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“Ab initio” nuclear physics
• Main input: nucleon-only Hamiltonians and consistent currents
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• Sophisticated quantum many-body methods solve the corresponding Schrödinger equation 
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• The “active” Hilbert space comprises the coordinates of the nucleons only (spatial plus spin/isospin)

;
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“Ab initio” nuclear physics
• Pion effects are typically encoded in interactions and currents.K. Hebeler Physics Reports 890 (2021) 1–116

Fig. 4. Contributions to NN, 3N and 4N interactions in chiral EFT at different orders in the chiral expansion within Weinberg’s power counting
without explicit � degrees of freedom for intermediate states. Solid and dashed lines denote nucleon and pion propagators, respectively. In each
panel we give the years when the terms were first derived, with corresponding references and the number of new couplings (in naive dimensional
analysis) in the upper right corner. The low-energy coupling constants that enter the 3N interactions are highlighted by vertices of different colors
and shapes. The following couplings show up first at N2LO: the long-range pion–nucleon couplings ci (l), the intermediate-range coupling cD (⌅)
and the short-range 3N coupling cE ( ). The 3N and 4N interactions at N3LO are parameter-free in the sense that they only depend on short-range
couplings that appear already at lower orders, like, e.g., the leading-order NN couplings CS and CT (u). The derivation of the 3N interactions at N4LO
is still work in progress, in particular the short-range contributions (formally indicated by the couplings ). Higher-order couplings that only enter
NN interactions up to the shown orders are indicated by white vertices. See main text for details.

In Fig. 4 we show the contributions to NN, 3N and 4N interactions from one- or multi-pion exchanges, which govern
the long- and intermediate-range forces, as well as from short-range contact interactions at different orders in the chiral
expansion. The short-range couplings are fit to low-energy data and thus capture all short-range effects relevant at low
energies. The leading-order (LO) contributions were derived by Weinberg [151,152]. These seminal works represent the
foundation of the chiral expansion of nuclear forces that is still being used today. At LO the NN interaction consists of a
long-range pion exchange interaction, which corresponds to the empirically well-known Yukawa interaction [163] and
two short-range interactions parametrized by the coupling CS and CT . In the following years this framework was extended
to higher orders in the expansion. At next-to-leading order (NLO) and next-to-next-to-leading order (N2LO) 2⇡ exchange
interactions and higher-order short-range couplings contribute to NN forces [164,165].1 For 3N interactions it was shown
that contributions at NLO cancel exactly [166–169], while the first nonvanishing contributions to 3N interactions appear at
N2LO [167,170]. The 3N interactions at this order include long-range two-pion exchange interactions V 2⇡

3N , an intermediate-
range one-pion plus contact interaction V 1⇡

3N and a pure contact interaction V contact
3N (see Fig. 5). Since these 3N interactions

play a central role in this work as well as in many recent and current nuclear structure studies, we discuss them in more
detail now. The interactions are given by the following expressions [170]:
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1 We note that there exist different schemes to count contributions from relativistic corrections, indicated by the white circles in Fig. 4 (see,
e.g., Ref. [15]).

8

5Phys. Rept. 890 (2021) 1-116



“Ab initio” nuclear physics
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Why treat pions explicitly? 

• Automatically obtain the long-range part of nuclear interactions and currents

• Real pion-production in lepton-nucleus scattering experiments 

Goal: include pions as active degrees of freedom in the Hilbert  space

• Study pion-nucleus scattering 

• Test the “conventional” potential chiral-EFT power counting

• Additional insights in the EMC effect 

<latexit sha1_base64="R7NgNhoqaswJV6O/+A9ZFKGobpo="></latexit>

!n(R, S, T ) → ↑R, S, T |!n↓
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!n(R, S, T ;ωc,s) → ↑R, S, T ;ωc,s|!n↓

Few-Body Sys. 61, 40 (2020), Phys. Rev. C 101, 035202 (2020), Phys. Rev. C 53, 3097 (1996)

Phys. Rev. C 50, 2761 (1994), Phys. Rev. C 70, 014007 (2004)
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Why treat pions explicitly? 

