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Motivation
Ab initio approach

Hergert A Guided Tour of Ab Initio Nuclear Many-Body Theory

Figure 1. Progress in ab initio nuclear structure calculations over the past decade. The blue arrow
indicates nuclei that will become accessible with new advances for open-shell nuclei in the very near
term (see Sec. 2.3).

is poised to be filled in rapidly [28]. Development of the no-core versions of these methods has
continued as well, and made direct calculations for intrinsically deformed nuclei possible [29].

The growing reach of ab initio many-body methods made it possible to confront chiral NN+3N
forces with a wealth of experimental data, revealing shortcomings of those interactions and sparking
new e↵orts toward their improvement. There were other surprises along the way, some good, some
bad. Due to the benchmarking capabilities and further developments in many-body theory, we are
now often able to understand the reasons for the failure of certain calculations (see, e.g., Ref. [27]) —
hindsight is 2020, as they say1.

The present collection of Frontiers in Physics contributions provides us with a timely and welcome
opportunity to attempt a look back at some of the impressive results from the past decade and the
developments that brought us here, as well as a look ahead at the challenges to come as we enter a
new decade.

Let us conclude this section with a brief outline of the main body of this work. In Section 2, I
will discuss the main ingredients of modern nuclear many-body calculations: The input interactions
from chiral EFT, the application of the SRG to process Hamiltonians and operators, and eventually
a variety of many-body methods that are used to solve the Schrödinger equation. I will review key
ideas but keep technical details to a minimum, touching only upon aspects that will become relevant
again later on. Section 3 presents selected applications from the past decade, and discusses both

1 This exhausts my contractually allowed contingent of 2020 vision puns, I swear.

This is a provisional file, not the final typeset article 2

Many-body 
methods

Nucle
ar 

dynamics

O
bs

er
va

bl
es

➡  Neutrinos challenge ab initio nuclear theory 
➡  Controllable approximations within ab initial nuclear theory

+

➡ Nuclear responses 
➡ Spectral functions 
➡ Optical potentials 
…

H. Hergert, Front.in Phys. 8 (2020) 379



Coupled cluster method

Reference state (Hartree-Fock):     |Ψ⟩

e−TℋeT |Ψ⟩ ≡ ℋ̄ |Ψ⟩ = E |Ψ⟩

Expansion: T = ∑ ti
aa†

aai + ∑ tij
aba

†
aa†

b aiaj + . . .

Include correlations through  operator eT

similarity transformed 
Hamiltonian (non-Hermitian)

singles doubles

coe!cients obtained 
through coupled cluster 

equations

←
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Coupled cluster method

✓ Controlled approximation 
through truncation in  

✓ Polynomial scaling with  
(predictions for 100Sn, 208Pb) 

✓ Size extensive  

✓ Works most e!ciently for 
doubly magic nuclei
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�-decay, a process that changes a neutron into
a proton (and vice versa), is the dominant de-
cay mode of atomic nuclei. This decay o↵ers a
unique window to physics beyond the standard
model, and is at the heart of microphysical pro-
cesses in stellar explosions and the synthesis of
the elements in the Universe [1–3]. For 50 years,
a central puzzle has been that observed �-decay
rates are systematically smaller than theoretical
predictions. This was attributed to an apparent
quenching of the fundamental coupling constant
gA ' 1.27 in the nucleus by a factor of about 0.75
compared to the �-decay of a free neutron [4].
The origin of this quenching is controversial and
has so far eluded a first-principles theoretical un-
derstanding. Here we address this puzzle and
show that this quenching arises to a large extent
from the coupling of the weak force to two nucle-
ons as well as from strong correlations in the nu-
cleus. We present state-of-the-art computations
of �-decays from light and medium-mass nuclei
to 100Sn. Our results are consistent with exper-
imental data, including the pioneering measure-
ment for 100Sn [5, 6] (see Fig. 1). These theoret-
ical advances are enabled by systematic e↵ective
field theories of the strong and weak interactions
[7] combined with powerful quantum many-body
techniques [8, 9, 64]. This work paves the way
for systematic theoretical predictions for funda-
mental physics problems. These include the syn-
thesis of heavy elements in neutron star mergers
[11–13] and the search for neutrino-less double-�-
decay [3], where an analogous quenching puzzle
is a major source of uncertainty in extracting the
neutrino mass scale [14].

Gamow-Teller transitions are a form of �-decay in
which the spins of the �-neutrino pair emitted during

|MGT|
2

FIG. 1. Gamow-Teller strength |MGT|2 for the �-decay of
100Sn calculated in this work compared to data (“Hinke et
al.” [5]), systematics (“Batist et al.” [6]), and other models
[extreme single-particle model (ESPM), shell-model Monte-
Carlo (SMMC), large-space shell-model (LSSM), and finite
Fermi systems (FFS)] from Ref. [5]. Hollow symbols repre-
sent results obtained with the standard Gamow-Teller opera-
tor (�⌧ ), full symbols also include two-body currents (2BC),
and partially filled symbols show values following from the
multiplication of the computed Gamow-Teller strength by
the square of a phenomenological quenching factor. Each of
our 100Sn calculations carry a conservatively estimated uncer-
tainty of about 10% (not shown).

the nuclear decay are aligned. Remarkably, calculated
Gamow-Teller strengths appear to reproduce most of the
experimental data if the fundamental constant gA ' 1.27
characterizing the coupling of the weak interaction to
a nucleon is quenched by a factor of q ⇠ 0.75 [15–18].

ar
X

iv
:1

90
3.

00
04

7v
1 

 [n
uc

l-t
h]

  2
8 

Fe
b 

20
19

N
at

ur
e 

Ph
ys

. 1
5 

(2
01

9)
 5

, 4
28

-4
31

GT strength for  decay of 100Snβ

LA-UR-21-22076

Coupled-cluster calculations of neutrinoless double-beta decay in 48Ca
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We use coupled-cluster theory and nuclear interactions from chiral e↵ective field theory to compute
the nuclear matrix element for the neutrinoless double-beta decay of 48Ca. Benchmarks with the
no-core shell model in several light nuclei inform us about the accuracy of our approach. For 48Ca
we find a relatively small matrix element. We also compute the nuclear matrix element for the
two-neutrino double-beta decay of 48Ca with a quenching factor deduced from two-body currents
in recent ab-initio calculation of the Ikeda sum-rule in 48Ca [Gysbers et al., Nature Physics 15,
428–431 (2019)].

