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Outline

§ Introduction – Ab initio nuclear theory – no-core shell model with continuum (NCSMC)

§ Parity inversion in 11Be ground state

§ Halo ground state of 15C 

§  P-wave halo ground state of 8B & radiative capture of protons on 7Be 

§ NCSMC for three-body cluster –  6He ~ 4He + n + n

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

§ Conclusions
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Chiral Effective 
Field Theory

(parameters fitted 
to NN data)

First principles or ab initio nuclear theory

Quantum Chromodynamics
(QCD)

Many-body ab initio 
nuclear theory

HΨ(A) = EΨ(A)

Lawrence Livermore National Laboratory 4 LLNL#PRES#XXXXXX 

To develop such an ab initio nuclear theory we: 
 1) Start with accurate nuclear forces (and currents) 

+ ... + ... + ... 

NN force NNN force NNNN force 

Q0 

LO 

Q2 

NLO 

Q3 

N2LO 

Q4 

N3LO 

Worked out by Van Kolck, Keiser, 
Meissner, Epelbaum, Machleidt, ... 

"  Two- plus three-nucleon (NN+3N) 
forces from chiral effective field 
theory (EFT) 
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Conceptually simplest ab initio method: No-Core Shell Model (NCSM)

§ Basis expansion method (CI)

§ Harmonic oscillator (HO) basis truncated in a particular way (Nmax)

§ Why HO basis? 
§ Lowest filled HO shells match magic numbers of light nuclei 

(2, 8, 20 – 4He, 16O, 40Ca)
§ Equivalent description in relative(Jacobi)-coordinate and 

Slater determinant basis – nuclei self-bound, [H,PCM]=0
§ Exact factorization of CM and intrinsic eigenfunctions       

at each Nmax

§ Good for well-bound states, approximation of weakly-bound states 
and narrow resonances 2→2

N = 2
N = 3

6→8
12→20

20→40
N = 2n + l

l = 1,3
l = 0,2

l = 1

l = 0

N = 1
N = 0

𝐸 = (2𝑛 + 𝑙 + !
")𝔥Ω
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a b s t r a c t

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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No-Core Shell Model with Continuum (NCSMC)

A− a( )
a( )

r

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).

Ψ (A) = cλ
λ

∑ ,λ + dr γ v (
r )∫ Âν

ν

∑ ,ν(A)
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Ab initio calculations of structure including weakly bound halo states, scattering, reactions 
Unified approach to bound & continuum states
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N = 1

Static solutions for aggregate system,
describe all nucleons close together

Continuous microscopic cluster states,
describe long-range projectile-target

Ab initio calculations of structure including weakly bound halo states, scattering, reactions 
Unified approach to bound & continuum states
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No-Core Shell Model with Continuum (NCSMC)

A− a( )
a( )

r

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).

Ψ (A) = cλ
λ

∑ ,λ + dr γ v (
r )∫ Âν
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describe all nucleons close together

Continuous microscopic cluster states,
describe long-range projectile-target
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Ab initio calculations of structure including weakly bound halo states, scattering, reactions 
Unified approach to bound & continuum states
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Coupled NCSMC equations

Lawrence Livermore National Laboratory 9 LLNL#PRES#650082 

… to be simultaneously determined  
by solving the coupled NCSMC equations 
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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,

| Royal Swedish Academy of Sciences Physica Scripta

Phys. Scr. 91 (2016) 053002 (38pp) doi:10.1088/0031-8949/91/5/053002

0031-8949/16/053002+38$33.00 © 2016 The Royal Swedish Academy of Sciences Printed in the UK1
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Parity inversion in 11Be ground state 



13Neutron-rich halo nucleus 11Be

§ Z=4, N=7
§ In the shell model picture g.s. expected to be Jπ=1/2- 

§ Z=6, N=7 13C and Z=8, N=7 15O have Jπ=1/2- g.s.
§ In reality, 11Be g.s. is Jπ=1/2+ - parity inversion
§ Very weakly bound: Eth=-0.5 MeV

§ Halo state – dominated by 10Be-n in the S-wave
§ The 1/2- state also bound – only by 180 keV

§ Can we describe 11Be in ab initio calculations?
§ Continuum must be included
§ Does the 3N interaction play a role in the parity inversion?

0s1/2

0p1/2
1s1/2

0p3/2
0s1/2

0p1/2
1s1/2

0p3/2vs.
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Structure of 11Be from chiral NN+3N forces

§ NCSMC calculations including chiral 3N (NN N3LO+N2LO 3N(400), N2LOsat, NN N4LO+3Nlnl)
§  n-10Be  +  11Be

§ 10Be: 0+, 2+, 2+ NCSM eigenstates
§ 11Be: ≥6 π = -1 and ≥3 π = +1 NCSM eigenstates

June 19 2015 Angelo Calci

11Be with continuum effects

8

1/2+
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5/2+

3/2-

3/2-

5/2-

3/2+

exp.

n+10Be

Robert Roth - TU Darmstadt - February 2015

9Be: NCSM vs. NCSMC

! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

! drastic difference for the 1/2+ state right at threshold
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Can Ab Initio Theory Explain the Phenomenon of Parity Inversion in 11Be?

Angelo Calci,1,* Petr Navrátil,1,† Robert Roth,2 Jérémy Dohet-Eraly,1,‡ Sofia Quaglioni,3 and Guillaume Hupin4,5
1TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

2Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
3Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA
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5CEA, DAM, DIF, F-91297 Arpajon, France
(Received 11 August 2016; revised manuscript received 7 October 2016; published 9 December 2016)

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
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11Be within NCSMC: Discrimination among chiral nuclear forces

Feb 17 2016 Angelo Calci
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9Be: NCSM vs. NCSMC

! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

! drastic difference for the 1/2+ state right at threshold
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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]
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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.
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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]
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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.
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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]
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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.
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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]
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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.
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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]
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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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NCSMC application to 15C ~ 14C + n – cluster form factor calculations 

§ 1/2+ S-wave and 5/2+ D-wave Asymptotic Normalization Coefficients
§ C1/2+ = 1.282 fm-1/2    - compare to Moschini & Capel inferred from transfer data: 1.26(2) fm-1/2

§ C5/2+ = 0.048 fm-1/2                                                                                                 0.056(1) fm-1/2

§ Spectroscopic factors: 0.96 for 1/2+ and 0.90 for 5/2+ - experiments 0.95(5) and 0.69, resp.

Preliminary

Preliminary
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24Radiative capture of protons on 7Be 

§ Solar pp chain reaction, solar 8B neutrinos
§ NCSMC calculations with a set of chiral NN+3N interactions as input

§ Example of 8B structure results 2
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FIG. 1. 7Be+p eigenphase shifts (solid lines) and 3S1 and
5S2 diagonal phase shifts (dashed lines) obtained from the
NCSMC approach with the N4LO+3N⇤

lnl interaction.

the 7Be+p system but also in gaining a handle on the
uncertainty in our theoretical predictions.

In the past decade there has been significant e↵ort [23–
28] aimed at quantifying theoretical uncertainties lead-
ing to an increased predictive capability for calculations.
In particular, �EFT provides a systematic expansion of
the nuclear interaction in powers of an expansion pa-
rameter Q < 1. The truncation of this expansion at an
order n is expected to give rise to errors that can be
quantified [24–26, 29], by combining consistent calcula-
tions performed at di↵erent truncation orders in �EFT.
In this work we use the NN interactions defined in [30],
denoted by N3LO⇤, and [31], denoted by N2LO, N3LO,
and N4LO. The NN interactions are supplemented by the
3N interaction of [32] with both local (3Nloc) [33, 34] and
local plus non-local (3Nlnl) regulators [28, 35]. Finally, a
3N interaction employing a local plus non-local regulator
but with an added sub-leading contact term enhancing
the strength of the spin-orbit interaction (the E7 term),
as described in [36], was also employed (3N⇤

lnl). A list of
all NN+3N combinations that are employed in this work
can be found in Table I. The interactions described in
Ref. [31] are a consistent set and we expect truncation
errors extracted from their di↵erences to be similar to
errors for other parametrizations.

