [55]. In Eq. (11), m is the nucleon mass and
µi is the nucleon magnetic moment in units of nuclear
magneton, i.e., µi=µp(1/2+tz,i) + µn(1/2�tz,i).
The relationship between A and as is given by

A =

p
2e

GF
as, (12)

with
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where the weak-interaction constants C
(2)

n,p were intro-
duced in Sec. IV.A and

N = (I + 1/2)(�1)I+`N+1/2

is the relativistic angular quantum number for the un-
paired nucleon in a state with orbital angular momen-
tum `N . Notice that this contribution is substantially
suppressed compared to the VnAe diagram 5(a) because

|C(2)

N /C
(1)

n
| = gA(1� 4 sin2 ✓W) ⇡ 0.1

and only the unpaired nucleon contributes to Fig. 5(b)
whereas all nucleons coherently contribute to Fig. 5(a).

The ⌘NAM coe�cient parameterizes the nuclear
anapole moment (NAM) contribution to atomic parity
violation. It is illustrated in Fig. 5(c) and discussed
in Sec. IV.C.2. Parity violation in the nucleus leads
to toroidal currents that in turn generate a parity-odd,
time-reversal-even (P-odd, T-even) moment, known as
the nuclear anapole moment, that couples electromag-
netically to atomic electrons. The nuclear shell model
expression for the anapole moment (Flambaum et al.,
1984),

⌘NAM = 1.15⇥ 10�3
N

I(I + 1)
µN gNA

2/3
, (38)

depends on the atomic number A, the magnetic moment
µN of the unpaired nucleon expressed in units of the
nuclear magneton, and the weak coupling constant gN .
Their values are µp ⇡ 2.8, µn ⇡ �1.9, gp ⇡ 5, and
gn ⇡ �1.

The combined action of the hyperfine interaction and
the spin-independent Z-exchange interaction from nu-
cleon vector (VnAe) currents leads to the third nuclear-
spin dependent parity violating e↵ect, Fig. 5(d). This
contribution is quantified by a parameter ⌘hf . An an-
alytical approximation for ⌘hf was derived by Flam-
baum and Khriplovich (1985b) and values of ⌘hf were
determined for various cases of experimental interest by
Bouchiat and Piketty (1991) and Johnson et al. (2003).
Johnson et al. (2003) also tabulated the values of ⌘hf

for microwave transitions between ground-state hyper-
fine levels in atoms of potential experimental interest.

Recently, Flambaum (2016) pointed out a novel nu-
clear spin-dependent e↵ect: the quadrupole moment of
the neutron distribution leads to a tensor weak interac-
tion that mixes opposite parity states in atoms with total
angular momentum di↵erence  2. This e↵ect should be
carefully investigated in future work to see if it influences
determination of the anapole moments from APV mea-
surements. The e↵ect is of interest on its own as a probe
of the neutron distributions in nuclei (Flambaum et al.,
2017). The atom or molecule should contain a nucleus
with I > 1/2, and there is an enhancement for heavy and
deformed nuclei.

An outstanding question is the relative importance
of the nuclear spin-dependent contributions. The ⌘hf

coe�cient can be carefully evaluated and it is usually
suppressed compared to ⌘NAM and ⌘axial. Generically,
because of the A

2/3 scaling, the anapole contribution
dominates for heavier nuclei. For lighter nuclei, the
axial contribution is more important and APV experi-

ments can be a sensitive probe of C(2)

n,p electroweak pa-
rameters, providing a window on the AnVe interactions
that are typically studied with deep inelastic scatter-
ing (PVDIS-Collaboration, 2014). The boundary be-
tween the axial- and anapole-dominated regimes depends
on quantum numbers of the valence and type of the va-

lence nucleon (DeMille et al., 2008a). Values of C(2)

n,p can
set constraints on exotic new physics such as leptopho-
bic Z 0 bosons (Buckley and Ramsey-Musolf, 2012), while
NAMs probe hadronic PNC.

2. Nuclear anapole moments as a probe of hadronic parity
violation

The traditional multipolar expansion of electromag-
netic potentials generated by a finite distribution of cur-
rents and charges leads to the identification of mag-
netic (MJ) and electric (EJ) multipolar moments (Jack-
son, 1999). Non-vanishing nuclear multipolar moments
(charge E0, magnetic-dipole M1, electric-quadrupole E2,
. . . ) respect parity and time reversal, i.e. they are P-even
and T-even, and describe multipolar fields outside the fi-
nite distribution. Weak interactions inside the nucleus
lead to additional P-odd moments (Gray et al., 2010);
the leading moment is referred to as the anapole mo-
ment. Zel’dovich and Vaks were the first to point out
the possibility of such a moment (Zel’dovich, 1958).

The anapole moment a of a current density distribu-
tion j(r) is defined as

a = �⇡

Z
d
3
r r

2 j(r), (39)

with magnetic vector potential A = a�(r), leading to
the electromagnetic coupling of electrons to the nuclear
anapole moment, (↵ · A). A classical analog of the
anapole moment is a Tokamak-like configuration shown
in Fig. 7. The inner and outer parts of the toroidal cur-
rents are weighted di↵erently by r

2 in Eq. (39), leading
to a nonvanishing value of the anapole moment. Mi-
croscopically, a nuclear anapole moment can be related
to a chiral distribution of nuclear magnetization caused
by parity-violating nuclear forces (Bouchiat and Piketty,
1991). Due to the Wigner-Eckart theorem, the NAM
(just as the nuclear magnetic moment) is proportional to
the nuclear spin I so that

a =
GF

|e|
p
2
⌘NAMI,
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âs =
⇡e

m

AX

i=1

µi(ri ⇥ �i) , (11)

which gives the dominant contribution to the anapole
moment [55]. In Eq. (11), m is the nucleon mass and
µi is the nucleon magnetic moment in units of nuclear
magneton, i.e., µi=µp(1/2+tz,i) + µn(1/2�tz,i).
The relationship between A and as is given by

A =

p
2e

GF
as, (12)

with
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⇡i is calculated

in Nmax space, the corresponding unnatural parity states
appearing in Eq. (9) are obtained in Nmax+1 space. It is
not neccessary to compute many excited unnatural par-
ity states as Eq. (9) suggests. Rather, the wave function
| gs Ii is obtained by solving the Schrödinger equation
with an inhomogeneous term

(Egs �H)| gs Ii = V
PNC
NN | gs I

⇡i . (10)

To invert this equation, we apply the Lanczos algo-
rithm [52–54].
In the presented calculations, we use the spin part of

the anapole operator

âs =
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AX

i=1

µi(ri ⇥ �i) , (11)

which gives the dominant contribution to the anapole
moment [55]. In Eq. (11), m is the nucleon mass and
µi is the nucleon magnetic moment in units of nuclear
magneton, i.e., µi=µp(1/2+tz,i) + µn(1/2�tz,i).
The relationship between A and as is given by
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with

as = h gs I Iz=I|â(1)s,0| gs I Iz=Ii. (13)

Using Eqs. (9), (11), (12), and (13) we calculate the
anapole moment similarly to Ref. [56] and find for the
dimensionless coupling constant A
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p
I(I + 1).

We have also performed NCSM calculations for the
matrix elements of the spin operators that serve as in-
put for the calculation of the coupling constant ax' �

4

to have a Gaussian shape. WPV can not be measured
and has to be provided from sophisticated molecular cal-
culations.

We use the relativistic coupled cluster approach to de-
termine theWPV coupling constants of the BeNC, BeCN,
MgNC, and MgCN molecules with the highest possible
accuracy; these results are presented in Section IV. This
approach is considered to be the most powerful and ac-
curate method for computational investigation of atomic
and molecular properties. In the context of the NSD-PV
is was previously applied to RaF [42], HgH [43], and BaF
[20]. An advantage of this method is in the possibility
of setting uncertainty estimates on the obtained results,
which we also do in the present work. To the best of
our knowledge, no prior numerical investigations of the
sensitivity of the above systems to the NSD-PV e↵ects
are available.

III. NO-CORE SHELL MODEL NUCLEAR
CALCULATIONS

In the NCSM, nuclei are considered to be systems of A
nonrelativistic point-like nucleons interacting via realis-
tic two- and three-body interactions. Each nucleon is an
active degree of freedom and the translational invariance
of observables, the angular momentum, and the parity
of the nucleus are conserved. The many-body wave func-
tion is expanded over a basis of antisymmetric A-nucleon
harmonic oscillator (HO) states. The basis contains up
to Nmax HO excitations above the lowest possible Pauli
configuration and depends on an additional parameter ⌦,
the frequency of the HO well.

The only input for the present NCSM calculations
was the Hamiltonian from Ref. [44] consisting of chiral
nucleon-nucleon (NN) interaction obtained at the fourth
order of chiral perturbation expansion (N3LO) [45] and
chiral three-nucleon (3N) interaction at the N2LO or-
der denoted NN N3LO + 3N(lnl). For a more e�cient
convergence, the Hamiltonian was renormalized by the
Similarity-Renormalization-Group (SRG) unitary trans-
formation [46, 47] with the evolution parameter �SRG=2
fm�1. For 9Be, the largest basis space we were able
to reach was Nmax=9, while for the other p-shell nu-
clei we calculated up to Nmax=7 using the importance
truncation [48, 49] for Nmax=7. The 25Mg is on the bor-
derline of NCSM applicability. Only calculations up to
Nmax=3 were performed using importance truncation for
Nmax=3. The m-scheme dimensions of the largest basis
spaces were of the order of 108. The HO frequency of
~⌦=20 MeV, optimised in Ref. [44] was used.
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FIG. 7 (Color online) The toroidal component of current den-
sity j produces anapole moment a, with magnetic fieldB that
is entirely confined inside the “doughnut”. The azimuthal
component of current density generates magnetic dipole mo-
ment aligned with a, with its associated conventional dipolar
magnetic field not shown.

defining the constant ⌘NAM in Eq. (36). Atomic electrons
interact with NAM only inside the nucleus, as is appar-
ent from the classical analog, since the magnetic field is
entirely confined inside the “doughnut”. Another impor-
tant observation is that the NAM is proportional to the
area of the toroidal winding, i.e., / (nuclear radius)2 /
A

2/3, where A is the atomic number, illustrating the
trend in Eq. (38).

Microscopically, the nuclear anapole arises due to
nucleon-nucleon interaction, mediated by meson ex-
change, where one of the nucleon-meson vertexes is
strong and another is weak and P-violating. Thus,
determination of anapole moments from atomic parity
violation provides an important window into hadronic
PNC (Haxton and Wieman, 2001). The innards of
the anapole bubble in Fig. 5(c) are shown in Fig. 7
of the review by Haxton and Wieman (2001). The
nuclear-physics approach is to characterize weak meson-
nucleon couplings in terms of parameters of Desplan-
ques, Donoghue and Holstein (DDH) (Desplanques et al.,
1980), who deduced SM estimates of their values. These
six hadronic PNC parameters are f⇡, h

0,1,2

⇢
, h

0,1

!
, where

the subscript (⇡, ⇢,!) indicates meson type and the su-
perscript stands for isoscalar (0), isovector (1), or isoten-
sor (2). We refer the reader to Haxton and Wieman
(2001) for a detailed review of nuclear structure cal-
culations of NAMs within the DDH parameterization.
The e↵ective field theory parameterizations of hadronic
PNC, an alternative to DDH, are also discussed (Ramsey-
Musolf and Page, 2006), although NAM analysis in this
framework remains to be carried out. It should be
pointed out that a more recent review (Haxton and Hol-
stein, 2013) omits the Cs result. These authors explain
the omission by the fact that the accuracy of the con-
straints on the nucleon-nucleon PNC interaction derived

FIG. 8 (Color online) Constraints on combinations of par-
ity violating meson couplings (⇥107) derived from Cs anapole
moment (yellow band) and nuclear experiments. Bands have
a width of one standard deviation. Best value predicted by
the DDH analysis is also shown. This figure combines Cs
NAM band from Haxton and Wieman (2001) with more re-
cent nuclear-physics constraints figure from Haxton and Hol-
stein (2013).

from the NAM experiments is somewhat di�cult to as-
sess due to complex nuclear polarizability issues.

The derived bounds (Haxton and Wieman, 2001; Hax-
ton and Holstein, 2013) on PNC meson couplings are
shown in Fig. 8. The 133Cs APV result is shown in addi-
tion to constraints from scattering of polarized protons on
unpolarized proton and 4He targets and emission of cir-
cularly polarized photons from 18F and 19F nuclei. The
area colored red lies at the intersection of nuclear ex-
perimental bands. There is some tension with the Cs
anapole moment result, although the Cs result is consis-
tent with “reasonable ranges” of the DDH parameters.
Haxton and Wieman (2001) point out that additional
APV experiments with unpaired-neutron nuclei would
produce a band perpendicular to the Cs band (the 133Cs
anapole moment is primarily due to a valence proton).
This provides strong motivation for the ongoing exper-
iments to measure nuclear-spin-dependent APV e↵ects
in nuclei with unpaired neutrons such as 171Yb (Leefer
et al., 2014), 212Fr (Aubin et al., 2013), and 137Ba (De-
Mille et al., 2008a).

Lanczos continued fraction 
method to compute nuclear 

Green’s function
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Figure 1. The polarization contribution to 3He EDM (in e fm)
due to the ⇡-exchange PTV NN interaction (5). Dependence
on the NCSM basis size characterized by Nmax for two HO
frequencies is shown. Chiral N3LO PTC NN interaction from
Ref. [35] was used.

with the electric dipole moment operator projected in the
z-direction.

To compute matrix elements of the V
PTV
NN interaction

(5) and solve the equation (6), we adapted codes used for
calculations of anapole moments of light nuclei reported
in Ref. [48]. To benchmark our codes, we calculated the
EDM of 3He using PTC chiral N3LO NN interaction [35]
without any renormalization as 3He EDM results for this
interaction together with the PTV interaction (5) were
published in Ref. [17]. The NCSM basis convergence for
the polarization contribution to 3He EDM is shown in
Fig. 1 and our D

(1) and D
(pol) results are summarized

in Table I. The D
(pol)

Nmax convergence is quite satis-
factory while that of D(1) is still faster. In Fig. 1, the
odd Nmax values correspond to the unnatural states in
Eq. (4), i.e., the largest space for the ground-state was
Nmax=16. While our D

(1) results agree with those re-
ported in Ref. [17] (Table 1, the EFT NN column in
that paper), the present D

(pol) results are smaller by a
factor of 1/2 compared to Ref. [17] (Table 2, the EFT
NN columns in that paper). It should be noted that the
same 1/2 discrepancy was reported in Ref. [20] for the
isoscalar and isovector terms, while a discrepancy of 1/5
was found for the isotensor terms. Similarly, a factor
of 1/2 di↵erence was found in Ref. [25] although for all
the terms. Our results are then consistent with those of
Ref. [25]. The NCSM was applied in Ref. [17] (and also in
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Figure 2. The polarization contribution to 6Li and 9Be EDM
(in e fm) due to the isovector ⇡-exchange PTV NN interac-
tion (5). Dependence on the NCSM basis size characterized
by Nmax is shown. SRG-evolved chiral NN+3N(lnl) PTC in-
teraction from Ref. [34] was used. The HO frequency ~⌦=20
MeV was used.

Ref. [19]). However, the Jacobi-coordinate HO basis was
employed as opposed to the SD HO basis used here, i.e.,
di↵erent codes were utilized. We plan to reexamine the
codes used in Ref. [17] to investigate the issue further.
Basis-size convergence of the polarization contribu-

tions to the EDM for p-shell nuclei is also quite reasonable
and comparable to that of the anapole moments [48]. In
Fig. 2, we show the Nmax convergence of the isovector
⇡-exchange contribution for 6Li and 9Be as a representa-
tive example. Again, the the oddNmax values correspond
to the unnatural-parity states in Eq. (4). The largest
spaces that we were able to reach for 6,7Li wereNmax=11,
while for 9Be Nmax=9. For 10,11B, our calculations have
been performed up to Nmax=7. For 13C, 14,15N we also
reached Nmax=7 basis space. However, we applied the
importance truncation [50, 51] at Nmax=7 for these iso-
topes. The 19F is on the borderline of NCSM applica-
bility. Only calculations up to Nmax=5 were performed
although without any importance truncation. The M -
scheme dimension was 189 million in this case.

OurD(1) andD
(pol) results for all considered nuclei are

shown in Table I. In Fig. 3, we display all the calculated
polarization contributions to the EDMs of the p-shell sta-
ble nuclei and 19F. We can evaluate the uncertainties of
our results due to the basis size convergence at about
10% (20% for 19F). The other sources of uncertainty are
renormalization and incompleteness of the transition op-
erators and the uncertainties due to the description of the
nuclear PTC and PTV forces. A rough estimate of the
accuracy of our calculations can be obtained by a com-
parison of the calculated and experimental magnetic mo-
ments shown in the last two columns of Table I. For 19F,
we obtain in addition the magnetic moment +3.73 µN

for the 5/2+ excited state that can be compared to the
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0.1hsp,zi+0.1hsn,zi. The spin operator matrix elements
are defined as

hs⌫,zi⌘h gs I
⇡
Iz=I|ŝ⌫,z| gs I

⇡
Iz=Ii, (15)

with ⌫=p, n.
Our results for the anapole moment coupling constants

A and ax in 9Be, 13C, 14,15N and 25Mg are summarised
in Table I. Overall, the basis size convergence of the re-
sults is quite reasonable, as shown in Fig. 2 presenting
dependence of A of 9Be on the NCSM basis size charac-
terised by Nmax. We can thus evaluate the uncertainties
due to the basis size convergence at about 10% (25% for
25Mg). The other sources of uncertainty are renormaliza-
tion and incompleteness of the transition operators and
uncertainties due to the description of nuclear and the
parity non-conserving forces.

