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Motivation
Electro(weak) nuclear responses

Elastic scattering:  CEvNS 
(coherent elastic neutrino-
nucleus scattering)

Inelastic scattering

Long-baseline experiments 
(DUNE, HyperK)

e.g. Supernovae 
neutrinos
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➡ Developments on the side of many body methods (IMSRG, CC, SCGF, 
QMC, etc.) 

➡ Developments of chiral nuclear forces ( ->faster convergence)

An initio nuclear methods
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

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

ℋ |Ψ⟩ = E |Ψ⟩

“we interpret the ab initio 
method to be a systematically 

improvable approach for 
quantitatively describing nuclei 
using the finest resolution scale 

possible while maximizing its 
predictive capabilities.”

A. Ekström et al, Front. Phys.11 (2023) 29094
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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)
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Nuclear hamiltonian
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Chiral potentials: NNLOsat 
and NNLOGO(450)Δ

A. Ekström et al. Phys.Rev.C 91 (2015) 5, 051301 
W. Jiang at al. Phys.Rev.C 102 (2020) 5, 054301



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 significant 
contribution for neutrino-

nucleus scattering

Multipole decomposition for 1- 
and 2-body EW currents

NN

NNγ, W ±, Z0

N

Nγ, W ±, Z0

Can be expanded consistently 
with the chiral Hamiltonian.
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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

coefficients obtained 
through coupled cluster 

equations

←
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✓ Controlled approximation through truncation in  

✓ Polynomial scaling with  (predictions for 132Sn and 208Pb) 

✓ Works most efficiently for doubly magic nuclei

T

A

Coupled cluster method

 

Coupled-Cluster Calculations of Neutrinoless Double-β Decay in 48Ca
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We use coupled-cluster theory and nuclear interactions from chiral effective field theory to compute the
nuclear matrix element for the neutrinoless double-β 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-β 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., Nat. Phys. 15, 428 (2019)].

DOI: 10.1103/PhysRevLett.126.182502

Introduction and main result.—Neutrinoless double-β
(0νββ) decay is a hypothesized electroweak process in
which a nucleus undergoes two simultaneous β decays but
emits no neutrinos [1]. The observation of this lepton-
number violating process would identify the neutrino as a
Majorana particle (i.e., as its own antiparticle) [2] and
provide insights into both the origin of neutrino 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 2
orders of magnitude in the coming years.
Essential for planning and interpreting these experiments

are nuclear matrix elements (NMEs) that relate the decay
lifetime to the Majorana neutrino mass scale and other
measures of lepton-number violation. Unfortunately, these
matrix elements are not well known and cannot be
measured. Computations based on different models and
techniques lead to numbers that differ by factors of 3 to 5
(see Ref. [9] for a recent review). Compounding these
theoretical challenges is the recent discovery that, within
chiral effective field theory (EFT) [10–13], the standard
long-range 0νββ decay operator must be supplemented by
an equally important zero-range (contact) operator of
unknown strength [14]. Efforts to compute the strengths
of this contact term from quantum chromodynamics (QCD)
[15] and attempts to better understand its impact are
underway [16].
The task theorists face at present is to provide more

accurate computations of 0νββ NMEs, including those
associated with contact operators, and quantify their

uncertainties. In this Letter, we employ the coupled-cluster
method to perform first-principle computations of the
matrix element that links the 0νββ lifetime of 48Ca with
the Majorana neutrino mass scale. Among the dozen or so
candidate nuclei for 0νββ decay experiments [17], 48Ca
stands out for its fairly simple structure, making it ame-
nable for an accurate description based on chiral EFT and
state-of-the-art many-body methods [18]. By varying 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-β decay of 48Ca and
compare with data. Our results will directly inform 0νββ
decay experiments that use 48Ca [19] 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 0νββ decay experiments.
Calculations in those nuclei presumably require larger
model spaces, inclusion of triaxial deformation, and sym-
metry projection.
Figure 1 shows several recent results for the NME