Introduction and main result.— Neutrinoless double-
beta (0⌫��) decay is a hypothesized electroweak process
in which a nucleus undergoes two simultaneous beta de-
cays but emits no neutrinos [1]. The observation of this
lepton-number violating process would identify the neu-
trino as a Majorana particle (i.e. as its own antiparti-
cle) [2] and provide insights into both the origin of neu-
trino mass [3, 4] and the matter-antimatter asymmetry in
the universe [5]. Experimentalists are working intently to
observe the decay all over the world; current lower limits
on the lifetime are about 1026 y [6–8], and sensitivity will
be improved by two orders of magnitude in the coming
years.

Essential for planning and interpreting these experi-
ments are nuclear matrix elements (NMEs) that relate
the decay lifetime to the Majorana neutrino mass scale
and other measures of lepton-number violation. Un-
fortunately, these matrix elements are not well known
and cannot be measured. Computations based on di↵er-
ent models and techniques lead to numbers that di↵er
by factors of three to five (see Ref. [9] for a recent re-
view). Compounding these theoretical challenges is the
recent discovery that, within chiral e↵ective field theory
(EFT) [10–13], the standard long-range 0⌫�� decay oper-
ator must be supplemented by an equally important zero-
range (contact) operator of unknown strength [14]. Ef-
forts to compute the strengths of this contact term from
quantum chromodynamics (QCD) [15, 16] and attempts
to better understand its impact are underway [17].

The task theorists face at present is to provide more
accurate computations of 0⌫�� NMEs, including those
associated with contact operators, and quantify their un-
certainties. In this Letter, we employ the coupled-cluster
method to perform first-principle computations of the
matrix element that links the 0⌫�� lifetime of 48Ca with
the Majorana neutrino mass scale. Among the dozen
or so candidate nuclei for 0⌫�� decay experiments [18],
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FIG. 1. (Color online) Comparison of the NME for the 0⌫��
decay of 48Ca, calculated within various approaches (see text
for details). The coupled-cluster results use both the CCSD
and CCSDT-1 approximations with both the spherical and
deformed reference states. For IMSRG+GCM, the double
bars show the e↵ects of uncertainty in model-space size; other-
wise they show those of uncertainty in short-range correlation
functions.

48Ca stands out for its fairly simple structure, making it
amenable for an accurate description based on chiral EFT
and state-of-the-art many-body methods [19]. By vary-
ing the details of our calculations, we will estimate the
uncertainty of our prediction. To gauge the quality of our
approach we also compute the two-neutrino double-beta
decay of 48Ca and compare with data. Our results will di-
rectly inform 0⌫�� decay experiments that use 48Ca [20]
and serve as an important stepping stone towards the
accurate prediction of NMEs in 76Ge, 130Te, and 136Xe,
which are candidate isotopes of the next-generation 0⌫��
decay experiments. Calculations in those nuclei presum-
ably require larger model spaces, inclusion of tri-axial
deformation, and symmetry projection.
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✓ Chiral 
Hamiltonians 
exploiting chiral 
symmetry 
(QCD);  
degrees of 
freedom 

✓ counting scheme 
in  

✓ low energy 
constants (LEC) 
fit to data 

✓ uncertainty 
assessment

π, N, (Δ)

( Q
Λ )

n

Nuclear hamiltonian
ℋ = ∑

i

p2
i

2m
+ ∑

i<j
vij + ∑

i<j<k
Vijk + . . .

n = 0

n = 2

n = 3

n = 4
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Electroweak currents

J = ∑
i

ji + ∑
i<j

jij + . . .
7

the comparison with Refs. [18] and [7] and helps one to
assess of the size of the contributions of the various terms
in the current operator.

In Table I, we show the CC- and NC-induced inclusive
⌫̄/⌫-d cross sections obtained using the EM500 interac-
tion and current operators of various �EFT orders. The
EM500 interactions contain all e↵ects that are suppressed
by factors of up to (Q/⇤b)4 compared to the leading order
�EFT Hamiltonian. With wave functions obtained by
solving the partial wave Lippmann-Schwinger equations
for this interaction, we vary the order of the weak current
operator at (Q/⇤b)�3,�2,�1,0 to study the order-by-order
convergence of the current in the ⌫̄/⌫-d cross sections.
With increasing energy, the 1B Fermi and Gamow-Teller
operators, which contribute at the leading (Q/⇤b)�3 or-
der, underpredict (overpredict) the ⌫-d (⌫̄-d) cross sec-
tions compared to values obtained with operators up to
(Q/⇤b)0 order. The contributions of the 1B convection
and spin-magnetization currents, which enter at order
(Q/⇤b)�2, amount to about 30% in the ✏ ⇡ 100 MeV re-
gion. The pion-exchange 2B contributions to the vector
current and axial charge operators, which formally enter
at order (Q/⇤b)�1, are smaller than the axial 2B cur-
rent contributions at (Q/⇤b)0. While this is contrary to
expectations from �EFT power counting, a similar con-
vergence pattern was also found by Ref. [18]. Overall,
the inclusion of 2B currents increases the cross section
in all of the four reaction channels by about 3-4% at
✏ ⇡ 100 MeV, which is consistent with the results of
Ref. [18].

Agreement is seen between our 1B results and those of
Ref. [7]. The slight di↵erence of about 1% or less is due to
the AV18 [51] wave functions used by Ref. [7], since the
�EFT 1B operators used in this work are the same as the
phenomenological operators employed in that study. We
agree also within approximately 1% with Ref. [18], which
uses the same interactions for the wave functions but also
includes the (Q/⇤b)1 current operators not considered in
this work.

B. Uncertainty estimates

We now estimate, for the first time on this observable,
the uncertainty from the potential by using the NNLOsim

family of 42 interactions calculated up to the third chiral
order [19, 20]. These have been fitted at seven di↵erent
values of the regulator cuto↵ ⇤ in the 450-600 MeV in-
terval to six di↵erent Tlab ranges in the NN scattering
database. The LECs in this family of interactions were
fitted simultaneously to ⇡N and selected NN scattering
data, the energies and charge radii of 2,3H and 3He, the
quadrupole moment of 2H, as well as the �-decay width of
3H. All of these interactions have the correct long-range
properties, and the di↵erences between them provide a
conservative estimate of the uncertainty due to the short-
distance model ambiguity of �EFT.