In Table I, we also present NCSM results for magnetic
moments, where we can compare our results with exper-
imental values. Overall, we find a qualitative agreement
with experiment with some underestimation of absolute
values. This is not surprising, as the present calculations
included only the one-body M1 operator. It is well estab-
lished that two-body currents contribute non-negligibly
to M1 matrix elements in light nuclei [57]. While the
dominant sources of uncertainty are di↵erent for the cal-
culated dipole moments and the NSD-PV parameters, we
can still use the deviation of the former from experiment
as a rough estimate of the accuracy of the calculations of
the latter.

Table I also contains the single particle model esti-
mates of the di↵erent contributions to NSD parity violat-
ing constant  = A+ax+hfs obtained using equations
(2-5) for nuclei in molecules considered in the present
work. Note that the 14N nucleus contains a valence pro-
ton and a valence neutron, both in the p1/2 orbital with
K = 1. The nuclear magnetic moment µN =0.404 is
given, to a good accuracy, by the sum of the magnetic mo-
ments of 13C (with valence p1/2 neutron) and 15N (with
valence p1/2 proton). Therefore, we took the sum of the
valence proton and neutron contributions for the other
constants.

The NCSM A results are higher in absolute values
than the single particle model ones by a factor of 2–3,
except for 14N. The largest di↵erences are found in the
mid-shell nuclei 9Be, 13C and 25Mg, for which the single-
particle model has limited applicability. The 14N anapole
moment is proportional to the sum of the 15N and 13C
anapole moments that have opposite signs and conse-
quently it is particularly sensitive to the V PNC

NN parametri-
sation and the other computational details.

The NCSM ax results are close to the single-particle
model for 13C and 15N while they di↵er more substan-
tially for the mid-shell 9Be and 25Mg. For 14N, the ax'0
as hsp,zi'hsn,zi.

The results obtained within the single particle model
predict that the Z boson exchange constant ax domi-
nates for the light nuclei containing a valence neutron,
that is 25Mg, 13C, and 9Be are significantly more sensi-

9Be 13C 14N 15N 25Mg
I⇡ 3/2� 1/2� 1+ 1/2� 5/2+

µexpt -1.177 0.702 0.404 -0.283 -0.855
NCSM calculations

µ -1.05 0.44 0.37 -0.25 -0.50
A 0.016 -0.028 0.036 0.088 0.035
hsp,zi 0.009 -0.049 -0.183 -0.148 0.06
hsn,zi 0.360 -0.141 -0.1815 0.004 0.30
ax 0.035 -0.019 0.0002 0.015 0.024
 0.050 -0.046 0.037 0.103 0.057

Single particle model calculations
V. p. n n n, p p n
V. o. p3/2 p1/2 p1/2 p1/2 d5/2
K -2 1 1 1 -3
A 0.007 -0.007 0.035 0.044 0.014
ax 0.050 -0.017 0.0 0.017 0.050
hfs -0.001 0.001 0.0006 -0.0004 -0.002
 0.056 -0.023 0.036 0.060 0.062

TABLE I: Magnetic moments (in µN), anapole
moment coupling constants, spin operator matrix
elements, and ax coupling constants for 9Be, 13C,

14,15N and 25Mg obtained within NCSM. The results
obtained using the single particle model are also shown,
along with the valence particle (V.p.) and the valence

orbital (V.o) for each nucleus.
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FIG. 2: Dependence of the anapole moment coupling
constant A for 9Be on the size of the NCSM basis

characterized by Nmax. The dashed line represents A
obtained in the single-particle model.

tive to ax, while in the 14N and 15N nuclei the anapole
moment e↵ect dominates. However, a di↵erent picture
emerges from the NCSM calculations: ax still domi-
nates in 9Be, while 14N and 15N are more sensitive to
the anapole moments, and 25Mg and 13C have roughly
the same sensitivities to the two e↵ects. Furthermore,
within the single particle model, the total NSD-PV ef-
fect is roughly equivalent in 9Be, 15N, 25Mg, while the

2

possible to measure NSD-PV e↵ects in all three nuclei of
these molecules, which would allow the various underly-
ing parity violating e↵ects to be deconvolved.

Light triatomic molecules are especially attractive can-
didates for precision measurements of NSD-PV. Proper
interpretation of an NSD-PV measurement relies on
accurate molecular and nuclear structure parameters.
High-accuracy theoretical determination of the molecu-
lar properties becomes more computationally tractable
for lighter systems, and, even more importantly, nuclear
calculations are significantly more accurate and more re-
liable than in heavy elements. Here, we perform rig-
orous, high accuracy calculations of the molecular and
nuclear parameters required to interpret NSD-PV mea-
surements in molecules composed of light elements Be,
C, N, and Mg. We find that the parameters characteriz-
ing the molecule-specific sensitivity are in line with those
of isoelectronic diatomic molecules [19, 20], as well as
prior semiemprical estimates [18, 21]. However, our ab
initio nuclear calculations find the nuclear anapole mo-
ment interactions to be much stronger (typically 2 to 3
times larger) than predicted by a standard single-particle
model [7, 8, 22, 23], while NSD-PV e↵ects attributed
to Z boson exchange are typically reduced. This high-
lights the necessity of including many-body e↵ects for
correctly interpreting NSD-PV measurements, even in
light nuclear systems. Moreover, the Be and Mg cyanide
and isocyanide molecules considered here have favorable
laser cooling and trapping properties which are essential
to enabling high-sensitivity measurements through long
interaction time.

II. THEORY

The NSD-PV interaction with the atomic or molecular
electrons can be defined by the following e↵ective Hamil-
tonian [8, 24],

H
e↵
NSD-PV =

GFp
2

⇣↵ · I
I

⌘
⇢(r), (1)

where GF is the Fermi weak interaction coupling con-
stant. The Dirac matrices ↵ are defined in the usual
way, I is the nuclear spin, and ⇢(r) is the nuclear den-
sity distribution function normalized to 1.

In a given nucleus, various underlying electroweak in-
teractions contribute to the total NSD-PV e↵ect:  =
A + ax + hfs. In this section, we proceed by consider-
ing each of these three terms in turn, then explore how
to evaluate Eq. (1) in a molecular system.

The e↵ective coupling constant A describes the
strength of the nuclear anapole moment interaction. In
a simple valence nucleon model, A takes the following
form [8, 24],

A =
9

10

↵µ⌫

mPr0
g⌫A

2/3 K

I + 1

' 1.15⇥ 10�3
g⌫µ⌫A

2/3 K

I + 1
,

(2)

where ↵ ' 1/137 is the fine structure constant, mP is
the proton mass, r0 ' 1.2 fm is the scale of the nuclear
radius, µ⌫ (µp=2.8 for proton, µp=-1.9 for neutron) is
the nucleon magnetic moment in nuclear magnetons, A
is the mass number, and K = (I + 1/2)(�1)I�`⌫+1/2,
with l⌫ being the orbital angular momentum of the ex-
ternal unpaired nucleon. The anapole contribution also
depends on the poorly-known dimensionless constants g⌫
(⌫ = p, n), which characterize the nucleon-nucleus weak
potential. In Refs. [8, 25] these constants were expressed
in terms of the meson exchange model, and in Ref. [26]
the results based on di↵erent calculations of the meson-
nucleon interactions are presented. Using the most recent
experimental data [27], the authors of Ref. [26] obtained
gp = 3.4 ± 0.8 and gn = 0.9 ± 0.6. In the following, we
will use central points gp = 3.4 and gn = 0.9 for the nu-
merical estimates. We note that this updated estimate
of gn has opposite sign compared to the one used in ear-
lier molecule NSD-PV considerations [18, 28]. One of the
aims of the measurements of NSD-PV e↵ects is to extract
the accurate values of these constants.
The nuclear anapole moment of 133Cs was confirmed

at a 7� significance level by Wood et al., with the value
of A ' 0.392 ± 0.056 [5]. A more accurate theorecti-
cal treatment performed after the experiment obtained
a similar value [25]. Further NSD-PV measurements in
Cs with improved accuracy have been proposed [29, 30],
and additional experiments have been designed to mea-
sure the anapole moment in other atoms with unpaired
nucleons, such as 137Ba (using the BaF molecule) [15],
163Dy [31], 171Yb [32], and 212Fr [33].

The second contribution, ax, is associated with the Z
exchange interaction between the electron vector and the
nucleon axial-vector currents (VeAN ) [9]; the magnitude
of ax within the nuclear shell model is defined as [7]

ax = C2
1/2�K

I + 1
, (3)

where C2 represents the VeAN coupling and takes the
value C2 ⌘ �C2p for proton and C2 ⌘ �C2n for neutron
[34]. Here, C2p and C2n are given by

C2p = �C2n = gA(1� 4 sin2 ✓W )/2 ' 0.05, (4)

with gA ' 1.26 being a scale factor accounting for the
partially conserved axial vector current, and sin2✓W =
0.23126(5) [35].
The PVDIS experiment [10] combined with the Cs

PV measurement [5] provides the best determination
to date of the linear combination 2C2u � C2d (u and
d standing for the up and the down quarks, respec-
tively) with a 50% uncertainty, with substantial improve-
ment expected from the upcoming SoLID experiment
[11]; the orthogonal quadrature is currently known with
several times less precision. Measurements of NSD-PV
in light molecule systems are highly complimentary to
the on-going scattering-based measurements. Because
9Be and 25Mg possess an unpaired neutron, measure-
ments of NSD-PV in these nuclei are primarily sensi-
tive to C2n ' �0.4C2u + 0.8C2d [36]. Combined with

ax ' �2C2phsp,zi � 2C2nhsn,zi ' �0.1hsp,zi+ 0.1hsn,zi
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FIG. 5 (Color online) Major diagrams contributing to the
parity violation in atoms. N and e

� label nucleons and
atomic electrons. Ae,N and Ve,N denote axial-vector and vec-
tor currents. (a) Z-boson exchange between electron axial-
vector and nucleon vector currents (AnVe); (b) Z-boson ex-
change between nucleon axial-vector and electron vector cur-
rents (VnAe); (c) Electromagnetic interaction of atomic elec-
trons with the nuclear anapole moment (shown as a blob); (d)
Combined e↵ect of the AnVe diagram (a) and hyperfine inter-
action. The vertical line separates nuclear spin-independent
(a) and spin-dependent (b)–(d) diagrams.

experiments described below show how Laporte’s rule is
violated in atoms and molecules.

Microscopically, APV is caused by the weak interaction
mediated by the exchange of a Z boson. Since the range
of this interaction is ⇠ ~/(mZc) ⇡ 2 ⇥ 10�3 fm [mZ ⇡
91GeV/c

2 is the mass of the Z boson], it is essentially
a contact interaction on the scale of atomic distances.
The relevant contact contribution to the SM Hamiltonian
density reads (Marciano, 1995)

HPV =
GFp
2

X

q

⇣
C

(1)

q
ē�µ�5e q̄�

µ
q + C

(2)

q
ē�µe q̄�

µ
�5q

⌘
,

(32)
where the Fermi constant

GF ⇡ 1.17⇥ 10�5(~c)3 GeV�2 = 2.22⇥ 10�14 a.u.

determines the overall strength of the weak interaction,
the summation is over quark flavors, q = {u, d, s, ...}, e
and q are field operators for electrons and quarks respec-
tively, �µ are Dirac matrices, and �5 is the Dirac matrix
associated with pseudoscalars.

The coupling of the electron axial-vector currents to
the quark vector currents is parametrized by the con-

stants C
(1)

q ; the constants C
(2)

q describe the coupling of
the electron vector currents to quark axial-vector cur-
rents. These interactions and constants could be fur-
ther combined into couplings to protons and neutrons of
atomic nuclei (Marciano and Sanda, 1978), e.g.,

C
(1)

p
= 2C(1)

u
+ C

(1)

d
,

C
(1)

n
= C

(1)

u
+ 2C(1)

d
,

reflecting the quark composition of nucleons. Explicitly

in terms of the Weinberg angle ✓W:

C
(1)

p
=

1

2

�
1� 4 sin2✓W

�
,

C
(1)

n
= �1

2
,

C
(2)

p
= �C

(2)

n
= gAC

(1)

p
,

where gA ⇡ 1.26 is the scale factor accounting for the
partially conserved axial vector current and sin2 ✓W =
0.23126(5) (Patrignani et al., 2016). Since sin2 ✓W ⇡ 1/4,

the C
(1)

n contribution dominates HPV except for the 1H
atom.
The main diagrams contributing to PNC processes in

atoms are shown in Fig. 5. The HPV terms discussed
above are illustrated by diagrams (a) and (b). In addi-
tion, there is also a contribution from the nuclear anapole
moment (c) and a combined e↵ect of Z-boson exchange
and hyperfine interaction (d). The e↵ective weak Hamil-
tonian arising from diagram (a) does not depend on the
nuclear spin, while that from the set of diagrams (b)–(d)
does. We will consider the former in Sec. IV.B and the
latter in Sec. IV.C.

B. Nuclear-spin independent e↵ects

1. Overview

The dominant contribution to parity violation in atoms
arises from the electron axial-vector – nucleon-vector
term in HPV, Fig. 5(a). If we treat the nucleon mo-
tion non-relativistically, average over the nucleon distri-
bution, and neglect the di↵erence between proton and
neutron distributions, we reduce the corresponding part
of HPV to an e↵ective weak Hamiltonian in the electron
sector

HW = QW

GFp
8
�5 ⇢ (r) , (33)

where ⇢ (r) is the nuclear density and QW is a nuclear
weak charge. The non-relativistic limit of the operator
�5 ⇢ (r) is

1

2c
[2⇢(r)(� · p)� i(� ·r⇢)] ,

where p is the linear momentum operator and � are elec-
tron Pauli matrices.
The nuclear weak charge QW entering the e↵ective

weak Hamiltonian is

QW ⌘ 2Z C
(1)

p
+ 2N C

(1)

n
,

where Z and N are the numbers of protons and neu-
trons in the nucleus. Electrons predominantly couple
to neutrons and QW ⇡ �N . This is a “tree-level” [or

ax
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Measurements of nuclear spin-dependent parity-violating (NSD-PV) effects provide an excellent opportunity
to test nuclear models and to search for physics beyond the Standard Model. Molecules possess closely
spaced states with opposite parity which may be easily tuned to degeneracy to greatly enhance the observed
parity-violating effects. A high-sensitivity measurement of NSD-PV effects using light triatomic molecules is in
preparation [E. B. Norrgard et al., Commun. Phys. 2, 77 (2019)]. Importantly, by comparing these measurements
in light nuclei with prior and ongoing measurements in heavier systems, the contribution to NSD-PV from
Z0-boson exchange between the electrons and the nuclei may be separated from the contribution of the nuclear
anapole moment. Furthermore, light triatomic molecules offer the possibility to search for new particles, such
as the postulated Z ′ boson. In this work, we detail a sensitive measurement scheme and present high-accuracy
molecular and nuclear calculations needed for interpretation of NSD-PV experiments on triatomic molecules
composed of light elements, Be, Mg, N, and C. The ab initio nuclear structure calculations, performed within
the no-core shell model provide a reliable prediction of the magnitude of different contributions to the NSD-PV
effects in the four nuclei. These results differ significantly from the predictions of the standard single-particle
model and highlight the importance of including many-body effects in such calculations. In order to extract
the NSD-PV contributions from measurements, a parity-violating interaction parameter WPV, which depends
on the molecular structure, needs to be known with a high accuracy. We have calculated these parameters
for the triatomic molecules of interest using the relativistic coupled-cluster approach. In order to facilitate
the interpretation of future experiments we provide uncertainties on the calculated parameters. A scheme for
measurement using laser-cooled polyatomic molecules in a molecular fountain is presented, along with an
estimate of the expected sensitivity of such an experiment. This experimental scheme, combined with the
presented state-of-the-art calculations, opens exciting prospects for a measurement of the anapole moment and
the PV effects due to the electron-nucleon interactions with unprecedented accuracy and for a new path towards
detection of signatures of physics beyond the Standard Model.

DOI: 10.1103/PhysRevA.102.052828

I. INTRODUCTION

Measurements and calculations of parity-violating effects
in atoms and molecules are important both for the verifica-
tion of the Standard Model (SM) and for the investigation
of phenomena that cannot be explained within this model,
such as the nature of dark matter and matter-antimatter asym-
metry. One of the candidates for the dark-matter particles is
a low-mass Z ′ boson [1–3]. The best limits on the parity-
violating interaction of this Z ′ boson with electrons, protons,
and neutrons were obtained from the data on atomic par-
ity violation [4]; in particular, information on its interaction
with nucleons was extracted from the measurements of the

*a.borschevsky@rug.nl

nuclear anapole moment of the 133Cs nucleus in Ref. [5].
The possibility to study the nuclear anapole moments in
additional systems, and thus to set further constraints on
this interaction, provides a major motivation for the current
work.

The notion of the anapole moment was introduced by
Zel’dovich in 1958 [6]. The nuclear anapole moment was
originally considered in Ref. [7] and calculated in Ref. [8]
for a number of heavy atoms. This work also proposed pos-
sible schemes to observe nuclear anapole-moment effects in
atomic and molecular experiments. Studies of the nuclear
anapole-moment effects can provide information about parity-
violating nuclear forces [7,8] and may be considered as a
test of nuclear theory and low-energy quantum chromody-
namics. The nuclear anapole moment rapidly increases with
the nucleon number A (as A2/3) and dominates the nuclear
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were able to reach was Nmax = 9, while for the other p-shell
nuclei we calculated up to Nmax = 7 using the importance
truncation [49,50] for Nmax=7. The 25Mg is on the borderline
of NCSM applicability. Only calculations up to Nmax=3 were
performed using importance truncation for Nmax=3. The m-
scheme dimensions of the largest basis spaces were of the
order of 108. The HO frequency of h̄!=20 MeV, optimized
in Ref. [45] was used.