governing the 0νββ decay 48Ca → 48Ti and compares them
with those of this work. The coupled cluster results
obtained here, with both the CCSD and CCSDT-1 approx-
imations (explained below), display uncertainties from
details of the computational approach. They are compared
to the very recent ab initio results from the in-medium
similarity group renormalization method with the generator
coordinator method (IMSRGþ GCM) [20], a realistic
shell-model (RSM) [21], the quasiparticle random phase
approximation (QRPA) [22], the interacting boson model
(IBM) [23], various energy-density functionals (EDF)
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The dominant decay mode of atomic nuclei is beta decay 
(β-decay), a process that changes a neutron into a proton (and 
vice versa). This decay offers a window to physics beyond the 
standard model, and is at the heart of microphysical processes 
in stellar explosions and element synthesis in the Universe1–3. 
However, observed β-decay rates in nuclei have been found to 
be systematically smaller than for free neutrons: this 50-year-
old puzzle about the apparent quenching of the fundamental 
coupling constant by a factor of about 0.75 (ref. 4) is without a 
first-principles theoretical explanation. Here, we demonstrate 
that this quenching arises to a large extent from the coupling 
of the weak force to two nucleons as well as from strong corre-
lations in the nucleus. We present state-of-the-art computa-
tions of β-decays from light- and medium-mass nuclei to 100Sn 
by combining effective field theories of the strong and weak 
forces5 with powerful quantum many-body techniques6–8. Our 
results are consistent with experimental data and have impli-
cations for heavy element synthesis in neutron star mergers9–11 
and predictions for the neutrino-less double-β-decay3, where 
an analogous quenching puzzle is a source of uncertainty in 
extracting the neutrino mass scale12.

Gamow–Teller transitions are a form of β-decay in which the 
spins of the β-neutrino pair emitted during 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 inter-
action to a nucleon is quenched by a factor of q ≈ 0.75 (refs. 13–16). 
Missing nuclear correlations (that is, a lack of complexity in nuclear 
wavefunctions due to the limitations of nuclear models) as well as 
neglected contributions from meson-exchange currents (that is, 
coupling of the weak force to two nucleons) have been proposed as 
possible causes of the quenching phenomenon4. However, a solution 
has so far remained elusive. To address the quenching puzzle, we 
carry out a comprehensive study of Gamow–Teller decays through 
many-body computations of nuclei based on effective field theo-
ries (EFTs) of quantum chromodynamics5,17, including an unprec-
edented amount of correlations in the nuclear wavefunctions. The 
EFT approach offers the prospect of accuracy, by encoding the 
excluded high-energy physics through coefficients adjusted to the 

data, and precision, from the systematically improvable EFT expan-
sion. Moreover, EFT enables a consistent description of the cou-
pling of weak interactions to two nucleons via two-body currents 
(2BCs). In the EFT approach, 2BCs enter as subleading corrections 
to the one-body standard Gamow–Teller operator στ+ (with Pauli 
spin and isospin matrices σ and τ, respectively); they are smaller but 
significant corrections to weak transitions as three-nucleon forces 
are smaller but significant corrections to the nuclear interaction5,17.

In this work we focus on strong Gamow–Teller transitions, 
where the effects of quenching should dominate over cancellations 
due to fine details (as occur in the famous case of the 14C decay 
used for radiocarbon dating18,19). An excellent example is the super-
allowed β-decay of the doubly magic 100Sn nucleus (Fig. 1), which 
exhibits the strongest Gamow–Teller strength so far measured in all 
atomic nuclei20. A first-principles description of this exotic decay, 
in such a heavy nucleus, presents a significant computational chal-
lenge. However, its equal ‘magic’ numbers (Z = N = 50) of protons 
and neutrons arranged into complete shells makes 100Sn an ideal 
candidate for large-scale coupled-cluster calculations21, while the 
daughter nucleus 100In can be reached via novel extensions of the 
high-order charge-exchange coupled-cluster methods developed 
in this work (see Methods and Supplementary Figs. 4, 12 and 15 
for details). This method includes correlations via a vast number of 
particle–hole excitations of a reference state and also employs 2BCs 
in the transition operator.