In Fig. 1 we show, along with the EM500 curves, the

FIG. 1. (Color online) The NC and CC ⌫̄/⌫-d inclusive cross
sections with the EM500 (black, dashed) and NNLOsim (light
band) interactions.

cross sections calculated using the NNLOsim interactions
as bands. The widths of the bands are estimates of the
uncertainties due to the sensitivity to the �EFT cut-
o↵ and variations in the pool of fit data used to con-
strain the LECs, including ĉ1,3,4 and d̂R in the currents.
These widths grow with ✏ and amount to about 3% at
✏ ⇡ 100 MeV for all of the four processes. They are thus
similar in size to the e↵ect of 2B currents. The interac-
tions and currents in the NNLOsim results are of the same
chiral order, i.e., both of them include all corrections that
are suppressed by factors of up to (Q/⇤b)3 compared to
the leading order. Based on the observed convergence
of the cross sections in Table I, and on the results of
Ref. [18] for higher-order current contributions, we antic-
ipate the size of neglected terms in the chiral expansion of
the weak current operator to be 1% at ✏ ⇡ 100 MeV. This
is smaller than the NNLOsim uncertainties, which are—
in principle as well as in practice— similar in size to the
(Q/⇤b)0 current contributions which we have included
in our calculations. We therefore assign a conservative
estimate of 3% to the nuclear structure uncertainties in
the cross section at 100 MeV ⌫̄/⌫ energy. We now turn
to the question of the sensitivity of these results to the
single-nucleon axial form factor. Ref. [52] analyzed the
world data for ⌫d scattering by employing the calcula-
tions of Refs. [7, 53] to obtain hr2Ai = 0.46 ± 0.22 fm2.

B. Acharya,  S. Bacca 
Phys.Rev.C 101 (2020) 1, 015505

ν(ν̄) + d → μ± + X

known to give signi$cant 
contribution for neutrino-

nucleus scattering

Multipole decomposition for 1- 
and 2-body EW currents

NN

NNγ, W ±, Z0

N

Nγ, W ±, Z0

Current decomposition into multipoles 
needed for various ab initio methods: 
CC, No Core Shell Model, In-Medium 

Similarity Renormalization Group

7

ν(ν̄) + d → ν(ν̄) + X



Ab initio nuclear theory for neutrinos

Nuclear chiral Hamiltonian

Electroweak currents

Coupled cluster method - = ⟨Ψm |Jμ |Ψn⟩

ℋ |Ψ⟩ = E |Ψ⟩

Jμ = (ρ, ⃗j)

8

➡order of expansion 
➡ low energy constants fit to data

➡order of expansion 
➡2-body currents important

➡ truncation in correlations 
➡model space dependence



Uncertainties: 

✓ Coupled-cluster truncations (CCSD & CCSDT1) 

✓ Nuclear Hamiltonian dependence 

✓ Model space 

CEvNS
40Ar within coupled cluster theory

2

Here GF is the Fermi constant, M is the mass of the
nucleus, E⌫ is the energy of the neutrino beam, and T
is the nuclear recoil energy. The weak charge QW and
weak form factor FW (q2) are defined as

QW = N � (1� 4 sin2 ✓W )Z , (2)

FW (q2) =
1

QW

⇥
NFn(q

2)� (1� 4 sin2 ✓W )ZFp(q
2)
⇤
,

respectively. Here ✓W is the Weinberg weak mixing
angle, and Fn,p(q2) is the proton (p) and neutron (n)
form factor, respectively. Using the low-energy value
of ✓W [20] from the Particle Data Group, one obtains
1� 4 sin2 ✓W (0) = 0.0457± 0.0002. Thus, the weak form
factor becomes FW (q2) ' Fn(q2), and CE⌫NS is mainly
sensitive to the distribution of neutrons within the nu-
cleus. The resulting cross section scales as N2. In this
paper we will consider low-q ranges and investigate e↵ects
due to the nuclear structure. For 40Ar, the coherence con-
dition limits q . 50 MeV/c, but we are also interested in
exploring the form factors as ground-state observables in
a wider momentum range.

Method.– Our computations are based on coupled clus-
ter theory [21–29], where one solves the Schrödinger
equation

HN |�0i = E|�0i (3)

based on the reference state |�0i of a closed-shell nucleus.
The similarity transformed Hamiltonian is

HN = e�THNeT . (4)

The Hamiltonian HN is normal-ordered with respect to
the reference state. The operator T = T1 + T2 + T3 + . . .
is expanded in particle-hole excitations with respect to
the reference and is truncated at some low-rank particle-
hole excitation level. Following Ref. [30], we will denote
coupled-cluster singles and doubles calculations (where
T = T1 + T2) with “D”, while calculations that include
linearized triples will be labeled with “T-1”; we refer the
reader to that paper and the review [29] for details on
the accuracy of various coupled-cluster approximations
in nuclei.

The open-shell nucleus 40Ar has Z = 18 protons and
N = 22 neutrons. We calculate its ground state us-
ing a double-charge-exchange equation-of-motion tech-
nique [31] starting from the closed-shell nucleus 40Ca.
This technique is a generalization of single-charge ex-
change, used previously to describe the daughter nu-
clei resulting from �-decays of closed-shell nuclei such
as 14C [32] and 100Sn [17]. The double-charge-exchange
operator

R =
1

4

X

p,p0,n,n0

rnn
0

pp0 n̂†n̂0†p̂0p̂

+
1

36

X

N,N 0,p,p0,n,n0

rNnn0

N 0pp0 n̂†n̂0†N̂†N̂ 0p̂0p̂ (5)

generates the ground-state of 40Ar as an excitation of the
40Ca. Here, p̂, n̂, and N̂ annihilate a proton, neutron,
and nucleon, respectively. The excitation amplitudes
rnn

0

pp0 and rNnn0

N 0pp0 are solutions of the eigenvalue problem

HNR = ER, and the lowest eigenvalue E is the ground-
state energy of 40Ar. Likewise, we define a left excitation
operator L and also solve LHN = EL (because HN is
not Hermitian). This allows us to evaluate ground-state
expectation values (such as the density) of operators Ô
as hL|O|Ri. Here, O is the similarity transform of the
operator Ô.
The computations shown in this work are based on a

model space that includes 15 major shells (unless oth-
erwise specified) and an harmonic oscillator parameter
}⌦ = 16 MeV. When we include leading triples T-1, we
use an energy truncation E3max cut at 18 oscillator spac-
ings, where we reach a sub-percentage convergence of the
form factors in the considered momentum range.
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FIG. 1. Panel (a): 40Ar charge form factor computed with the
NNLOsat interaction at two di↵erent levels of correlations (D
and T-1), compared to experimental data (exp) by Ottermann
et al. [33]. Panel (b): 40Ar charge form factor computed with
various di↵erent interactions at the T-1 level, also compared
to the experimental data. See text for more details.