The natural (i.e., ground-state) parity eigenstates are
obtained in the even Nmax spaces; the unnatural parity eigen-
states, in the odd Nmax spaces. The parity-nonconserving
(PNC) NN interaction admixes the unnatural parity states in
the ground state,

|ψgs I〉 = |ψgs Iπ 〉 +
∑

j

|ψ j I−π 〉

× 1
Egs − Ej

〈ψ j I−π |V PNC
NN |ψgs Iπ 〉, (9)

which then gives rise to the anapole moment. We used
the Desplanques, Donoghue, and Holstein (DDH) PNC NN
interaction from Ref. [51] with their recommended param-
eter values except for the fπ ≡ h1

π=2.6 × 10−7, taken from
Ref. [30]. In the NCSM, when the |ψgs Iπ 〉 is calculated in
Nmax space, the corresponding unnatural parity states appear-
ing in Eq. (9) are obtained in Nmax+1 space. It is not necessary
to compute many excited unnatural parity states as Eq. (9)
suggests. Rather, first, we solve the standard Schrödinger
equation using the Hamiltonian H consisting of the kinetic
term and the NN N3LO+3N(lnl) interaction and obtain the
|ψgsIπ 〉 wave function, and second, we invert the generalized
Schrödinger equation with an inhomogeneous term,

(Egs − H )|ψgs I〉 = V PNC
NN |ψgs Iπ 〉, (10)

to obtain the unnatural parity admixture in the ground state.
The inversion is performed by the Lanczos continued fraction
method [52–54].

In the presented calculations, we use the spin part of the
anapole operator

as = πe
m

A∑

i=1

µi(ri × σ i ) , (11)

which gives the dominant contribution to the anapole mo-
ment [28]. In Eq. (11), m is the nucleon mass and µi is
the nucleon magnetic moment in units of nuclear magnetons,
i.e., µi=µp(1/2+tz,i ) + µn(1/2−tz,i ) with tz,i=1/2 (−1/2)
for proton (neutron). The relationship between κA and as is
given by

κA =
√

2e
GF

as, (12)

with

as = 〈ψgs I Iz=I|a(1)
s,0|ψgs I Iz=I〉. (13)

Using Eqs. (9), (11), (12), and (13) we calculate the
anapole moment similarly to Ref. [55] and find for the dimen-

TABLE I. Magnetic moments (in units of nuclear magneton)
[27,57–61], anapole-moment coupling constants, spin operator ma-
trix elements, and κax coupling constants for 9Be, 13C, 14,15N, and
25Mg obtained within the NCSM. The results obtained using the
single-particle model are also shown, along with the valence particle
(V.p.) and the valence orbital (V.o.) for each nucleus.

9Be 13C 14N 15N 25Mg

Iπ 3/2− 1/2− 1+ 1/2− 5/2+

µexp. −1.177a 0.702b 0.404c −0.283d −0.855e

NCSM calculations
µ −1.05 0.44 0.37 −0.25 −0.50
κA 0.016 −0.028 0.036 0.088 0.035
〈sp,z〉 0.009 −0.049 −0.183 −0.148 0.06
〈sn,z〉 0.360 −0.141 −0.1815 0.004 0.30
κax 0.035 −0.009 0.0002 0.015 0.024
κ 0.050 −0.037 0.037 0.103 0.057

Single-particle model calculations
V.p. n n n, p p n
V.o. p3/2 p1/2 p1/2 p1/2 d5/2

K −2 1 1 1 −3
κA 0.007 −0.007 0.035 0.044 0.014
κax 0.050 −0.017 0.0 0.017 0.050
κhfs −0.001 0.001 0.0006 −0.0004 −0.002
κ 0.056 −0.023 0.036 0.060 0.062

aReferences [27] and [57].
bReferences [27] and [58].
cReferences [27] and [59].
dReferences [27] and [60].
eReferences [27] and [61].

sionless coupling constant κA

κA = −i4π
e2

GF

h̄
mc

(II10|II )√
2I + 1

×
∑

j

〈ψgs Iπ ||
√

4π/3
A∑

i=1

µiri[Y1(r̂i )σi](1)||ψ j I−π 〉

× 1
Egs − Ej

〈ψ j I−π |V PNC
NN |ψgs Iπ 〉, (14)

where (II10|II )=I/
√

I (I + 1).
We have also performed NCSM calculations for the ma-

trix elements of the spin operators that serve as input for
the calculation of the coupling constant κax= − 2C2p〈sp,z〉 −
2C2n〈sn,z〉' − 0.1〈sp,z〉+0.1〈sn,z〉. The spin operator matrix
elements are defined as

〈sν,z〉≡〈ψgs Iπ Iz=I|sν,z|ψgs Iπ Iz=I〉, (15)

with ν=p, n.
Our results for the anapole-moment coupling constants κA

and κax in 9Be, 13C, 14,15N, and 25Mg are summarized in
Table I. Overall, the basis size convergence of the results is
quite reasonable, as shown in Fig. 1, presenting the depen-
dence of the κA of 9Be on the NCSM basis size characterized
by Nmax. We can thus evaluate the uncertainties due to the
basis size convergence at about 10% (25% for 25Mg). The
other sources of uncertainty are renormalization and incom-
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FIG. 5 (Color online) Major diagrams contributing to the
parity violation in atoms. N and e

� label nucleons and
atomic electrons. Ae,N and Ve,N denote axial-vector and vec-
tor currents. (a) Z-boson exchange between electron axial-
vector and nucleon vector currents (AnVe); (b) Z-boson ex-
change between nucleon axial-vector and electron vector cur-
rents (VnAe); (c) Electromagnetic interaction of atomic elec-
trons with the nuclear anapole moment (shown as a blob); (d)
Combined e↵ect of the AnVe diagram (a) and hyperfine inter-
action. The vertical line separates nuclear spin-independent
(a) and spin-dependent (b)–(d) diagrams.

experiments described below show how Laporte’s rule is
violated in atoms and molecules.

Microscopically, APV is caused by the weak interaction
mediated by the exchange of a Z boson. Since the range
of this interaction is ⇠ ~/(mZc) ⇡ 2 ⇥ 10�3 fm [mZ ⇡
91GeV/c

2 is the mass of the Z boson], it is essentially
a contact interaction on the scale of atomic distances.
The relevant contact contribution to the SM Hamiltonian
density reads (Marciano, 1995)

HPV =
GFp
2

X

q

⇣
C

(1)

q
ē�µ�5e q̄�

µ
q + C

(2)

q
ē�µe q̄�

µ
�5q

⌘
,

(32)
where the Fermi constant

GF ⇡ 1.17⇥ 10�5(~c)3 GeV�2 = 2.22⇥ 10�14 a.u.

determines the overall strength of the weak interaction,
the summation is over quark flavors, q = {u, d, s, ...}, e
and q are field operators for electrons and quarks respec-
tively, �µ are Dirac matrices, and �5 is the Dirac matrix
associated with pseudoscalars.

The coupling of the electron axial-vector currents to
the quark vector currents is parametrized by the con-

stants C
(1)

q ; the constants C
(2)

q describe the coupling of
the electron vector currents to quark axial-vector cur-
rents. These interactions and constants could be fur-
ther combined into couplings to protons and neutrons of
atomic nuclei (Marciano and Sanda, 1978), e.g.,

C
(1)

p
= 2C(1)

u
+ C

(1)

d
,

C
(1)

n
= C

(1)

u
+ 2C(1)

d
,

reflecting the quark composition of nucleons. Explicitly

in terms of the Weinberg angle ✓W:

C
(1)

p
=

1

2

�
1� 4 sin2✓W

�
,

C
(1)

n
= �1

2
,

C
(2)

p
= �C

(2)

n
= gAC

(1)

p
,

where gA ⇡ 1.26 is the scale factor accounting for the
partially conserved axial vector current and sin2 ✓W =
0.23126(5) (Patrignani et al., 2016). Since sin2 ✓W ⇡ 1/4,

the C
(1)

n contribution dominates HPV except for the 1H
atom.
The main diagrams contributing to PNC processes in

atoms are shown in Fig. 5. The HPV terms discussed
above are illustrated by diagrams (a) and (b). In addi-
tion, there is also a contribution from the nuclear anapole
moment (c) and a combined e↵ect of Z-boson exchange
and hyperfine interaction (d). The e↵ective weak Hamil-
tonian arising from diagram (a) does not depend on the
nuclear spin, while that from the set of diagrams (b)–(d)
does. We will consider the former in Sec. IV.B and the
latter in Sec. IV.C.

B. Nuclear-spin independent e↵ects

1. Overview

The dominant contribution to parity violation in atoms
arises from the electron axial-vector – nucleon-vector
term in HPV, Fig. 5(a). If we treat the nucleon mo-
tion non-relativistically, average over the nucleon distri-
bution, and neglect the di↵erence between proton and
neutron distributions, we reduce the corresponding part
of HPV to an e↵ective weak Hamiltonian in the electron
sector

HW = QW

GFp
8
�5 ⇢ (r) , (33)

where ⇢ (r) is the nuclear density and QW is a nuclear
weak charge. The non-relativistic limit of the operator
�5 ⇢ (r) is

1

2c
[2⇢(r)(� · p)� i(� ·r⇢)] ,

where p is the linear momentum operator and � are elec-
tron Pauli matrices.
The nuclear weak charge QW entering the e↵ective

weak Hamiltonian is

QW ⌘ 2Z C
(1)

p
+ 2N C

(1)

n
,

where Z and N are the numbers of protons and neu-
trons in the nucleus. Electrons predominantly couple
to neutrons and QW ⇡ �N . This is a “tree-level” [or
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Measurements of nuclear spin-dependent parity-violating (NSD-PV) effects provide an excellent opportunity
to test nuclear models and to search for physics beyond the Standard Model. Molecules possess closely
spaced states with opposite parity which may be easily tuned to degeneracy to greatly enhance the observed
parity-violating effects. A high-sensitivity measurement of NSD-PV effects using light triatomic molecules is in
preparation [E. B. Norrgard et al., Commun. Phys. 2, 77 (2019)]. Importantly, by comparing these measurements
in light nuclei with prior and ongoing measurements in heavier systems, the contribution to NSD-PV from
Z0-boson exchange between the electrons and the nuclei may be separated from the contribution of the nuclear
anapole moment. Furthermore, light triatomic molecules offer the possibility to search for new particles, such
as the postulated Z ′ boson. In this work, we detail a sensitive measurement scheme and present high-accuracy
molecular and nuclear calculations needed for interpretation of NSD-PV experiments on triatomic molecules
composed of light elements, Be, Mg, N, and C. The ab initio nuclear structure calculations, performed within
the no-core shell model provide a reliable prediction of the magnitude of different contributions to the NSD-PV
effects in the four nuclei. These results differ significantly from the predictions of the standard single-particle
model and highlight the importance of including many-body effects in such calculations. In order to extract
the NSD-PV contributions from measurements, a parity-violating interaction parameter WPV, which depends
on the molecular structure, needs to be known with a high accuracy. We have calculated these parameters
for the triatomic molecules of interest using the relativistic coupled-cluster approach. In order to facilitate
the interpretation of future experiments we provide uncertainties on the calculated parameters. A scheme for
measurement using laser-cooled polyatomic molecules in a molecular fountain is presented, along with an
estimate of the expected sensitivity of such an experiment. This experimental scheme, combined with the
presented state-of-the-art calculations, opens exciting prospects for a measurement of the anapole moment and
the PV effects due to the electron-nucleon interactions with unprecedented accuracy and for a new path towards
detection of signatures of physics beyond the Standard Model.

DOI: 10.1103/PhysRevA.102.052828

I. INTRODUCTION

Measurements and calculations of parity-violating effects
in atoms and molecules are important both for the verifica-
tion of the Standard Model (SM) and for the investigation
of phenomena that cannot be explained within this model,
such as the nature of dark matter and matter-antimatter asym-
metry. One of the candidates for the dark-matter particles is
a low-mass Z ′ boson [1–3]. The best limits on the parity-
violating interaction of this Z ′ boson with electrons, protons,
and neutrons were obtained from the data on atomic par-
ity violation [4]; in particular, information on its interaction
with nucleons was extracted from the measurements of the

*a.borschevsky@rug.nl

nuclear anapole moment of the 133Cs nucleus in Ref. [5].
The possibility to study the nuclear anapole moments in
additional systems, and thus to set further constraints on
this interaction, provides a major motivation for the current
work.

The notion of the anapole moment was introduced by
Zel’dovich in 1958 [6]. The nuclear anapole moment was
originally considered in Ref. [7] and calculated in Ref. [8]
for a number of heavy atoms. This work also proposed pos-
sible schemes to observe nuclear anapole-moment effects in
atomic and molecular experiments. Studies of the nuclear
anapole-moment effects can provide information about parity-
violating nuclear forces [7,8] and may be considered as a
test of nuclear theory and low-energy quantum chromody-
namics. The nuclear anapole moment rapidly increases with
the nucleon number A (as A2/3) and dominates the nuclear
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were able to reach was Nmax = 9, while for the other p-shell
nuclei we calculated up to Nmax = 7 using the importance
truncation [49,50] for Nmax=7. The 25Mg is on the borderline
of NCSM applicability. Only calculations up to Nmax=3 were
performed using importance truncation for Nmax=3. The m-
scheme dimensions of the largest basis spaces were of the
order of 108. The HO frequency of h̄!=20 MeV, optimized
in Ref. [45] was used.

The natural (i.e., ground-state) parity eigenstates are
obtained in the even Nmax spaces; the unnatural parity eigen-
states, in the odd Nmax spaces. The parity-nonconserving
(PNC) NN interaction admixes the unnatural parity states in
the ground state,

|ψgs I〉 = |ψgs Iπ 〉 +
∑

j

|ψ j I−π 〉

× 1
Egs − Ej

〈ψ j I−π |V PNC
NN |ψgs Iπ 〉, (9)

which then gives rise to the anapole moment. We used
the Desplanques, Donoghue, and Holstein (DDH) PNC NN
interaction from Ref. [51] with their recommended param-
eter values except for the fπ ≡ h1

π=2.6 × 10−7, taken from
Ref. [30]. In the NCSM, when the |ψgs Iπ 〉 is calculated in
Nmax space, the corresponding unnatural parity states appear-
ing in Eq. (9) are obtained in Nmax+1 space. It is not necessary
to compute many excited unnatural parity states as Eq. (9)
suggests. Rather, first, we solve the standard Schrödinger
equation using the Hamiltonian H consisting of the kinetic
term and the NN N3LO+3N(lnl) interaction and obtain the
|ψgsIπ 〉 wave function, and second, we invert the generalized
Schrödinger equation with an inhomogeneous term,

(Egs − H )|ψgs I〉 = V PNC
NN |ψgs Iπ 〉, (10)

to obtain the unnatural parity admixture in the ground state.
The inversion is performed by the Lanczos continued fraction
method [52–54].

In the presented calculations, we use the spin part of the
anapole operator

as = πe
m

A∑

i=1

µi(ri × σ i ) , (11)

which gives the dominant contribution to the anapole mo-
ment [28]. In Eq. (11), m is the nucleon mass and µi is
the nucleon magnetic moment in units of nuclear magnetons,
i.e., µi=µp(1/2+tz,i ) + µn(1/2−tz,i ) with tz,i=1/2 (−1/2)
for proton (neutron). The relationship between κA and as is
given by

κA =
√

2e
GF

as, (12)

with

as = 〈ψgs I Iz=I|a(1)
s,0|ψgs I Iz=I〉. (13)

Using Eqs. (9), (11), (12), and (13) we calculate the
anapole moment similarly to Ref. [55] and find for the dimen-

TABLE I. Magnetic moments (in units of nuclear magneton)
[27,57–61], anapole-moment coupling constants, spin operator ma-
trix elements, and κax coupling constants for 9Be, 13C, 14,15N, and
25Mg obtained within the NCSM. The results obtained using the
single-particle model are also shown, along with the valence particle
(V.p.) and the valence orbital (V.o.) for each nucleus.

9Be 13C 14N 15N 25Mg

Iπ 3/2− 1/2− 1+ 1/2− 5/2+

µexp. −1.177a 0.702b 0.404c −0.283d −0.855e

NCSM calculations
µ −1.05 0.44 0.37 −0.25 −0.50
κA 0.016 −0.028 0.036 0.088 0.035
〈sp,z〉 0.009 −0.049 −0.183 −0.148 0.06
〈sn,z〉 0.360 −0.141 −0.1815 0.004 0.30
κax 0.035 −0.009 0.0002 0.015 0.024
κ 0.050 −0.037 0.037 0.103 0.057

Single-particle model calculations
V.p. n n n, p p n
V.o. p3/2 p1/2 p1/2 p1/2 d5/2

K −2 1 1 1 −3
κA 0.007 −0.007 0.035 0.044 0.014
κax 0.050 −0.017 0.0 0.017 0.050
κhfs −0.001 0.001 0.0006 −0.0004 −0.002
κ 0.056 −0.023 0.036 0.060 0.062

aReferences [27] and [57].
bReferences [27] and [58].
cReferences [27] and [59].
dReferences [27] and [60].
eReferences [27] and [61].

sionless coupling constant κA

κA = −i4π
e2

GF

h̄
mc

(II10|II )√
2I + 1

×
∑

j

〈ψgs Iπ ||
√

4π/3
A∑

i=1

µiri[Y1(r̂i )σi](1)||ψ j I−π 〉

× 1
Egs − Ej

〈ψ j I−π |V PNC
NN |ψgs Iπ 〉, (14)

where (II10|II )=I/
√

I (I + 1).
We have also performed NCSM calculations for the ma-

trix elements of the spin operators that serve as input for
the calculation of the coupling constant κax= − 2C2p〈sp,z〉 −
2C2n〈sn,z〉' − 0.1〈sp,z〉+0.1〈sn,z〉. The spin operator matrix
elements are defined as

〈sν,z〉≡〈ψgs Iπ Iz=I|sν,z|ψgs Iπ Iz=I〉, (15)

with ν=p, n.
Our results for the anapole-moment coupling constants κA

and κax in 9Be, 13C, 14,15N, and 25Mg are summarized in
Table I. Overall, the basis size convergence of the results is
quite reasonable, as shown in Fig. 1, presenting the depen-
dence of the κA of 9Be on the NCSM basis size characterized
by Nmax. We can thus evaluate the uncertainties due to the
basis size convergence at about 10% (25% for 25Mg). The
other sources of uncertainty are renormalization and incom-
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Calculated EDMs of selected stable nuclei

Examples of Nmax convergence 3
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Figure 1. The polarization contribution to 3He EDM (in e fm)
due to the ⇡-exchange PTV NN interaction (5). Dependence
on the NCSM basis size characterized by Nmax for two HO
frequencies is shown. Chiral N3LO PTC NN interaction from
Ref. [35] was used.

with the electric dipole moment operator projected in the
z-direction.

