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Abstract. A major goal of nuclear theory is to explain the wealth of
data and peculiarities exhibited by nuclear systems in a fully micro-
scopic way. In such an approach, which we refer to as the basic model
of nuclear theory, the nucleons interact with each other via many-body
(primarily, two- and three-body) effective interactions, and with external
electroweak probes via effective current operators. These effective inter-
actions and currents are the main inputs to ab-initio methods that are
aimed at solving the many-body Schrédinger equation associated with
the nuclear system under consideration. In this talk, I will review recent
progress in Quantum Monte Carlo calculations of low-lying spectra and
electroweak properties of light nuclei as well as nucleonic matter equa-
tion of state. Emphasis will be on calculations based on chiral effective
field theory approach.
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1 Introduction

The last few decades have witnessed the emergence of the basic model of nu-
clear theory in which nuclear systems—particularly atomic nuclei and infinite
nucleonic matter—can be described as a collection of point-like nucleons inter-
acting with each other in terms of many-body (primarily, two and three-body)
effective interactions, and with external electroweak probes via effective current
operators. Such an approach, in conjunction with a computational method of
choice to solve the many-body Schrodinger equation, can thus be used to ex-
plain the structure and dynamics of nuclear systems in a fully microscopic way
where the nucleons emerge as effective degrees of freedom, at sufficiently low-
energy. This can be seen as the result of a more fundamental process involving
the constituents of the nucleons, i.e., the quarks whose dynamics is described by
Quantum Chromodynamics (QCD).

How the force between nucleons emerges from QCD has kept nuclear theorists
occupied for many decades. One may try to solve such a problem with brute
computing power on a discretized, Euclidean space-time lattice (known as lattice
QCD). However, in spite of many advances[IH3], lattice QCD calculations are
still in their infancy, and thus, at the present time, they can only be used to
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check few representative key-issues. Clearly, a different approach is necessary to
address the full complexity of nuclear structure problems.

2 The basic model of nuclear theory

The basic model of nuclear theory assumes that a Hamiltonian consisting of
non-relativistic kinetic energy, two- and three-body interactions provides a good
approximation to the energy of interacting nucleons. Two-body interactions are
characterized by a long-range component, for inter-nucleon separation r 2> 2 fm,
due to one-pion exchange (OPE) [4], and intermediate- and short-range compo-
nents, for, respectively, 1 fm < r < 2 fm and r < 1 fm. Up to the mid-1990’s,
such interactions were based almost exclusively on meson-exchange phenomenol-
ogy. Those of the mid-1990’s [5H7] were constrained by fitting nucleon-nucleon
(NN) elastic scattering data up to lab energies of 350 MeV, with x?/datum ~ 1
relative to the database available at the time [§]. Two well-known and still widely
used examples in this class are the Argonne v1s (AV18) [6] and CD-Bonn [7].
These are so-called phenomenological interactions.

Already in the 1980’s, accurate three-body calculations showed that con-
temporary NN interactions did not provide enough binding for the three-body
nuclei, *H and 3He [9]. In the late 1990’s and early 2000’s this realization was
also extended to the spectra (ground and low-lying excited states) of light p-
shell nuclei, for instance, in calculations based on quantum Monte Carlo (QMC)
methods [I0] and in no-core shell-model (NCSM) studies [I1]. Consequently, the
basic model with only NN interactions fit to scattering data, without the inclu-
sion of a three-nucleon (3N) interaction, is definitlely incomplete.

Because of the composite nature of the nucleon and, in particular, the dom-
inant role of the A resonance in pion-nucleon scattering, multi-nucleon interac-
tions arise quite naturally in meson-exchange phenomenology. In particular, the
Nlinois 3N interactions [I2] consist of a dominant two-pion exchange (TPE)—
the Fujita-Miyazawa interaction [I3]—and smaller multi-pion exchange compo-
nents resulting from the excitation of intermediate A’s. The most recent version,
Mlinois-7 (IL7) [14], also contains phenomenological isospin-dependent central
terms. The parameters characterizing this 3N potential have been determined
by fitting the low-lying spectra of nuclei in the mass range A =3-10. The result-
ing AV18+IL7 Hamiltonian, generally utilized with QMC methods, then leads to
predictions of 100 ground- and excited-state energies up to A =12, including the
12C ground- and Hoyle-state energies, in good agreement with the corresponding
empirical values [I5]. However, when used to compute the neutron star matter
equation of state, these do not provide sufficient repulsion to garantee the stabil-
ity of the observed starts against gravitational collapse [16]. Thus, in the context
of the phenomenological nuclear interactions, we do not have a Hamiltonian that
can predict the properties of all nuclear systems, from NN scattering to dense
nuclear and neutron matter. Furthermore, high-precision phenomenological po-
tentials suffer from several limitations, most notably the missing connection with
the (approximate) chiral symmetry exhibited by QCD. For instance, they do not
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provide rigorous schemes to consistently derive two- and three-body forces and
compatible electroweak currents.