Interactions.– We employ Hamiltonians from chiral ef-
fective field theories (�-EFT) of quantum chromodynam-
ics (QCD) [34–36]. In this framework, Hamiltonians are

40Ca
Double charge 

exchange
40Ar

Charge form-factor

Doubly magic nucleus 
(reference state)

9



CEvNS
3

expressed in terms of nucleons and pions and are con-
sistent with the symmetries and broken chiral symme-
try of QCD. They are expanded in powers of (Q/⇤�)⌫ ,
where Q is the low-momentum scale characterizing nu-
clear physics, and ⇤� ⇠ 1 GeV is the QCD scale. The
coe�cients of the Hamiltonian expansion are low-energy
constants (LECs); they encapsulate the unresolved short-
range physics and are typically calibrated by adjusting
theoretical results to experimental data. The accuracy of
a calculation is controlled by the order ⌫ of the employed
dynamical ingredients and by the accuracy to which one
can solve the many-body problem. In this work we im-
plement Hamiltonians derived at next-to-next-to-leading
order or higher (⌫ = 3 or 4). To probe the systematic un-
certainties, we employ various chiral potentials. In par-
ticular, we use the NNLOsat interaction [37], for which
the LECs entering the two-body and three-body forces
are adjusted to nucleon-nucleon phase shifts and to en-
ergies and charge radii of light nuclei. We also use the
�NNLOGO(450) potential [38], a delta-full �-EFT inter-
action at next-to-next-to-leading order [39], which was
adjusted to light nuclei, and the saturation point and
symmetry energy of nuclear matter. Finally, we employ
selected soft potentials obtained by performing a simi-
larity renormalization group transformation [40] of the
two-body chiral potential by Entem and Machleidt [41],
with leading-order three-nucleon forces from �-EFT ad-
justed to the binding energy of 3H and the charge radius
of 4He [42, 43]. For these interactions we follow the no-
tation of Ref. [43], namely 1.8/2.0, 2.0/2.0, 2.2/2.0 (EM)
and 2.0/2.0 (PWA), where the first (second) number in-
dicates the cuto↵ of the two-body (three-body) force in
fm�1, and EM indicates that the pion-nucleon LECs en-
tering the three-nucleon force are taken from the En-
tem and Machleidt potential [41], while in PWA they are
taken from partial wave analysis data. For electroweak
operators we take the one-body terms, as two-body cur-
rents are expected to be negligible [44, 45], especially so
at the low momenta of CE⌫NS.

Results. – Figure 1 shows our results for the 40Ar
charge form factor Fch as a function of q, and com-
pares them to electron-scattering data from Ottermann
et al. [33]. This comparison validates the theory. Panel
(a) shows results from the NNLOsat interaction for dif-
ferent correlation levels of the coupled-cluster expansion.
We see that increasing the correlations from D to T-1
changes the form factor only slightly, and the results are
su�ciently well converged. This is consistent with re-
sults from previous studies [30, 48], where triples corre-
lations only a↵ected the radii below 1%. Panel (b) shows
calculations of the charge form factor at the T-1 level
for di↵erent interactions. As representative examples
we chose the 2.0/2.0 (EM), 2.0/2.0 (PWA), and 2.2/2.0
(EM) potentials. The form factors exhibit a dependence
on the choice of the Hamiltonian, particularly at larger
momentum transfers. The interaction �NNLOGO(450),

10 20 30 40 50
 E [MeV]

10-41

10-40

10-39

σ
 [c

m
2 ]

0 0.5 1 1.5 2 2.5
 q  [fm-1]

10-4

10-2

100

|F
W

|

NNLOsat
ΔNNLOGO(450)
(EM)-(PWA)

0 20 40 60 80 100
 q  [MeV]

0.5

0.6

0.7

0.8

0.9

1

|F
W

|

(a)

(b)

FIG. 2. Panel (a): 40Ar weak form factor computed with dif-
ferent Hamiltonians. The EM-family interactions are shown
as a band. Panel (b): CE⌫NS as a function of the neutrino en-
ergy, computed with same three di↵erent Hamiltonians. The
inset shows the form factor zoomed into the low-q region rel-
evant to coherent scattering, in linear scale.

derived in a delta-full chiral framework, provides a qual-
itatively similar description of the experimental data as
the NNLOsat, noting that the former interaction repro-
duces the first minimum of |Fch| more precisely. We re-
mind the reader that – within the Helm model [49] –
the first zero of the form factor is proportional to the in-
verse radius of the charge distribution. Among the family
of EM potentials, the 2.2/2.0 (EM) interactions predicts
the first zero at higher q, consistent with a smaller charge
radius. Overall, one should trust the Hamiltonians only
for momentum transfers up to about q = 2.0 fm�1, which
marks the scale of the employed ultraviolet cuto↵s.