To compute matrix elements of the V
PTV
NN interaction

(5) and solve the equation (6), we adapted codes used for
calculations of anapole moments of light nuclei reported
in Ref. [48]. To benchmark our codes, we calculated the
EDM of 3He using PTC chiral N3LO NN interaction [35]
without any renormalization as 3He EDM results for this
interaction together with the PTV interaction (5) were
published in Ref. [17]. The NCSM basis convergence for
the polarization contribution to 3He EDM is shown in
Fig. 1 and our D

(1) and D
(pol) results are summarized

in Table I. The D
(pol)

Nmax convergence is quite satis-
factory while that of D(1) is still faster. In Fig. 1, the
odd Nmax values correspond to the unnatural states in
Eq. (4), i.e., the largest space for the ground-state was
Nmax=16. While our D

(1) results agree with those re-
ported in Ref. [17] (Table 1, the EFT NN column in
that paper), the present D

(pol) results are smaller by a
factor of 1/2 compared to Ref. [17] (Table 2, the EFT
NN columns in that paper). It should be noted that the
same 1/2 discrepancy was reported in Ref. [20] for the
isoscalar and isovector terms, while a discrepancy of 1/5
was found for the isotensor terms. Similarly, a factor
of 1/2 di↵erence was found in Ref. [25] although for all
the terms. Our results are then consistent with those of
Ref. [25]. The NCSM was applied in Ref. [17] (and also in

1 3 5 7 9 11
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D
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e 
fm
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6Li
9Be

Figure 2. The polarization contribution to 6Li and 9Be EDM
(in e fm) due to the isovector ⇡-exchange PTV NN interac-
tion (5). Dependence on the NCSM basis size characterized
by Nmax is shown. SRG-evolved chiral NN+3N(lnl) PTC in-
teraction from Ref. [34] was used. The HO frequency ~⌦=20
MeV was used.

Ref. [19]). However, the Jacobi-coordinate HO basis was
employed as opposed to the SD HO basis used here, i.e.,
di↵erent codes were utilized. We plan to reexamine the
codes used in Ref. [17] to investigate the issue further.
Basis-size convergence of the polarization contribu-

tions to the EDM for p-shell nuclei is also quite reasonable
and comparable to that of the anapole moments [48]. In
Fig. 2, we show the Nmax convergence of the isovector
⇡-exchange contribution for 6Li and 9Be as a representa-
tive example. Again, the the oddNmax values correspond
to the unnatural-parity states in Eq. (4). The largest
spaces that we were able to reach for 6,7Li wereNmax=11,
while for 9Be Nmax=9. For 10,11B, our calculations have
been performed up to Nmax=7. For 13C, 14,15N we also
reached Nmax=7 basis space. However, we applied the
importance truncation [50, 51] at Nmax=7 for these iso-
topes. The 19F is on the borderline of NCSM applica-
bility. Only calculations up to Nmax=5 were performed
although without any importance truncation. The M -
scheme dimension was 189 million in this case.

OurD(1) andD
(pol) results for all considered nuclei are

shown in Table I. In Fig. 3, we display all the calculated
polarization contributions to the EDMs of the p-shell sta-
ble nuclei and 19F. We can evaluate the uncertainties of
our results due to the basis size convergence at about
10% (20% for 19F). The other sources of uncertainty are
renormalization and incompleteness of the transition op-
erators and the uncertainties due to the description of the
nuclear PTC and PTV forces. A rough estimate of the
accuracy of our calculations can be obtained by a com-
parison of the calculated and experimental magnetic mo-
ments shown in the last two columns of Table I. For 19F,
we obtain in addition the magnetic moment +3.73 µN

for the 5/2+ excited state that can be compared to the

Examples of Nmax convergence
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X17 Anomaly
“An anomaly in the internal pair creation on the M1 transition depopulating the 18.15 MeV
isoscalar 1

+ state on 8
Be was observed. This could be explained by the creation and

subsequent decay of a new boson .. mass 17.01(16) MeV”

Can ab initio nuclear physics help interpret the anomaly?
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IPCC:
Internal Pair Creation
Angular Correlation

Can ab initio nuclear theory help interpret the anomaly?
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In 2016, the ATOMKI collaboration announced [Phys. Rev. Lett. 116, 042501 (2016)] observing an 
unexpected enhancement of the e+-e−pair production signal in one of the 8Be nuclear transitions 
induced by an incident proton beam on a 7Li target. Many beyond-standard-model physics explanations 
have subsequently been proposed. One popular theory is that the anomaly is caused by the creation of 
a protophobic vector boson (X) with a mass around 17 MeV [e.g. Phys. Rev. Lett. 117, 071803 (2016)] in 
the nuclear transition. We study this hypothesis by deriving an isospin relation between photon and X
couplings to nucleons. This allows us to find simple relations between protophobic X-production cross 
sections and those for measured photon production. The net result is that X production is dominated 
by direct transitions induced by E1X and L1X (transverse and longitudinal electric dipoles) and C1X

(charge dipole) without going through any nuclear resonance (i.e. Bremsstrahlung radiation) with a 
smooth energy dependence that occurs for all proton beam energies above threshold. This contradicts 
the experimental observations and invalidates the protophobic vector boson explanation.

 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Ref. [1] observed an anomaly in measuring e+-e−pair produc-
tion in 8Be’s nuclear transition between the 18.15 MeV 1+ reso-
nance and its 0+ ground state. Fig. 1 shows the relevant energy 
levels [2]. The two 1+ resonances are barely above the 7Li + p
threshold. The unexpected enhancement of the signal was ob-
served in the large e+-e−invariant mass region (about 17 MeV) 
and in the large pair-correlation angles (near 140◦) region. The 
large angle enhancement is a simple kinematic signature of the 
decay of a heavy particle into an e+ − e− pair. The anomaly 
has generated many beyond-standard-model physics explanations 
(e.g., [1,3,4]).

Our focus is on the protophobic vector boson explanation (see 
e.g. [3,5,6]). We shall show that taking this hypothesis seriously 
leads to the result that the large angle enhancement of pair-
production would have been seen at all ATOMKI energies above 
threshold.

* Corresponding author.
E-mail addresses: zhang.10038@osu.edu (X. Zhang), miller@phys.washington.edu

(G.A. Miller).

Fig. 1. The 8Be levels [2] that are relevant for the M1 transitions producing photon 
(γ ) and recently proposed vector boson X [3,5,6]. The two 1+ resonance states are 
either mostly isovector (MIV) or mostly isoscalar (MIS). The blue line is the 7Li + p
threshold. Note X and (off-shell) γ can further decay into e+-e− .

The physics of a boson that almost does not interact with pro-
tons provides an interesting contrast with photon-nucleon interac-
tions. We next show that isospin symmetry enables the derivation 
of a useful relation between the matrix elements of the two inter-
actions.

The photon-quark interactions are given by the following elec-
tromagnetic (EM) current in its 2nd quantization form:

https://doi.org/10.1016/j.physletb.2021.136061
0370-2693/ 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.

Fig. from PLB 813, 136061 (2021)

Angle between e- and e+

Phys. Rev. Lett. 116, 042501 (2016) – 7Li+p -> 8Be
Phys. Rev. C 104, 044003 (2021)     – 3H+p -> 4He
Phys. Rev. C 106, L061601 (2022)   – 11B+p ->12C 
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��7Li + p, ⌫
↵

+

X

µ

Z
dr�µ(r)Âµ
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unexpected enhancement of the e+-e−pair production signal in one of the 8Be nuclear transitions 
induced by an incident proton beam on a 7Li target. Many beyond-standard-model physics explanations 
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a protophobic vector boson (X) with a mass around 17 MeV [e.g. Phys. Rev. Lett. 117, 071803 (2016)] in 
the nuclear transition. We study this hypothesis by deriving an isospin relation between photon and X
couplings to nucleons. This allows us to find simple relations between protophobic X-production cross 
sections and those for measured photon production. The net result is that X production is dominated 
by direct transitions induced by E1X and L1X (transverse and longitudinal electric dipoles) and C1X

(charge dipole) without going through any nuclear resonance (i.e. Bremsstrahlung radiation) with a 
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Ref. [1] observed an anomaly in measuring e+-e−pair produc-
tion in 8Be’s nuclear transition between the 18.15 MeV 1+ reso-
nance and its 0+ ground state. Fig. 1 shows the relevant energy 
levels [2]. The two 1+ resonances are barely above the 7Li + p
threshold. The unexpected enhancement of the signal was ob-
served in the large e+-e−invariant mass region (about 17 MeV) 
and in the large pair-correlation angles (near 140◦) region. The 
large angle enhancement is a simple kinematic signature of the 
decay of a heavy particle into an e+ − e− pair. The anomaly 
has generated many beyond-standard-model physics explanations 
(e.g., [1,3,4]).

Our focus is on the protophobic vector boson explanation (see 
e.g. [3,5,6]). We shall show that taking this hypothesis seriously 
leads to the result that the large angle enhancement of pair-
production would have been seen at all ATOMKI energies above 
threshold.
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Fig. 1. The 8Be levels [2] that are relevant for the M1 transitions producing photon 
(γ ) and recently proposed vector boson X [3,5,6]. The two 1+ resonance states are 
either mostly isovector (MIV) or mostly isoscalar (MIS). The blue line is the 7Li + p
threshold. Note X and (off-shell) γ can further decay into e+-e− .

The physics of a boson that almost does not interact with pro-
tons provides an interesting contrast with photon-nucleon interac-
tions. We next show that isospin symmetry enables the derivation 
of a useful relation between the matrix elements of the two inter-
actions.

The photon-quark interactions are given by the following elec-
tromagnetic (EM) current in its 2nd quantization form:

https://doi.org/10.1016/j.physletb.2021.136061
0370-2693/ 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.

Dominated by
T=1

Dominated by
T=0

§ Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020)) 
§ No-core shell model with continuum (NCSMC) with wave function ansatz

Data: Zahnow et al.
Z.Phys.A 351 229-236 (1995) 
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�0: decay to ground state (0+)
�1: decay to first excited (2+)

Phenomenological adjustment: manually shift
thresholds and resonances to match experiment
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§ Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020)) 
§ No-core shell model with continuum (NCSMC) with wave function ansatzInput states from NCSM
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NCSMC IPCC results consistent with LANL R-matrix phenomenology 
arXiv: 2106.06834; Phys. Rev. C 105, 055502 (2022) 

Internal electron-positron pair conversion correlation

NCSMC calculations led by P. Gysbers (UBC/TRIUMF PhD student)

Angle between e- and e+

Assuming J=1 → 0+ bound-to-bound like decay rate

NCSMC matched to data at 65o
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Ab initio calculations of 7Li(p,𝛾)8Be radiative capture, 7Li(p,e+e-)8Be pair production & X17 boson 
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§ Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020)) 
§ No-core shell model with continuum (NCSMC) with wave function ansatz
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Ab initio calculations of 7Li(p,𝛾)8Be radiative capture, 7Li(p,e+e-)8Be pair production & X17 boson 
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��7Li + p, ⌫
↵

+

X

µ

Z
dr�µ(r)Âµ
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§ Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020)) 
§ No-core shell model with continuum (NCSMC) with wave function ansatz

NCSMC calculations led by P. Gysbers (UBC/TRIUMF PhD student)

Calculating properly the pair production cross section
with the interference of different multipoles

Internal electron-positron pair conversion correlation

Following formalism by Viviani et al.
Phys. Rev. C 105, 014001 (2022) 
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§ No-core shell model with continuum (NCSMC) with wave function ansatz
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54Deuterium-Tritium fusion

§ The d+3H®n+4He reaction
§ The most promising for the production of fusion energy in the near future
§ Used to achieve inertial-confinement (laser-induced) fusion at NIF - ignition, 

and magnetic-confinement fusion at ITER
§ With its mirror reaction, 3He(d,p)4He, important for Big Bang nucleosynthesis NIF

ITER
Resonance at Ecm =48 keV (Ed=105 keV) 
in the J=3/2+ channel
Cross section at the peak: 4.88 b

17.64 MeV energy released:
14.1 MeV neutron and 3.5 MeV alpha



55n-4He scattering and 3H+d fusion within NCSMC

0 5 10 15 20
Ekin [MeV]

-120

-90

-60

-30

0

30

60

90

120

δ l [d
eg

]

1/2-

1/2+

3/2-

3/2+

1/2+ FY
3/2- FY
3/2- FY

chiral N3LO NN
NCSMC with SRG evolved NN+3Nind
FY with bare NN

n-4He and d+3H scattering phase-shifts

FY: Faddeev-Yakubovsky method - Rimantas Lazauskas

4He
n
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Importance of the tensor and 3N force
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Harnessing fusion energy
The Deuterium-Tritium (DT) fusion

§ The fusion of deuterium (D) 
with tritium (T) is the most 
promising of the reactions that 
could power the thermonuclear 
reactors of the future.

§ While the DT fusion rate has 
been measured extensively, a 
fundamental understanding of 
the process is still missing

§ Very little is known of how the 
polarization of the reactants’ 
spins affects the reaction
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563H(d,n)4He with chiral NN+3N(500) interaction
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Astrophysical S-factor

G. Hupin, S. Quaglioni and P. Navratil, arXiv:1803.11378

The experimental peak at the center-of-mass energy of 49.7 keV corresponds 
to the enhancement from the 3/2+ resonance of 5He 
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Ab initio predictions for polarized deuterium-
tritium thermonuclear fusion
Guillaume Hupin1,2,3, Sofia Quaglioni 3 & Petr Navrátil4

The fusion of deuterium (D) with tritium (T) is the most promising of the reactions that could

power thermonuclear reactors of the future. It may lead to even more efficient energy

generation if obtained in a polarized state, that is with the spin of the reactants aligned. Here,

we report first-principles predictions of the polarized DT fusion using nuclear forces from

effective field theory. By employing the ab initio no-core shell model with continuum reaction

method to solve the quantum mechanical five-nucleon problem, we accurately determine the

enhanced fusion rate and angular distribution of the emitted neutron and 4He. Our calcu-

lations demonstrate in detail the small contribution of anisotropies, placing on a firmer

footing the understanding of the rate of DT fusion in a polarized plasma. In the future,

analogous calculations could be used to obtain accurate values for other, more uncertain

thermonuclear reaction data critical to nuclear science applications.
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57S-wave resonance close to the threshold of 6He+p?

§ NCSMC study of 7Li and 7Be nuclei using all binary mass partitions
§ Known resonances reproduced
§ Prediction of several new resonances of both parities

PHYSICAL REVIEW C 100, 024304 (2019)

7Be and 7Li nuclei within the no-core shell model with continuum

Matteo Vorabbi * and Petr Navrátil†

TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

Sofia Quaglioni
Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA

Guillaume Hupin
Institut de Physique Nucléaire, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay, France

(Received 20 June 2019; published 5 August 2019)

Background: The production of 7Be and 7Li nuclei plays an important role in primordial nucleosynthesis,
nuclear astrophysics, and fusion energy generation. The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture
processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.

DOI: 10.1103/PhysRevC.100.024304

I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-

*mvorabbi@triumf.ca
†navratil@triumf.ca

ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.

2469-9985/2019/100(2)/024304(11) 024304-1 ©2019 American Physical Society
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FIG. 4. The same as in Fig. 2 for 7Li and 3H + 4He, 6Li + n, and 6He + p scattering with calculated thresholds in Table V.

experimental values are well reproduced and the difference
between the total energies is less than 1 MeV, similarly as for
3He + 4He mass partition in 7Be. The agreement is also good
in the other two cases even if the differences are a bit larger.

In Table VI we display the properties of the ground state
obtained from the study of the 3H + 4He reaction with the
NCSM and NCSMC. The theoretical results for rch, Q, and
µ are compared with the experimental values, and the theoret-
ical predictions of B(M1; 3/2−

1 → 1/2−
1 ) and B(E2; 3/2−

1 →
1/2−

1 ) are reported. As in the 7Be case, the rch, Q, and B(E2)
values increase substantially when NCSMC is applied due to
the proper physical tail of the NCSMC wave functions. We
also present the NCSMC ANCs for the ground state and the
1/2−

1 state that compare quite well with the values extracted
from experimental data. The cluster form factors for the two
states resamble closely the 7Be ones shown in Fig. 1. We
therefore do not show them.

In Fig. 4 we show the results for the phase shifts. The figure
is basically organized as Fig. 2, here the difference is that we
have three mass partitions instead of two. On the left-hand
side there are the three panels displaying the phase shifts of
the corresponding process, while on the right-hand side there
is the experimental spectrum. Again, the solid lines represent
the energy levels while the dashed lines show the reaction
thresholds. The theoretical phase shifts in three panels on
the left are adjusted to the experimental thresholds displayed
with dashed lines. As in the previous case, also for 7Li our
method is able to reproduce all the energy levels in the correct
order. Two differences must be addressed with respect the
previous case. The first difference concerns the T = 3/2 state
at 11.24 MeV, that we now discuss and demonstrate that it
is theoretically well reproduced in particular in the 6He + p
scattering. The second difference concerns the two 5/2− states
at the energies of 6.604 and 7.454 MeV, respectively. In this
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TABLE VI. Properties of the ground state of 7Li computed
with the NCSM and NCSMC approaches using the 3H + 4He mass
partition and compared with the experimental data. The reduced
transition probabilities are from the ground state 3/2−

1 to the first
excited state 1/2−

1 . The ANCs Cl j are shown for both the ground
state and the 1/2−

1 state.

