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Target nuclei are 12C, 16O, and 40Ar so we need to:

1. Solve the ground state 


2. Calculate response functions   

Long baseline neutrino program
What do we need to do in ab-initio nuclear theory?



1) Solve the ground state
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|⇥(⌥r1,⌥r2, ...,⌥rA)� = eT |�(⌥r1,⌥r2, ...,⌥rA)�
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cluster expansion

T1 T2 T3

CCSD

CCSDT

Hagen et al., Rep. Prog. Phys. 77, 096302 (2014)Coupled-cluster theory



2) Calculate response functions
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Depending on  Ef , many channels may be involvedR(⇤) =
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Excitation Energy...

“ “

A-body break-up2-body break-up 3-body break-upbound  
excited state

Exact knowledge limited
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       Reduce to a bound-state-like equation

(H � E0 � � + i�) | ⇥̃⇥ = Ô | ⇥0⇥⇥

�

�

L(�,�) =
�

d⇥
R(⇥)

(⇥ � �)2 + �2
�

⇡
= h ̃| ̃i

Efros, et al., JPG.: Nucl.Part.Phys.  34 (2007) R459 

2) Calculate response functions
Lorentz Integral Transform
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 SB et al., Phys. Rev. Lett. 111, 122502 (2013) 
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2) Calculate response functions
Lorentz Integral Transform
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inversion

2) Calculate response functions
Lorentz Integral Transform



Applications to lepton-nucleus scattering 
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with LIT-CC



Electron scattering
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40Ca

Sobcyzk, Acharya, SB, Hagen,  PRL 127 (2021) 7, 072501

40Ca(e,e’)X 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.072501


Electron scattering
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40Ca

Sobcyzk, Acharya, SB, Hagen,  PRL 127 (2021) 7, 072501

40Ca(e,e’)X 

 Sobczyk, Acharya, SB, G. Hagen, PRC 109 (2024) 2, 025502

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.072501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.025502


Electron scattering
16O(e,e’)X 
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40Ca

Acharya, Sobczyk, SB, et al., Phys. Rev. Lett. 134, 202501 (2025)

https://arxiv.org/abs/2410.05962


Electron scattering
16O(e,e’)X 

11

40Ca

Acharya, Sobczyk, SB, et al., Phys. Rev. Lett. 134, 202501 (2025)

BNN from Sobczyk et al., arXiv:2406.06292 

https://arxiv.org/abs/2410.05962
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Towards neutrino-nucleus scattering
16O weak responses Acharya, Sobczyk, SB, et al., Phys. Rev. Lett. 134, 202501 (2025)

https://arxiv.org/abs/2410.05962


Challenges
How to tackle 40Ar?
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Littich et al., Eur.Phys.J.A 61 (2025) 

40Ar



Challenges
How to tackle 40Ar?

• Fractional filling coupled-cluster theory 
 

• Deformed coupled-cluster 
 

• Any other ideas?
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Littich et al., Eur.Phys.J.A 61 (2025) 

Cohen et al., Phys. Rev. B 77, 115123 (2008)

Sun et al., Phys. Rev. C 108, 014307 (2023) 

40Ar



Few-body system: 
the 𝛼-particle  
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ch   et al.

Hiyama et al. PRC 70, 031001(R) (2004)
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Er

SB et al. PRL 110, 042503 (2013) 

Few-body system: 
the 𝛼-particle  
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The transition form factor is obtained from the exper-
imental cross section divided by the normalized Mott cross
section,

jFM0þðQ2Þj2 ¼
!
dσ
dΩ

"

Exp
=

!
dσ
dΩ

"