Figure 2(a) shows the 40Ar weak form factor FW of
Eq. (2) as a function of the momentum transfer q, cal-
culated in the T-1 scheme. Here, we show the soft inter-
actions with a band that encompasses the three di↵erent
potentials, labeled with (EM)-(PWA). The weak form
factor exhibits a mild dependence on the choice of the
Hamiltonian. The band spanned by the from factors of
the EM interactions exhibits a first dip at a larger q value
than the potentials NNLOsat and the �NNLOGO(450),

3

expressed in terms of nucleons and pions and are con-
sistent with the symmetries and broken chiral symme-
try of QCD. They are expanded in powers of (Q/⇤�)⌫ ,
where Q is the low-momentum scale characterizing nu-
clear physics, and ⇤� ⇠ 1 GeV is the QCD scale. The
coe�cients of the Hamiltonian expansion are low-energy
constants (LECs); they encapsulate the unresolved short-
range physics and are typically calibrated by adjusting
theoretical results to experimental data. The accuracy of
a calculation is controlled by the order ⌫ of the employed
dynamical ingredients and by the accuracy to which one
can solve the many-body problem. In this work we im-
plement Hamiltonians derived at next-to-next-to-leading
order or higher (⌫ = 3 or 4). To probe the systematic un-
certainties, we employ various chiral potentials. In par-
ticular, we use the NNLOsat interaction [37], for which
the LECs entering the two-body and three-body forces
are adjusted to nucleon-nucleon phase shifts and to en-
ergies and charge radii of light nuclei. We also use the
�NNLOGO(450) potential [38], a delta-full �-EFT inter-
action at next-to-next-to-leading order [39], which was
adjusted to light nuclei, and the saturation point and
symmetry energy of nuclear matter. Finally, we employ
selected soft potentials obtained by performing a simi-
larity renormalization group transformation [40] of the
two-body chiral potential by Entem and Machleidt [41],
with leading-order three-nucleon forces from �-EFT ad-
justed to the binding energy of 3H and the charge radius
of 4He [42, 43]. For these interactions we follow the no-
tation of Ref. [43], namely 1.8/2.0, 2.0/2.0, 2.2/2.0 (EM)
and 2.0/2.0 (PWA), where the first (second) number in-
dicates the cuto↵ of the two-body (three-body) force in
fm�1, and EM indicates that the pion-nucleon LECs en-
tering the three-nucleon force are taken from the En-
tem and Machleidt potential [41], while in PWA they are
taken from partial wave analysis data. For electroweak
operators we take the one-body terms, as two-body cur-
rents are expected to be negligible [44, 45], especially so
at the low momenta of CE⌫NS.

Results. – Figure 1 shows our results for the 40Ar
charge form factor Fch as a function of q, and com-
pares them to electron-scattering data from Ottermann
et al. [33]. This comparison validates the theory. Panel
(a) shows results from the NNLOsat interaction for dif-
ferent correlation levels of the coupled-cluster expansion.
We see that increasing the correlations from D to T-1
changes the form factor only slightly, and the results are
su�ciently well converged. This is consistent with re-
sults from previous studies [30, 48], where triples corre-
lations only a↵ected the radii below 1%. Panel (b) shows
calculations of the charge form factor at the T-1 level
for di↵erent interactions. As representative examples
we chose the 2.0/2.0 (EM), 2.0/2.0 (PWA), and 2.2/2.0
(EM) potentials. The form factors exhibit a dependence
on the choice of the Hamiltonian, particularly at larger
momentum transfers. The interaction �NNLOGO(450),
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ferent Hamiltonians. The EM-family interactions are shown
as a band. Panel (b): CE⌫NS as a function of the neutrino en-
ergy, computed with same three di↵erent Hamiltonians. The
inset shows the form factor zoomed into the low-q region rel-
evant to coherent scattering, in linear scale.

derived in a delta-full chiral framework, provides a qual-
itatively similar description of the experimental data as
the NNLOsat, noting that the former interaction repro-
duces the first minimum of |Fch| more precisely. We re-
mind the reader that – within the Helm model [49] –
the first zero of the form factor is proportional to the in-
verse radius of the charge distribution. Among the family
of EM potentials, the 2.2/2.0 (EM) interactions predicts
the first zero at higher q, consistent with a smaller charge
radius. Overall, one should trust the Hamiltonians only
for momentum transfers up to about q = 2.0 fm�1, which
marks the scale of the employed ultraviolet cuto↵s.

Figure 2(a) shows the 40Ar weak form factor FW of
Eq. (2) as a function of the momentum transfer q, cal-
culated in the T-1 scheme. Here, we show the soft inter-
actions with a band that encompasses the three di↵erent
potentials, labeled with (EM)-(PWA). The weak form
factor exhibits a mild dependence on the choice of the
Hamiltonian. The band spanned by the from factors of
the EM interactions exhibits a first dip at a larger q value
than the potentials NNLOsat and the �NNLOGO(450),

FW(q2) = 1
QW

[NFn(q2) − (1 − 4 sin2 θW)ZFp(q2)]
QW = N − (1 − 4 sin2 θW)Z

dσ
dT

(Eν, T ) ≈ G2
F

4π
M [1 − MT

2Eν2 Q2
WF2

W(q2)]

,  correlated  less variation of neutron-skin thicknessRp Rn →

4

FIG. 3. Correlation between Rp and Rn (a) and between Rp and Rskin (b) for various Hamiltonians. The experimental Rp is
also shown by the horizontal green line [46], as well as the DFT data [47] by the diamonds.

which are very similar. Our results are consistent with
a Helm form factor parameterized by a box radius of
3.83 fm and a surface thickness of 0.9 fm [6]. We also
note that our ab initio results for the weak form factor
agree with calculations from density functional theory [5].

Let us consider the CE⌫NS cross section. Figure 2(b)
shows the cross section calculated from Eq. (1) via q2 =p

2E⌫MT/(E⌫ � T ) ⇡
p
2MT , as a function of the neu-

trino beam energy, for three di↵erent interactions. The
results are virtually independent of the employed poten-
tial, because only the low-momentum part of the weak
form factor contributes to the cross section. The inset
of Fig. 2(b) shows the weak form factor for momentum
transfers relevant to the coherent elastic neutrino-nucleus
scattering. Even on the shown linear scale, one observes
only a mild nuclear-structure dependence. For exam-
ple, at q = 50 and 100 MeV, FW has a 2% and 6%
spread, respectively. Consequently, CE⌫NS is required
to reach a high precision in order to probe di↵erences in
nuclear Hamiltonians. We remind the reader that the
CE⌫NS signal scales with N2, possibly making heavier
nuclei such as caesium or iodine more attractive detector
materials for this purpose than 40Ar.

Overall, the weak form factor has a very similar shape
to the charge form factor. For the NNLOsat interaction,
at q = 0.25 fm�1 (1 fm�1) FW is 0.5% (20%) smaller
than Fch, while the first dip of FW falls about 0.035 fm�1

earlier than that of Fch, meaning the neutron distribution
extends further out from that of the protons.