3H + 4He NCSM NCSMC Expt. Refs.

rch (fm) 2.21 2.42 2.39(3) [70]
Q (e fm2) −2.67 −3.72 −4.00(3) [71]
µ (µN ) 3.00 3.02 3.256 [72]
B(E2) (e2 fm4) 3.49 7.12 8.3(5) [73]
B(M1) (µ2

N ) 2.05 2.00 –
(Cp3/2)2 (fm−1) – 12.21 12.74(110) [74]
(Cp1/2)2 (fm−1) – 9.99 9.00(90) [74]

case the threshold of the 6Li + n reaction is exactly in between
these two states and thus only the 5/2−

2 state appears in the
spectrum of this mass partition. The 5/2−

1 resonance is shown
in the spectrum of the 3H + 4He scattering, and once again we
find a situation similar to the previous one. The experimental
cross section for 3H + 4He has a peak in correspondence of
the 5/2−

1 state, while for 6Li + n the peak is found at the
energy of the 5/2−

2 state. This experimental observation is
reproduced by our calculation and the very small contribution
to the 5/2−

2 state from the 3H + 4He process can be seen in
its spectrum at the excitation energy of ∼9.5 MeV. The last
comment concerns the 8P7/2 phase shifts in 6Li + n scattering,
that is built on the 3+ state of 6Li and in the figure seems to
appear at the threshold of 6He + p. This is purely accidental
and simply due to the shift of the theoretical results to the
experimental thresholds.

In Table VII we report the energies and widths of the
resonant states of 7Li computed with the NCSMC and com-
pared to the experimental values. For 3H + 4He reaction we

TABLE VII. Energies (Er) and widths (!) in MeV of the reso-
nant states of 7Li computed with the NCSMC and compared with the
existing experimental data [62]. The resonance energies are given
with respect the threshold of the corresponding mass partition. All
the states have isospin T = 1/2 except the 3/2−

3 state in 6He + p
which has T = 3/2.

NCSMC Expt.

Jπ Er ! Er Ex !

3H + 4He
7/2−

1 2.79 0.214 2.18 4.652 0.069
5/2−

1 4.04 0.785 4.14 6.604 0.918
7/2−

2 9.33 0.435 7.10 9.57 0.437
6Li + n

5/2−
2 0.48 0.21 0.20 7.454 0.080

3/2−
2 1.83 1.70 1.50 8.75 4.712

1/2−
2 2.60 2.44 1.84 9.09 2.752

7/2−
2 2.91 0.039 2.32 9.57 0.437

6He + p
3/2−

3 1.74 0.63 1.26 11.24 0.26
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FIG. 5. The same as in Fig. 3 for 7Li from the NCSMC calcula-
tion of the 6Li + n scattering.

do not include the 5/2−
2 state. The general agreement with

the experimental values is good, and the resonant centroids
are basically reproduced by our calculations. In this case, the
energy of the 7/2−

2 state is better reproduced by the 6Li + n
calculation, even though its contribution to the width is very
small.

Also for 7Li our calculations predict new resonant states
that are shown in Fig. 5 for 6Li + n, and in Fig. 6 for 6He + p,
respectively. The resonance energies and widths of some of
these predicted resonances are summarized in Table VIII. As

TABLE VIII. Energies (Er) and widths (!) in MeV of some
of the new predicted resonant states of 7Li computed within the
NCSMC. The resonance energies are given with respect the threshold
of the 6Li + n and 6He + p mass partitions.

NCSMC
Jπ T Er !

6Li + n
5/2− 1/2 4.79 7.73
1/2− 1/2 7.71 6.13
1/2+ 1/2 3.78 1.11

6He + p
1/2+ 1/2 0.23 0.13
3/2− 1/2 1.94 0.41
1/2− 3/2 3.03 2.65
5/2− 3/2 4.43 2.10
3/2− 3/2 4.55 5.21
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58S-wave resonance close to the threshold of 6He+p?

§ NCSMC study of 7Li and 7Be nuclei using all binary mass partitions
§ Known resonances reproduced
§ Prediction of several new resonances of both parities

PHYSICAL REVIEW C 100, 024304 (2019)

7Be and 7Li nuclei within the no-core shell model with continuum

Matteo Vorabbi * and Petr Navrátil†

TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

Sofia Quaglioni
Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA

Guillaume Hupin
Institut de Physique Nucléaire, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay, France

(Received 20 June 2019; published 5 August 2019)

Background: The production of 7Be and 7Li nuclei plays an important role in primordial nucleosynthesis,
nuclear astrophysics, and fusion energy generation. The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture
processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.
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I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-
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ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.
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FIG. 4. The same as in Fig. 2 for 7Li and 3H + 4He, 6Li + n, and 6He + p scattering with calculated thresholds in Table V.

experimental values are well reproduced and the difference
between the total energies is less than 1 MeV, similarly as for
3He + 4He mass partition in 7Be. The agreement is also good
in the other two cases even if the differences are a bit larger.

In Table VI we display the properties of the ground state
obtained from the study of the 3H + 4He reaction with the
NCSM and NCSMC. The theoretical results for rch, Q, and
µ are compared with the experimental values, and the theoret-
ical predictions of B(M1; 3/2−

1 → 1/2−
1 ) and B(E2; 3/2−

1 →
1/2−

1 ) are reported. As in the 7Be case, the rch, Q, and B(E2)
values increase substantially when NCSMC is applied due to
the proper physical tail of the NCSMC wave functions. We
also present the NCSMC ANCs for the ground state and the
1/2−

1 state that compare quite well with the values extracted
from experimental data. The cluster form factors for the two
states resamble closely the 7Be ones shown in Fig. 1. We
therefore do not show them.

In Fig. 4 we show the results for the phase shifts. The figure
is basically organized as Fig. 2, here the difference is that we
have three mass partitions instead of two. On the left-hand
side there are the three panels displaying the phase shifts of
the corresponding process, while on the right-hand side there
is the experimental spectrum. Again, the solid lines represent
the energy levels while the dashed lines show the reaction
thresholds. The theoretical phase shifts in three panels on
the left are adjusted to the experimental thresholds displayed
with dashed lines. As in the previous case, also for 7Li our
method is able to reproduce all the energy levels in the correct
order. Two differences must be addressed with respect the
previous case. The first difference concerns the T = 3/2 state
at 11.24 MeV, that we now discuss and demonstrate that it
is theoretically well reproduced in particular in the 6He + p
scattering. The second difference concerns the two 5/2− states
at the energies of 6.604 and 7.454 MeV, respectively. In this
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TABLE VI. Properties of the ground state of 7Li computed
with the NCSM and NCSMC approaches using the 3H + 4He mass
partition and compared with the experimental data. The reduced
transition probabilities are from the ground state 3/2−

1 to the first
excited state 1/2−

1 . The ANCs Cl j are shown for both the ground
state and the 1/2−

1 state.

3H + 4He NCSM NCSMC Expt. Refs.

rch (fm) 2.21 2.42 2.39(3) [70]
Q (e fm2) −2.67 −3.72 −4.00(3) [71]
µ (µN ) 3.00 3.02 3.256 [72]
B(E2) (e2 fm4) 3.49 7.12 8.3(5) [73]
B(M1) (µ2

N ) 2.05 2.00 –
(Cp3/2)2 (fm−1) – 12.21 12.74(110) [74]
(Cp1/2)2 (fm−1) – 9.99 9.00(90) [74]

case the threshold of the 6Li + n reaction is exactly in between
these two states and thus only the 5/2−

2 state appears in the
spectrum of this mass partition. The 5/2−

1 resonance is shown
in the spectrum of the 3H + 4He scattering, and once again we
find a situation similar to the previous one. The experimental
cross section for 3H + 4He has a peak in correspondence of
the 5/2−

1 state, while for 6Li + n the peak is found at the
energy of the 5/2−

2 state. This experimental observation is
reproduced by our calculation and the very small contribution
to the 5/2−

2 state from the 3H + 4He process can be seen in
its spectrum at the excitation energy of ∼9.5 MeV. The last
comment concerns the 8P7/2 phase shifts in 6Li + n scattering,
that is built on the 3+ state of 6Li and in the figure seems to
appear at the threshold of 6He + p. This is purely accidental
and simply due to the shift of the theoretical results to the
experimental thresholds.

In Table VII we report the energies and widths of the
resonant states of 7Li computed with the NCSMC and com-
pared to the experimental values. For 3H + 4He reaction we

TABLE VII. Energies (Er) and widths (!) in MeV of the reso-
nant states of 7Li computed with the NCSMC and compared with the
existing experimental data [62]. The resonance energies are given
with respect the threshold of the corresponding mass partition. All
the states have isospin T = 1/2 except the 3/2−

3 state in 6He + p
which has T = 3/2.

NCSMC Expt.

Jπ Er ! Er Ex !

3H + 4He
7/2−

1 2.79 0.214 2.18 4.652 0.069
5/2−

1 4.04 0.785 4.14 6.604 0.918
7/2−

2 9.33 0.435 7.10 9.57 0.437
6Li + n

5/2−
2 0.48 0.21 0.20 7.454 0.080

3/2−
2 1.83 1.70 1.50 8.75 4.712

1/2−
2 2.60 2.44 1.84 9.09 2.752

7/2−
2 2.91 0.039 2.32 9.57 0.437

6He + p
3/2−

3 1.74 0.63 1.26 11.24 0.26
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FIG. 5. The same as in Fig. 3 for 7Li from the NCSMC calcula-
tion of the 6Li + n scattering.

do not include the 5/2−
2 state. The general agreement with

the experimental values is good, and the resonant centroids
are basically reproduced by our calculations. In this case, the
energy of the 7/2−

2 state is better reproduced by the 6Li + n
calculation, even though its contribution to the width is very
small.

Also for 7Li our calculations predict new resonant states
that are shown in Fig. 5 for 6Li + n, and in Fig. 6 for 6He + p,
respectively. The resonance energies and widths of some of
these predicted resonances are summarized in Table VIII. As

TABLE VIII. Energies (Er) and widths (!) in MeV of some
of the new predicted resonant states of 7Li computed within the
NCSMC. The resonance energies are given with respect the threshold
of the 6Li + n and 6He + p mass partitions.

NCSMC
Jπ T Er !

6Li + n
5/2− 1/2 4.79 7.73
1/2− 1/2 7.71 6.13
1/2+ 1/2 3.78 1.11

6He + p
1/2+ 1/2 0.23 0.13
3/2− 1/2 1.94 0.41
1/2− 3/2 3.03 2.65
5/2− 3/2 4.43 2.10
3/2− 3/2 4.55 5.21
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Background: The production of 7Be and 7Li nuclei plays an important role in primordial nucleosynthesis,
nuclear astrophysics, and fusion energy generation. The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture
processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.
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I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-
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ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.
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FIG. 4. The same as in Fig. 2 for 7Li and 3H + 4He, 6Li + n, and 6He + p scattering with calculated thresholds in Table V.

experimental values are well reproduced and the difference
between the total energies is less than 1 MeV, similarly as for
3He + 4He mass partition in 7Be. The agreement is also good
in the other two cases even if the differences are a bit larger.

In Table VI we display the properties of the ground state
obtained from the study of the 3H + 4He reaction with the
NCSM and NCSMC. The theoretical results for rch, Q, and
µ are compared with the experimental values, and the theoret-
ical predictions of B(M1; 3/2−

1 → 1/2−
1 ) and B(E2; 3/2−

1 →
1/2−

1 ) are reported. As in the 7Be case, the rch, Q, and B(E2)
values increase substantially when NCSMC is applied due to
the proper physical tail of the NCSMC wave functions. We
also present the NCSMC ANCs for the ground state and the
1/2−

1 state that compare quite well with the values extracted
from experimental data. The cluster form factors for the two
states resamble closely the 7Be ones shown in Fig. 1. We
therefore do not show them.

In Fig. 4 we show the results for the phase shifts. The figure
is basically organized as Fig. 2, here the difference is that we
have three mass partitions instead of two. On the left-hand
side there are the three panels displaying the phase shifts of
the corresponding process, while on the right-hand side there
is the experimental spectrum. Again, the solid lines represent
the energy levels while the dashed lines show the reaction
thresholds. The theoretical phase shifts in three panels on
the left are adjusted to the experimental thresholds displayed
with dashed lines. As in the previous case, also for 7Li our
method is able to reproduce all the energy levels in the correct
order. Two differences must be addressed with respect the
previous case. The first difference concerns the T = 3/2 state
at 11.24 MeV, that we now discuss and demonstrate that it
is theoretically well reproduced in particular in the 6He + p
scattering. The second difference concerns the two 5/2− states
at the energies of 6.604 and 7.454 MeV, respectively. In this
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FIG. 6. Predictions of new negative- and positive-parity resonant
states in the spectrum of 7Li obtained from the NCSMC calcula-
tion of the 6He + p scattering. The phase shifts are displayed as
functions of kinetic energy in the center of mass. All calculations
were performed at Nmax = 11 in the HO expansion and using the
SRG-evolved NN N3LO chiral interaction [32] at the resolution scale
of λSRG = 2.15 fm−1.

for 7Be, all currently experimentally known 7Li states have
negative parity, while our NCSMC calculations predict new
resonances of both parities. Figure 5(a) shows the 4P1/2 and
6P5/2 phase shifts built on the 6Li ground state and the 3+0
excited state, respectively. We note that the first resonance in
4P1/2 partial wave corresponds to the experimentally known
state at 9.02 MeV and the phase shift is also included in Fig. 4.
The narrow resonances in the 2P1/2 partial wave built on the
6He ground state presented in Fig. 6 will mix with the much
broader 4P1/2(1+0) partial waves in a calculation that couples
different mass partitions as well as in experiment. Conse-
quently, their widths obtained in the present calculations are
unrealistically small and we do not include these resonances
in Table VIII. We note that for T = 3/2, we predict a new
1/2− resonance built on the 6He ground state as well as a
3/2− and 5/2− resonances built in the 6He 2+1 state, see
Fig. 6(b). As the latter state is unbound, our predictions for
the 3/2− and 5/2− resonances are less robust than that of
the 1/2− resonance. The S-wave phase shifts built on the
four 6Li and two 6He states included in our calculations are
plotted in Fig. 5(b) and Fig. 6(c), respectively. Contrary to
the situation in 7Be (Fig. 3), we find resonant behavior in the
6Li + n scattering in the partial waves built on the T = 0 1+

and 3+ 6Li states with the resonances appearing below the
T = 1 0+ and 2+ states thresholds. In the 6He + p scattering,

the 1/2+ resonace appears just above the threshold, also below
the 6Li 0+1 state not coupled in the present calculations.
Consequently, the prediction of the positive-parity 1/2+S-
wave resonance in 6He + p appears robust. Still, we have to
keep in mind that this state is in the three-body continuum
(4He + d + n) that is not included in our calculations and, of
course, this can affect its properties.

1. The 6He(p, γ )7Li radiative capture reaction

The sharp resonance near the threshold of the 6He + p
reaction suggests a resonant S factor for the 6He(p, γ )7Li
radiative-capture reaction. Indeed, our calculated S factor pre-
dicts a very pronounced and sharp peak just above the thresh-
old. Its possible implications for astrophysics, if any, remain
to be investigated. As pointed out in the previous subsection,
the three-body continuum not included in our calculations
could affect this resonance and the S factor. Since we do not
include the coupling between the different mass partitions, the
magnitude of our calculated S factor is unrealistically large.
Consequently, we do not present the calculated S factor until
the coupling of the 7Li mass partitions is implemented in our
formalism. Experimental investigation of the 6He(p, γ )7Li
radiative capture has been performed only at energies well
above the threshold, e.g., at E6He = 40 MeV/A [75].

IV. CONCLUSIONS

In Ref. [26] the 7Be and 7Li systems have been studied
within the NCSMC approach investigating the 3He + 4He and
the 3H + 4He reactions. In the present work we extended the
work of Ref. [26] and studied these systems in a wider energy
range considering all the binary-mass partitions. In addition
to the two previous ones, here we also studied the 6Li + p,
6Li + n, and 6He + p reactions and investigated 7Be and 7Li
bound states as well as resonances and scattering states. Our
results provide a very good description of the experimental
energy spectrum of both systems. Not only the bound state
energies but also the resonant states are nicely reproduced in
the correct order. The widths of the known resonances are
also well reproduced. Besides these known states we found
several new resonances of both parities, some of them built on
the ground state of 6Li and 6He. Finally, we also investigated
the 6Li(p, γ )7Be and the 6He(p, γ )7Li radiative-capture pro-
cesses. Contrary to the Lanzhou experiment, we did not find
any resonance in the S-wave near the 6Li + p threshold. Our
predicted 6Li(p, γ )7Be S factor is nonresonant and smooth at
low energies. On the other hand, we predict a pronounced S-
wave resonance in 7Li near the 6He + p threshold that results
in a sharp peak in our predicted S factor for the 6He(p, γ )7Li
reaction. Its possible implications for astrophysics, if any,
remain to be investigated. It also must be noted that this state
is already in three-body continuum that we did not include in
our calculations and can thus affect our results.