Mott
: ð4Þ

It is beneficial to take advantage of the simultaneously
measured elastic peak of 4He to avoid fluctuations in the
data caused by different luminosities and determine the
monopole form factor relative to the elastic peak. Both
quantities, the elastic peak and the monopole resonance,
exhibit a slightly different Q2 which was accounted for
when evaluating the form factor ratio. The value of Q2 is
determined by a binned distribution taking into account the
applied data cuts. Those cuts were first restricted to
%240 keV around both peaks to keep the influence of
the continuum background to the form factor ratio small.
The relative transition form factor established this way is
then in a last iteration step improved by extending themmiss
cut from 19.5 to 22 MeV to include large contributions of
the monopoles radiative tail. For this purpose, the reso-
nance peak is simulated with parametrization σ1 and σ2 and
the valid transition form factor ratio and in combination
with the backgrounds BG1 and BG2, respectively, opti-
mized to data in order to minimize the χ2. Within this
minimization procedure, the simulation of the monopole
resonance peak is allowed to float only by a factor, which is
then used to adjust the transition form factor. Further details
of the data analysis can be found in the supplemental
material [32].
Our final experimental results for the monopole tran-

sition form factor are shown in Fig. 3, in comparison to the
χEFT calculation from Ref. [11]. A third order basis spline
polynomial is used to fit the data. To account for the model
uncertainties, the analysis was repeated with all remaining
combinations of resonance parametrizations and back-
ground models. Analyzing the transition form factor with
model BG1 leads to a variation of δBG model ¼ %3.2%
around the results obtained by BG2, see Table II.
However, a constant shift of the transition form factor to
higher or lower values by a different continuum model
could not be verified. On the contrary, analyzing the data
with σ1 from (1) leads to an average shift of the transition
form factor of δres model ¼ −5.8% and thus to smaller
values. These model dependencies were added linearly

to the (blue) model confidence band in Fig. 3, representing
the model uncertainty of the data. The contributions to the
total systematic uncertainty on the extraction of the
transition form factor are summarized in Table II. A
conservative error of the elastic form factor of 4He, used
to normalize the data, has been estimated as point-to-point
uncertainty to 0.5% as given by the authors in [20].
Background subtraction of the elastic tails from 4He,
27Al, and the quasielastic scattering off 27Al contribute to
the systematic uncertainty with up to 1%. The FWHM of
the monopole resonance Γ0 influences the transition form
factor jFM0þðQ2Þj2 by 4% and contributes the major
uncertainty. This uncertainty has been estimated by varying
Γ0 within a realistic error range and observing the effect
onto the transition form factor. All systematic errors were
added quadratically to the statistical errors. Our results
agree with previous data [13,14] albeit having a much
higher precision and thereby reinforce the tension with
ab initio calculations [11], where, for example, the χEFT
result is 100% too high at Q2 ¼ 1.5 fm−2 with respect to
the new data.
Since the low-q2 part of the transition form factor allows

for a direct access to gross features of the 0þ2 state, we shall
focus now on discussing this q2 range. A q⃗ → 0 expansion
yields [33,34]

TABLE I. FWHM Γ0 for the investigated resonance para-
metrizations σ1 Eq. (1) and σ2 Eq. (3) and the two background
parametrizations BG1 and BG2.

BG1 (keV) BG2 (keV)

σ1 268% 43 285% 33
σ2 262% 47 288% 39

FIG. 3. Monopole transition form factor as a function of Q2, in
comparison to previous data [12–14] and χEFT prediction [11]
(see text for details).

TABLE II. Contributions to the systematic uncertainties of the
transition form factor and the model dependencies.

Source ΔjFM0þðQ2Þj2 (%)

Background %1
4He ground state form factor %0.5
ΔΓ0 %4

Model uncertainties

BG1-BG2 %3.2
σ1 − σ2 −5.8

PHYSICAL REVIEW LETTERS 130, 152502 (2023)

152502-4
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Kegel et al. PRL 130, 152502 (2023) 

Few-body system: 
the 𝛼-particle  



Recent calculations
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Michel, Nazarewicz, Ploszajczak et al., PRL 131, 242502 (2023) 
Method: NCGSM-CC

Tune Er to fit Kegel data ⇒ Er=0.4 Mev

No 3NF: 
Vlowk EM N3LO
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Erratum Phys. Rev. Lett. 133, 239901 (2024)

Tune Er to fit Kegel data ⇒ Er=0.12 Mev
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Michel, Nazarewicz, Ploszajczak et al., PRL 131, 242502 (2023) 
Method: NCGSM-CC