Image Courtesy of Noemi Rocco

Alexis’ and Seisho’s talks yesterday

Rocco’s talk tomorrow 
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How to include pions? 

• Nucleons are heavy; they can be treated as non-relativistic, point-like particles. 

• Pions are light, need to treat them as relativistic quantum fields. 

• Start from leading-order chiral-EFT Lagrangian in the heavy-baryon formalism
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How to include pions? 

• The Hamiltonian splits into three components 

• To leverage a variational principle, we need the Hamiltonian
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Pure pionic sector
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2ω

L
n, V = L3.

• In the Cartesian basis, the pion fields are Hermitian

• The normalized expansions are
<latexit sha1_base64="fHf4pqUP/ZfrPK5Ogqo2KwWHHaQ="></latexit>

ωi(x) =

√
2

L3

∑

k→S+

[ωc
ik cos(k·x) + ωs

ik sin(k·x)]

<latexit sha1_base64="eZkmaD24+iz69UM1tpNm0LOgKag="></latexit>

Hωω =
→∑

k↑S+

∑

i=x,y,z

[
1

2
!c 2

ik +
1

2
!s 2

ik +
1

2
ω
2
k

(
ε
c 2
ik + ε

s 2
ik

)]
.

• The Hamiltonian is a collection of harmonic oscillators  
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Pure pionic sector
• Let us quantize the fields
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• Analogously to the quantum harmonic oscillator
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• The ground-state is a product of gaussians
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Adding nucleons 
• The axial-vector part of the Hamiltonian reads:
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• The nucleonic part is given by: 
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Solve the many-body problem (“old” way)
• Goal: solve the Schrödinger equation for the full Hamiltonian

• Trial wave function: collection of shifted harmonic oscillators
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Phys. Rev. C 98 (2018) 3, 034005
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• Exact ground state is obtained by means of imaginary-time projection 
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Solve the many-body problem (“NQS” way)
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• We represent the quantum many-body wave function with artificial neural networks 
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Nucleon inputs

Pion modes
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Mass renormalization

16

• The momentum cutoff is not Lorentz invariant
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• The renormalization conditions are
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• At one-loop level:
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FIG. 3. (Color online) The rest mass counter term as a func-
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resent GFMC results obtained discarding HWT in Eq. (34)
in the one-nucleon Hamiltonian. The open symbols stand
for the lowest-order nonrelativistic rest mass calculated with
Eq. (B8).

enough systems. The fact that in the short-time limit
the nucleon is di↵using with a constant related to MP is
consistent with our findings reported in Sec. IV A.
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C. The pion cloud

One of the most interesting properties that can be com-
puted within the formalism presented in this paper are
those of the virtual pions surrounding the nucleons. Al-
though this might in principle contain some dynamical in-
formation, at present we limit ourselves to analyze static
properties.

An interesting quantity to analyze is the ground-state
momentum distribution of the pion cloud for the di↵erent
charged states n↵(k). Since we the sum of Eq. (9) are
written in such a way that k is included and �k is not,
this is best represented by the expectation value of

Nik = a†↵ka↵k + a†↵�ka↵�k, (66)

with the creation and annihilation operators for a pion in
a given charge state are given in Eqs. (29–30). We com-
puted the momentum distributions and radial densities
of the pion cloud using the forward walking procedure
described in Sec. III D in order to avoid the bias due to
the trial wave function. We considered a box with L=10
fm, and the model state |�i of Eq. (40) corresponding to
a spin-up proton.