In all calculations the interaction was softened using
a similarity renormalization group (SRG) transforma-
tion [37], that induces many-body forces included up
to three-body level. The four- and higher-body induced
terms are small at the �SRG=2.0 fm�1 resolution scale
used in present calculations [38]. The NCSM calcula-
tions of the 7Be and 8B nuclei were carried out allowing
for up to nine quanta of excitation (Nmax = 9) for nat-
ural parity states and Nmax = 10 for the negative parity
states of 8B. The relative motion between the two frag-
ments was also computed within the same Nmax = 9(10)

space for positive (negative) parity channels. The har-
monic oscillator parameter ~⌦ was chosen at 20 MeV
which minimizes the ground-state energies of investi-
gated nuclei. The reaction channel basis states are con-
structed by taking into account the first five states of 7Be
(J⇡ = 3/2�, 1/2�, 7/2�, 5/2�, 5/2�). Earlier work [39]
has demonstrated that this choice is su�cient to reach
convergence in channel basis expansion. The NCSM sec-
tor of the NCSMC wave function is spanned by the ten
lowest energy states of 8B for each parity value, with spin
values ranging from J = 0 to J = 4.
As an example of obtained results, we present in Fig. 1

the 7Be+p phase shifts obtained using the N4LO+3N⇤
lnl

chiral interaction. The positive parity eigenphase shifts
show the well-established 1+

1 and 3+
1 resonances as well

as predictions of several other broader resonances. Un-
like previous NCSM/RGM calculations [40], the NCSMC
S-wave phase shifts manifest scattering length signs con-
sistent with those determined in recent measurements
(negative for 5S2, positive for 3S1) [41]. It should be
noted that using this parametrization of the NN+3N in-
teraction the resulting 2+

1 state in 8B here is slightly un-
bound. The very narrow near-threshold 2+ resonance
is not visible in the figure. We find that it is di�cult
to produce a bound 8B ground state, with the excep-
tion of the N3LO+3Nloc interaction which reproduces the
ground state energy at the 30 keV level. Owing to the
parity di↵erence between the ground state of 8B (2+) an
that of 7Be (3/2�), the low-energy cross section of the
7Be(p, �)8B radiative capture proceeds via an E1 tran-
sition [42]. While the bare E1 operator has a one-body
form, a consistent SRG evolution to the same scale as the
interaction, will induce many-body parts. These contri-
butions were found to be of a short-range nature [43],
thus we expect their contribution to be small in a cal-
culation involving a loosely bound system, such as 8B.
Operators of the M1/E2 types contribute at higher ener-
gies and are treated using a closure approximation of the
8B NCSM states and 7Be+p channels [20].

The 7Be(p, �)8B S-factor is sensitive to the spatial ex-
tent of the 8B wave function, that is in turn determined
by the ground state binding energy of 136(1) keV [44].
While it is impossible to exactly reproduce this bind-
ing energy in all NN+3N interaction models used in this
study, especially when considering all sources of uncer-
tainty, it is possible to adjust the NCSMC inputs so that
the overall binding energy reproduces the experimental
value, as done for example in [45]. This phenomenolog-
ical correction, dubbed NCSMC-pheno, is performed by
shifting the NCSM eigenenergies of 7Be so that the exci-
tation energies (and therefore thresholds) match the ex-
perimental ones exactly. This matching ensures that de-
caying states have the correct phase space available, cor-
responding to their energy. Furthermore, the 8B NCSM
eigenenergies in the 2+, 1+, 3+ channels are also mod-
ified to bring the bound and unbound NCSMC states
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§ Solar pp chain reaction, solar 8B neutrinos
§ NCSMC calculations with a set of chiral NN+3N interactions as input
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§ NCSMC S-factor results 3

Cp1/2 Cp1/2 a1 a2 S17(0)

N2LO+3Nlnl 0.384 0.691 4.36 -0.49 23.5

N3LO+3Nlnl 0.390 0.678 1.25 -4.66 23.1

N4LO+3Nlnl 0.354 0.669 1.58 -4.38 21.7

N4LO+3N⇤
lnl 0.343 0.621 1.26 -4.95 19.4

N3LO⇤+3Nlnl 0.334 0.663 0.03 -7.16 21.2

N3LO⇤+3Nloc 0.308 0.584 2.54 -3.42 16.8

TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state energy.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a re-
sult of the phenomenological corrections, the two res-
onances appear at slightly lower energies than seen in
Fig. 1. The shifts are of the order of a few tens of
keVs (check this), and the position of the 1+ resonance
is about 100 keV lower than the NNDC and TUNL eval-
uation reported value of 0.77 MeV. The calculations us-
ing the N4LO+3N⇤

lnl interaction matches well the direct
measurement data from Junghans [34] starting at the 1+

resonance in the whole displayed range, including the
3+ bump. At low energies, below the 1+ resonance,
the N4LO+3N⇤

lnl results are slightly below the Junghans
data, while the N3LO⇤+3Nlnl match them well. However,
this choice of interaction overestimates the data some-
what at higher energies.

The multiple calculations of the 7Be + p system al-
low for a more systematic look at its inherent properties
without focusing on a specific interaction. Indeed, the
use of various chiral order truncations and di↵ering reg-
ulators gives us a window to the universal properties of
the system, as described by �EFT, since neither the form
of the interaction (due to di↵erent diagrams included at
each order), nor any specific parametrization of the in-
teraction is used.

As has been previously pointed out [35, 36], a linear re-
lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-
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FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The bottom panel
focuses on the low-energy part and shows the evaluation of
S17(0) with its uncertainty [4] (orange box).

gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental

3

Cp1/2 Cp1/2 a1 a2 S17(0)

N2LO+3Nlnl 0.384 0.691 4.36 -0.49 23.5

N3LO+3Nlnl 0.390 0.678 1.25 -4.66 23.1

N4LO+3Nlnl 0.354 0.669 1.58 -4.38 21.7

N4LO+3N⇤
lnl 0.343 0.621 1.26 -4.95 19.4

N3LO⇤+3Nlnl 0.334 0.663 0.03 -7.16 21.2

N3LO⇤+3Nloc 0.308 0.584 2.54 -3.42 16.8

TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state energy.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a re-
sult of the phenomenological corrections, the two res-
onances appear at slightly lower energies than seen in
Fig. 1. The shifts are of the order of a few tens of
keVs (check this), and the position of the 1+ resonance
is about 100 keV lower than the NNDC and TUNL eval-
uation reported value of 0.77 MeV. The calculations us-
ing the N4LO+3N⇤

lnl interaction matches well the direct
measurement data from Junghans [34] starting at the 1+

resonance in the whole displayed range, including the
3+ bump. At low energies, below the 1+ resonance,
the N4LO+3N⇤

lnl results are slightly below the Junghans
data, while the N3LO⇤+3Nlnl match them well. However,
this choice of interaction overestimates the data some-
what at higher energies.

The multiple calculations of the 7Be + p system al-
low for a more systematic look at its inherent properties
without focusing on a specific interaction. Indeed, the
use of various chiral order truncations and di↵ering reg-
ulators gives us a window to the universal properties of
the system, as described by �EFT, since neither the form
of the interaction (due to di↵erent diagrams included at
each order), nor any specific parametrization of the in-
teraction is used.

As has been previously pointed out [35, 36], a linear re-
lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-
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FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The bottom panel
focuses on the low-energy part and shows the evaluation of
S17(0) with its uncertainty [4] (orange box).

gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental

3

Cp1/2 Cp3/2 a1 a2 S17(0)

N2LO+3Nlnl 0.384 0.691 4.4(1) -0.5(1) 23.9

N3LO+3Nlnl 0.390 0.678 1.3(1) -4.7(1) 23.5

N4LO+3Nlnl 0.354 0.669 1.6(1) -4.4(1) 22.0

N4LO+3N⇤
lnl 0.343 0.621 1.3(1) -5.0(1) 19.3

N3LO⇤+3Nlnl 0.334 0.663 0.1(1) -7.7(1) 21.1

N3LO⇤+3Nloc 0.308 0.584 2.5(1) -3.6(2) 16.8

Ref. [41] 0.315(9) 0.66(2) 17.34+1.11
�1.33 -3.18+0.55

�0.50

TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state as well as the 1+ and 3+

resonance energies.

eigenenergies in the 2+, 1+, 3+ channels are also mod-
ified to bring the bound and unbound NCSMC states
in the experimentally observed positions. The resulting
features of the calculations, scattering lengths, asymp-
totic normalization coe�cients (ANCs), and zero-energy
S-factor, after the shifts are shown in Table I. We con-
sider this approach to be an ab initio guided evaluation
process where experimental data are fed into the theoret-
ical prediction to correct small deficiencies of the nuclear
interaction, and results in greater predictive capability.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a result
of the phenomenological corrections, the two resonances
appear at slightly lower energies than seen in Fig. 1 that
shows results of the original (uncorrected) NCSMC cal-
culation. The shifts are of the order of a few tens of
keVs. The calculation using the N4LO+3N⇤

lnl interaction
matches well the direct measurement from Junghans [46]
starting at the 1+ resonance in the whole displayed range,
including the 3+ bump. At low energies, below the 1+

resonance, the N4LO+3N⇤
lnl results are slightly below the

Junghans data, while the N3LO⇤+3Nlnl reproduces them
well. However, this choice of interaction overestimates
the data somewhat at higher energies. The multiple
calculations of the 7Be + p system allow for a more sys-
tematic look at its inherent properties without focusing
on a specific interaction. Indeed, the use of various chi-
ral order truncations and di↵ering regulators gives us a
window to the universal properties of the system, as de-
scribed by �EFT, since neither the form of the interaction
(due to di↵erent diagrams included at each order), nor
any specific parametrization of the interaction is used.