Figure 1 shows our results for the strength (that is, the abso-
lute square of the transition matrix element, MGT) of the Gamow–
Teller transition to the dominant Jπ = 1+ state in the 100In daughter 
nucleus (see Supplementary Table 1 and Supplementary Fig. 12 for 
more details). To investigate systematic trends and sensitivities to 
the nuclear Hamiltonian, we employed a family of established EFT 
interactions and corresponding currents22–24. For increased preci-
sion, we also developed a new interaction labelled NN-N4LO + 3Nlnl 
which is constrained to reproduce the triton half-life (see Methods 
for details on the Hamiltonians considered). The open symbols in 
Fig. 1 depict the decay with the standard, leading-order coupling of 
the weak force to a single nucleon in the non-relativistic limit (that 
is, via the standard Gamow–Teller operator στ+). The differences 
with respect to the extreme single-particle model (ESPM), which 

Discrepancy between experimental and 
theoretical β-decay rates resolved from  
first principles
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Ab initio predictions link the neutron skin of 208Pb to nuclear forces
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3Technische Universität Darmstadt, Department of Physics, 64289 Darmstadt, Germany

4Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
5Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

6Department of Physics, McGill University, 3600 Rue University, Montréal, QC H3A 2T8, Canada
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Heavy atomic nuclei have an excess of neutrons over protons. This leads to the formation of a
neutron skin whose thickness, Rskin, is sensitive to details of the nuclear force—linking atomic nuclei
to properties of neutron stars, thereby relating objects that di↵er in size by 18 orders of magnitude [1,
2]. 208Pb is of particular interest here because it exhibits a simple structure and is accessible
to experiment. However, computing such a heavy nucleus has been out of reach for ab initio
theory. By combining advances in quantum many-body methods, statistical tools, and emulator
technology, we make quantitative predictions for the properties of 208Pb starting from nuclear forces
that are consistent with symmetries of low-energy quantum chromodynamics. We explore 109

di↵erent nuclear-force parameterisations via history matching, confront them with data in select light
nuclei, and arrive at an importance-weighted ensemble of interactions. We accurately reproduce bulk
properties of 208Pb and find Rskin(

208Pb) = 0.14�0.20 fm which is smaller than a recent extraction
from parity-violating electron scattering [3] but in agreement with other experimental probes. The
allowable range of Rskin(

208Pb) is significantly constrained by nucleon-nucleon scattering data, ruling
out very thick skins. This work demonstrates that nuclear forces constrained to light systems
extrapolate reliably to even the heaviest nuclei, and that we can make quantitative predictions
across the nuclear landscape.

Introduction

Neutron stars are extreme astrophysical objects whose
interiors may contain exotic new forms of matter. The
structure and size of neutron stars are linked to the thick-
ness of neutron skins in atomic nuclei via the neutron-
matter equation of state [1, 2, 4]. The nucleus 208Pb is
an attractive target for exploring this link in both ex-
perimental [3, 5] and theoretical [2, 6, 7] studies, due
to the large excess of neutrons and its simple struc-
ture. Mean-field calculations predict a wide range for
Rskin(208Pb) because the isovector parts of nuclear en-
ergy density functionals are not well constrained [7]. Ad-
ditional constraints may be obtained [8] by including the
electric dipole polarisability of 208Pb, though this comes
with a model dependence [9] which is di�cult to quan-
tify. In contrast, a narrower range of neutron skins has
been predicted for the medium-mass nucleus 48Ca by ab
initio computations [10] based on various sets of two-
and three-nucleon forces. Due to breakthrough develop-
ments in quantum many-body methods, such computa-
tions are now feasible for heavy nuclei [11–14]. The ab
initio computation of 208Pb reported in this paper rep-
resents a significant step in mass number from the pre-
viously computed tin isotopes [11, 12], as illustrated in

⇤ contributed equally
† corresponding author: christian.forssen@chalmers.se

Figure 1. The complementary statistical analysis in this
work is enabled by emulators (for mass number A  16)
which mimic the outputs of many-body solvers, but are
orders of magnitude faster.
Our approach to constructing nuclear interactions is

based on chiral e↵ective field theory (EFT) [16–18]. In
this theory the long-range part of the strong nuclear
force is known and stems from pion exchanges, while
the unknown short-range contributions are represented
as contact interactions; we also include the � isobar
degree of freedom [19]. At next-to-next-to leading or-
der in Weinberg’s power counting, the four pion-nucleon
low-energy constants (LECs) are tightly fixed from pion-
nucleon scattering data[20]. The 13 additional LECs in
the nuclear potential must be constrained from data. In
this paper we develop a unified ab initio framework to
link the physics of nucleon-nucleon scattering and few-
nucleon systems to properties of medium- and heavy-
mass nuclei up to 208Pb, and ultimately to the nuclear
matter equation of state near saturation density.

