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• Neutrino oscillation programs @ 
Precision Frontier 

• Ab initio nuclear methods & 
uncertainty quantification 

• Electroweak physics with nuclear 
probes 

• From matrix elements to continuous 
nuclear responses 

• …and beyond
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Neutrino oscillations
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✓ CP-violation measurement 
✓ Determining  mass orderingν

Next generation experiments

✓ Proton decay searches 
✓ Cosmic neutrino observation
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DUNE, 1300 km HyperK (T2K) 295 km

From:
Diwan et al,
Ann. Rev.
Nucl. Part. Sci 66 
(2016)

Energies have to be known within 100 MeV (DUNE) or 50 MeV (T2K)
Ratios of event rates to about 10%

DUNE T2HK

Systematic errors should be small since statistics will be high

DUNE aims at uncertainties  meaning 
 MeV precision of energy reconstruction

< 1 %
$(25)

Height of the 
oscillation peak 

(event rate)  total 
cross section

∝

Position of the oscillation peak depends on 
energy reconstruction
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Aims & challenges
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Motivation
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Neutrino energy is 
reconstructed in each event

μ−

νμ π+

n



“Ab initio” nuclear theory

ℋ |Ψ⟩ = E |Ψ⟩

ℋ =
A

∑
i=1

tkin +
A

∑
i>j=1

vij +
A

∑
i>j>k=1

vijk + . . .What is the dynamics of our system?

How the nuclear force is rooted in the fundamental theory of QCD?

Lattice QCD determination of
nuclear and hyperon forces

Noriyoshi Ishii
Reserach Center for Nuclear Physics, Osaka University

December 9, 2015

The aim of nuclear physics is to understand various properties of atomic
nuclei based on the nucleonic degrees of freedom, where the nuclear force
serves as the fundamental interaction. Enormous effort has been devoted
to studies of the nuclear force, after the meson-exchange mechanism was
proposed by H. Yukawa [1]. Today, thousands of experimental NN scattering
data are available. They are used for a phenomenological determination of
the nuclear force. Now, there are several high precision realistic nuclear forces
available [2], all of which are able to describe the experimental NN scattering
data in many channels simultaneously with χ2/ndf ∼ 1.

In the meson-exchange picture, the nuclear force is generated by virtual
exchanges of massive mesons. The mechanism employed here is a generaliza-
tion the Coulomb force in quantum electrodynamics which is generated by
the virtual exchange of massless photon. The structure of the nuclear force
is much more complicated than the Coulomb force. This is because varieties
of mesons are involved from a wide range of mass spectrum with different
spin and isospin quantum numbers [3].

1

Quantum Chromodynamics Nuclei & nuclear matter

nucleons — 
degrees of 
freedom
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• S. Weinberg, Phys. Lett. B251, 
288 (1990); Nucl. Phys. B363, 3 
(1991); Phys. Lett B295, 114 
(1992) 

• Effective chiral Lagrangian 
  obtain 

nuclear potential  

• Power counting scheme  

• LEC fitted to data 

• Uncertainty quantification 
possible

ℒeff(π, N, Δ) →

( Q
Λχ )

n

Nuclear Hamiltonian

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

+... +... +...
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Figure 2. Chiral two-, three- and four nucleon forces through next-to-next-to-next-to-leading order
(N3LO) (see, e.g., [37, 41, 2] ). Dashed lines represent pion exchanges between nucleons. The large
solid circles, boxes and diamonds represent vertices that are proportional to low-energy constants
(LECs) of the theory (see text).

uncertainties that result from working at a given chiral order [34, 35, 36]. This is especially useful
since issues relating to the regularization and renormalization of these interactions remain (see, e.g.,
Refs. [2, 46, 47, 48, 49, 50, 51] and Sec. 4.4).

2.2 The Similarity Renormalization Group

Renormalization group methods are a natural companion to the hierarchy of EFTs for the strong
interaction. They provide the means to systematically dial the resolution scales and cuto↵s of these
theories, and this makes it possible, at least in principle, to connect the di↵erent levels in our
hierarchy of EFTs. The RGs also expand the diagnostic toolkit for assessing the inherent consistency
of EFT power counting schemes, e.g., by tracing the enhancement or suppression of specific operators,
or by identifying important missing operators.