In the limit L ! 1, n↵(k) should be a function of
k = |k| alone. Already for L=10 fm we found minimal
di↵erences among the modes with the same k, hence in
Fig. 5 we show the pion momentum distribution as a
function of k, only. The normalization is chosen such
that N↵ = L3

P
i n↵(ki)gi, where N↵ is the total number

of pions of charge ↵, and gi is the multiplicity of the i-th
shell. An interesting feature is that the distribution of ⇡+

is approximately twice the one of ⇡0. This follows from
the structure of the axial-vector coupling, which involves

⌧i⇡i =
1

2
⌧+(⇡x � i⇡y) +

1

2
⌧�(⇡x + i⇡y) + ⌧z⇡0, (67)

with ⌧± = (⌧x ± i⌧y) being the isospin raising and low-
ering operators, and ⇡0 = ⇡z. If we suppose that the
cartesian ⇡i are produced in the same amount, then we
expect twice as many ⇡0 than ⇡+. Since we are look-
ing at a one proton state, the production of ⇡� is much
smaller compared to that of ⇡+ and ⇡0. Conversely, if
the baryon is a neutron, we get analogous results with
the distributions of ⇡+ and ⇡� interchanged. Although
increasing the cuto↵ increases the total pion production,
the number of pions at low-momenta appears to be cuto↵
independent.

The pion densities, whose o↵-diagonal components are
related to the momentum distributions through a Fourier
transform, can also be resolved for di↵erent charge states,
as in Eq. (25). The results for the density are displayed
in Fig. (6) for a spin-up proton as model state – we did
not plot the n = 5 density for ⇡� because it is negligible
in the scale of the Figure. In analogy to n↵(k), the pro-
duction of ⇡� is heavily suppressed. If the model state
is a neutron, we, of course, get identical results with the
densities of ⇡+ and ⇡� interchanged.

D. One pion exchange

As mentioned above, the long-range behavior of the
nuclear force is due to the one-pion exchange. It arises
from tree-level diagrams with four external nucleons and

Phys. Rev. C 98 (2018) 3, 034005

Mass renormalization
• Total energy of a single nucleon is equal to the physical mass of the nucleon
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Mass renormalization
• Including fourth-order irreducible contributions largely accounts for the difference from the NQS result.

Fourth order tracks the variational result as the cuto! grows
Terms retained in the Self Energy

O(g2
A)

!(2)

O(g4
A) proper

nested crossed

pole iteration

Expansion of ! at 4-th Order

”E(2+4)
pole

= !(2) + !(4)
nested

+ !(4)
crossed

+ !(2)ωE !(2).

The last term is generated by expanding the
pole equation; it is not a new proper topology.
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The pion cloud
• Define the pion annihilation field in the Cartesian isospin basis

<latexit sha1_base64="X3PrigrTW+PaQAgDIEEeUsZwfHc="></latexit>

ωi(x) =
1→
L3

∑

k

aik e
ik·x

• The corresponding isospin fields are given by
<latexit sha1_base64="4U4RfC0eWE05QTdZB7Y8p3raQFo="></latexit>

ωω±(x) =
ωx(x)± iωy(x)→

2
, ωω0(x) = ωz(x)

• So that the pion clouds can be expressed as
<latexit sha1_base64="U9R+CL7dFvnnyNrBxreDKi9RI2c="></latexit>

ωωω(x) =
〈
!
∣∣∣ε†

ωω(x)εωω(x)
∣∣∣!

〉
, ϑ = +,→, 0
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The pion cloud
• Compute the densities at a proton sitting at the center of the simulation box

Phys. Rev. C 98 (2018) 3, 034005 A. Di Donna, in preparation
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Two-nucleon case
• Minimize the energy of two nucleons fixed at relative distance r 

Phys. Rev. C 98 (2018) 3, 034005
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C. One pion exchange

As mentioned above, the long-range behavior of the
nuclear force is due to the one-pion exchange. It arises
from tree-level diagrams with four external nucleons and
an o↵-shell pion. At lowest order in perturbation theory,
the potential arising from two static nucleons is

VOPE(q) = �
✓

gA
2f⇡

◆2 (�1 · q)(�2 · q)

q2 + m2
⇡

⌧ 1 · ⌧ 2, (68)

where q is the transferred momentum. The coordinate-
space potential is recovered from VOPE(q) via a Fourier
transform. In order to make a meaningful comparison we
need to compute the one-pion exchange potential keeping
into account the geometry and the cuto↵ of the simula-
tion cell we use.