As has been previously pointed out [47, 48], a linear re-

FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The inset shows
the low-energy part and shows the evaluation of S17(0) with
its uncertainty [4] (orange box).

lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-
gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental
measurements can be performed.

We find a similar connection between the low-energy
S-factor at energies ECM < 0.45 MeV, with the calcula-
tions deviating from a linear behavior only slightly. As
an example in Fig 3b we show the correlation between

E1 non-resonant, M1/E2 at 1+ and 3+ resonances
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Cp1/2 Cp1/2 a1 a2 S17(0)

N2LO+3Nlnl 0.384 0.691 4.36 -0.49 23.5

N3LO+3Nlnl 0.390 0.678 1.25 -4.66 23.1

N4LO+3Nlnl 0.354 0.669 1.58 -4.38 21.7

N4LO+3N⇤
lnl 0.343 0.621 1.26 -4.95 19.4

N3LO⇤+3Nlnl 0.334 0.663 0.03 -7.16 21.2

N3LO⇤+3Nloc 0.308 0.584 2.54 -3.42 16.8

TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state energy.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a re-
sult of the phenomenological corrections, the two res-
onances appear at slightly lower energies than seen in
Fig. 1. The shifts are of the order of a few tens of
keVs (check this), and the position of the 1+ resonance
is about 100 keV lower than the NNDC and TUNL eval-
uation reported value of 0.77 MeV. The calculations us-
ing the N4LO+3N⇤

lnl interaction matches well the direct
measurement data from Junghans [34] starting at the 1+

resonance in the whole displayed range, including the
3+ bump. At low energies, below the 1+ resonance,
the N4LO+3N⇤

lnl results are slightly below the Junghans
data, while the N3LO⇤+3Nlnl match them well. However,
this choice of interaction overestimates the data some-
what at higher energies.

The multiple calculations of the 7Be + p system al-
low for a more systematic look at its inherent properties
without focusing on a specific interaction. Indeed, the
use of various chiral order truncations and di↵ering reg-
ulators gives us a window to the universal properties of
the system, as described by �EFT, since neither the form
of the interaction (due to di↵erent diagrams included at
each order), nor any specific parametrization of the in-
teraction is used.

As has been previously pointed out [35, 36], a linear re-
lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-
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FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The bottom panel
focuses on the low-energy part and shows the evaluation of
S17(0) with its uncertainty [4] (orange box).

gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental

3

Cp1/2 Cp3/2 a1 a2 S17(0)

N2LO+3Nlnl 0.384 0.691 4.4(1) -0.5(1) 23.9

N3LO+3Nlnl 0.390 0.678 1.3(1) -4.7(1) 23.5

N4LO+3Nlnl 0.354 0.669 1.6(1) -4.4(1) 22.0

N4LO+3N⇤
lnl 0.343 0.621 1.3(1) -5.0(1) 19.3

N3LO⇤+3Nlnl 0.334 0.663 0.1(1) -7.7(1) 21.1

N3LO⇤+3Nloc 0.308 0.584 2.5(1) -3.6(2) 16.8

Ref. [41] 0.315(9) 0.66(2) 17.34+1.11
�1.33 -3.18+0.55

�0.50

TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state as well as the 1+ and 3+

resonance energies.

eigenenergies in the 2+, 1+, 3+ channels are also mod-
ified to bring the bound and unbound NCSMC states
in the experimentally observed positions. The resulting
features of the calculations, scattering lengths, asymp-
totic normalization coe�cients (ANCs), and zero-energy
S-factor, after the shifts are shown in Table I. We con-
sider this approach to be an ab initio guided evaluation
process where experimental data are fed into the theoret-
ical prediction to correct small deficiencies of the nuclear
interaction, and results in greater predictive capability.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a result
of the phenomenological corrections, the two resonances
appear at slightly lower energies than seen in Fig. 1 that
shows results of the original (uncorrected) NCSMC cal-
culation. The shifts are of the order of a few tens of
keVs. The calculation using the N4LO+3N⇤

lnl interaction
matches well the direct measurement from Junghans [46]
starting at the 1+ resonance in the whole displayed range,
including the 3+ bump. At low energies, below the 1+

resonance, the N4LO+3N⇤
lnl results are slightly below the

Junghans data, while the N3LO⇤+3Nlnl reproduces them
well. However, this choice of interaction overestimates
the data somewhat at higher energies. The multiple
calculations of the 7Be + p system allow for a more sys-
tematic look at its inherent properties without focusing
on a specific interaction. Indeed, the use of various chi-
ral order truncations and di↵ering regulators gives us a
window to the universal properties of the system, as de-
scribed by �EFT, since neither the form of the interaction
(due to di↵erent diagrams included at each order), nor
any specific parametrization of the interaction is used.

As has been previously pointed out [47, 48], a linear re-

FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The inset shows
the low-energy part and shows the evaluation of S17(0) with
its uncertainty [4] (orange box).

lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-
gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental
measurements can be performed.

We find a similar connection between the low-energy
S-factor at energies ECM < 0.45 MeV, with the calcula-
tions deviating from a linear behavior only slightly. As
an example in Fig 3b we show the correlation between
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Cp1/2 Cp1/2 a1 a2 S17(0)

N2LO+3Nlnl 0.384 0.691 4.36 -0.49 23.5

N3LO+3Nlnl 0.390 0.678 1.25 -4.66 23.1

N4LO+3Nlnl 0.354 0.669 1.58 -4.38 21.7

N4LO+3N⇤
lnl 0.343 0.621 1.26 -4.95 19.4

N3LO⇤+3Nlnl 0.334 0.663 0.03 -7.16 21.2

N3LO⇤+3Nloc 0.308 0.584 2.54 -3.42 16.8

TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state energy.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a re-
sult of the phenomenological corrections, the two res-
onances appear at slightly lower energies than seen in
Fig. 1. The shifts are of the order of a few tens of
keVs (check this), and the position of the 1+ resonance
is about 100 keV lower than the NNDC and TUNL eval-
uation reported value of 0.77 MeV. The calculations us-
ing the N4LO+3N⇤

lnl interaction matches well the direct
measurement data from Junghans [34] starting at the 1+

resonance in the whole displayed range, including the
3+ bump. At low energies, below the 1+ resonance,
the N4LO+3N⇤

lnl results are slightly below the Junghans
data, while the N3LO⇤+3Nlnl match them well. However,
this choice of interaction overestimates the data some-
what at higher energies.

The multiple calculations of the 7Be + p system al-
low for a more systematic look at its inherent properties
without focusing on a specific interaction. Indeed, the
use of various chiral order truncations and di↵ering reg-
ulators gives us a window to the universal properties of
the system, as described by �EFT, since neither the form
of the interaction (due to di↵erent diagrams included at
each order), nor any specific parametrization of the in-
teraction is used.

As has been previously pointed out [35, 36], a linear re-
lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-
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FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The bottom panel
focuses on the low-energy part and shows the evaluation of
S17(0) with its uncertainty [4] (orange box).

gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental

3

Cp1/2 Cp3/2 a1 a2 S17(0)

N2LO+3Nlnl 0.384 0.691 4.4(1) -0.5(1) 23.9

N3LO+3Nlnl 0.390 0.678 1.3(1) -4.7(1) 23.5

N4LO+3Nlnl 0.354 0.669 1.6(1) -4.4(1) 22.0

N4LO+3N⇤
lnl 0.343 0.621 1.3(1) -5.0(1) 19.3

N3LO⇤+3Nlnl 0.334 0.663 0.1(1) -7.7(1) 21.1

N3LO⇤+3Nloc 0.308 0.584 2.5(1) -3.6(2) 16.8

Ref. [41] 0.315(9) 0.66(2) 17.34+1.11
�1.33 -3.18+0.55

�0.50

TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state as well as the 1+ and 3+

resonance energies.

eigenenergies in the 2+, 1+, 3+ channels are also mod-
ified to bring the bound and unbound NCSMC states
in the experimentally observed positions. The resulting
features of the calculations, scattering lengths, asymp-
totic normalization coe�cients (ANCs), and zero-energy
S-factor, after the shifts are shown in Table I. We con-
sider this approach to be an ab initio guided evaluation
process where experimental data are fed into the theoret-
ical prediction to correct small deficiencies of the nuclear
interaction, and results in greater predictive capability.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a result
of the phenomenological corrections, the two resonances
appear at slightly lower energies than seen in Fig. 1 that
shows results of the original (uncorrected) NCSMC cal-
culation. The shifts are of the order of a few tens of
keVs. The calculation using the N4LO+3N⇤

lnl interaction
matches well the direct measurement from Junghans [46]
starting at the 1+ resonance in the whole displayed range,
including the 3+ bump. At low energies, below the 1+

resonance, the N4LO+3N⇤
lnl results are slightly below the

Junghans data, while the N3LO⇤+3Nlnl reproduces them
well. However, this choice of interaction overestimates
the data somewhat at higher energies. The multiple
calculations of the 7Be + p system allow for a more sys-
tematic look at its inherent properties without focusing
on a specific interaction. Indeed, the use of various chi-
ral order truncations and di↵ering regulators gives us a
window to the universal properties of the system, as de-
scribed by �EFT, since neither the form of the interaction
(due to di↵erent diagrams included at each order), nor
any specific parametrization of the interaction is used.