In nuclear many-body theory, the SRG has become the method of choice. In contrast to Wilsonian
RG [52], which is based on decimation, i.e., integrating out high-momentum degrees of freedom,
SRGs decouple low- and high-momentum physics using continuous unitary transformations. Note
that this concept is not limited to RG applications: we can construct transformations that adapt a

This is a provisional file, not the final typeset article 4
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• Chiral EFT allows to construct electroweak currents 
consistently with the chiral potential

Electroweak interactions

 j =
A

∑
i=1

ji +
A

∑
i>j=1

jij +
A

∑
i>j>k=1

jijk + . . .
γ, W±, Z0 γ, W±, Z0

+
N N

N N

N N

N N

+
…

To describe: 
➡ Electroweak form-factors 
➡ Gamow-Teller ME (  decays) 
➡ Magnetic moments 
➡ Radiative/weak captures 
➡ Electroweak response functions

β
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Ab initio nuclear theory

ℋ |Ψ⟩ = E |Ψ⟩

“we interpret the ab initio 
method to be a systematically 

improvable approach for 
quantitatively describing nuclei 
using the !nest resolution scale 

possible while maximizing its 
predictive capabilities.”

A. Ekström et al, Front. Phys.11 (2023) 29094

10

A. Tichai EFB25 - European conference on few-body problems in physics

… and ab initio today!
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✓  Computational power 
✓ Polynomial scaling with A 
✓ “Softer” Hamiltonians (better convergence)11



Coupled cluster theory

12

coe#cients obtained 
through coupled cluster 

equations 

←

 
 

⟨Ψ |ℋ |Ψ⟩ = E
⟨Ψa

i |ℋ |Ψ⟩ = 0
⟨Ψab

ij |ℋ |Ψ⟩ = 0

G. Hagen, T. Papenbrock, M. Hjorth-Jensen, D. J. Dean, 
 Rep. Prog. Phys. 77, 096302 (2014).

Reference state (Hartree-Fock):     |Ψ⟩ = a†
i a†

j . . . a†
k |0⟩

✓ Controlled approximation 
through truncation in  

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

T

A

Include correlations through  operator eT

ℋN eT |Ψ⟩ = E eT |Ψ⟩

Expansion: T = ∑ ti
aa†

aai + 1
4 ∑ tij

aba
†
aa†

b aiaj + . . .

singles doubles

1p1h 2p2h

12



Some results
 decays0νββ decaysβ

Nature Phys. 15 (2019) 5, 428-431
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this work

shell model

q = 1

q = 0.96(6)

q = 0.80(2)

3 42Sc !
42 Ca

FIG. 3. Comparison of experimental [27] and theoretical
Gamow-Teller matrix elements for medium-mass nuclei in
the sd-shell (top panel) and lower pf -shell (bottom panel).
The theoretical results were obtained using phenomenological
shell-model interactions [18, 28] with an unquenched standard
Gamow-Teller �⌧ operator (orange squares); and using the
VS-IMSRG approach with the NN-N4LO+3Nlnl interaction
and consistently evolved Gamow-Teller operator plus 2BC
(green diamonds). The linear fits show the resulting quench-
ing factor q given in the panels, and shaded bands indicate
one standard deviation from the average quenching factor.

Gamow-Teller quenching is the Ikeda sum-rule: the dif-
ference between the total integrated �� and �+ strengths
obtained with the �⌧⌥ operator yields the model-
independent sum-rule 3(N – Z). We have computed the
Ikeda sum-rule for 14O, 48Ca, and 90Zr using the coupled-
cluster method (see Methods for details). For the family
of EFT Hamiltonians used for 100Sn we obtain a quench-
ing factor arising from 2BC, which is consistent with our
results shown in Fig. 3 and the shell-model analyses from
Refs. [16–18, 29] (see Fig. 7 in Supplementary Informa-
tion). We note that the comparison with experimental
sum-rule tests using charge-exchange reactions [30, 31]
are complicated by the use of a hadronic probe, which
only corresponds to the leading weak one-body operator,
and by the challenge of extracting all strength to high
energies. Here, our developments enable future direct
comparisons.

