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Neutrino oscillations

𝒫α→β = sin2(2θ)sin2 ( Δm2
12L

4E )
source: www.dunescience.org
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Aims & challenges

• very few events 

• unknown  energy 

• scattering on nuclei:  
12C, 16O, 40Ar…

ν

source: eusci.org.uk

• Measure CP-violation 

• BSM physics
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Motivation
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Neutrino energy is 
reconstructed in each event

μ−

νμ π+

n



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 )
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✓ 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)
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Ab initio nuclear theory

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

+

➡ Nuclear responses 
➡ Spectral functions 
➡ Optical potentials 
…

7

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



Ab initio nuclear theory for neutrinos

Degrees of freedom: nucleons
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ℋ = ∑
i

p2
i

2m
+ ∑

i<j

vij + ∑
i<j<k

Vijk + . . .

n = 0

n = 2

n = 3

n = 4

Nuclear Hamiltonian

ℋ |Ψ⟩ = E |Ψ⟩



Ab initio nuclear theory for neutrinos

Nuclear Hamiltonian

Electroweak currents

Many-body method
𝒜 = ⟨Ψm |Jμ |Ψn⟩

ℋ |Ψ⟩ = E |Ψ⟩

 Jμ = (ρ, ⃗j)

Degrees of freedom: nucleons
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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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Coupled cluster method

✓ Controlled approximation through 
truncation in  

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

✓ Works most efficiently for doubly 
magic nuclei

T

A

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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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),

C. Payne at al. 
Phys.Rev.C 100 (2019) 6, 061304

coherent elastic neutrino 
scattering on 40Ar
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• Momentum transfer 
~hundreds MeV 

• Upper limit for ab 
initio methods  

• Important mechanism 
for T2HK, DUNE 

• Role of final state 
interactions 

• Role of 1-body and 2-
body currents

Quasielastic response

dσ
dωdq e

= σM(υLRL + υTRT)
charge operator  ̂ρ(q) =

Z

∑
j=1

eiqz′ j
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First step: analyse the longitudinal response 



Longitudinal response
Lorentz Integral Transform + Coupled Cluster

Uncertainty band: inversion of LIT
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∫
 

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



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
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✓ Coupled cluster singles & doubles 
✓ Two different chiral Hamiltonians 
✓ Uncertainty from LIT inversion



➡ 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

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

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

depends on nucleus?

→
→

dσ
dωdq e

= σM(υLRL + υTRT)



Low/high energies

Ĥ |ψA⟩ = E |ψA⟩

Electroweak responses

MULTINUCLEON  
KNOCKOUT (2P2H)

νμ

⟨ψf | ̂j |ψA⟩

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

Impulse Approximation



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 arXiv: 2205.03592  
accepted in Phys. Rev. C

Factorized interaction vertex 
(relativistic, pion 

production…)

Spectral function - 
nuclear information

from Coupled Cluster
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• 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 (2022)
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νμ +16 O → μ− + X

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



• First results from the coupled cluster theory: on the way to 
obtain cross-section for neutrino scattering on medium-mass 
nuclei  

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

• Spectral functions (within Impulse Approximation): 

• Relativistic regime 

• Semi-inclusive processes 

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

Outlook
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Thank you for attention



BACKUP



Lorentz Integral Transform (LIT)

22

 
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



Erice 09/2017

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  
< 1% meaning O(25 MeV) precision of 

energy reconstruction

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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Final state interactions
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JES et al, in preparation (2022)

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