As has been previously pointed out [47, 48], a linear re-

FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The inset shows
the low-energy part and shows the evaluation of S17(0) with
its uncertainty [4] (orange box).

lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-
gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental
measurements can be performed.

We find a similar connection between the low-energy
S-factor at energies ECM < 0.45 MeV, with the calcula-
tions deviating from a linear behavior only slightly. As
an example in Fig 3b we show the correlation between

Recommended value S17(0) ~ 19.8(3) eV b
2011 evaluation in Rev. Mod. Phys. 83,195–245 (2011): 
S17(0) = 20.8 ± 0.7(expt) ± 1.4(theory) eV b 
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N3LO+3Nlnl 0.390 0.678 1.25 -4.66 23.1

N4LO+3Nlnl 0.354 0.669 1.58 -4.38 21.7
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lnl 0.343 0.621 1.26 -4.95 19.4
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TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state energy.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a re-
sult of the phenomenological corrections, the two res-
onances appear at slightly lower energies than seen in
Fig. 1. The shifts are of the order of a few tens of
keVs (check this), and the position of the 1+ resonance
is about 100 keV lower than the NNDC and TUNL eval-
uation reported value of 0.77 MeV. The calculations us-
ing the N4LO+3N⇤

lnl interaction matches well the direct
measurement data from Junghans [34] starting at the 1+

resonance in the whole displayed range, including the
3+ bump. At low energies, below the 1+ resonance,
the N4LO+3N⇤

lnl results are slightly below the Junghans
data, while the N3LO⇤+3Nlnl match them well. However,
this choice of interaction overestimates the data some-
what at higher energies.

The multiple calculations of the 7Be + p system al-
low for a more systematic look at its inherent properties
without focusing on a specific interaction. Indeed, the
use of various chiral order truncations and di↵ering reg-
ulators gives us a window to the universal properties of
the system, as described by �EFT, since neither the form
of the interaction (due to di↵erent diagrams included at
each order), nor any specific parametrization of the in-
teraction is used.

As has been previously pointed out [35, 36], a linear re-
lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-
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FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The bottom panel
focuses on the low-energy part and shows the evaluation of
S17(0) with its uncertainty [4] (orange box).

gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental
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Cp1/2 Cp3/2 a1 a2 S17(0)

N2LO+3Nlnl 0.384 0.691 4.4(1) -0.5(1) 23.9

N3LO+3Nlnl 0.390 0.678 1.3(1) -4.7(1) 23.5

N4LO+3Nlnl 0.354 0.669 1.6(1) -4.4(1) 22.0

N4LO+3N⇤
lnl 0.343 0.621 1.3(1) -5.0(1) 19.3

N3LO⇤+3Nlnl 0.334 0.663 0.1(1) -7.7(1) 21.1

N3LO⇤+3Nloc 0.308 0.584 2.5(1) -3.6(2) 16.8

Ref. [41] 0.315(9) 0.66(2) 17.34+1.11
�1.33 -3.18+0.55

�0.50

TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state as well as the 1+ and 3+

resonance energies.

eigenenergies in the 2+, 1+, 3+ channels are also mod-
ified to bring the bound and unbound NCSMC states
in the experimentally observed positions. The resulting
features of the calculations, scattering lengths, asymp-
totic normalization coe�cients (ANCs), and zero-energy
S-factor, after the shifts are shown in Table I. We con-
sider this approach to be an ab initio guided evaluation
process where experimental data are fed into the theoret-
ical prediction to correct small deficiencies of the nuclear
interaction, and results in greater predictive capability.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a result
of the phenomenological corrections, the two resonances
appear at slightly lower energies than seen in Fig. 1 that
shows results of the original (uncorrected) NCSMC cal-
culation. The shifts are of the order of a few tens of
keVs. The calculation using the N4LO+3N⇤

lnl interaction
matches well the direct measurement from Junghans [46]
starting at the 1+ resonance in the whole displayed range,
including the 3+ bump. At low energies, below the 1+

resonance, the N4LO+3N⇤
lnl results are slightly below the

Junghans data, while the N3LO⇤+3Nlnl reproduces them
well. However, this choice of interaction overestimates
the data somewhat at higher energies. The multiple
calculations of the 7Be + p system allow for a more sys-
tematic look at its inherent properties without focusing
on a specific interaction. Indeed, the use of various chi-
ral order truncations and di↵ering regulators gives us a
window to the universal properties of the system, as de-
scribed by �EFT, since neither the form of the interaction
(due to di↵erent diagrams included at each order), nor
any specific parametrization of the interaction is used.

As has been previously pointed out [47, 48], a linear re-

FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The inset shows
the low-energy part and shows the evaluation of S17(0) with
its uncertainty [4] (orange box).

lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-
gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental
measurements can be performed.

We find a similar connection between the low-energy
S-factor at energies ECM < 0.45 MeV, with the calcula-
tions deviating from a linear behavior only slightly. As
an example in Fig 3b we show the correlation between

Recommended value S17(0) ~ 19.8(3) eV b
New evaluation in Rev. Mod. Phys. 97, 035002 (2025): 
S17(0) =  20.5 ± 0.7 eV b 
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The Borromean 6He nucleus is an exotic system characterized by two halo neutrons orbiting around a
compact 4He (or α) core, in which the binary subsystems are unbound. The simultaneous reproduction of its
small binding energy and extendedmatter and point-proton radii has been a challenge for ab initio theoretical
calculations based on traditional bound-state methods. Using soft nucleon-nucleon interactions based on
chiral effective field theory potentials, we show that supplementing themodel spacewith 4Heþ nþ n cluster
degrees of freedom largely solves this issue. We analyze the role played by α clustering and many-body
correlations, and study the dependence of the energy spectrum on the resolution scale of the interaction.
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Introduction.—Achieving a comprehensive and unified
treatment of many-body correlations and clustering in
atomic nuclei constitutes a frontier for contemporary nuclear
theory. A light exotic nucleus that has been challenging our
understanding of such complex phenomena based on
nucleonic degrees of freedom and high-quality models of
their interactions (i.e., within an ab initio framework) is
helium-6 (6He). This is a prominent example of Borromean
quantum “halo,” i.e., a weakly-bound state of three particles
(αþ nþ n) otherwise unbound in pairs, characterized by a
“large probability of configurations within classically for-
bidden regions of space” [1]. In the last few years, its binding
energy [2] and charge radius [3] have been experimentally
determined with high precision. The 6He ground state (g.s.)
is also of great interest for tests of fundamental interactions
and symmetries. Precisionmeasurements of itsβ-decay half-
life have recently taken place [4] and efforts are underway to
determine the angular correlation between the emitted
electron and neutrino [5]. To date, traditional ab initio
bound-state calculations can successfully describe the
interior of the 6He wave function [6–10], but are unable
to fully account for its three-cluster asymptotic behavior.
At the same time, the only ab initio study of αþ nþ n
dynamics naturally explains the asymptotic configurations,
but underbinds the 6He g.s. owing to missing many-body
correlations [11,12]. As a result, a comprehensive descrip-
tion of the 6He g.s. properties is still missing.
In this Letter we present a study of the 6He g.s. in which

both six-body correlations and clustering are successfully
addressed by means of the no-core shell model with
continuum (NCSMC) [13]. This approach, introduced to
describe binary processes starting from two-body [14,15]
and later three-body [16–18] Hamiltonians, is here gener-
alized to the treatment of three-cluster dynamics. We
further explore the role of six-body correlations in the
description of the low-lying αþ nþ n continuum, required

to accurately evaluate the 4Heð2n; γÞ6He radiative capture
(one of the mechanisms by which stars can overcome the
instability of the five- and eight-nucleon systems and create
heavier nuclei [19]), and of the 3Hð3H; 2nÞ4He reaction
contributing to the neutron yield in inertial confinement
fusion experiments [20,21].
Approach.—In the NCSMC, the A-nucleon wave func-

tion of a system characterized by a coreþ nþ n asymp-
totic in the total angular momentum, parity, and isospin
channel JπT is written as the generalized cluster expansion

jΨJπTi ¼
X

λ

cJ
πT

λ jAλJπTi

þ
X

ν

ZZ
dxdyx2y2GJπT

ν ðx; yÞÂνjΦJπT
νxy i; ð1Þ

where cJ
πT

λ and GJπT
ν ðx; yÞ are, respectively, discrete and

continuous variational amplitudes to be determined,
jAλJπTi is the square-integrable (antisymmetric) solution
for the λth energy eigenstate of the system obtained
working within the A-body harmonic oscillator (HO) basis
of the no-core shell model (NCSM) [22],

jΦJπT
νxy i ¼ ½(jA − 2λcJ

πc
c TciðjnijniÞðsnnTnnÞ)ðSTÞ

× (Ylxðη̂nnÞYlyðη̂c;nnÞ)
ðLÞ&ðJπTÞ

×
δðx − ηnnÞ

xηnn

δðy − ηc;nnÞ
yηc;nn

ð2Þ

are continuous microscopic-cluster states [11] describing
the organization of the nucleons into an (A − 2)-nucleon
core and two neutrons jni, and the intercluster antisym-
metrizer Âν enforces the Pauli principle. The core eigen-
states are also computed in the NCSM, with the same HO
frequency ℏΩ and consistent number of quanta above the
lowest-energy configuration Nmax used for the A-nucleon
system. The states of Eq. (2) are labeled by the quantum
numbers ν¼fA−2λcJ