It is the combined proper treatment of strong nuclear
correlations with powerful quantum many-body solvers
and the consistency between 2BC and three-nucleon
forces that largely explains the quenching puzzle. Smaller
corrections are still expected to arise from neglected
higher order contributions to currents and Hamiltonians
in the EFT approach we pursued, and from neglected
correlations in the nuclear wave functions. For beyond-
standard-model searches of new physics such as neutrino-
less double-� decay, our work suggests that a complete
and consistent calculation without a phenomenological
quenching of the axial-vector coupling gA is called for.
This Letter opens the door to ab initio calculations of
weak interactions across the nuclear chart and in stars.
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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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implausible LECs that yield model predictions too far from exper-
imental data. For this purpose, we use an implausibility measure 
(Methods) that links our model predictions and experimental 
observations as

z = M(θ) + ε

exp

+ ε

em

+ ε

method

+ ε

model

, (1)

relating the experimental observations z to emulated ab initio pre-
dictions M(θ) via the random variables ε

exp

, εem, εmethod and εmodel 
that represent experimental uncertainties, the emulator precision, 
method approximation errors and the model discrepancy due to the 
EFT truncation at next-to-next-to leading order, respectively. The 
parameter vector θ corresponds to the 17 LECs at this order. The 
method error represents, for example, model space truncations and 
other approximations in the employed ab initio many-body solv-
ers. The model discrepancy εmodel can be specified probabilistically 
since we assume to operate with an order-by-order improvable EFT 
description of the nuclear interaction (see Methods for details).

The final result of the five history-matching waves is a set of 34 
non-implausible samples in the 17-dimensional parameter space 
of the LECs. We then perform ab initio calculations for nuclear 
observables in 48Ca and 208Pb, as well as for properties of infinite 
nuclear matter.

Ab initio computations of 208Pb
We employ the coupled-cluster (CC)12,30,31, in-medium similarity 
renormalization group (IMSRG)32 and many-body perturbation 
theory (MBPT) methods to approximately solve the Schrödinger 
equation and obtain the ground-state energy and nucleon densities 
of 48Ca and 208Pb. We analyse the model space convergence and use 
the differences between the CC, IMSRG and MBPT results to esti-
mate the method approximation errors (Methods and Extended 
Data Figs. 3 and 4). The computational cost of these methods 
scales (only) polynomially with increasing numbers of nucleons 
and single-particle orbitals. The main challenge in computing 
208Pb is the vast number of matrix elements of the three-nucleon 
(3N) force which must be handled. We overcome this limita-
tion by using a recently introduced storage scheme in which we 
only store linear combinations of matrix elements directly enter-
ing the normal-ordered two-body approximation19 (see Methods  
for details).

Our ab initio predictions for finite nuclei are summarized in 
Fig. 2. The statistical approach that leads to these results is com-
posed of three stages. First, history matching identified a set of 
34 non-implausible interaction parameterizations. Second, model 
calibration is performed by weighting these parameterizations—
serving as prior samples—using a likelihood measure according to 
the principles of sampling/importance resampling33. This yields 34 
weighted samples from the LEC posterior probability density func-
tion (Extended Data Fig. 5). Specifically, we assume independent 
EFT and many-body method errors and construct a normally dis-
tributed data likelihood encompassing the ground-state energy per 
nucleon E/A and the point-proton radius Rp for 48Ca, and the energy 
E

2

+

 of its first excited 2+ state. Our final predictions are therefore 
conditional on this calibration data.