To this end, a new phase in the evolution of the basic model, and renewed in-
terest in its further development, have been spurred by the emergence in the early
1990’s of chiral effective field theory (YEFT) [I7H19]. Such a theory provides the
most general scheme accommodating all possible interactions among nucleons,
A isobars, and pions compatible with the relevant symmetries—in particular
chiral symmetry—of low-energy QCD. By its own nature, YEFT is organized
within a given power counting scheme and the resulting chiral potentials (and
currents) are systematically expanded in powers of Q/A, with @ < A,, where
@ denotes generically a low-momentum scale entering the theory and A, ~ 1
GeV specifies the chiral-symmetry breaking scale (see Refs. [20, 2I] for recent
review articles). Therefore, YEFT provides a rigourous scheme to systematically
construct many-body forces and consistent electroweak currents, providing tools
to estimate their uncertainties [22H27]. The Weinberg power counting of yEFT
indicates that nuclear forces are dominated by NN interactions while many-body
forces are suppressed by powers of ). However, the inclusion of 3V interaction
is mandatory at the level of accuracy now reached by few- and many-body cal-
culations (see [28] 29] for a comprehensive review on this topic).

Nuclear forces in yEFT are separated into pions-exchange contributions and
contact terms. Pions-exchange contributions represent the long- and intermediate
range of nuclear interactions while the contact terms encode the short-range
physics and their strength is specified by unknown low-energy constants (LECs),
which then need to be fixed by fitting experimental data. Within yEFT many
studies have been carried out dealing with the construction and optimization of
NN and 3N interactions [21], 23] B0H51]. These interactions were typically for-
mulated in momentum space, and included cutoff functions to regularize their
behavior at large momenta which, however, made them strongly non-local when
Fourier-transformed in configuration space, and therefore unsuitable for use with
QMC methods. Among these, Variational (VMC) and Green’s Function Monte
Carlo (GFMC) are the methods of choice to provide reliable solutions of the
many-body Schréodinger equation—presently for up to A =12 nucleons—with
full account of the complexity of the many-body, spin- and isospin-dependent
correlations induced by nuclear interactions. The sampling of configuration space
in VMC and GFMC simulations gives access to many important properties of
light nuclei as spectra, form factors, transitions, low-energy scattering and re-
sponse. Auxiliary Field Diffusion Monte Carlo (AFDMC) uses Monte Carlo to
also sample the spin-isospin degrees of freedom, enabling studies of, for example,
neutron matter [52H56] that is so critical to determining the structure of neutron
stars and properties of light- and medium-mass nuclei [57, 58]. QMC simulations
have surely proved to be very valuable in attacking many nuclear structure is-
sues over the last three decades. Therefore there was a need to develop local
chiral interaction for QMC in order to test to what extent the chiral effective
field theory framework impacts our knowledge of few- and many-body systems.
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It is worth mentioning here that, besides QMC methods, there are several
other sophisticated few- and many-methods [59-H64], based on realistic Hamil-
tonians, that are addressing different interesting aspects of nuclear systems. In
particular there is a big effort on developing microscopic models that include con-
tinuum couplings which are mandatory to describe, for istance, weakly bound
nuclear systems [65].

3 Local Chiral Hamiltonians

A major thrust of our work is based on the theoretical derivation, optimization
and implementation of chiral interactions suitable for QMC methods. In recent
years local, configuration-space chiral NN interactions have been derived by two
groups [66HG8]. In this talk, we focus on the family of local chiral interactions
constructed by our group in Refs. [68, [69]. They are written as the sum of
an electromagnetic interaction component and a strong-interaction component,
characterized by long- and short-range parts. The long-range part includes one-
pion-exchange (OPE) and two-pion-exchange (TPE) terms up to next-to-next-
to-leading order (N2LO) in the chiral expansion, derived in the static limit from
leading and sub-leading /N and mINA chiral Lagrangians. The short-range part,
however, is described by contact terms up to next-to-next-to-next-to-leading
order (N3LO), characterized by 26 LECs.