πc
c Tc;snnTnnSlxlyLg. Furthermore,
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The probability distribution of the 6He ground state presents 
two peaks corresponding to the di-neutron and cigar configurations
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FIG. 1. (Color online) Panel (a): Most relevant hyperradial components ũ⌫K(⇢) of the ↵+n+n relative motion [see Eq.(3)]
within the 6He g.s. after projection of the ⇤ = 2.0 fm�1 full NCSMC wave function in the largest model space (blue solid lines)
as well as of its NCSM portion (red dashed lines) into the orthogonalized microscopic-cluster basis. Panel (b) and (c): Contour
plots of the probability distribution obtained from the projection of the full NCSMC wave function of panel (a) and its NCSM
component, respectively, as a function of the relative coordinates rnn =

p
2 ⌘nn and r↵,nn =

p
3/4 ⌘↵,nn.

in small model spaces. Conversely, the square-integrable
eigenstates supply many-body correlations that are not
accounted for in a microscopic-cluster expansion includ-
ing only the g.s. of 4He, such as the one shown in the
first column of the table (note that 6He is unbound in the
analogous calculations for ⇤ = 2.0 fm�1). As shown in
Fig. 1(a), the 4He(g.s.)+n+n portion of the basis serves
also the important role of providing the correct asymp-
totic behavior and extended configurations of the hyper-
radial motion typical of a Borromean halo such as 6He.

The projection over the orthogonalized microscopic-
cluster basis of Eq. (3) captures 97% of the original
NCSMC solution, confirming the ↵+n+n picture of the
6He g.s. To visualize its spatial structure, we present in
Fig. 1(b) the contour plot of the associated probability
distribution. This displays the characteristic dominance
of the “di-neutron” configuration (two neutrons about 2
fm apart orbiting the core at a distance of about 3 fm)
over the “cigar” picture (two neutrons far from each other
with the ↵ particle in between) already seen in numerous
previous studies [8, 11, 23, 35–38]. While these structures
are already captured by the square-integrable portion of
the basis [see Fig. 1(c)], they are more spatially extended
in the full calculation.

The rms matter and point-proton radii obtained from
the computed NCSMC g.s. wave functions using the more
‘realistic’ ⇤ = 2.0 fm�1 momentum resolution are shown

TABLE II. Summary of the results presented in Fig. 2, with
⇤lowk in units of fm�1. See text for further details.

S2n (MeV) rm (fm) rpp (fm)
NCSMC (Nmax = 10) 0.94(5) 2.43(2) 1.88(2)
NCSM [8] (Nmax = 1) 0.95(10) — 1.820(4)
EIHH [7] (⇤lowk = 2.0) 0.82(4) 2.33(5) 1.804(9)
Exp. 0.975 2.32(10) 1.938(23)

together with the corresponding two-neutron separation
energy (S2n) in Fig. 2 and summarized in Table II. Also
shown as shaded bands are the accurate S2n measure-
ment of Ref. [2], the range of experimental matter radii
spanned by the the values and associated error bars of
Refs. [39–41], and the bounds for the point-proton radius
as evaluated in Ref. [7] from the charge radius reported
in Ref. [3]. All three observables exhibit a considerably
weaker dependence on the size of the HO basis compared

[7]

[8]

FIG. 2. (Color online) NCSMC (blue solid lines) and NCSM
(red dashed lines) rms matter (triangles) and point-proton
(squares) radii, and two-neutron separation energy (circles),
obtained using the SRG-N3LO NN interaction with ⇤ = 2.0
fm�1 as a function of the HO basis size. Also shown are
the infinite-basis extrapolations from Ref. [8] and the EIHH
results from Ref. [7] at the resolution scales ⇤lowk = 1.8, and
2.0 fm�1. The range of experimental values are represented
by horizontal bands (see text for more details).
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We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell
model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of 4He + n + n clustering and many-body correlations in the ground and low-lying continuum
states of the Borromean 6He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that 6He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2+ resonance stem from many-body correlations that can
be interpreted as core-excitation effects.
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I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on 4He and 10Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3–5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5–9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the 3He(α,γ )7Be
[11,12] and 7Be(p,γ )8B [13] radiative capture rates (important
for solar astrophysics), and the 3H(d,n)4He and 3He(d,p)4He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of α-α scattering [4], paving the way for
the description of α scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the
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description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
α + n + n clustering shape the bound and continuum states of
the Borromean 6He nucleus in Ref. [18].

The 6He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(α + n + n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the β-decay
properties of the ground state (g.s.) of 6He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].

2469-9985/2018/97(3)/034332(21) 034332-1 ©2018 American Physical Society
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The Borromean 6He nucleus is an exotic system characterized by two halo neutrons orbiting around a
compact 4He (or α) core, in which the binary subsystems are unbound. The simultaneous reproduction of its
small binding energy and extendedmatter and point-proton radii has been a challenge for ab initio theoretical
calculations based on traditional bound-state methods. Using soft nucleon-nucleon interactions based on
chiral effective field theory potentials, we show that supplementing themodel spacewith 4Heþ nþ n cluster
degrees of freedom largely solves this issue. We analyze the role played by α clustering and many-body
correlations, and study the dependence of the energy spectrum on the resolution scale of the interaction.
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Introduction.—Achieving a comprehensive and unified
treatment of many-body correlations and clustering in
atomic nuclei constitutes a frontier for contemporary nuclear
theory. A light exotic nucleus that has been challenging our
understanding of such complex phenomena based on
nucleonic degrees of freedom and high-quality models of
their interactions (i.e., within an ab initio framework) is
helium-6 (6He). This is a prominent example of Borromean
quantum “halo,” i.e., a weakly-bound state of three particles
(αþ nþ n) otherwise unbound in pairs, characterized by a
“large probability of configurations within classically for-
bidden regions of space” [1]. In the last few years, its binding
energy [2] and charge radius [3] have been experimentally
determined with high precision. The 6He ground state (g.s.)
is also of great interest for tests of fundamental interactions
and symmetries. Precisionmeasurements of itsβ-decay half-
life have recently taken place [4] and efforts are underway to
determine the angular correlation between the emitted
electron and neutrino [5]. To date, traditional ab initio
bound-state calculations can successfully describe the
interior of the 6He wave function [6–10], but are unable
to fully account for its three-cluster asymptotic behavior.
At the same time, the only ab initio study of αþ nþ n
dynamics naturally explains the asymptotic configurations,
but underbinds the 6He g.s. owing to missing many-body
correlations [11,12]. As a result, a comprehensive descrip-
tion of the 6He g.s. properties is still missing.
In this Letter we present a study of the 6He g.s. in which

both six-body correlations and clustering are successfully
addressed by means of the no-core shell model with
continuum (NCSMC) [13]. This approach, introduced to
describe binary processes starting from two-body [14,15]
and later three-body [16–18] Hamiltonians, is here gener-
alized to the treatment of three-cluster dynamics. We
further explore the role of six-body correlations in the
description of the low-lying αþ nþ n continuum, required

to accurately evaluate the 4Heð2n; γÞ6He radiative capture
(one of the mechanisms by which stars can overcome the
instability of the five- and eight-nucleon systems and create
heavier nuclei [19]), and of the 3Hð3H; 2nÞ4He reaction
contributing to the neutron yield in inertial confinement
fusion experiments [20,21].
Approach.—In the NCSMC, the A-nucleon wave func-

tion of a system characterized by a coreþ nþ n asymp-
totic in the total angular momentum, parity, and isospin
channel JπT is written as the generalized cluster expansion