In Eq. (38) last term on the RHS of the fixed nucleon
Hamiltonian contains contributions of the self-energy of
the nucleons and the one-pion exchange potential, in
which we are interested. Keeping only terms that involve
the coupling between the two nucleons,

VOPE(r) = � 1

L3

g2A
2f2

⇡

⌧ 1 · ⌧ 2

X

k

0
(�1 · k)(�2 · k)

⇥ cos(k · r)

!2
k

, (69)

which is consistent with Eq. (68).

The instantaneous one-pion exchange potential ne-
glects terms where two or more pions are exchanged and
the vertices are in di↵erent time orders. These commu-
tator terms contribute even for fixed nucleons. However
they become unimportant for large nucleon separations.
We studied the interaction between two fixed nucleons as
a function of the inter-particle distance r in the T = 1
and S = 0 and T = 0 and S = 1 channels. We used VMC
calculations and checked that they were accurate by per-
forming GFMC calculations at a few separations. Our
VMC results, represented by the points in Fig. 7, are ob-
tained by subtracting the nucleon self-interaction terms
from the ground-state expectation value of H⇡⇡ + HAV

for two di↵erent spherical cuto↵s. For comparison, we
also show the curves corresponding to the one-pion ex-
change potential of Eq. (69) for the same cuto↵ employed
in the VMC calculations. As expected, the VMC results
agree with the one-pion exchange potential at su�ciently
large distances, r & 3.0 fm. The di↵erences at smaller
distances come from the fact that we are solving for a
Hamiltonian that contains terms other than the one-pion
exchange. This is one of the key features of explicitly in-
cluding the modes of the pion field, which is absent in
potential models, in which multiple pion-exchange po-
tentials have to be explicitly devised.
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FIG. 7. (Color online) One-pion exchange potential for two
nucleons a distance r apart along the x-axis in the T = 1
and S = 0 channel (upper panel) and T = 0 and S = 1
channel (lower panel). The points (VMC) correspond to our
variational results, where the full (red) circles denote n = 5
(!s

c ' 327 MeV) and open (blue) circles stand for n = 10
(!s

c ' 449 MeV). The curves (OPE) correspond to the one-
pion exchange potential of Eq. (69) with the same cuto↵ as
the VMC calculations.

D. Two nucleons

We need to fix the low-energy constants CS and CT

associated to the contact terms entering H2N
NN of Eq. (49).

These should be either fitted to experiment or to QCD.
Instead of fitting to experiment, we take the expedient
step of fitting to results of a potential model that has
been fit to experiments. Since our calculations rely on a
periodic box, we fit CS and CT to reproduce the ground
state results of the Argonne v06 (AV6P) potential[38] for
the deuteron and two-neutrons in a periodic box.

Note that a possible way to directly fit experiments
would involve the Lüscher method [39]. The energy spec-
trum of a system of two particles in a box with periodic
boundary conditions, for box sizes greater than the inter-
action range, and for energies below the inelastic thresh-
old, is determined by the scattering phases at these en-

12

C. One pion exchange

As mentioned above, the long-range behavior of the
nuclear force is due to the one-pion exchange. It arises
from tree-level diagrams with four external nucleons and
an o↵-shell pion. At lowest order in perturbation theory,
the potential arising from two static nucleons is

VOPE(q) = �
✓

gA
2f⇡

◆2 (�1 · q)(�2 · q)

q2 + m2
⇡

⌧ 1 · ⌧ 2, (68)

where q is the transferred momentum. The coordinate-
space potential is recovered from VOPE(q) via a Fourier
transform. In order to make a meaningful comparison we
need to compute the one-pion exchange potential keeping
into account the geometry and the cuto↵ of the simula-
tion cell we use.