We have tested the sensitivity of final results to the likelihood 
definition by repeating the calibration with a non-diagonal covari-
ance matrix or a Student t distribution with heavier tails, finding 
small (~1%) differences in the predicted credible regions. The EFT 
truncation errors are quantified by studying ab initio predictions at 
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Fig. 1 | Trend of realistic ab initio computations for the nuclear A-body 
problem. The bars highlight the years of the first realistic computations 
of doubly magic nuclei. The height of each bar corresponds to the mass 
number A divided by the logarithm of the total compute power RTOP500 (in 
flops!s−1) of the pertinent TOP500 list45. This ratio would be approximately 
constant if progress were solely due to exponentially increasing computing 
power. However, algorithms which instead scale polynomially in A have 
greatly increased the reach.
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Fig. 2 | Ab initio posterior predictive distributions for light to heavy nuclei. 
Model checking is indicated by green (blue) distributions, corresponding to 
observables used for history-matching (likelihood calibration), while pure 
predictions are shown as pink distributions. The nuclear observables shown 
are the quadrupole moment Q, point-proton radii Rp, ground-state energies 
E (or energy per nucleon E/A), 2+ excitation energy 

E

2

+

 and electric dipole 
polarizabilities αD. See Extended Data Table 1 for the numerical specification 
of the experimental data (z), errors (σi), medians (white circle) and 68% 
credibility regions (thick bar). The prediction for Rskin(208Pb) in the bottom 
panel is shown on an absolute scale and compared with experimental 
results using electroweak5 (purple), hadronic34,35 (red), electromagnetic4 
(green) and gravitational wave36 (blue) probes (from top to bottom; see 
Extended Data Fig. 7b for details).
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Nature Phys. 18 (2022) 10, 1196-1200

Phys.Rev.Lett. 126 (2021) 18, 182502

Nuclear correlations + 2-
body el-mag currents

First ab initio 
results predict 
relatively low 

NME

Long standing puzzle in  
decays: quenching of a 
fundamental constant 

 in nuclei

β

gA ≈ 1.27

Neutron skin thickness linked to the structure and size of neutron stars
208Pb

• PREX measures how much neutrons stick out past protons (neutron skin). 

PREX 
Spokespersons    

K. Kumar
R. Michaels
K. Paschke
P. Souder

G. Urciuoli

3 Neutron skin
13



Beyond groundstate:  
nuclear responses

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 )
14



dσ
dE′ dΩ e

= σM(υLRL(ω, q̄) + υTRT(ω, q̄))

✓ 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
dE′ dΩ ν/ν̄

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

15



Low/high energies

Ĥ |ψA⟩ = E |ψA⟩

Electroweak responses 
consistent treatment of final states

MULTINUCLEON  
KNOCKOUT (2P2H)

νμ

⟨ψf | ̂j |ψA⟩

Many-body problem Probability density of finding nucleon 
 in ground state nucleus(E, p)

Spectral  
function

Impulse Approximation

Possible 
comparison 

within the same 
framework

16



Low/high energies

Ĥ |ψA⟩ = E |ψA⟩

Electroweak responses

MULTINUCLEON  
KNOCKOUT (2P2H)

νμ

⟨ψf | ̂j |ψA⟩

Many-body problem

17



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

18
JES, B. Acharya, S. Bacca, G. Hagen  PRL 127 (2021) 7, 072501

charge operator  

̂ρ(q) =
Z

∑
j=1

eiqz′ j



Longitudinal response

19

∫
 

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 (LIT-CC)

charge operator  

̂ρ(q) =
Z

∑
j=1

eiqz′ j

Consistent treatment of 
final state interactions.



Lorentz Integral Transform (LIT)

20

 
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



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

21

✓ Coupled cluster singles & doubles 
✓ Two di$erent chiral Hamiltonians 
✓ Uncertainty from LIT inversion

Lorentz Integral Transform + Coupled Cluster (LIT-CC)



Chiral expansion for 40Ca
(Longitudinal response)

22

✓ 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)



➡ This allows to predict electron-
nucleus cross-section 

➡ Currently only 1-body current

Transverse response

23

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

depends on nucleus?