jΨJπTi ¼
X

λ

cJ
πT

λ jAλJπTi

þ
X

ν

ZZ
dxdyx2y2GJπT

ν ðx; yÞÂνjΦJπT
νxy i; ð1Þ

where cJ
πT

λ and GJπT
ν ðx; yÞ are, respectively, discrete and

continuous variational amplitudes to be determined,
jAλJπTi is the square-integrable (antisymmetric) solution
for the λth energy eigenstate of the system obtained
working within the A-body harmonic oscillator (HO) basis
of the no-core shell model (NCSM) [22],

jΦJπT
νxy i ¼ ½(jA − 2λcJ

πc
c TciðjnijniÞðsnnTnnÞ)ðSTÞ

× (Ylxðη̂nnÞYlyðη̂c;nnÞ)
ðLÞ&ðJπTÞ

×
δðx − ηnnÞ

xηnn

δðy − ηc;nnÞ
yηc;nn

ð2Þ

are continuous microscopic-cluster states [11] describing
the organization of the nucleons into an (A − 2)-nucleon
core and two neutrons jni, and the intercluster antisym-
metrizer Âν enforces the Pauli principle. The core eigen-
states are also computed in the NCSM, with the same HO
frequency ℏΩ and consistent number of quanta above the
lowest-energy configuration Nmax used for the A-nucleon
system. The states of Eq. (2) are labeled by the quantum
numbers ν¼fA−2λcJ

πc
c Tc;snnTnnSlxlyLg. Furthermore,

PRL 117, 222501 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

25 NOVEMBER 2016

0031-9007=16=117(22)=222501(5) 222501-1 © 2016 American Physical Society

Separation energy, point proton and 
matter radius simultaneously consistent 

with experiment 

2

[8]

[7]

FIG. 2: (Color online) NCSMC (blue solid lines) and NCSM (red dashed lines) rms matter (triangles) and point-proton
(squares) radii, and two-neutron separation energy (circles), obtained using the SRG-N3LO NN interaction with ⇤ = 2.0 fm�1

as a function of the HO basis size. Also shown are the infinite-basis extrapolations from Ref. [8] and the EIHH results from
Ref. [7] at the resolution scales ⇤lowk = 1.8, and 2.0 fm�1. The range of experimental values are represented by horizontal
bands (see text for more details).
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We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell
model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of 4He + n + n clustering and many-body correlations in the ground and low-lying continuum
states of the Borromean 6He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that 6He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2+ resonance stem from many-body correlations that can
be interpreted as core-excitation effects.
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I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on 4He and 10Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3–5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5–9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the 3He(α,γ )7Be
[11,12] and 7Be(p,γ )8B [13] radiative capture rates (important
for solar astrophysics), and the 3H(d,n)4He and 3He(d,p)4He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of α-α scattering [4], paving the way for
the description of α scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the
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description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
α + n + n clustering shape the bound and continuum states of
the Borromean 6He nucleus in Ref. [18].

The 6He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(α + n + n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the β-decay
properties of the ground state (g.s.) of 6He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].

2469-9985/2018/97(3)/034332(21) 034332-1 ©2018 American Physical Society



34
NCSMC for three-body clusters: 6He ~ 4He+n+n

How Many-Body Correlations and α Clustering Shape 6He

Carolina Romero-Redondo,1,* Sofia Quaglioni,1,† Petr Navrátil,2,‡ and Guillaume Hupin3,§
1Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA

2TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
3CEA, DAM, DIF, F-91297 Arpajon, France

(Received 1 June 2016; revised manuscript received 15 August 2016; published 23 November 2016)

The Borromean 6He nucleus is an exotic system characterized by two halo neutrons orbiting around a
compact 4He (or α) core, in which the binary subsystems are unbound. The simultaneous reproduction of its
small binding energy and extendedmatter and point-proton radii has been a challenge for ab initio theoretical
calculations based on traditional bound-state methods. Using soft nucleon-nucleon interactions based on
chiral effective field theory potentials, we show that supplementing themodel spacewith 4Heþ nþ n cluster
degrees of freedom largely solves this issue. We analyze the role played by α clustering and many-body
correlations, and study the dependence of the energy spectrum on the resolution scale of the interaction.
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Introduction.—Achieving a comprehensive and unified
treatment of many-body correlations and clustering in
atomic nuclei constitutes a frontier for contemporary nuclear
theory. A light exotic nucleus that has been challenging our
understanding of such complex phenomena based on
nucleonic degrees of freedom and high-quality models of
their interactions (i.e., within an ab initio framework) is
helium-6 (6He). This is a prominent example of Borromean
quantum “halo,” i.e., a weakly-bound state of three particles
(αþ nþ n) otherwise unbound in pairs, characterized by a
“large probability of configurations within classically for-
bidden regions of space” [1]. In the last few years, its binding
energy [2] and charge radius [3] have been experimentally
determined with high precision. The 6He ground state (g.s.)
is also of great interest for tests of fundamental interactions
and symmetries. Precisionmeasurements of itsβ-decay half-
life have recently taken place [4] and efforts are underway to
determine the angular correlation between the emitted
electron and neutrino [5]. To date, traditional ab initio
bound-state calculations can successfully describe the
interior of the 6He wave function [6–10], but are unable
to fully account for its three-cluster asymptotic behavior.
At the same time, the only ab initio study of αþ nþ n
dynamics naturally explains the asymptotic configurations,
but underbinds the 6He g.s. owing to missing many-body
correlations [11,12]. As a result, a comprehensive descrip-
tion of the 6He g.s. properties is still missing.
In this Letter we present a study of the 6He g.s. in which

both six-body correlations and clustering are successfully
addressed by means of the no-core shell model with
continuum (NCSMC) [13]. This approach, introduced to
describe binary processes starting from two-body [14,15]
and later three-body [16–18] Hamiltonians, is here gener-
alized to the treatment of three-cluster dynamics. We
further explore the role of six-body correlations in the
description of the low-lying αþ nþ n continuum, required

to accurately evaluate the 4Heð2n; γÞ6He radiative capture
(one of the mechanisms by which stars can overcome the
instability of the five- and eight-nucleon systems and create
heavier nuclei [19]), and of the 3Hð3H; 2nÞ4He reaction
contributing to the neutron yield in inertial confinement
fusion experiments [20,21].
Approach.—In the NCSMC, the A-nucleon wave func-

tion of a system characterized by a coreþ nþ n asymp-
totic in the total angular momentum, parity, and isospin
channel JπT is written as the generalized cluster expansion

jΨJπTi ¼
X

λ

cJ
πT

λ jAλJπTi

þ
X

ν

ZZ
dxdyx2y2GJπT

ν ðx; yÞÂνjΦJπT
νxy i; ð1Þ

where cJ
πT

λ and GJπT
ν ðx; yÞ are, respectively, discrete and

continuous variational amplitudes to be determined,
jAλJπTi is the square-integrable (antisymmetric) solution
for the λth energy eigenstate of the system obtained
working within the A-body harmonic oscillator (HO) basis
of the no-core shell model (NCSM) [22],

jΦJπT
νxy i ¼ ½(jA − 2λcJ

πc
c TciðjnijniÞðsnnTnnÞ)ðSTÞ
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×
δðx − ηnnÞ

xηnn

δðy − ηc;nnÞ
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ð2Þ

are continuous microscopic-cluster states [11] describing
the organization of the nucleons into an (A − 2)-nucleon
core and two neutrons jni, and the intercluster antisym-
metrizer Âν enforces the Pauli principle. The core eigen-
states are also computed in the NCSM, with the same HO
frequency ℏΩ and consistent number of quanta above the
lowest-energy configuration Nmax used for the A-nucleon
system. The states of Eq. (2) are labeled by the quantum
numbers ν¼fA−2λcJ

πc
c Tc;snnTnnSlxlyLg. Furthermore,
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FIG. 2: (Color online) NCSMC (blue solid lines) and NCSM (red dashed lines) rms matter (triangles) and point-proton
(squares) radii, and two-neutron separation energy (circles), obtained using the SRG-N3LO NN interaction with ⇤ = 2.0 fm�1

as a function of the HO basis size. Also shown are the infinite-basis extrapolations from Ref. [8] and the EIHH results from
Ref. [7] at the resolution scales ⇤lowk = 1.8, and 2.0 fm�1. The range of experimental values are represented by horizontal
bands (see text for more details).
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[8] D. Sääf and C. Forssén, Phys. Rev. C 89, 011303 (2014)
[11] S. Quaglioni, C.Romero-Redondo, and P. Navrátil, Phys. Rev. C 88 034320 (2013)
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We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell
model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of 4He + n + n clustering and many-body correlations in the ground and low-lying continuum
states of the Borromean 6He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that 6He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2+ resonance stem from many-body correlations that can
be interpreted as core-excitation effects.
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I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on 4He and 10Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3–5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5–9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the 3He(α,γ )7Be
[11,12] and 7Be(p,γ )8B [13] radiative capture rates (important
for solar astrophysics), and the 3H(d,n)4He and 3He(d,p)4He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of α-α scattering [4], paving the way for
the description of α scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the
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description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
α + n + n clustering shape the bound and continuum states of
the Borromean 6He nucleus in Ref. [18].