The presented calculations can be improved in three ways.
First, the coupling between the different mass partitions needs
to be introduced, which would then allow to study transfer
reactions such as 6Li(n, 3H)4He. Second, the chiral three-
nucleon interaction should be included. Third, the three-body
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processes are important to determine the 7Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in 7Be versus 8B neutrinos. The 6Li(p, γ )7Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The 6Li(n, 3H)4He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.
Purpose: In this work we study the properties of 7Be and 7Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.
Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like 7Be and 7Li.
Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of 6Li and 6He, and thus represent a robust prediction. We do not find any resonance in the
p + 6Li mass partition near the threshold. On the other hand, in the p + 6He mass partition of 7Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
6He(p, γ )7Li radiative-capture reaction.
Conclusions: While we do not find a resonance near the thershold in the p + 6Li channel, in the case of 6He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum
correlations.
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I. INTRODUCTION

The A = 7 systems, in particular 7Be and 7Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The 3He(α, γ )7Be and 3H(α, γ )7Li radiative-capture pro-
cesses are crucial for the determination of the primordial 7Li
abundance in the early universe [1–3] and for predicting the
correct fraction of pp-chain branches resulting in 7Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-
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ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6–14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of 7Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the 6Li(p, γ )7Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 7Be is then
called for.
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FIG. 4. The same as in Fig. 2 for 7Li and 3H + 4He, 6Li + n, and 6He + p scattering with calculated thresholds in Table V.

experimental values are well reproduced and the difference
between the total energies is less than 1 MeV, similarly as for
3He + 4He mass partition in 7Be. The agreement is also good
in the other two cases even if the differences are a bit larger.

In Table VI we display the properties of the ground state
obtained from the study of the 3H + 4He reaction with the
NCSM and NCSMC. The theoretical results for rch, Q, and
µ are compared with the experimental values, and the theoret-
ical predictions of B(M1; 3/2−

1 → 1/2−
1 ) and B(E2; 3/2−

1 →
1/2−

1 ) are reported. As in the 7Be case, the rch, Q, and B(E2)
values increase substantially when NCSMC is applied due to
the proper physical tail of the NCSMC wave functions. We
also present the NCSMC ANCs for the ground state and the
1/2−

1 state that compare quite well with the values extracted
from experimental data. The cluster form factors for the two
states resamble closely the 7Be ones shown in Fig. 1. We
therefore do not show them.

In Fig. 4 we show the results for the phase shifts. The figure
is basically organized as Fig. 2, here the difference is that we
have three mass partitions instead of two. On the left-hand
side there are the three panels displaying the phase shifts of
the corresponding process, while on the right-hand side there
is the experimental spectrum. Again, the solid lines represent
the energy levels while the dashed lines show the reaction
thresholds. The theoretical phase shifts in three panels on
the left are adjusted to the experimental thresholds displayed
with dashed lines. As in the previous case, also for 7Li our
method is able to reproduce all the energy levels in the correct
order. Two differences must be addressed with respect the
previous case. The first difference concerns the T = 3/2 state
at 11.24 MeV, that we now discuss and demonstrate that it
is theoretically well reproduced in particular in the 6He + p
scattering. The second difference concerns the two 5/2− states
at the energies of 6.604 and 7.454 MeV, respectively. In this
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FIG. 6. Predictions of new negative- and positive-parity resonant
states in the spectrum of 7Li obtained from the NCSMC calcula-
tion of the 6He + p scattering. The phase shifts are displayed as
functions of kinetic energy in the center of mass. All calculations
were performed at Nmax = 11 in the HO expansion and using the
SRG-evolved NN N3LO chiral interaction [32] at the resolution scale
of λSRG = 2.15 fm−1.

for 7Be, all currently experimentally known 7Li states have
negative parity, while our NCSMC calculations predict new
resonances of both parities. Figure 5(a) shows the 4P1/2 and
6P5/2 phase shifts built on the 6Li ground state and the 3+0
excited state, respectively. We note that the first resonance in
4P1/2 partial wave corresponds to the experimentally known
state at 9.02 MeV and the phase shift is also included in Fig. 4.
The narrow resonances in the 2P1/2 partial wave built on the
6He ground state presented in Fig. 6 will mix with the much
broader 4P1/2(1+0) partial waves in a calculation that couples
different mass partitions as well as in experiment. Conse-
quently, their widths obtained in the present calculations are
unrealistically small and we do not include these resonances
in Table VIII. We note that for T = 3/2, we predict a new
1/2− resonance built on the 6He ground state as well as a
3/2− and 5/2− resonances built in the 6He 2+1 state, see
Fig. 6(b). As the latter state is unbound, our predictions for
the 3/2− and 5/2− resonances are less robust than that of
the 1/2− resonance. The S-wave phase shifts built on the
four 6Li and two 6He states included in our calculations are
plotted in Fig. 5(b) and Fig. 6(c), respectively. Contrary to
the situation in 7Be (Fig. 3), we find resonant behavior in the
6Li + n scattering in the partial waves built on the T = 0 1+

and 3+ 6Li states with the resonances appearing below the
T = 1 0+ and 2+ states thresholds. In the 6He + p scattering,

the 1/2+ resonace appears just above the threshold, also below
the 6Li 0+1 state not coupled in the present calculations.
Consequently, the prediction of the positive-parity 1/2+S-
wave resonance in 6He + p appears robust. Still, we have to
keep in mind that this state is in the three-body continuum
(4He + d + n) that is not included in our calculations and, of
course, this can affect its properties.

1. The 6He(p, γ )7Li radiative capture reaction

The sharp resonance near the threshold of the 6He + p
reaction suggests a resonant S factor for the 6He(p, γ )7Li
radiative-capture reaction. Indeed, our calculated S factor pre-
dicts a very pronounced and sharp peak just above the thresh-
old. Its possible implications for astrophysics, if any, remain
to be investigated. As pointed out in the previous subsection,
the three-body continuum not included in our calculations
could affect this resonance and the S factor. Since we do not
include the coupling between the different mass partitions, the
magnitude of our calculated S factor is unrealistically large.
Consequently, we do not present the calculated S factor until
the coupling of the 7Li mass partitions is implemented in our
formalism. Experimental investigation of the 6He(p, γ )7Li
radiative capture has been performed only at energies well
above the threshold, e.g., at E6He = 40 MeV/A [75].

IV. CONCLUSIONS

In Ref. [26] the 7Be and 7Li systems have been studied
within the NCSMC approach investigating the 3He + 4He and
the 3H + 4He reactions. In the present work we extended the
work of Ref. [26] and studied these systems in a wider energy
range considering all the binary-mass partitions. In addition
to the two previous ones, here we also studied the 6Li + p,
6Li + n, and 6He + p reactions and investigated 7Be and 7Li
bound states as well as resonances and scattering states. Our
results provide a very good description of the experimental
energy spectrum of both systems. Not only the bound state
energies but also the resonant states are nicely reproduced in
the correct order. The widths of the known resonances are
also well reproduced. Besides these known states we found
several new resonances of both parities, some of them built on
the ground state of 6Li and 6He. Finally, we also investigated
the 6Li(p, γ )7Be and the 6He(p, γ )7Li radiative-capture pro-
cesses. Contrary to the Lanzhou experiment, we did not find
any resonance in the S-wave near the 6Li + p threshold. Our
predicted 6Li(p, γ )7Be S factor is nonresonant and smooth at
low energies. On the other hand, we predict a pronounced S-
wave resonance in 7Li near the 6He + p threshold that results
in a sharp peak in our predicted S factor for the 6He(p, γ )7Li
reaction. Its possible implications for astrophysics, if any,
remain to be investigated. It also must be noted that this state
is already in three-body continuum that we did not include in
our calculations and can thus affect our results.

The presented calculations can be improved in three ways.
First, the coupling between the different mass partitions needs
to be introduced, which would then allow to study transfer
reactions such as 6Li(n, 3H)4He. Second, the chiral three-
nucleon interaction should be included. Third, the three-body
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6He(d,n)7Li∗→ 6He+p
experiment at Texas A&M 
University Cyclotron Institute

Near threshold resonance not 
found

3/2- T=1/2 anti-analog 
resonance observed just above 
3/2- T=3/2 

Weakness of the calculation - mass 
partitions not coupled:
The resonance appears in both 
6Li+n and 6He+p. Might be below 
the 6He+p threshold or might decay 
by charge exchange 6He(p,n)6Li(gs)
…or might be dissolved in d+n+4He 
continuum (not included)
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β-delayed proton emission in 11Be 

Motivated by the hypothetical dark decay of the neutron
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NCSMC extended to describe exotic 11Be 𝛽p emission

11Be or 11B

n for 11Be or p for 11B

Including 0+
gs  and 2+

1 states of 10Be

Input chiral interaction

NN N4LO(500) + 3N(lnl)

Entem-Machleidt-Nosyk 2017

3N N2LO w local/non-local regulator



6311Be and 11B nuclear structure results

§ Bound states wrt 10Be+N thresholds
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NCSMC phenomenology

Eλ
NCSM energies treated as 
adjustable parameters 

Lawrence Livermore National Laboratory 9 LLNL#PRES#650082 

… to be simultaneously determined  
by solving the coupled NCSMC equations 
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6511Be and 11B nuclear structure results

§ Bound states wrt 10Be+N thresholds
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NCSMC extended to describe exotic 11Be 𝛽p emission,
supports large branching ratio due to narrow ½+ resonance

11Be → (10Be+p) + 𝛽"+ 𝜈̅# GT transition p+10Be Scattering Phase Shifts
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NCSMC extended to describe exotic 11Be 𝛽p emission,
supports large branching ratio due to narrow ½+ resonance

11Be → (10Be+p) + 𝛽"+ 𝜈̅# GT transition p+10Be Scattering Phase Shifts

bp = (1.3 ± 0.5) × 10−6
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NCSMC extended to describe exotic 11Be 𝛽p emission,
supports large branching ratio due to narrow ½+ resonance

11Be → (10Be+p) + 𝛽"+ 𝜈̅# GT transition p+10Be Scattering Phase Shifts

Now observed!bp = (1.3 ± 0.5) × 10−6
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β-delayed proton emission in 11Be 

§ New FRIB experiment measuring proton emission led by Jason Surbrook reports branching 
ratio bp ~ 8(4) x 10-6

§ Lower but still consistent with Ayyad TRIUMF experiment

§ More experiments planned!

§ NCSMC calculations will be extended by including the 7Li+𝛼 mass partition



70Photo-disassociation of 11Be
Bound to bound NCSM NCSMC-phenom Expt.

B(E1; 1/2+è1/2-) [e2 fm2] 0.0005 0.117 0.102(2) 
Halo structure
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Can Ab Initio Theory Explain the Phenomenon of Parity Inversion in 11Be?
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.

DOI: 10.1103/PhysRevLett.117.242501

The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]

jΨJπT
A i ¼

X

λ

cJ
πT

λ jAλJπTiþ
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Bound to continuum

information of the ab initio approach. In the following, we
use a phenomenology-inspired approach indicated by
NCSMC-pheno that has been already applied in
Refs. [36,55]. In this approach, we adjust the 10Be and
11Be excitation energies of the NCSM eigenstates entering
expansion (1) to reproduce the experimental energies of the
first low-lying states. Note that the obtained NCSMC-
pheno energies are fitted to the experiment, while the
theoretical widths, quoted in Table I, are predictions.
An intuitive interpretation of the 11Be g.s. wave function

is provided in Fig. 4 by the overlap of the full solution for the
g.s. jΨJπT

ν i in (1) with the cluster portion jΦJπT
ν;r i given by

rhΦJπT
ν;r jAνjΨJπT

A i. A clearly extended halo structure beyond
20 fm can be identified for the S wave of the 10Beð0þÞ þ n
relative motion. The phenomenological energy adjustment
only slightly influences the asymptotic behavior of the S
wave, as seen by comparing the solid and dashed black
curves, while other partial waves are even indistinguishable
on the plot resolution. The corresponding spectroscopic
factors for the NCSMC-pheno approach, obtained by
integrating the squared cluster form factors in Fig. 4, are
S ¼ 0.90 (S wave) and S ¼ 0.16 (D wave). The S-wave
asymptotic normalization coefficient is 0.786 fm−1=2.

The BðE1Þ transitions are summarized in Table II.
Calculations without continuum effects predict the wrong
g.s. and underestimate the E1 strength by several orders
of magnitude. For the NCSMC calculations with the
NN þ 3Nð400Þ interaction, the 1=2þ state is very weakly
bound, leading to an unrealistic E1 transition. The
N2LOSAT interaction successfully reproduces the strong
E1 transition, albeit the latest measurement [6] is slightly
overestimated, even after the phenomenological energy
adjustment. There might be small effects arising from a
formally necessary SRG evolution of the transition oper-
ator. Works along these lines for 4He suggest a slight
reduction of the dipole strength [56,57]. A similar effect
would bring the calculated E1 transition in better agree-
ment with the experiment [6].
Finally, we study the photodisintegration of the 11Be g.s.

into nþ 10Be in Fig. 5. This is proportional to dipole
strength distribution dBðE1Þ=dE. In all approaches, a peak
of nonresonant nature (see Fig. 3) is present at about
800 keV above the nþ 10Be threshold, particularly pro-
nounced in the 3=2− partial wave. The strong peak for
the NCSMC with the N2LOSAT interaction is caused by
the slightly extended S-wave tail in Fig. 4 and hence the
underestimated binding energy of the 1=2þ state. The
theoretical predictions are compared to indirect measure-
ments of the photodissociation process extracted from the
scattering experiments of 11Be on lead [58–60] and carbon

TABLE I. Excitation spectrum of 11Be with respect to the
nþ 10Be threshold. Energies and widths are in MeV. The
calculations are carried out at Nmax ¼ 9.

NCSMC NCSMC-pheno

NN þ 3Nð400Þ N2LOSAT N2LOSAT Experiment

Jπ E Γ E Γ E Γ E Γ
1=2þ −0.001 % % % −0.40 % % % −0.50 % % % −0.50 % % %
1=2− −0.27 % % % −0.35 % % % −0.18 % % % −0.18 % % %
5=2þ 3.03 0.44 1.47 0.12 1.31 0.10 1.28 0.1
3=2−1 2.34 0.35 2.14 0.21 2.15 0.19 2.15 0.21
3=2þ 3.48 % % % 2.90 0.014 2.92 0.06 2.898 0.122
5=2− 3.43 0.001 2.25 0.0001 3.30 0.0002 3.3874 <0.008
3=2−2 5.52 0.20 6.62 0.29 5.72 0.19 3.45 0.01
9=2þ 7.44 2.30 5.42 0.80 5.59 0.62 % % % % % %

FIG. 4. Comparison of the cluster form factors with the
N2LOSAT interaction at Nmax ¼ 9. Note the coupling between
the 10Be target and neutron in the cluster state jΦJπT

ν;r i ∼
½ðj10Be∶Iπ11 T1ijn∶1=2þ1=2iÞsTYlðr̂Þ'J

πT .

TABLE II. Reduced transition probability BðE1∶1=2−→1=2þ)
between 11Be bound states in e2 fm2.

NCSM NCSMC NCSMC-pheno Experiment

NN þ 3Nð400Þ 0.0005 % % % 0.146
0.102(2) [6]

N2LOSAT 0.0005 0.127 0.117

FIG. 5. Dipole strength distribution dBðE1Þ=dE of the photo-
disintegration process as a function of the photon energy. Theo-
retical dipole strength distributions for two chiral interactions with
(solid line) and without (dashed line) the phenomenological energy
adjustment are compared to the experimental measurements at GSI
[58,61] (black dots) and RIKEN [58–60] (violet dots).
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Abstract
We consider the possibility that a neutron may disappear inside the nucleus,
which will demonstrate the existence of baryon violating ΔB=1 interactions.
It has recently been proposed that such a process may have an effect on the
free neutron decay life time. We evaluate the widths for cln and cgln ,
with χ being a light dark matter particle emitted by a loosely bound neutron in
various light nuclei. We find that, assuming a mass mχ close to 938MeV, the
obtained width for cln in 11Be is much larger than the observed beta decay
width. This suggests a severe limit on the possible decay channel of cgln
for free neutron.

Keywords: neutron decay, neutron lifetime, halo nuclei, baryon number
violation

(Some figures may appear in colour only in the online journal)

1. Introduction

The neutron is one of the building blocks of matter. Without it, complex atomic nuclei simply
would not have formed. Although the neutron was discovered over eighty years ago and has
been studied intensively thereafter, its precise lifetime is still an open question [1, 2]. There
are two qualitatively different types of direct neutron lifetime measurements: bottle and beam
experiments. In the first method one obtains [3]:

= o( ) ( ) ( )t bottle 879.6 0.6 s. 1n

In the second, the beam method, the result as given by Particle Data Group average [4, 5] is

t = o( ) ( ) ( )beam 888 2.0 s. 2n

The discrepancy between the two results is 4.0σ.
This suggests that either one of the measurement methods suffers from an uncontrolled

systematic error, or there is a physics reason of why the two methods give different results,
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NCSMC wave functions of 11Be used as input for other studies
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.

DOI: 10.1103/PhysRevLett.117.242501

The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]

jΨJπT
A i ¼

X

λ

cJ
πT

λ jAλJπTiþ
X

ν

Z
drr2

γJ
πT

ν ðrÞ
r
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Systematic analysis of the peripherality of the 10Be(d, p)11Be transfer reaction and extraction
of the asymptotic normalization coefficient of 11Be bound states
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We reanalyze the experiment of Schmitt et al. on the 10Be(d,p)11Be transfer reaction [Phys. Rev. Lett. 108,
192701 (2012)] by exploring the beam-energy and angular ranges at which the reaction is strictly peripheral.
We consider the adiabatic distorted wave approximation (ADWA) to model the reaction and use a Halo-EFT
description of 11Be to systematically explore the sensitivity of our calculations to the short-range physics of
the 10Be-n wave function. We find that by selecting the data at low beam energy and forward scattering angle
the calculated cross sections scale nearly perfectly with the asymptotic normalization coefficient (ANC) of the
11Be bound states. Following these results, a comparison of our calculations with the experimental data gives
a value of C1s1/2 = 0.785 ± 0.03 fm−1/2 for the 1

2
+ ground-state ANC and C0p1/2 = 0.135 ± 0.005 fm−1/2 for

the 1
2

− excited state, which are in perfect agreement with the ab initio calculations of Calci et al., who obtain
Cab initio

1/2+ = 0.786 fm−1/2 and Cab initio
1/2− = 0.129 fm−1/2 [Phys. Rev. Lett. 117, 242501 (2016)].