In Eq. (38) last term on the RHS of the fixed nucleon
Hamiltonian contains contributions of the self-energy of
the nucleons and the one-pion exchange potential, in
which we are interested. Keeping only terms that involve
the coupling between the two nucleons,

VOPE(r) = � 1

L3

g2A
2f2

⇡

⌧ 1 · ⌧ 2

X

k

0
(�1 · k)(�2 · k)

⇥ cos(k · r)

!2
k

, (69)

which is consistent with Eq. (68).

The instantaneous one-pion exchange potential ne-
glects terms where two or more pions are exchanged and
the vertices are in di↵erent time orders. These commu-
tator terms contribute even for fixed nucleons. However
they become unimportant for large nucleon separations.
We studied the interaction between two fixed nucleons as
a function of the inter-particle distance r in the T = 1
and S = 0 and T = 0 and S = 1 channels. We used VMC
calculations and checked that they were accurate by per-
forming GFMC calculations at a few separations. Our
VMC results, represented by the points in Fig. 7, are ob-
tained by subtracting the nucleon self-interaction terms
from the ground-state expectation value of H⇡⇡ + HAV

for two di↵erent spherical cuto↵s. For comparison, we
also show the curves corresponding to the one-pion ex-
change potential of Eq. (69) for the same cuto↵ employed
in the VMC calculations. As expected, the VMC results
agree with the one-pion exchange potential at su�ciently
large distances, r & 3.0 fm. The di↵erences at smaller
distances come from the fact that we are solving for a
Hamiltonian that contains terms other than the one-pion
exchange. This is one of the key features of explicitly in-
cluding the modes of the pion field, which is absent in
potential models, in which multiple pion-exchange po-
tentials have to be explicitly devised.

-10

 0

 10

 20

 30

 40

 50

 60

 0  1  2  3  4  5

V
O

P
E
 [

M
e

V
]

r [fm]

(a) T=1 and S=0 n=5,  OPE

n=10, OPE

n=5,  VMC

n=10, VMC

-10

 0

 10

 20

 30

 40

 50

 60

 0  1  2  3  4  5

V
O

P
E
 [

M
e

V
]

r [fm]

(b) T=0 and S=1 n=5,  OPE

n=10, OPE

n=5,  VMC

n=10, VMC

FIG. 7. (Color online) One-pion exchange potential for two
nucleons a distance r apart along the x-axis in the T = 1
and S = 0 channel (upper panel) and T = 0 and S = 1
channel (lower panel). The points (VMC) correspond to our
variational results, where the full (red) circles denote n = 5
(!s

c ' 327 MeV) and open (blue) circles stand for n = 10
(!s

c ' 449 MeV). The curves (OPE) correspond to the one-
pion exchange potential of Eq. (69) with the same cuto↵ as
the VMC calculations.

D. Two nucleons

We need to fix the low-energy constants CS and CT

associated to the contact terms entering H2N
NN of Eq. (49).

These should be either fitted to experiment or to QCD.
Instead of fitting to experiment, we take the expedient
step of fitting to results of a potential model that has
been fit to experiments. Since our calculations rely on a
periodic box, we fit CS and CT to reproduce the ground
state results of the Argonne v06 (AV6P) potential[38] for
the deuteron and two-neutrons in a periodic box.