We now turn to the computation of the point-proton
Rp and point-neutron Rn radii for 40Ar, as well as its
neutron-skin thickness, defined as Rskin = Rn � Rp.
Figure 3 shows the results obtained with T-1 coupled-
cluster calculations for six di↵erent potentials. We em-
ploy the five previous ones and one other member of
the EM-interaction family [43], namely the 1.8/2.0 (EM)

interaction. The uncertainties of Rp and Rn are the
di↵erence between a T-1 and a D coupled-cluster the-
ory calculation, and we take the maximum of the two
values as the uncertainty for both. Our model space
consists of 15 oscillator shells, except for the softest
1.8/2.0 (EM), which was already converged in 11 shells.
As expected, uncertainties are larger for the harder in-
teractions NNLOsat and �NNLOGO(450).
As previously reported for 48Ca [50], Fig. 3(a) also

shows a strong correlation between Rp and Rn. The
spread of the radii due to the variation of the employed
Hamiltonians is about 10%. As in Ref. [50], a narrower
constraint can be provided by intersecting the correlation
band – obtained by linearly joining all our calculations
with a symmetric spread (in purple) given by the max-
imum uncertainty bar – with the experimental value on
Rp taken from [46]. This yields 3.36  Rn  3.45 fm.
Results from density functional theory [5, 47] are shown
as the diamonds in Fig. 3(a). These are all clustered
around our constraint for Rn. Within uncertainties, our
charge radius is also consistent with the recent ab initio
computations of Ref. [18].
Results for the neutron skin are shown in Fig. 3(b).

Because the neutron and proton radii are strongly corre-
lated, the variation in Rskin is much reduced. The uncer-
tainty of Rskin is the di↵erence between the T-1 and D
coupled-cluster computations. We predict the neutron-
skin thickness of 40Ar in the range 0.035�0.09 fm. The
results from density functional theory [5, 47] are again
shown as diamonds. While consistent with the ab ini-
tio computation, we see that density functional theory
predicts a slightly larger neutron-skin thickness.
Summary.– We performed calculations of the 40Ar

charge and weak form factors and observed a dependence
on the choice of the employed Hamiltonian, which is mild
at low-q and moderate in the region of the first di↵rac-

Experimental value
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Inelastic responses
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Nuclear response

nuclear 
responses

Jμ = (ρ, ⃗j)|Ψ⟩

σ ∝ Lμν Rμν

lepton 
tensor

γ, W±, Z0

 
Rμν(ω, q) = ∑

f
⟨Ψ |J†

μ(q) |Ψf⟩⟨Ψf |Jν(q) |Ψ⟩δ(E0 + ω − Ef )
12



✓ much more precise data 

✓ we can get access to  and  separately (Rosenbluth separation) 

✓ experimental programs of electron scattering in JLab, MAMI, MESA

RL RT

Electrons for neutrinos

dσ
dωdq ν/ν̄

= σ0(υCCRCC + υCLRCL + υLLRLL + υTRT ± υT′ 
RT′ )

dσ
dωdq e

= σM(υLRL + υTRT)

13



Coulomb sum rule

 has 3A coordinates  3(A-1) coordinates + |Ψ⟩ → ⃗R = 1
A

A

∑
i

⃗ri

With translationally non-invariant operators 
we may excite spurious states

center of mass problem

easier to calculate since we do 
not need |Ψf⟩

intrinsic

m0(q) = ∫ dωRL(ω, q) = ∑
f≠0

|⟨Ψf | ̂ρ |Ψ⟩ |2 = ⟨Ψ | ̂ρ† ̂ρ |Ψ⟩ − |Fel(q) |2

Degrees of freedom: nucleons

14



Coulomb sum rule

Project out spurious states:      ̂ρ |Ψ⟩ = |Ψphys⟩ + |Ψspur⟩

center of mass wave 
function is a Gaussian

It has been shown that to good approximation the ground state factorizes:

̂ρ |Ψ⟩ = |Ψexc
I ⟩ |ΨCoM⟩ + |ΨI⟩ |Ψexc

CoM⟩

We follow a similar ansatz for the excited states:

spurious

G. Hagen, T. Papenbrock, D. Dean 
Phys.Rev.Lett. 103 (2009) 062503

|Ψ⟩ = |ΨI⟩ |ΨCoM⟩

15



Coulomb sum rule

CoM spurious states dominate for light nuclei

∼ 30 %

J.E.S. B. Acharya, S.Bacca, G. Hagen 
Phys.Rev.C 102 (2020) 064312

16



Coulomb sum rule

JES, B. Acharya, S.Bacca, G. Hagen Phys.Rev.C 102 (2020) 064312

m0(q) = ∫ dωRL(ω, q) = ∑
f≠0

|⟨Ψf | ̂ρ |Ψ⟩ |2 = ⟨Ψ | ̂ρ† ̂ρ |Ψ⟩ − |Fel(q) |2

17
PRL 127 (2021) 7, 072501 JES, B. Acharya, S. Bacca, G. Hagen



Longitudinal response

Uncertainty band: inversion procedure

18

∫
 

Rμν(ω, q) = ∑
f

⟨Ψ |J†
μ |Ψf⟩⟨Ψf |Jν |Ψ⟩δ(E0 + ω − Ef )

JES, B. Acharya, S. Bacca, G. Hagen; PRL 127 (2021) 7, 072501



Lorentz Integral Transform (LIT)

19

 
Sμν(σ, q) = ∫ dωK(ω, σ)Rμν(ω, q) = ⟨Ψ |J†

μ K(ℋ − E0, σ) Jν |Ψ⟩

Lorentzian kernel:  
 KΓ(ω, σ) = 1

π
Γ

Γ2 + (ω − σ)2

continuum spectrum
∫

 
Rμν(ω, q) = ∑

f
⟨Ψ |J†

μ |Ψf⟩⟨Ψf |Jν |Ψ⟩δ(E0 + ω − Ef )

 has to be inverted to get access to Sμν Rμν

Integral  
transform



Lorentz Integral Transform

20

Γ = 20 MeV

Longitudinal isoscalar 
response on 4He  

at q=300 MeV

Integral transform

Inversion



Longitudinal response 40Ca

Sum over multipoles Underlying oscillator frequency

Inversion

21



Longitudinal response 40Ca

40Ca

JES, B. Acharya, S. Bacca, G. Hagen; PRL 127 (2021) 7, 072501

First ab-initio results for 
many-body system of  

40 nucleons

40Ca

22

✓ CC singles & doubles 
✓ varying underlying harmonic 

oscillator frequency 
✓ two di%erent chiral Hamiltonians 
✓ inversion procedure

Lorentz Integral Transform + Coupled Cluster



Chiral expansion for 40Ca
(Longitudinal response)