We constructed two classes of interactions, which only differ in the range
of laboratory energy over which the fits were carried out, either 0-125 MeV
in class I or 0-200 MeV in class II (the fits used the 2013 NN database, in-
cluding the deuteron ground-state energy and two-neutron scattering length, as
assembled by the Granada group [70]). For each class, three different sets of
cutoff radii (Rg, Rr,) were considered (Rg, Rr,) =(0.8,1.2) fm in set a, (0.7,1.0)
fm in set b, and (0.6,0.8) fm in set ¢, where Rg and Ry, enter respectively
the configuration-space cutoffs for the short- and long-range parts of the two-
nucleon interaction [68]. The y?/datum achieved by the fits in class I (II) was
< 1.1(S 1.4) for a total of about 2700 (3700) data points. We are refering to
these high-quality NN interactions generically as the Norfolk potentials (NV2s),
and designate those in class I as NV2-Ia, NV2-Ib, and NV2-Ic, and those in class
IT as NV2-ITa, NV2-IIb, and NV2-Ilc.

The NV2s were found to provide insufficient attraction, in GFMC calcula-
tions, for the ground-state energies of nuclei with A =3-6 [68], thus corroborating
the insight realized in the early 2000’s within the older (and less fundamental)
meson-exchange phenomenology. To remedy this shortcoming, we constructed
the leading 3NV interaction in xEFT, including A intermediate states. It con-
sists [34], [35] of a long-range piece mediated by TPE and a short-range piece
parametrized in terms of two contact interactions. The two LECs—namely cp
and cg—have been constrained either by fitting exclusively strong-interaction
observables [52, 53, [71] [72] or by relying on a combination of strong- and weak-
interaction ones [73H75]. This last approach is made possible by the relation,
established in YEFT [76], between cp in the three-nucleon contact interaction
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and the LEC in the NN contact axial current [73, [74], which allows one to use
nuclear properties governed by either the strong or weak interactions to con-
strain simultaneously the 3NN interaction and NN axial current.

In particular, in our recent work [72] [75], we constructed two different sets
for the values of cp and cg, leading to two different parametrization of the 3V
interaction. In the first, these LECs were determined by simultaneously repro-
ducing the experimental trinucleon ground-state energies and nd doublet scat-
tering length for each of the NN models considered [72]. In the second set, these
cp and cg were constrained by fitting, in addition to the trinucleon energies,
the empirical value of the Gamow-Teller matrix element in tritium g decay [75].
The resulting Hamiltonian models were designated as NV2+3-Ia/b and NV2+3-
ITa/b (or Ia/b and ITa/b for short) in the first case, and as NV2+3-Ia*/b* and
NV2+3-IIa*/b* (or Ia*/b* and IIa*/b*) in the second. These two different pro-
cedures for fixing ¢p and cg produced rather different values for these LECs,
particularly for cg which was found to be relatively large and negative in models
Ta/b and IIa/b, but quite small, and not consistently negative, in models Ia* /b*
and ITa* /b*. This in turn impacts predictions for the spectra of light nuclei and
the equation of state of neutron matter, since a negative cg leads to repulsion
in light nuclei, but attraction in pure neutron matter.

4 Applications

In this section, we discuss some illustrative applications of nuclear YEFT to the
few- and many-body systems.

In Fig. [1] are shown the GFMC energy results calculated with NV2+-3-Ia
model (described in the previous section) for 37 different nuclear states in A=4-
12 nuclei. They are compared to results from the older AV18+IL7 model [15] and
experiment [77]. The agreement with experiment is impressive for both Hamilto-
nians, with absolute binding energies very close to experiment, and excited states
reproducing the observed ordering and spacing, indicating reasonable one-body
spin-orbit splittings. For both Hamiltonians, the inclusion of the 3N interactions
is in many cases necessary to get ground states that are correctly bound against
breakup, e.g., ®He is not bound with just the NN interaction [68]. The lowest 3T
and 17 states of 1B are of particular interest. For both AV18 and Ia without 3N
interactions, the 17 state is incorrectly predicted as the ground state (for NV2-
Ia by 1.9 MeV) but including the 3NNV interactions gives the correct 3% ground
state. However, it is important to emphasize that in the AV18+IL7 model the
four parameters in the 3N interaction are fitted to the energies of many nuclear
levels up to A =10.