DOI: 10.1103/PhysRevC.98.054602

I. INTRODUCTION

Halo nuclei [1] constitute a unique class of exotic systems,
which are mainly found in the neutron-rich region of the
nuclear chart. The halo is a threshold effect observed close to
the neutron dripline, in which one or two neutrons are loosely
bound to the core of the nucleus. Because of this loose
binding, these valence neutrons can tunnel far away into the
classically forbidden region and exhibit a high probability of
presence at a large distance from the other nucleons. They
hence form a sort of diffuse halo around a compact core [2],
which significantly increases the matter radius of these nuclei.

Since their discovery in the mid-1980s, halo nuclei have
been the subject of many studies in both the nuclear-structure
and nuclear-reaction communities. In the former because of
the challenge these diffuse nuclei pose to usual nuclear-
structure models, like the shell model. In the latter because,
due to their short lifetime, they are mostly studied through
reactions.

Experimentally, the upgrade of rare isotope beam facilities
worldwide provides us with many ways to explore these halo
systems. Transfer reaction [3–8] has been an important tool
to infer information about these systems for decades. In this
reaction, one or several nucleons are transferred between the
projectile and target. Because those nucleons populate the va-
lence states of the nucleus, transfer is useful in the analysis of
the single-particle structure of nuclei [3,4,8–11]. It is therefore
particularly well suited to study halo nuclei [6,10–13].

*jiecyang@ulb.ac.be
†pcapel@uni-mainz.de

To extract valuable nuclear-structure information from ex-
perimental data, a precise model of the reaction is required.
Deuteron-induced reactions, like the one on which this work
is focused, are usually described within a three-body model: a
proton p, a neutron n, and the nucleus upon which the transfer
takes place. Many such models have been developed [3–7].
The Distorted Wave Born Approximation (DWBA) [14] is one
of the most used methods to analyze experimental data and
extract spectroscopic information about nuclei. However, this
method does not properly account for dynamical effects, such
as the breakup of the deuteron, therefore alternative formula-
tions have been suggested. Johnson and Soper have introduced
the adiabatic distorted wave approximation (ADWA), which,
without losing the relative simplicity of the DWBA method,
includes a zero-range adiabatic treatment of the deuteron-
breakup channel (ZR-ADWA) [15]. Johnson and Tandy have
then extended this seminal work to a finite-range version of
the ADWA method (FR-ADWA) [16]. For a more accurate
inclusion of the deuteron dynamics in the reaction model,
the solution of the continuum-discretized coupled-channel
approach (CDCC) [17] can be used. In that approach, the
projectile-target wave function is expanded upon all the states
of the deuteron, including its continuum, which leads to
the resolution of a set of coupled equations. More recently,
numerical techniques have become available to solve the
Faddeev-Alt, Grassberger, and Sandhas (FAGS) equations
[18,19], which corresponds to the most accurate framework
to describe transfer reactions induced by deuteron within a
three-body model [20].

At the Oak Ridge National Laboratory a transfer experi-
ment was performed by Schmitt et al. to study the structure
of 11Be [10,11]. This nucleus is the archetypical one-neutron
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We present a description of the breakup of halo nuclei in peripheral nuclear reactions by coupling a model of
the projectile motivated by halo effective field theory with a fully dynamical treatment of the reaction using the
dynamical eikonal approximation. Our description of the halo system reproduces its long-range properties, i.e.,
binding energy and asymptotic normalization coefficients of bound states and phase shifts of continuum states.
As an application we consider the breakup of 11Be in collisions on Pb and C targets. Taking the input for our
halo-EFT-inspired description of 11Be from a recent ab initio calculation of that system yields a good description
of the Coulomb-dominated breakup on Pb at energies up to about 2 MeV, with the result essentially independent
of the short-distance part of the halo wave function. However, the nuclear dominated breakup on C is more
sensitive to short-range physics. The role of spectroscopic factors and possible extensions of our approach to
include additional short-range mechanisms are also discussed.

DOI: 10.1103/PhysRevC.98.034610

I. INTRODUCTION

The quantitative description of nuclear structure and reac-
tions on the same footing is a major challenge of contempo-
rary nuclear theory [1–3]. Ab initio approaches to calculate
nuclear scattering observables are limited by the computa-
tional complexity of the nuclear many-body problem. This
limitation applies especially to exotic isotopes along the
neutron and proton drip lines which are weakly bound or
unbound. With new radioactive beam facilities such as FRIB
and FAIR on the horizon, the quest for improved approaches
for nuclear reactions with exotic isotopes has become a major
topic in the nuclear-theory community. The ultimate goal of
this effort is to have a robust and reliable model of nuclei
and nuclear reactions with predictive power and quantified
uncertainties [4].

In this work we focus on the structure and reactions of
halo nuclei. Halo nuclei are weakly bound objects consisting
of one or more valence nucleons and a tightly bound core
nucleus (see, e.g., Refs. [5,6]). They exemplify the emergence
of new effective degrees of freedom close to the drip lines.
Accurate models for the breakup of halo nuclei have been
shown to be sensitive mostly to the tail of the wave function
[7] for both the bound state and the continuum states [8]. This
means that the structure observables to which these calcula-
tions are sensitive are the one-neutron separation energy and
the asymptotic normalization coefficient (ANC) for the bound

*pcapel@uni-mainz.de
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state and the phase shifts in the continuum. This suggests
that it is not really necessary to include a detailed (and
computationally expensive) microscopic description of a halo
projectile in reaction models. On the contrary, an effective
two-body description of the projectile which replicates the
experimental information and/or the results of a microscopic
nuclear-structure model for on-shell quantities, like ANCs and
phase shifts, to a given accuracy should be enough to obtain a
reaction model with good predictive power.

Here we consider the example of the one-neutron halo
nucleus 11Be. 11Be has two bound levels which can be viewed
as a neutron and a 10Be core in a relative s and p wave, respec-
tively. For 11Be the ANCs and 10Be-n scattering phase shifts
were recently obtained in an ab initio no-core shell model
with continuum (NCSMC) calculation [9]. Although it needed
to be tuned phenomenologically to correctly reproduce the
experimental binding energies, this calculation is the most
thorough extant microscopic description of 11Be.

In this paper, we take a first step towards the ultimate
goal expressed in Ref. [4] by complementing the dynamical
eikonal approximation (DEA) from Refs. [10,11] with the
expansion of the halo effective field theory (halo EFT) for
11Be, developed in Ref. [12]. Halo EFT is based on an
expansion in powers of the distance scale associated with the
10Be core, Rcore, divided by that associated with the 11Be
halo, Rhalo (see Ref. [13] for a recent review of halo EFT).
Consideration of the relative sizes of these nuclei, together
with the results of Ref. [12], suggests an expansion param-
eter of Rcore/Rhalo ∼ 0.4. Reference [12] used halo EFT to
compute the differential E1 strength of 11Be; when combined
with a simplified reaction model this reproduces data on the
Coulomb dissociation of 11Be on a 208Pb target [14].
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We analyze the breakup of the one-neutron halo nucleus 11Be measured at 520 MeV/nucleon at GSI on 
Pb and C targets within an eikonal description of the reaction including a proper treatment of special 
relativity. The Coulomb term of the projectile-target interaction is corrected at first order, while its 
nuclear part is described at the optical limit approximation. Good agreement with the data is obtained 
using a description of 11Be, which fits the breakup data of RIKEN. This solves the apparent discrepancy 
between the dB(E1)/dE estimations from GSI and RIKEN for this nucleus.

 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Since their discovery in the mid-80s halo nuclei have been the 
subject of intense experimental and theoretical studies [1,2]. These 
nuclei, located on the edge of the valley of stability exhibit a very 
exotic structure. They are much larger than their isobars and this 
unusual size is qualitatively explained by a quantum-tunneling ef-
fect in which one or two loosely bound valence nucleons have a 
high probability of presence at a large distance from the other 
nucleons, far beyond the range of the nuclear interaction. These 
nucleons hence form a diffuse halo surrounding a compact core. 
The archetypes of halo nuclei are 11Be, with a one-neutron halo, 
and 11Li, with two neutrons in its halo.

Because of their short lifetime, these nuclei are mostly stud-
ied through reactions. The breakup reaction, during which the halo 
nucleons dissociate from the core, is of special interest, as it re-
veals the internal structure of the projectile. When the breakup 
is measured on a heavy target, like Pb, the reaction is dominated 
by the Coulomb interaction, and the dissociation is characterized 
by the E1 strength from the ground state to the core-halo con-
tinuum dB(E1)/dE [3]. In addition to its importance in the study 
of halo nuclei, this observable plays also a role in nuclear astro-
physics, as it is related to the rate of radiative captures at low 
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energy. Coulomb breakup can thus provide an indirect method to 
infer cross sections of astrophysical interest [4,5].

Many measurements have been performed to constrain this 
value experimentally for various halo nuclei [3]. The Coulomb 
breakup of 11Be has been measured at 520 MeV/nucleon at GSI [6]
and at 69 MeV/nucleon at RIKEN [7]. Surprisingly the E1 strengths 
inferred from both experiments differ significantly from one an-
other. A recent ab initio calculation of 11Be provides a dB(E1)/dE
in agreement with the RIKEN data [8]. In this Letter, we reanalyze 
the GSI data to study the reason for this discrepancy. We consider 
an eikonal description of the reaction [9,10] with a correction of 
the Coulomb interaction [11,12], which enables us to account for 
the Coulomb breakup and its interference with the contribution of 
the nuclear interaction. We also use a proper treatment of special 
relativity [13,14], which seems to play a significant role at these 
energies [15,16]. Following Ref. [17], we describe the structure of 
11Be within a Halo-EFT, which has been fitted to the output of 
the ab initio calculation of Ref. [8]. In addition to solve this long-
standing issue, the model we develop in this work will provide a 
reliable tool to analyze similar measurements performed for both 
one- and two-nucleon halo nuclei at GSI and the recent RIBF fa-
cility at RIKEN. It should therefore significantly contribute to the 
study of nuclear structure and astrophysics away from stability.

To describe the collision of a one-neutron halo nucleus on a 
target, we consider the following three-body model of reactions. 

https://doi.org/10.1016/j.physletb.2019.01.041
0370-2693/ 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Direct reaction experiments provide a powerful tool to probe the structure of neutron-rich nuclei like
beryllium-11. We use halo effective field theory to calculate the cross section of the deuteron-induced neutron
transfer reaction 10Be(d, p)11Be. The effective theory contains dynamical fields for the beryllium-10 core, the
neutron, and the proton. In contrast, the deuteron and the beryllium-11 halo nucleus are generated dynamically
from contact interactions using experimental and ab initio input. Breakup contributions are then included by
construction. The reaction amplitude is constructed up to next-to-leading order in an expansion in the ratio of
the length scales characterizing the core and the halo. The Coulomb repulsion between core and proton is treated
perturbatively. Finally, we compare our results to cross-section data and other calculations.

DOI: 10.1103/PhysRevC.99.054611

I. INTRODUCTION

Nuclear processes such as capture and transfer reactions
are one focus of ongoing research at existing and forth-
coming experimental facilities with radioactive ion beams
[1]. However, the consistent theoretical description of such
reactions in ab initio calculations poses significant challenges.
Tremendous progress has been made for lighter systems in
calculating elastic nucleus-nucleon scattering processes by
combining the variational approach of the resonating group
model and the no-core shell model in the no-core shell model
with continuum [2]. However, for larger systems it remains
a challenging task to calculate reactions in a controlled way
and with reliable uncertainty estimates; see, for example,
Refs. [3–7].

One alternative approach is to reduce the number of dy-
namical degrees of freedom. A process can then be described
as an effective two- or three-body problem using a Lippmann-
Schwinger or Faddeev equation. The remaining challenge is
to model the interaction between the degrees of freedom ap-
propriately. A reduction to the minimal degrees of freedom re-
quired to obtain a certain observable is frequently the starting
point of an effective field theory (EFT) treatment of a system.
EFTs can be applied if a system displays two disparate scales
that can be combined to form a small expansion parameter.
The large scale can, for example, be the excitation energy
of a degree of freedom or a heavy state not included in the
approach. EFT is the theory in which these high energy modes
are integrated out.

Halo nuclei display such a separation of scales [8–11].
They consist of a tightly bound core with large excitation
energy Ex and some weakly bound valence nucleons. The EFT
that has been developed for these systems is called halo effec-
tive field theory (Halo EFT) [12,13]. It treats the core as a fun-
damental degree of freedom, which is a valid approximation

as long as energies smaller than Ex are considered. Halo
EFT has been applied to a variety of processes including
electromagnetic transitions and Coulomb dissociation of one-
neutron halo nuclei. The formalism has been extended to
one-proton and two-neutron halo nuclei. For a recent review,
see Ref. [14].

In this work, we explore the potential of Halo EFT to
describe the experimentally important process of a deuteron-
induced transfer reaction. Such a calculation has not been
carried out yet due to the challenging continuum structure of
the reaction. As a test case, we consider 10Be(d, p)11Be. The
effective three-body system is given by a 10Be core, a neutron,
and a proton. The one-neutron halo nucleus 11Be represents a
neutron-core state with a binding energy much smaller than
the 2+ core excitation energy Ex = 3.37 MeV; see Fig. 1.
This intrinsic scale separation reflects itself also in the small
core radius Rc ∼ 2–3 fm and the large halo radius Rh ∼ 7 fm
[16]. Exploiting these length scales, we construct the reaction
cross section at leading order (LO) and next-to-leading order
(NLO) in Rc/Rh. We find that dynamical core excitations
and strong proton-core interactions can be neglected up to
NLO. Deuteron and 11Be breakup contributions will be in-
cluded automatically since Halo EFT contains all continuum
states of the active degrees of freedom (core, proton, and
neutron).

We expect that the Halo EFT expansion works best for
center-of-mass energies E well below Ex = 3.37 MeV; see
Fig. 1. However, in the absence of appropriate data, we
compare our theory to data at E ! 7.78 MeV, measured by
Schmitt et al. at Oak Ridge National Laboratory [17,18]. In
fact, previous works suggest that Halo EFT could still be
appropriate for the lower experimental energies. For example,
Deltuva et al. calculated the differential cross section in a
Faddeev approach, using model interactions that reproduce

2469-9985/2019/99(5)/054611(16) 054611-1 ©2019 American Physical Society
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Fig. 1. (Color online.) The excitation function of the reaction 14O(p, p)14O measured at 180◦ in the center of mass system. R-Matrix calculations corresponding to the ground 
state alone (dotted line), first excited state (thick-dot–dash line), second excited state (thin-dot–dash line) are shown. Inset: A structure clearly visible at an energy close to 
4.8 MeV is assigned to the 1/2−

1 second excited state of 15F (see text for details). Data are compared to the best R-Matrix fit (red line) using the properties given in Table 1. 
The R-Matrix calculation made with ! = 737 keV for the ground state is also shown (blue dashed line) for comparison. Here, the error bars correspond to the statistical 
uncertainties. The calculation using the GCM-CC approach is also shown (green dotted line).

selected using LISE and transported to the experimental setup lo-
cated in the D4 experimental area. An average beam intensity of 
1.88(1) × 105 pps was achieved. This value was obtained by reg-
ularly measuring the beam intensity with a silicon detector in 
conjunction with a calibrated beam intensity reduction system, as 
well as by counting the 2.312 MeV γ -ray emitted in the β-decay 
of 14O using a high-purity germanium detector.

The beam was sent to a thick target where it was stopped. The 
target was made of three (four in the case of 14N) polypropylene 
(CH2)n foils, 50 µm thick each. The foils were fixed side by side 
with the last one put on a 250 rpm rotating system called FULIS 
[38]. This system was used to reduce the background arising from 
the β-delayed proton emission of 14O (t1/2 = 70.6 s). Counting rate 
was reduced from 85 Hz with the stopped target to ≈ 1 Hz with 
the rotating target. The scattered protons were detected down-
stream in a $E(500 µm) − E(6 mm cooled SiLi) telescope of silicon 
detectors that covered an angular acceptance of ±2.2(2)◦ . Iden-
tification of the protons was made using contours on $E-E and 
time-of-flight parameters.

The elastic scattering reaction 14N(p, p)14N was measured un-
der the same experimental conditions to calibrate the detectors in 
energy. Energy calibration and resolution were obtained by pop-
ulating known resonances in the compound nucleus 15O [39,40]
using the same procedure as discussed in Ref. [18]. An experi-
mental energy resolution, σc.m. = 7(2) keV, was measured from 
the width of the observed peaks and using an alpha source. No 
change was measured as a function of the proton energy. The ma-
jor contributions to this resolution were from the $E-E detectors 
(4.2 keV and 3.0 keV) and the beam and proton straggling in the 
target (4.7 keV).

The polypropylene target also contains carbon atoms, which in-
duced a background through reactions with the beam. This carbon-
induced proton background was not measured in the present ex-
periment. Instead the results published in Ref. [18] obtained in 
very similar experimental conditions were used. This background 
was normalized according to carbon content and beam intensity, 
and subtracted to the measured proton spectrum. The proton back-
ground was featureless, almost flat with a weak maximum of 
0.09 barn/sr at 1.8 MeV (c.m.) [18,41].

4. Results

The measured excitation function of the 14O(p, p)14O reaction, 
performed at 180◦ (c.m.), is shown in Fig. 1. It is very similar 
to those obtained in Refs. [14,17,18], but with a much higher 
statistics, improved energy resolution and covering a larger energy 
range. An analysis of the excitation function using the R-Matrix 
method was performed with the code AZURE2 [33]. A nominal 
value of the radius parameter a = 5.1 fm was used.