23

✓ Two orders of chiral expansion 
✓ Convergence better for lower q (as expected) 
✓ Higher order brings results closer to the data

B. Acharya, S. Bacca, JES et al. arXiV 2210.04632



Transverse response

24

TO  B E  P U B L I S H E D

TSR(q) = 2m2

Zμ2p + Nμ2n

1
q2 (⟨Ψ | ̂j† ̂j Ψ⟩ − |⟨Ψ | ̂j |Ψ⟩ |2 )

j(q) = ∑
i

1
2m

ϵi{pi, eiqri} − i
2m

μiq × σieiqri

TSR(q → ∞) = 1 kinetic energyTSR(q → 0) ∝



➡ This allows to predict electron-
nucleus cross-section 

➡ Currently only 1-body current

Transverse response

25

TO  B E  P U B L I S H E D

TO  B E  P U B L I S H E D

2-body currents important for 4He  
 more correlations needed? 
 2-b currents strength depends 

on nucleus?

→
→



• Sum-rules 

• Flux folding 

• Histogram 

• …

R(ω)

ω

Φ = ∫ f(ω)R(ω)dω

Φ ≈ Φ̃ = ∫ f(ω′ )∫ K(ω′ , ω)R(ω)dωdω′ 

|Φ − Φ̃ | < ϵestimated error 

expansion in Chebyshev 
polynomials

K(ω, σ) = ∑
k

ck(σ)Tk(ω)

ChEK method
Chebyshev Expansion of integral Kernel

26

A. Roggero Phys.Rev.A 102 (2020) 2, 022409 
JES, A. Roggero Phys.Rev.E 105 (2022) 055310 
 



Chebyshev Expansion of integral Kernel

V E RY   

P R E L I M I N A RY

➡ No assumption about the shape of the response 
➡ Rigorous error estimation 
➡ Convenient when the response has a complicated structure

27

ChEK method

4He photoabsorption

8
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FIG. 5. (Color online) Comparison of the 4He dipole cross sec-
tion calculated with LIT-CCSD and experimental data from
Arkatov et al. [60], Nilsson et al. [61] and Raut et al. [62].
The grey and blue bands di↵er simply by a shift of the the-
oretical threshold (grey) to the experimental one (dark/blue)
(see text).

as

�
E1
� (!) = 4⇡2

↵!S(!) , (47)

with ↵ being the fine structure constant. Arkatov et
al. [60] measured the photodisintegration cross section
spanning a quite large energy range. More recent data
by Nilsson et al. [61] and Raut et al. [62] cover a nar-
rower range (see Ref. [49] for an update on all the mea-
surements and calculations). In Figure 5, the grey curve
represents the calculation where the theoretical threshold
is used in the inversion. One notices that this is not as the
experimental one, because the used Hamiltonian misses
the contribution of the three-body force to the binding
energies of 4He and3H. Thus, as typically done in the
literature, to take this trivial binding e↵ect into account
we shift the theoretical (grey) curve to the experimental
threshold (note that the consistent theoretical threshold
is still used in the inversion procedure). It is evident that
the theory describes the experimental data qualitatively,
so it is interesting to address heavier nuclei.

V. APPLICATION TO 16O

The 4He benchmark suggests that the LIT-CCSD
method can be employed for the computation of the
dipole response, and that theoretical uncertainties with
respect to the model space and the inversion of the LIT
are well controlled. Thus, we turn our attention to a
stable medium-mass nucleus, such as 16O.

First, we investigate the convergence of the LIT as a
function of the model space size. In Figure 6, we present

the LITs for � = 20 MeV (panel (a)) and � = 10 MeV
(panel (b)) with Nmax ranging from 8 up to 18. The
convergence is rather good and it is better for the larger
value of �. As indicated above, the smaller the width
�, the more di�cult is to converge in a LIT calculation.
For � = 10 a small di↵erence of about about 2% between
Nmax = 16 and Nmax = 18 is found.
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FIG. 6. (Color online) Convergence of L(!0,�) in 16O at
� = 20 MeV (a) and � = 10 (b) for di↵erent values of Nmax

and an HO frequency of ~⌦ = 26 MeV.

Before inverting the transform, it is first interesting to
investigate the ~⌦-dependence of our results and com-
pare the theory with the integral transform of data. In
Figure 7, LITs from our LIT-CCSD calculations with the
largest model space size of Nmax = 18 and two di↵er-
ent HO frequencies of ~⌦ = 20 and 26 MeV are shown.
As one can notice, there is a residual ~⌦ dependence of
roughly 4%, which is small and can be considered as the
error bar of the numerical calculation. Overall, the the-
oretical error associated of our LIT for � = 10 MeV in
the LIT-CCSD scheme amounts to 5%.
The photodisintegration data measured by Ahrens et

al. [63] cover a broad energy range. Therefore it is possi-
ble to apply the LIT (Eq. (3)) on the response function
extracted from the data by Eq. (47). This allows us to
compare the experimental and theoretical results, as done
in Figure 7 (the area between the grey lines represents the
data error band). Our theoretical predictions agree with
the experimental LIT within the uncertainties in almost

S. Bacca, N. Barnea, G. Hagen, G. Orlandini; Phys.Rev.C 90 (2014) 6



Experimental opportunities
MAMI — Mainz Microtron
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A B C

Configuration QSDD D QSDD

Max.Momentum 
(MeV)

735 870 551

Solid Angle (msr) 28 5,6 28

Mom. Resolution 10-4 10-4 10-4

Pos. Res at Target 
(mm)

3-5 1 3-5

A1 Collaboration
Spectrometers

electron beam

A

B
C

MESA
Mainz 
Energy-recovery 
Superconducting 
Accelerator
(Electron beam up to 155 MeV)

28

(Electron beam up 
to 1.6 GeV)



Experimental opportunities
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Target

� Waterfall target is established equipment of A1. 