Note that a possible way to directly fit experiments
would involve the Lüscher method [39]. The energy spec-
trum of a system of two particles in a box with periodic
boundary conditions, for box sizes greater than the inter-
action range, and for energies below the inelastic thresh-
old, is determined by the scattering phases at these en-
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Two-nucleon case

A. Di Donna, in preparation

L = 25 fm
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Fix the contacts
• Fix the NN LECs to reproduce the deuteron and the two-neutron state in a box

Phys. Rev. C 98 (2018) 3, 034005
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ergies. The Lüscher method can be used to compute the
energy levels given the scattering phases or, conversely,
to calculate the scattering phases if the energy spectrum
is known. For larger systems (A > 3) the concepts and
ideas concerning finite-volume corrections to the binding
energy of an A-particle bound-state in a periodic box,
developed in Ref. [40], might be useful.

As a first step, we developed a numerically stable ver-
sion of the Lanczos algorithm [41] to solve for the energy
of the deuteron and two neutrons in a periodic box using
the AV6P potential and a plane wave basis. By imposing
periodic boundary conditions, the continuum version of
the AV6P potential, which has the operator structure of
Eq. (42), is modified to include periodic images from the
surrounding boxes,

VNN (r12) !
X

n

V (r12 + Ln), (70)

where n = (nx, ny, nz) with ni integers numbers. The
self potential energy term of the periodic images is in-
cluded. We showed that for L > 10 fm one image in each
direction is su�cient to obtain periodic solutions since
the AV6P interaction is at most of pion range. In panel
(a) and (b) of Fig. 8 we plot the binding energy of the
deuteron and two neutrons, respectively as a function of
the box side. For L 6 25 fm, the deuteron energies are
much lower than the value for the system in free space.
However, for L > 25 fm the agreement between finite pe-
riodic box results and the continuum is remarkably good.

We then tune CS and CT in the GFMC simulations
with explicit pions to reproduce the energies of both
two nucleon systems. We do not include the Weinberg-
Tomozawa term, as the one-nucleon results suggest it will
provide a small contribution for the momentum cuto↵s
we employed. Based on the results of Fig. 8, we per-
formed the explicit-pion calculations only for 25 6 L 6
35 fm. The pion nucleon axial-vector coupling in our for-
malism is already periodic, and so are the contact terms
using Eq. (35), hence we do not need to modify them
with Eq. (70).

The fitted values of CS and CT for di↵erent box sizes
and cuto↵s are shown in Fig. 9 and reported in Tab. I. We
are aware that the cuto↵s we used are very low compared
to those typically used in other chiral EFT formulations.
This choice is by no means due to an intrinsic limitation
of the method, but to the extent of the computational
e↵ort that we deemed reasonable to obtain these demon-
strative results. In Appendix C we report values of these
LECs for a di↵erent choice of the contact interaction.

V. SUMMARY AND OUTLOOK

In this paper we describe a promising scheme to ex-
plicitly include pion fields in a Quantum Monte Carlo
calculation of a one- and two-nucleon systems. This ap-
proach can be readily extended to larger nuclei, consis-
tently with the limits of application of the underlying
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FIG. 8. Binding energy of the deuteron (upper panel) and
two neutrons (lower panel) in a box. The symbols correspond
to the energy calculated using the Lanczos algorithm with the
AV6’ potential. The dashed line corresponds to the binding
energy of the deuteron in free space using the AV6’ potential.

GFMC (or AFDMC) techniques. One important remark
to be made is that, since pion fields are bosonic, no fur-
ther contribution to the fermion sign/phase problem is
introduced.