A deep minimum is observed at ≈ 1 MeV corresponding to the 
well known Jπ = 1/2+

1 ground state resonance of 15F. It is fitted 
at an energy ER = 1270(10)(10) keV with ! = 376(70)(+200

0 ) keV, 
where the quoted uncertainties correspond to statistical and sys-
tematic uncertainties respectively. The resonance energy is in 
agreement with last published value ER = 1230(50) keV [18]. The 
measured width is lower than the values obtained in previous 
studies by at least 30%, but is still within the error bars. This lower 
value is also supported by some theoretical considerations [42,43]. 
In Fig. 1, the best fit is shown with the continuous red line which 
leads to ! = 376 keV. For comparison, the dashed-blue line shows 
the calculation made for the average value of the previous results, 
i.e. ! = 737 keV. Neither of the two calculations reproduce the 
data at Ec.m. ≈ 3.4 MeV. The largest differences between the two 
calculations are found at Ec.m. ≈ 2.2 MeV, where the absolute cross 
section is most sensitive to the carbon-induced background. Since 
the carbon-induced background was not measured, a systematic 
error of ± 25 mbarn/sr on its cross section was adopted for the 
full range of energy, which resulted in a systematic error for the 
g.s. width of (+200

0 ) keV.
The peak observed at the resonance energy ER =

2763(9)(10) keV with ! = 305(9)(10) keV corresponds to the 
Jπ = 5/2+

1 first excited state. It is in good agreement with the pre-
vious measurements. The controversy about the width of this state 
[19], resulting in θ2 exceeding unity, is due to the very small sin-
gle particle width !s.p. = 250 keV calculated in Ref. [13]. A more 
meaningful value of θ2 = 0.42 is obtained using !s.p. = 726 keV
calculated with a conventional formula [46]. It is possible to calcu-
late a weighted average of all values measured so far using the sta-
tistical procedure of the Particle Data Group [44] assuming a Gaus-
sian distribution of the different and independent measurements 

nature. There are other resonance features in our calculated
results lying just above the highest energy at which experi-
mental results are known to date. These have negative
parities and are analogues of the negative-parity reso-
nances seen in 15C. Thus the origin of these new, narrow
negative-parity resonances in 15F differ from those of the
observed low-lying ones. They are compound resonances
and, as with those identified in 15C, are due to the Pauli
hindrance of the proton 0p1=2 orbit in the 0!2 and 2!

excited states of 14O. Finally, we note that these new
resonances persist and are relatively more noticeable in
cross sections at other scattering angles. As an example, we
show in Fig. 3 results from our MCAS calculation com-
pared with data [1] taken at 147". Again the two low-lying,
broad resonances are predicted well (location, width, and
magnitude) and now the higher, narrow, negative-parity
resonances are clearly seen to reside on a broad resonant
structure. Such is interpreted as a mixture of 1

2
!, 5

2
!, and 3

2
!

broad states, with the last being the analogue of that
observed in 15C.

Since the broad resonances are single-particle-like, they
are effects of the diagonal interactions in which deforma-
tion occurs only in second order. The narrow resonances,
on the other hand, have widths that increase with the
coupling strength. So our ansatz for !2 is a conservative
one and a smaller!2 would make a fortiori our claim about
them.

In conclusion, the MCAS approach has been used with
isospin mirror mass-15 systems to define the spectroscopy
of the particle-unstable nucleus, 15F. The procedure in-
volved first making an analysis of the neutron-rich 15C
system for which experimental information is known.

Crucial to the description of the experimental spectrum
was the concept of Pauli hindrance of single-particle orbits
coupled to the collective 0!2 and 2! excitations in the mass-
14 nuclei. It leads to an appropriate description of the
observed three low-lying negative-parity resonances.
Then, by incorporating Coulomb interactions, the same
nuclear force was used to analyze the proton-14O case
and thus to predict the spectroscopy of 15F up to 8 MeV
excitation. We clearly see three narrow negative-parity
resonances in the calculated cross section. This demands
further experiments to test the theoretical interpretation.

The MCAS scheme may be used to estimate spectros-
copy of other nuclei that are just outside of the proton drip
line given that the numbers of neutron-rich isotopes within
the neutron drip line usually exceed those on the proton-
rich side. Thus the mirror system against which the proton-
rich, unstable, system spectroscopy is to be compared will
not be particle unstable and may possibly have experimen-
tally known and detailed properties.
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FIG. 3 (color online). The elastic cross sections from scatter-
ing of 14O ions from hydrogen at 147" in the center of mass. The
data were taken from Ref. [1].
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§ Very narrow P-wave resonances
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74Nuclear radii from NCSMC

§ Proper wave function tail – much superior to NCSM (HO)
§ Computation more involved

§ Published results for 7Li, 7Be, 6He (4He+n+n cluster)

M = 

Ψ (A) = cλ
λ

∑ ,λ + dr γ v (
r )∫ Âν

ν

∑ ,ν
A− a( )

a( )

r(A)
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Reaction 4He(d,γ)6Li responsible for 6Li production in BBN

§ Three orders of magnitude discrepancy between BBN 
predictions and observations
§ Problem with astronomical observations?
§ Problem with our understanding of the reaction rate?
§ New physics?

§ NCSMC calculations with chiral NN+3N interaction

§ Radiative capture S-factor
§ Dominated by E2
§ M1 significant at low energy
§ E1 negligible – isospin supressed (T=0 → T=0)

§ Thermonuclear reaction rate
§ Smaller than NACRE II evaluation
§ Agreement with LUNA result with reduced 

uncertainty
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arXiv: 2202.11759         

Radiative capture of protons on 7Be

§ Solar pp chain reaction, solar 8B neutrinos

§ NCSMC calculations with a set of chiral NN+3N interactions as input
§ Radiative capture S-factor

§ Dominated by E1 non-resonant 
§ M1/E2 significant at 1+ and 3+ resonances

§ Correlations between results obtained by different chiral 
interactions and experimental data → evaluation of the S-factor 
at E=0 energy relevant for the solar physics

Recommended value S17(0) ~ 19.8(3) eV b

Latest evaluation in Rev. Mod. Phys. 83,195–245 (2011): 
S17(0) = 20.8 ± 0.7(expt) ± 1.4(theory) eV b 

7Be(p,γ)8B



78p+11C scattering and 11C(p,γ)12N capture

• NCSMC calculations of 11C(p,p) with chiral NN+3N 
§ 11C:   3/2-, 1/2-, 5/2-, 3/2- NCSM eigenstates
§ 12N:   ≥6 π = +1 and ≥4 π = -1 NCSM eigenstates

TRIUMF EEC New Letter of Intent Detailed Statement of Proposed Research for Experiment #: 1691

Figure 3: Elastic cross sections around the 2
�
, 1

�
resonances (energy scan around the theoretically predicted resonance position)

calculated using the NCSMC and the phenomenological calculation. Figures from Ref. [7].

and Ex=3.6 MeV (J⇡=(2)+) were assigned. The J⇡=3� assignment was consistent with a previous 12C(p,n)12N
experiment carried out by Anderson et. al. in 1996 [14] (compare Tab. 1), which concluded that either J⇡=2+

or J⇡=3� were possibilities. However, the J⇡=(2)+ assignment for the Ex=3.6 MeV level was only adopted
tentatively as the calculations performed to reproduce the experimental spectrum did not take contributions
from higher levels into account.

The second 11C+p experiment [17] was realized a few years later in form of a measurement campaign at two
di↵erent facilities, namely at the Berkeley Experiments with Accelerated Radioactive Species (BEARS) coupled
cyclotron system [18] and the Texas A&M University (TAMU) with the magnetic separator MARS [19]. This
was done in order to cover the energy range from Ex=2.2 MeV up to Ex=11.0 MeV. The use of a gaseous target
in comparison to a solid target opened up the opportunity to analyze the contribution of inelastic scattering
in the solid target. In total 16 levels in 12N were identified and the analysis of the excitation functions was
performed based on an R-matrix framework. However, the choice of input parameters relied strongly on the
properties of known levels in the mirror nucleus 12B, assuming a shift of 200 keV of the energy levels towards
lower energies and allowing 500 keV variation. Further, the resonance widths for the levels in 12B were utilized
as initial parameters for the determination of all widths in the level structure of 12N. The data for resonance
widths within the excitation energy of Ex=3.37 MeV to 5.49 MeV in 12B were based on the neutron decay to
the ground state of 11B. Thus, the widths in 12B had to be converted to 12N widths by making use of a potential
model (also employed in Ref. [20]) before the parameters were applied to describe the proton decay widths to
the 11C ground state.

The authors of Ref. [17] further state that any conclusions regarding potential resonance states above Ex=5.6 MeV
are merely speculative due to the uncertainties in the theoretical predictions resulting from the constrains of
the shell model space. In addition, the cross sections generated from the R-matrix calculations were too large

5

NCSMC calculations to be validated by 
measured cross sections and applied to 

calculate the 11C(p,γ)12N capture 
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§ Reactions involving the short-lived 8Li nucleus may 
contribute to the synthesis of heavier nuclei by bridging 
the stability gap of mass A = 8 elements

§ Cannot be measured directly as 8Li half-life 840 ms

§ NCSMC calculations - 8Li(n,γ)9Li – cross section higher 
compared to recent phenomenological calculations

Radiative capture of neutrons on 8Li



8014C(n,𝛾)15C capture

§ Comparison to Karlsruhe experiment – Phys. Rev. C 77, 015804 (2008)
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by the final bound-state spectroscopic factor. The ratio of
experimentally observed to calculated cross section is then
a measure of the spectroscopic purity of the single-particle
configuration. We note that the particular structure of the 15C
states implies that E1 capture is only possible for p-wave
neutrons. The possibility of E2 capture of s-wave neutrons to
the first-excited state was also included in these calculations,
but the contribution to the capture cross section was found to
be less than 5% at the relevant energies.

In all calculations, single-particle configurations were gen-
erated from a Woods-Saxon potential well with the geometry
of Ref. [30]. The potential depths were chosen to reproduce the
binding energies of the two bound states in 15C with respect to
the 14C + n thresholds. This procedure led to slightly different
potential depths for the l = 0 (Vl=0 = 52.81 MeV) and l > 0
(Vl>0 = 51.33 MeV) channels. Since p-wave capture is the
dominating process, the l > 0 potential was used to describe
the scattering wave of the incoming channel. The use of
l-dependent potentials is, in principle, not compatible with
the requirements of applying Siegert’s theorem. However, for
the case considered here, we found that the difference between
the initial- and final-state potentials was so small that Siegert’s
theorem was still valid.

The calculated radiative-capture cross section was convo-
luted with the neutron spectra of Fig. 3 to facilitate a direct
comparison with the data from the activation measurement.
The calculated capture to the first excited state of 15C was
normalized by the spectroscopic factor C2S1 = 0.69, extracted
from experimental neutron transfer 14C(d, p)15C∗ data [31].
Since this channel contributes less than 5% to the total capture
cross section at the relevant energies, the final result is not
very sensitive to the particular choice of this spectroscopic
factor. A fit to the experimental data, weighted by the relative
error bar of each data point, was then performed and resulted
in a best-fit spectroscopic factor of C2S0 = 0.95 ± 0.05 for
the ground state 1s1/2 single-particle configuration, which is
in good agreement with 0.88 as derived from (d, p) data [31].
The final calculated cross section, convoluted with the different
neutron spectra, is compared with the experimental data in
Table V. In addition, the energy-differential cross section,
including the 1σ error band, is shown in Fig. 7.
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FIG. 7. Theoretical 14C(n, γ )15C cross section, fitted to the
experimental data, as described in the text.
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FIG. 8. Reaction rates for 14C(n, γ )15C as a function of stellar
temparature T9 given in 109 K.

C. Recommended astrophysical reaction rates

The fitted theoretical cross section of the previous section
was used to compute reaction rates for astrophysical appli-
cations. The resulting reaction rate is plotted in Fig. 8 as a
function of stellar temperature T9 (in units of 109 K). The
applicability of the calculated capture cross section is restricted
by the experimental energy range used in the activation
measurement, i.e., from 1 keV to 1 MeV. The extracted reaction
rate is therefore presented up to a maximum temperature
of 4 × 109 K. Extrapolations beyond this temperature range
would yield results that are not restricted by the data from the
present experiment.

The reaction rates were fitted to the parametrization
suggested by Rauscher and Thielemann [32]

NA〈σv〉 = exp
(
a1 + a2T

−1
9 + a3T

−1/3
9 + a4T

1/3
9

+a5T9 + a6T
5/3

9 + a7 ln(T9)
)
.

The reaction rate is given in cm3s−1mol−1 with the temperature
in 109 K. The best-fit parameters, which reproduce the
numerical values to within 0.01% in the 0.01 ! T9 ! 4.0
temperature range, are

a1 = 0.850 × 101,

a2 = −0.305 × 10−3,

a3 = 0.580 × 10−1,

a4 = −0.355 × 100,

a5 = −0.116 × 100,

a6 = 0.122 × 10−1,

a7 = 0.109 × 101.

IV. DISCUSSION AND ASTROPHYSICAL IMPLICATIONS

Compared to the result of the previous activation with
kT = 23.3 keV [12] (1.72 ± 0.43 µb) we find agreement,
if the sample mass measured in this work and the currently
available decay properties of 15C are taken into account. The
agreement is then within 1σ .
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FIG. 9. (Color online) Comparison between the present results
and previous data.

All available differential data for the total capture cross
section of 14C are compared in Fig. 9. The data are divided by√

E to remove the energy dependence caused by the p-wave
orbital-momentum barrier. The present cross section results are
in good agreement with theoretical estimates of Wiescher et al.
[7] and with the recently published estimates of Timofeyuk
et al. [8] based on mirror symmetry considerations. Our data
fall approximately 20% below the values of Descouvemont
[33], but exhibit the same energy dependence.

The results of Horváth et al. [9], which were obtained
in a Coulomb-breakup study, show a large, constant offset
(Fig. 9). In other words, not only the cross section values are
different, but also the energy dependence. The difference can
be expressed as

σpresent = σHorvath + c ·
√

Ec.m.

with c = 0.48 µ b/keV1/2.

With respect to the importance of the 14C(n, γ )15C cross
section for validating the Coulomb-break-up approach for
deducing this cross section from the time-reversed dissociation
of 15C it is important, however, to emphasize that the present
results are in good agreement with preliminary data from two
other Coulomb break-up studies [10,11,34].

Since the paper by Beer et al. [12], a comparison of the
differential cross section at 23.3 keV is published in most
papers dealing with the 14C(n, γ ) cross section. We note that
the value published by Beer et al. was a Maxwellian averaged
cross section for kT = 23.3 keV, which is different from the
differential cross section at Ec.m. = 23.3 keV. In this tradition,
a comparison of the differential 23.3 keV cross sections is
presented in Fig. 10. The present value of 5.2 ± 0.3 µbarn
is based on the theoretical description of the cross section
provided in the previous section.

The rate suggested by [7] has been used for most of the
nucleosynthesis simulations of the scenarios summarized at
the beginning of this paper. The agreement with the present
experimental results confirms many of the previous model
predictions. While present cosmologies dismiss the likelihood
of inhomogeneous Big Bang scenarios, previous simulations
of the associated nucleosynthesis [36] based on this 14C(n, γ )
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FIG. 10. (Color online) Comparison between this measurement
(shaded band) and previous cross section results at Ec.m. = 23.3 keV.
Open squares refer to theoretical estimates while full circles refer
to experiments including Coulomb-breakup studies. The only open
circle refers to the measurement by Beer et al. before the renormaliza-
tion based on the new mass and line intensity information (see text).
The respective references from left to right are [7,8,33] (theoretical)
and [9–12,34,35] (experimental).

reaction rate demonstrated a substantial production of 14C at
such conditions.

The role of the 14C(n, γ )15C reaction as the slowest link
in the neutron induced CNO cycles proposed by [5] is also
confirmed by the present results. Detailed simulations now
help to analyze the impact of such a cycle on the neutron
flux during core carbon burning and shell carbon burning.
These results indicate that many more branches exist due
to the presence of charged particles in stellar helium and
carbon burning environments [37]. For helium burning most
of the 13C produced by 12C(n, γ ) is depleted by the 13C(α, n)
reaction rather than by 13C(n, γ ) and the production of 14C
is negligible as shown already by [38]. This may be different
for shell carbon burning which is characterized by higher 12C
abundances and a significantly lower α flux. New simulations
on aspects of neutron production and capture reactions are
presently in preparation [39]. The study indicates that the main
production of 14C is given by the two reactions 14N(n, p)14C
and 17O(n,α)14C. Because of the here confirmed low cross
section, the 14C(n, γ ) reaction does not play a significant
role for reducing the 14C abundance. However, because of the
relatively high temperatures of T ≈ 1 GK in the carbon burning
zone, alternative depletion channels open via 14C(p, n)14N
with a negative Q-value of −626 keV and via 14C(α, γ )18O
alpha capture providing a new abundance balance.

New simulations are also underway for studying the impact
of neutron capture reactions on neutron rich Be, B, and
C isotopes on the nucleosynthesis of light elements in neutrino
driven wind supernova shock scenarios [40]. The completion
of these studies does however require a detailed analysis of
neutron capture reactions on short-lived neutron rich isotopes
to simulate the anticipated reaction flow reliably [6]. New
shell model based simulations of these rates are presently
in preparation taking also into account the rapidly growing
experimental nuclear structure information on neutron rich
nuclei in the Be to Ne range.
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Relevant for 

Inhomogeneous Big Bang models

Neutron induced CNO cycles

Neutrino driven wind models 
for the r-process

Validation of Coulomb dissociation
method
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Conclusions

§ Ab initio NCSM and NCSMC with chiral EFT interactions as input applied to

§ Tests of fundamental symmetries
§ Nuclear-structure corrections to β-decay observables
§ Structure corrections for the extraction of the Vud matrix element from the Fermi transitions
§ Anapole and electric dipole moments of light nuclei
§ Proton capture on 7Li and the hypothetical X17 boson

§ Nuclear structure studies
§ Near-threshold resonances
§ Halo nuclei

§ Nuclear astrophysics
§ Proton and neutron capture reactions