The 6He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(α + n + n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the β-decay
properties of the ground state (g.s.) of 6He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].
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compact 4He (or α) core, in which the binary subsystems are unbound. The simultaneous reproduction of its
small binding energy and extendedmatter and point-proton radii has been a challenge for ab initio theoretical
calculations based on traditional bound-state methods. Using soft nucleon-nucleon interactions based on
chiral effective field theory potentials, we show that supplementing themodel spacewith 4Heþ nþ n cluster
degrees of freedom largely solves this issue. We analyze the role played by α clustering and many-body
correlations, and study the dependence of the energy spectrum on the resolution scale of the interaction.
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Introduction.—Achieving a comprehensive and unified
treatment of many-body correlations and clustering in
atomic nuclei constitutes a frontier for contemporary nuclear
theory. A light exotic nucleus that has been challenging our
understanding of such complex phenomena based on
nucleonic degrees of freedom and high-quality models of
their interactions (i.e., within an ab initio framework) is
helium-6 (6He). This is a prominent example of Borromean
quantum “halo,” i.e., a weakly-bound state of three particles
(αþ nþ n) otherwise unbound in pairs, characterized by a
“large probability of configurations within classically for-
bidden regions of space” [1]. In the last few years, its binding
energy [2] and charge radius [3] have been experimentally
determined with high precision. The 6He ground state (g.s.)
is also of great interest for tests of fundamental interactions
and symmetries. Precisionmeasurements of itsβ-decay half-
life have recently taken place [4] and efforts are underway to
determine the angular correlation between the emitted
electron and neutrino [5]. To date, traditional ab initio
bound-state calculations can successfully describe the
interior of the 6He wave function [6–10], but are unable
to fully account for its three-cluster asymptotic behavior.
At the same time, the only ab initio study of αþ nþ n
dynamics naturally explains the asymptotic configurations,
but underbinds the 6He g.s. owing to missing many-body
correlations [11,12]. As a result, a comprehensive descrip-
tion of the 6He g.s. properties is still missing.
In this Letter we present a study of the 6He g.s. in which

both six-body correlations and clustering are successfully
addressed by means of the no-core shell model with
continuum (NCSMC) [13]. This approach, introduced to
describe binary processes starting from two-body [14,15]
and later three-body [16–18] Hamiltonians, is here gener-
alized to the treatment of three-cluster dynamics. We
further explore the role of six-body correlations in the
description of the low-lying αþ nþ n continuum, required

to accurately evaluate the 4Heð2n; γÞ6He radiative capture
(one of the mechanisms by which stars can overcome the
instability of the five- and eight-nucleon systems and create
heavier nuclei [19]), and of the 3Hð3H; 2nÞ4He reaction
contributing to the neutron yield in inertial confinement
fusion experiments [20,21].
Approach.—In the NCSMC, the A-nucleon wave func-

tion of a system characterized by a coreþ nþ n asymp-
totic in the total angular momentum, parity, and isospin
channel JπT is written as the generalized cluster expansion

jΨJπTi ¼
X

λ

cJ
πT

λ jAλJπTi

þ
X

ν

ZZ
dxdyx2y2GJπT

ν ðx; yÞÂνjΦJπT
νxy i; ð1Þ

where cJ
πT

λ and GJπT
ν ðx; yÞ are, respectively, discrete and

continuous variational amplitudes to be determined,
jAλJπTi is the square-integrable (antisymmetric) solution
for the λth energy eigenstate of the system obtained
working within the A-body harmonic oscillator (HO) basis
of the no-core shell model (NCSM) [22],

jΦJπT
νxy i ¼ ½(jA − 2λcJ

πc
c TciðjnijniÞðsnnTnnÞ)ðSTÞ
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are continuous microscopic-cluster states [11] describing
the organization of the nucleons into an (A − 2)-nucleon
core and two neutrons jni, and the intercluster antisym-
metrizer Âν enforces the Pauli principle. The core eigen-
states are also computed in the NCSM, with the same HO
frequency ℏΩ and consistent number of quanta above the
lowest-energy configuration Nmax used for the A-nucleon
system. The states of Eq. (2) are labeled by the quantum
numbers ν¼fA−2λcJ

πc
c Tc;snnTnnSlxlyLg. Furthermore,
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FIG. 2: (Color online) NCSMC (blue solid lines) and NCSM (red dashed lines) rms matter (triangles) and point-proton
(squares) radii, and two-neutron separation energy (circles), obtained using the SRG-N3LO NN interaction with ⇤ = 2.0 fm�1

as a function of the HO basis size. Also shown are the infinite-basis extrapolations from Ref. [8] and the EIHH results from
Ref. [7] at the resolution scales ⇤lowk = 1.8, and 2.0 fm�1. The range of experimental values are represented by horizontal
bands (see text for more details).
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We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell
model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of 4He + n + n clustering and many-body correlations in the ground and low-lying continuum
states of the Borromean 6He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that 6He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2+ resonance stem from many-body correlations that can
be interpreted as core-excitation effects.
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I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on 4He and 10Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3–5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5–9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the 3He(α,γ )7Be
[11,12] and 7Be(p,γ )8B [13] radiative capture rates (important
for solar astrophysics), and the 3H(d,n)4He and 3He(d,p)4He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of α-α scattering [4], paving the way for
the description of α scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the
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description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
α + n + n clustering shape the bound and continuum states of
the Borromean 6He nucleus in Ref. [18].

The 6He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(α + n + n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the β-decay
properties of the ground state (g.s.) of 6He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].
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correlations, and study the dependence of the energy spectrum on the resolution scale of the interaction.
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Introduction.—Achieving a comprehensive and unified
treatment of many-body correlations and clustering in
atomic nuclei constitutes a frontier for contemporary nuclear
theory. A light exotic nucleus that has been challenging our
understanding of such complex phenomena based on
nucleonic degrees of freedom and high-quality models of
their interactions (i.e., within an ab initio framework) is
helium-6 (6He). This is a prominent example of Borromean
quantum “halo,” i.e., a weakly-bound state of three particles
(αþ nþ n) otherwise unbound in pairs, characterized by a
“large probability of configurations within classically for-
bidden regions of space” [1]. In the last few years, its binding
energy [2] and charge radius [3] have been experimentally
determined with high precision. The 6He ground state (g.s.)
is also of great interest for tests of fundamental interactions
and symmetries. Precisionmeasurements of itsβ-decay half-
life have recently taken place [4] and efforts are underway to
determine the angular correlation between the emitted
electron and neutrino [5]. To date, traditional ab initio
bound-state calculations can successfully describe the
interior of the 6He wave function [6–10], but are unable
to fully account for its three-cluster asymptotic behavior.
At the same time, the only ab initio study of αþ nþ n
dynamics naturally explains the asymptotic configurations,
but underbinds the 6He g.s. owing to missing many-body
correlations [11,12]. As a result, a comprehensive descrip-
tion of the 6He g.s. properties is still missing.
In this Letter we present a study of the 6He g.s. in which

both six-body correlations and clustering are successfully
addressed by means of the no-core shell model with
continuum (NCSMC) [13]. This approach, introduced to
describe binary processes starting from two-body [14,15]
and later three-body [16–18] Hamiltonians, is here gener-
alized to the treatment of three-cluster dynamics. We
further explore the role of six-body correlations in the
description of the low-lying αþ nþ n continuum, required

to accurately evaluate the 4Heð2n; γÞ6He radiative capture
(one of the mechanisms by which stars can overcome the
instability of the five- and eight-nucleon systems and create
heavier nuclei [19]), and of the 3Hð3H; 2nÞ4He reaction
contributing to the neutron yield in inertial confinement
fusion experiments [20,21].
Approach.—In the NCSMC, the A-nucleon wave func-

tion of a system characterized by a coreþ nþ n asymp-
totic in the total angular momentum, parity, and isospin
channel JπT is written as the generalized cluster expansion

jΨJπTi ¼
X

λ

cJ
πT

λ jAλJπTi

þ
X

ν

ZZ
dxdyx2y2GJπT

ν ðx; yÞÂνjΦJπT
νxy i; ð1Þ

where cJ
πT

λ and GJπT
ν ðx; yÞ are, respectively, discrete and

continuous variational amplitudes to be determined,
jAλJπTi is the square-integrable (antisymmetric) solution
for the λth energy eigenstate of the system obtained
working within the A-body harmonic oscillator (HO) basis
of the no-core shell model (NCSM) [22],

jΦJπT
νxy i ¼ ½(jA − 2λcJ

πc
c TciðjnijniÞðsnnTnnÞ)ðSTÞ

× (Ylxðη̂nnÞYlyðη̂c;nnÞ)
ðLÞ&ðJπTÞ

×
δðx − ηnnÞ

xηnn

δðy − ηc;nnÞ
yηc;nn

ð2Þ

are continuous microscopic-cluster states [11] describing
the organization of the nucleons into an (A − 2)-nucleon
core and two neutrons jni, and the intercluster antisym-
metrizer Âν enforces the Pauli principle. The core eigen-
states are also computed in the NCSM, with the same HO
frequency ℏΩ and consistent number of quanta above the
lowest-energy configuration Nmax used for the A-nucleon
system. The states of Eq. (2) are labeled by the quantum
numbers ν¼fA−2λcJ