The first application to the one-nucleon system is
meant to verify the consistency of the method itself. In
particular we analyzed finite-size e↵ects, and the extent
of the di↵erences due to the choice of the initial La-
grangian. We first studied the renormalization of the
nucleon mass with a Hamiltonian in which the coupling
between the nucleons and the pion fields is described by
an axial-vector interaction. A consistency check against
first-order diagrammatic calculation of the self-energy
of the nucleon has been successfully carried out. We
tried to assess the importance of including the Weinberg-
Tomozawa coupling in the interaction. Although this
term appears at leading order in the chiral expansion,
we showed that its e↵ect in the renormalization of the
nucleon mass is much smaller than that of the axial-
vector coupling. One interesting possibility opened by
our method is the direct study of the pion distribution.
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ergies. The Lüscher method can be used to compute the
energy levels given the scattering phases or, conversely,
to calculate the scattering phases if the energy spectrum
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developed in Ref. [40], might be useful.
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sion of the Lanczos algorithm [41] to solve for the energy
of the deuteron and two neutrons in a periodic box using
the AV6P potential and a plane wave basis. By imposing
periodic boundary conditions, the continuum version of
the AV6P potential, which has the operator structure of
Eq. (42), is modified to include periodic images from the
surrounding boxes,

VNN (r12) !
X

n

V (r12 + Ln), (70)

where n = (nx, ny, nz) with ni integers numbers. The
self potential energy term of the periodic images is in-
cluded. We showed that for L > 10 fm one image in each
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of the method, but to the extent of the computational
e↵ort that we deemed reasonable to obtain these demon-
strative results. In Appendix C we report values of these
LECs for a di↵erent choice of the contact interaction.

V. SUMMARY AND OUTLOOK

In this paper we describe a promising scheme to ex-
plicitly include pion fields in a Quantum Monte Carlo
calculation of a one- and two-nucleon systems. This ap-
proach can be readily extended to larger nuclei, consis-
tently with the limits of application of the underlying
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two neutrons (lower panel) in a box. The symbols correspond
to the energy calculated using the Lanczos algorithm with the
AV6’ potential. The dashed line corresponds to the binding
energy of the deuteron in free space using the AV6’ potential.

GFMC (or AFDMC) techniques. One important remark
to be made is that, since pion fields are bosonic, no fur-
ther contribution to the fermion sign/phase problem is
introduced.

The first application to the one-nucleon system is
meant to verify the consistency of the method itself. In
particular we analyzed finite-size e↵ects, and the extent
of the di↵erences due to the choice of the initial La-
grangian. We first studied the renormalization of the
nucleon mass with a Hamiltonian in which the coupling
between the nucleons and the pion fields is described by
an axial-vector interaction. A consistency check against
first-order diagrammatic calculation of the self-energy
of the nucleon has been successfully carried out. We
tried to assess the importance of including the Weinberg-
Tomozawa coupling in the interaction. Although this
term appears at leading order in the chiral expansion,
we showed that its e↵ect in the renormalization of the
nucleon mass is much smaller than that of the axial-
vector coupling. One interesting possibility opened by
our method is the direct study of the pion distribution.
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Conclusions

• Dynamical pion modes can be included directly in continuum nuclear wave functions.

‣ Renormalization tested against explicit self-energy calculations

• Two-body LECs fixed against deuteron and two-neutron state in a box

‣ Two-nucleon sector validated against explicit OPE calculation

• NQS reproduce one-nucleon self-energy and two-nucleon OPE benchmarks, including higher-
order pion effects.



Perspectives

• Compute pion-cloud contributions to the nucleon electromagnetic and axial form factors.

• Include NLO terms in the Hamiltonian and study the convergence against conventional EFT

• Extend the framework to calibrated few- and many-nucleon calculations.

• Study pion production on the single nucleon 



Thank you
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Solve the many-body problem (“old” way)
• The exact ground state is obtained by means of imaginary-time projection techniques 

<latexit sha1_base64="UgkF1Mw8whbkgt0wcl0ipJg2FHA="></latexit>

|!0→ ↑ lim
ω→↑

exp[↓ (H ↓ ET ) ω ] |!T →

Phys. Rev. C 98 (2018) 3, 034005

• Compared to “conventional” QMC:

‣ Extra a set of boson field amplitudes (i.e. harmonic oscillators) to diffuse

• Very accurate approach, but limited to light nuclei (exponential scaling)

‣ The nucleonic charge is not conserved separately; the total nucleon-plus-pion 
charge is conserved.