→
→

dσ
dωdq e

= σM(υLRL + υTRT)
JES, B. Acharya,  S. Bacca, G. Hagen;  

PRC 109 (2024) 2, 025502



Low/high energies

Ĥ |ψA⟩ = E |ψA⟩

MULTINUCLEON  
KNOCKOUT (2P2H)

Many-body problem Probability density of finding nucleon 
 in ground state nucleus(E, p)

Spectral  
function

Impulse Approximation

24



4He spectral function

growing q momentum transfer  final state interactions play minor role→

25

q
σ ∝ |ℳ |2 S(E, p)

Factorized interaction vertex 
(relativistic, pion 

production…)

Spectral function - 
nuclear information

Scattering 
off   4He



16O spectral function
Error propagation to cross sections

growing q momentum transfer  final state interactions play minor role→

q

FSI

Phenomenological optical potential
Ep+q → Ep+q + ReU(tkin)

E. D. Cooper et al.  Phys.Rev.C 47, 297–311 

26

Scattering 
off   16O

JES , S. Bacca arXiv:2309.00355 (accepted in PRC)



16O spectral function
Error propagation to cross sections

• Comparison 
with T2K long 
baseline  
oscillation 
experiment 

•  events 

• Spectral function 
implemented 
into NuWro 
Monte Carlo 
generator

ν

CC0π

JES , S. Bacca arXiv:2309.00355 (accepted in PRC)

Da
ta

: P
hy

s. 
Re

v. 
D 

10
1, 

112
00

4 (
20

20
)

νμ +16 O → μ− + X

27



SΛ(E, p) = ∫ KΛ(E, E′ )S(E′ , p)dE′ 

S(E, p) = ∑
α,α′ 

∫ΨA−1

|⟨Ψ |a†
α |ΨA−1⟩⟨ΨA−1 |aα′ |Ψ⟩⟨p |α⟩†⟨p |α′ ⟩δ(E + EA−1

f − E0)

Spectral function calculation

Spectral reconstruction using expansion in Chebyshev polynomials + building histograms

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

Integral transform

expansion in 
Chebyshev polynomials

KΛ(ω, σ) = ∑
k

ck(σ)Tk(ω)

28



Nuclear ab initio studies for 
neutrino oscillations  

(and beyond)

29



Tests of CKM matrix
The “Cabbibo angle anomaly”

Paths to Vud and Vus

Vud

€ 

0+ → 0+

€ 

n→ peν

€ 

Λ→ peν,...  

€ 

K→π l ν

€ 

K→ µν

€ 

(π ± →π 0eν)

Vus (                       )

7

V V,  A AQuark current
mediating the decay

(Hadronic 
τ decays)

Input from many experiments and many theory papers 

(Mirror transitions)

|Vud |2 = 2984.432(3)s
ft(1 + ΔV

R + δ′ R + δNS − δC)

V0+→0+
ud = 0.97367(11)exp(13)ΔV

R
(27)NS[32]total

In the SM    ΔCKM ≡ |Vud |2 + |Vus |2 + |Vub |2 − 1 = 0

5

“Superallowed” beta decays of T=1, Jp=0+ nuclei

Provides the best measurement 
of V

ud
 :

➢ 23 measured transitions
➢ 15 with lifetime precision better 

than 0.23% 

Hardy and Towner, 2020 PRC

Superallowed beta decays provide 
the best measurement of Vud

Radiative corrections

One-loop radiative corrections 
probe QCD at all scales. Nuclear 

scale  MeV is most 
uncertain!

$(100)

30 C. Y. Seng, et. al., PRD 100(2019), 013001 
M. Gorchtein, PRL 123(2019), 042503 



• Neutrino emission — mechanism of 
cooling in neutron stars 

• Neutrino energies are low (  
MeV)  the long-wavelength limit is a 
good approximation. Then: spin 
response becomes important. 

• Spin fluctuations strongly depend on 
many-body effects + the coupling of 
spin and space in the nuclear force

ω ≈ 30
→

Neutrino propagation in neutron stars

Source: https://www.nature.com/articles/s42254-022-00420-y

31

➡ Coupled-cluster theory for 
nuclear matter (possible UQ)



Outlook

• Next step: from electromagnetic to electroweak processes 

• Extension of the formalism to 40Ar 

• Role played by 2-body currents in LIT-CC predictions 

• Development in spectral functions (accounting for final state 
interactions, adding 2-body currents) 

• Bayesian analysis of uncertainties in nuclear responses 

• …

32



Thank you!