πc
c Tc;snnTnnSlxlyLg. Furthermore,

PRL 117, 222501 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

25 NOVEMBER 2016

0031-9007=16=117(22)=222501(5) 222501-1 © 2016 American Physical Society

Separation energy, point proton and 
matter radius simultaneously consistent 

with experiment 

2

[8]

[7]

FIG. 2: (Color online) NCSMC (blue solid lines) and NCSM (red dashed lines) rms matter (triangles) and point-proton
(squares) radii, and two-neutron separation energy (circles), obtained using the SRG-N3LO NN interaction with ⇤ = 2.0 fm�1

as a function of the HO basis size. Also shown are the infinite-basis extrapolations from Ref. [8] and the EIHH results from
Ref. [7] at the resolution scales ⇤lowk = 1.8, and 2.0 fm�1. The range of experimental values are represented by horizontal
bands (see text for more details).
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Three-cluster dynamics within the ab initio no-core shell model with continuum:
How many-body correlations and α clustering shape 6He
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We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell
model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of 4He + n + n clustering and many-body correlations in the ground and low-lying continuum
states of the Borromean 6He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that 6He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2+ resonance stem from many-body correlations that can
be interpreted as core-excitation effects.
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I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on 4He and 10Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3–5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5–9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the 3He(α,γ )7Be
[11,12] and 7Be(p,γ )8B [13] radiative capture rates (important
for solar astrophysics), and the 3H(d,n)4He and 3He(d,p)4He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of α-α scattering [4], paving the way for
the description of α scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the
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description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
α + n + n clustering shape the bound and continuum states of
the Borromean 6He nucleus in Ref. [18].

The 6He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(α + n + n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the β-decay
properties of the ground state (g.s.) of 6He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].

2469-9985/2018/97(3)/034332(21) 034332-1 ©2018 American Physical Society
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How Many-Body Correlations and α Clustering Shape 6He
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The Borromean 6He nucleus is an exotic system characterized by two halo neutrons orbiting around a
compact 4He (or α) core, in which the binary subsystems are unbound. The simultaneous reproduction of its
small binding energy and extendedmatter and point-proton radii has been a challenge for ab initio theoretical
calculations based on traditional bound-state methods. Using soft nucleon-nucleon interactions based on
chiral effective field theory potentials, we show that supplementing themodel spacewith 4Heþ nþ n cluster
degrees of freedom largely solves this issue. We analyze the role played by α clustering and many-body
correlations, and study the dependence of the energy spectrum on the resolution scale of the interaction.
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Introduction.—Achieving a comprehensive and unified
treatment of many-body correlations and clustering in
atomic nuclei constitutes a frontier for contemporary nuclear
theory. A light exotic nucleus that has been challenging our
understanding of such complex phenomena based on
nucleonic degrees of freedom and high-quality models of
their interactions (i.e., within an ab initio framework) is
helium-6 (6He). This is a prominent example of Borromean
quantum “halo,” i.e., a weakly-bound state of three particles
(αþ nþ n) otherwise unbound in pairs, characterized by a
“large probability of configurations within classically for-
bidden regions of space” [1]. In the last few years, its binding
energy [2] and charge radius [3] have been experimentally
determined with high precision. The 6He ground state (g.s.)
is also of great interest for tests of fundamental interactions
and symmetries. Precisionmeasurements of itsβ-decay half-
life have recently taken place [4] and efforts are underway to
determine the angular correlation between the emitted
electron and neutrino [5]. To date, traditional ab initio
bound-state calculations can successfully describe the
interior of the 6He wave function [6–10], but are unable
to fully account for its three-cluster asymptotic behavior.
At the same time, the only ab initio study of αþ nþ n
dynamics naturally explains the asymptotic configurations,
but underbinds the 6He g.s. owing to missing many-body
correlations [11,12]. As a result, a comprehensive descrip-
tion of the 6He g.s. properties is still missing.
In this Letter we present a study of the 6He g.s. in which

both six-body correlations and clustering are successfully
addressed by means of the no-core shell model with
continuum (NCSMC) [13]. This approach, introduced to
describe binary processes starting from two-body [14,15]
and later three-body [16–18] Hamiltonians, is here gener-
alized to the treatment of three-cluster dynamics. We
further explore the role of six-body correlations in the
description of the low-lying αþ nþ n continuum, required

to accurately evaluate the 4Heð2n; γÞ6He radiative capture
(one of the mechanisms by which stars can overcome the
instability of the five- and eight-nucleon systems and create
heavier nuclei [19]), and of the 3Hð3H; 2nÞ4He reaction
contributing to the neutron yield in inertial confinement
fusion experiments [20,21].
Approach.—In the NCSMC, the A-nucleon wave func-

tion of a system characterized by a coreþ nþ n asymp-
totic in the total angular momentum, parity, and isospin
channel JπT is written as the generalized cluster expansion

jΨJπTi ¼
X

λ

cJ
πT

λ jAλJπTi

þ
X

ν

ZZ
dxdyx2y2GJπT

ν ðx; yÞÂνjΦJπT
νxy i; ð1Þ

where cJ
πT

λ and GJπT
ν ðx; yÞ are, respectively, discrete and

continuous variational amplitudes to be determined,
jAλJπTi is the square-integrable (antisymmetric) solution
for the λth energy eigenstate of the system obtained
working within the A-body harmonic oscillator (HO) basis
of the no-core shell model (NCSM) [22],

jΦJπT
νxy i ¼ ½(jA − 2λcJ

πc
c TciðjnijniÞðsnnTnnÞ)ðSTÞ

× (Ylxðη̂nnÞYlyðη̂c;nnÞ)
ðLÞ&ðJπTÞ

×
δðx − ηnnÞ

xηnn

δðy − ηc;nnÞ
yηc;nn

ð2Þ

are continuous microscopic-cluster states [11] describing
the organization of the nucleons into an (A − 2)-nucleon
core and two neutrons jni, and the intercluster antisym-
metrizer Âν enforces the Pauli principle. The core eigen-
states are also computed in the NCSM, with the same HO
frequency ℏΩ and consistent number of quanta above the
lowest-energy configuration Nmax used for the A-nucleon
system. The states of Eq. (2) are labeled by the quantum
numbers ν¼fA−2λcJ

πc
c Tc;snnTnnSlxlyLg. Furthermore,
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We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell
model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of 4He + n + n clustering and many-body correlations in the ground and low-lying continuum
states of the Borromean 6He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that 6He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2+ resonance stem from many-body correlations that can
be interpreted as core-excitation effects.

DOI: 10.1103/PhysRevC.97.034332

I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on 4He and 10Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3–5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5–9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the 3He(α,γ )7Be
[11,12] and 7Be(p,γ )8B [13] radiative capture rates (important
for solar astrophysics), and the 3H(d,n)4He and 3He(d,p)4He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of α-α scattering [4], paving the way for
the description of α scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the
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description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
α + n + n clustering shape the bound and continuum states of
the Borromean 6He nucleus in Ref. [18].

The 6He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(α + n + n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the β-decay
properties of the ground state (g.s.) of 6He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].
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39Borromean halo nucleus 11Li

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

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

§ Can we describe 11Li in ab initio calculations?
§ Continuum must be included
§ What role does the 3N interaction play in the configuration mixing?
§ NCSMC needs to be applied – very challenging
§ The first step – large-scale NCSM 
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40Large-scale NCSM calculations of 11Li
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Next step – including continuum via NCSMC – 11Li ~ 9Li + n + n



45Conclusions

§ Ab initio nuclear theory 
§ Makes connections between the low-energy QCD and many-nucleon systems

§ No-core shell model with continuum capable of describing halo nuclei from first principles
§ Successful reproduction of 11Be parity inversion – three-nucleon interaction important

§ Ground-state halo of 8B significantly impacts the proton capture on 7Be

§ Three-body cluster NCSMC applied to the Borromean halo nucleus 6He

§ Next frontier – ab initio NCSMC description of 11Li as a three-cluster 9Li + n + n system