While model NV2+-3-Ta provides an excellent description of the energy levels
and level ordering of nuclei in the mass range A =4-12 [72], it collapses neutron
matter already at relatively low densities [56], and cannot sustain the existence of
neutron stars of twice solar masses, in conflict with recent observations 78] [79].
Indeed, we find that the equation of state of neutron matter obtained with in-
teractions that accurately describe A < 12 nuclei suffers from a strong regulator
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Fig. 1. The energy spectra of A =4-12 nuclei obtained with the NV2+3-Ia chiral inter-
actions are compared to experimental data [77]. Also shown are results obtained with
the phenomenological AV18+IL7 interactions [15].

dependence, consistent with Ref. [52]. More specifically, the potentials with the
softest regulators do not provide sufficient repulsion to guarantee the stability
of observed stars against gravitational collapse (this is analogous to what hap-
pens when employing the phenomenological AV18+IL7 interaction [16]), while
those characterized by harder regulators are in much better agreement with as-
trophysical constraints. There are indications [56] that the smaller values of cg
characteristic of models Ia*/b* and ITa* /b*, mitigate, if not resolve, the collapse
problem, however the prediction of light-nuclei spectra is not at the same accu-
racy level [56] of Fig. [1] Studies along this line are in progress.

Differential cross section, and vector and tensor polarization observables in
proton-deuteron elastic scattering obtained with the present NV2+-3 models have
also been calculated using the Hypersperical Harmonics (HH) [59] method and
compared to experimental data [80]. The effect of the 3N interaction is small,
marginally improving (appreciably worsening) the agreement between theory
and experiment for the observables Ay, ¢T11, and Toe (Too and 7). In par-
ticular, the well known discrepancy in the vector analyzing power—the “A,
puzzle” [81]—persists. It also appears to be unresolved when higher-order chiral
loops are accounted for in the long-range component of the 3V interaction [82].
More details regarding this topic are provided in Girlanda’s talk.
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Fig. 2. Ratios of GFMC to experimental values of the GT RMEs in the *H, He, "Be,
and 1°C weak transitions. Theory predictions correspond to the YEFT axial current in
LO (blue circles) and up to N4LO (magenta stars). Green squares indicate unquenched
shell model calculations from Ref. [89] based on the LO axial current.

To have a full description of the properties of nuclear systems such has elec-
troweak form factors, magnetic moments, radii, decays, etc, we also need to know
how they interact with external probes, such as electroweak probes. Therefore
we need to specify the charge and current operators which, in the contest of the
basic model, are written in a series of many-body operators in analogy to the
Hamiltonian. More recently electroweak operators based on YEFT have been de-
rived in both the electromagnetic and weak sectors [83H88|. For instance, in the
weak sector, observables that are of great interest are -decay and the Gamow-
Teller (GT) matrix element contributing to it. Being well-known experimentally
they have provided over the past several decades, a testing ground for mod-
els of the nuclear axial current and, in particular, for the role that many-body
weak transition operators beyond the leading one-body GT operator play in this
matrix element.

In Fig. 2] are displayed ratios of GFMC to experimental values performed
by Pastore and collaborators for the GT in the *H, °He, "Be, and '°C weak
transitions. They find overall good agreement with data for the beta decay of
6He and electron capture of "Be even if the first one is overpredicted by 2%. The
experimental GT reduced matix element (RME) for the °C 3-decay is overpre-
dicted by 10%, with two-body currents giving a contribution that is comparable
to the statistical GFMC error. The presence of a second (1+4; 0) excited state
at ~2.15 MeV can potentially contaminate the wave function of the '°B excited
state at ~0.72 MeV, making this the hardest transition to calculate reliably.
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5 Conclusions

Where do we stand so far with the basic model of nuclear theory? From a
theoretical point of view we went from a phenomenological approach of nuclear
forces and currents to a framework rooted in low-energy QCD (xEFT) drawing
a more deep connection with the fundamental theory of quarks and gluons.

Highly advanced few- and many-body techniques in conjunction with the
rapid increase in computational resources is making possible to test the in-
puts of the basic model (nuclear interactions and corresponding electroweak cur-
rents) based on different theoretical approaches. Ab-initio calculations of light
and medium-mass nuclei and infinite nucleonic matter surely provide important
benchmarks for the computational methods that aim to understand heavy-mass
nuclei where new physics might be hiding. More of these studies are needed in
the context of YEFT to test to what extent such a theory impacts our knowledge
of nuclear systems.

I wish to thank my collaborators A. Baroni, L. Girlanda, A. Kievsky, A. Lo-
vato, L.E. Marcucci, S. Pastore, S.C. Pieper, R. Schiavilla, M. Viviani, and R.B.
Wiringa for their many contributions to the work presented in this talk.
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