Linking models to reality

We use history matching [21, 22] to iteratively identify
a non-implausible region in the vast parameter space of
LECs for which the output of ab initio methods yield
acceptable agreement with selected experimental data—
here denoted history-matching observables. The key to
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CC for nuclear matter —> used for SRC theoretical studies:  

S. Beck, R. Weiss, N. Barnea, Phys.Rev.C 107 (2023) 6, 064306 

S. Beck, R. Weiss, N. Barnea, arXiv:2305.17649



✓ Momentum transfer 
~hundreds MeV 

✓ Upper limit for ab 
initio methods  

✓ Important 
mechanism for 
HyperK, DUNE 

✓ Role of final state 
interactions 

✓ Role of 1-body and 
2-body currents

Quasielastic response
Long-baseline  experimentsν
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Inclusive cross-section σ ∝ Lμν Rμν

Electrons & neutrinos

dσ
dωdq ν/ν̄

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

dσ
dωdq e

= σM(υLRL + υTRT)

 
Rμν(ω, q) = ∑

f

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

Jμ = (ρ, ⃗j) |Ψ⟩
γ, W±, Z0

Nuclear responses:

9



Longitudinal response

Uncertainty band: inversion procedure

10

∫
 

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 + Coupled Cluster

charge operator  

̂ρ(q) =
Z

∑
j=1

eiqz′ j

Consistent treatment of 
final state interactions.



Lorentz Integral Transform (LIT)

11

 
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

12

Γ = 20 MeV

Longitudinal isoscalar 
response on 4He  

at q=300 MeV

Integral transform

Inversion



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

13

✓ CC singles & doubles 
✓ varying underlying harmonic 

oscillator frequency 
✓ two different chiral Hamiltonians 
✓ inversion procedure

Lorentz Integral Transform + Coupled Cluster



Chiral expansion for 40Ca
(Longitudinal response)

14

✓ 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. Front. Phys. 1066035(2022)



Transverse response

15

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

TSR(q) =
2m2

Zμ2
p + Nμ2

n

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
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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?

→
→

x     World data 
o     Bates data



• LIT-CC calculations for  MeV 

• Inclusive cross sections 

• No pion production 

                       

• Ideas (and approximations) needed to 
address relevant physics for  
oscillation experiments 

• STA (L. Andreoli) and SF (O. Benhar)

q ≲ 450

ν

Exclusive cross-sections
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• Ideas (and approximations) needed to 
address relevant physics for  
oscillation experiments 

• STA (L. Andreoli) and SF (O. Benhar)

q ≲ 450

ν

Exclusive cross-sections

Probability density of finding nucleon 
 in ground state nucleus(E, p)

Impulse Approximation

SPECTRAL FUNCTION

no FSI
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Spectral functions

q

growing q momentum transfer  final state interactions play minor role→

σ ∝ |ℳ |2 S(E, p)

JES, S. Bacca, G. Hagen, T. Papenbrock Phys.Rev.C 106 (2022) 3, 034310

Factorized interaction vertex 
(relativistic, pion 

production…)

Spectral function - 
nuclear information

Coupled Cluster + ChEK method
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Final state interactions
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JES et al, in preparation (2023)

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

16O

How to account for the FSI? Optical potential for the outgoing nucleon

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

16O



• Comparison 
with T2K long 
baseline  
oscillation 
experiment 

•  events 

• Spectral function 
implemented 
into NuWro 
Monte Carlo 
generator

ν

CC0π

Spectral function for neutrinos

JES et al, in preparation (2023)
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νμ +16 O → μ− + X

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



Outlook

• LIT-CC benchmark for electron scattering  ready for neutrino 

• Role of 2-body currents for medium-mass nuclei 

• Extending the response calculation to 40Ar 

• Spectral functions (within Impulse Approximation): 

• Relativistic regime 

• Semi-inclusive processes 

• Further steps: 2-body spectral functions?, accounting for FSI

→
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Thank you for attention
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Longitudinal response 40Ca

Sum over multipoles Underlying oscillator frequency

Inversion
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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⟩
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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
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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