� Measurement without background from target walls. 

� Hydrogen background subtracted using sophisticated simulations. 

� Luminosity of 4·1035/cm2/s at 20μA.

In the near future: Oxygen and Argon

Window-less targets: backgrounds reduction 
Exclusive measurements possible

Waterfall target Cluster-jet Target

Future targets: 16O, 40Ar

MAMI — Mainz Microtron

Luca Doria, JGU Mainz NuSTEC Workshop, Mar 2021 11

Target

� Waterfall target is established equipment of A1. 

� Measurement without background from target walls. 

� Hydrogen background subtracted using sophisticated simulations. 

� Luminosity of 4·1035/cm2/s at 20μA.

In the near future: Oxygen and Argon

Window-less targets: backgrounds reduction 
Exclusive measurements possible

Waterfall target Cluster-jet Target
Luca Doria, JGU Mainz NuSTEC Workshop, Mar 2021 10

MAMI 12C data
GENIE (2.x tune) calculation kindly from A.Ankowski

Genie DIS only
Genie Resonance only
Genie MEC only
Genie QE only
Genie Full
MAMI 2019
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q ≈ 530 MeV

• Windowless target — background reduction  • Exclusive measurements possible

M. Mihovilovic (J. Stefan Inst.)
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Electron Scattering: Existing Dataset

Luca Doria Part B2 NU4NU

Figure 2: Left: Existing data on
12
C (blue points) and

16
O (red points) as function of beam energy and

scattering angle. The new
40
Ar data from JLab [31] is indicated with the green cross. For reference,

the neutrino flux of T2K (shaded blue) and the simulated DUNE spectrum (shaded orange) at the far

detector in the ⌫µ disappearance channel are showed for reference. In the energy range relevant for

next-generation neutrino experiments, electron scattering data is scarce but well within reach of existing

electron accelerator facilities. Right: Data from JLab [31] demonstrating the approximate validity of

super-scaling [32]. The argon data from LNF [33] show a significant deviation from expectation.

momentum transfer q, while vL and vT are kinematic factors.
The structure function RL is theoretically better known and subject of scaling properties [32] which
allow in principle its estimation from a limited dataset (Fig. 2).
RT is less known and more challenging to calculate for theoretical models, since it depends critically
from e↵ects like meson exchange currents which are instead negligible in RL. Current contributions
tend to increase significantly the transverse response RT [34, 35]. The two structure functions can be
separated via the Rosenbluth separation technique which requires measurements over a broad range
of kinematic settings. Such new measurements can be performed thanks to the availability of a high-
quality continuous electron beam up to 1.6 GeV energy at MAMI [36] coupled to three high-resolution
magnetic spectrometers of the A1 Collaboration [37] (Fig. 3).
The e↵ectiveness of the spectrometers in achieving excellent results on electron-nucleus scattering was
already demonstrated in the past, also with a measurement on oxygen [38].
Electron scattering on oxygen can be e�ciently realized employing an existing “waterfall” liquid water
target [39], while measurements on argon can be done with an existing cryogenic target. The use of
the waterfall target requires the subtraction of the hydrogen contribution, which is very well known
at the required precision.
RT can be e�ciently disentangled from RL with measurements at large backward scattering angles
(> 20�), where the cross section drops significantly. Liquid phase targets are therefore needed for
compensating the smaller cross sections with a large luminosity. The waterfall target can sustain beam
currents up to 50 µA with a target thickness of 30 mg/cm2, which is adequate for measuring cross
sections of the order of nb/sr. The liquid argon target will also be able to achieve comparable goals.
With the A1 setup and liquid targets, inclusive scattering experiments can be performed matching
the precision of the existing datasets within hours of measurement per kinematic setting, thus having
the unique opportunity to obtain high-quality data for both the structure functions. Fig. 4 shows a
proposal for kinematic settings for inclusive measurements on oxygen and argon. For separating RL

from RT with the Rosenbluth separation method, a large range of the kinematic factors vL and vT
must be covered. The proposed settings are all within reach of the A1 facility and can be measured in
a reasonable amount of time. One single setting can be measured in about 1 hour. With an average
recorded rate between 10 and 103 Hz, all the kinematic points in Fig. 4 can be measured within
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New 12C MAMI data

New 40Ar JLab data

Nuclei important for HK and 
DUNE: 16O, 40Ar

Outlook

Spectral functions (within Impulse 
Approximation): 

• Relativistic regime 
• Semi-inclusive processes 
• Further steps: 2-body spectral functions, 

accounting for FSI

q ≳ 500 MeV

q ∼ #(10 MeV)

Studies of low-energy charge-current 
and neutral-current reactions (on 16O)

Role of 2-body currents

Future measurements @MESA

X-section measurements @MAMI A1
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Nuclear Hamiltonian and currents

Author: Bijaya Acharya

χEFT interactions and currents

*Nucleon-structure diagrams and relativistic corrections not shown 5
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• Basis functions 

                                  

• Stability of the inversion procedure: 

• Vary the parameters ,  and number of basis functions  
(6-9) 

• Use LITs of various width  (5, 10, 20 MeV)

RL(ω) =
N

∑
i=1

ciωn0e− ω
βi

n0 βi N

Γ

Details on inversion procedure



Lorentz integral transform

L(σ) = ∫ R(ω)
(ω − σ)2 + Γ2 dω = ∫ R(ω)

(ω + σ̃*)(ω + σ̃) dω

L(σ) = ∫ dω∑
f

⟨Ψ0 |ρ† 1
ω + σ̃* |Ψf⟩⟨Ψf |

1
ω + σ̃

ρ |Ψ0⟩δ(ω + E0 − Ef )

L(σ) = ∑
f

⟨Ψ0 |ρ† 1
Ef − E0 + σ̃* |Ψf⟩⟨Ψf |

1
Ef − E0 + σ̃

ρ |Ψ0⟩

L(σ) = ∑
f

⟨Ψ0 |ρ† 1
H − E0 + σ̃* |Ψf⟩⟨Ψf |

1
H − E0 + σ̃

ρ |Ψ0⟩

|Ψ̃⟩⟨Ψ̃ |
We need to solve

(H − E0 + σ̃) |Ψ̃⟩ = ρ |Ψ⟩ Schrodinger-like equation