Tune Er to fit Kegel data ⇒ Er=0.4 Mev

No 3NF: 
Vlowk EM N3LO
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Er

<latexit sha1_base64="T1PVMc2hldXwkHijI1/wgPWpE30=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadndxCTegiJ4jGgekCxhdjKbDJl9MDMrhCWf4MWDIl79Im/+jbNJBBUtaCiquunu8mLOpLKsDyO3srq2vpHfLGxt7+zuFfcP2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjTS4zv3NPhWRReKemMXUDPAqZzwhWWrq9GohBsWSZ5/Wqc+Ygy7SsmlOuZsSpVZwysrWSoQRLNAfF9/4wIklAQ0U4lrJnW7FyUywUI5zOCv1E0hiTCR7RnqYhDqh00/mpM3SilSHyI6ErVGiufp9IcSDlNPB0Z4DVWP72MvEvr5cov+6mLIwTRUOyWOQnHKkIZX+jIROUKD7VBBPB9K2IjLHAROl0CjqEr0/R/6TtmHbVrNxUSo2LZRx5OIJjOAUbatCAa2hCCwiM4AGe4NngxqPxYrwuWnPGcuYQfsB4+wSGWY37</latexit>

Er

Meißner, Shen, Elhatisari, Lee, PRL 132, 062501 (2024) 
Method: LatticeEFT

Er =0.40(9) MeV (not fit to data)

SU(4) force

Erratum Phys. Rev. Lett. 133, 239901 (2024)

Tune Er to fit Kegel data ⇒ Er=0.12 Mev
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EFT potentialsEFT potentials

NCSM from P. Yin et al, 2412.18037

Most recent calculations

HH from Viviani et al, FBS (2024)
NCSM

https://arxiv.org/abs/2412.18037
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EFT potentialsEFT potentials

NCSM from P. Yin et al, 2412.18037

Most recent calculations

HH from Viviani et al, FBS (2024)
NCSM

I don’t think that we can yet close the chapter on this observable!

https://arxiv.org/abs/2412.18037
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Resonance characterization: Th vs Exp
Evaluation by Tilley et al, NPA 541 (1992) 1-104
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Resonance characterization: Exp only
Evaluation by Tilley et al, NPA 541 (1992) 1-104
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New characterization via 𝛼-𝛼 scattering in Catania    
Cappuzzello, Soukeras et al., to be submitted

<latexit sha1_base64="2EE/Uw8gCaft5Pg7pDnEpOspjDQ="></latexit>

Er = 0.50± 0.01 MeV, �r = 0.29± 0.01 MeV

<latexit sha1_base64="U8y9rw1KsAl/jsedbBQFaSg5/ks="></latexit>

Er = 0.39± 0.02 MeV, �r = 0.50± 0.05 MeV

New value 
Tilley et al

Resonance characterization: Exp only



Challenges

• What’s the role of the continuum?


• And of the resonance position?


• Why is there a strong Hamiltonian dependence?


• How precisely can we calculate resonance properties?

23
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Supported by:

Thanks to all my collaborators

Thank you



Backup Slides
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Additional info on other calculations
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NCSM from P. Yin et al, 2412.18037

https://arxiv.org/abs/2412.18037
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We see one pronounced peak at the resonant energy, and many others at higher energy 
Exploit the power of the LIT method to subtract the background

|FM(q)|2 =
1

Z2

Z
d!Rres

M(q,!)

L(�,�) =
�

d⇥
R(⇥)

(⇥ � �)2 + �2 = h ̃| ̃i

(H � E0 � � + i�) | ⇥̃⇥ = Ô | ⇥0⇥

RM(q,!) = Rres
M(q,!) +Rbg

M(q,!)
<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R

and solve bound-state-like equation 
with hyperspherical harmonics (HH)

For fixed q, apply integral transform

<latexit sha1_base64="Hm56z2EOyBt8mwyWD0x9icCm4QE=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN26ECvYB06Fk0kwbmkmGJCOUoZ/hxoUibv0ad/6NmXYW2nogcDjnXnLuCRPOtHHdb6e0tr6xuVXeruzs7u0fVA+POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Db3u09UaSbFo5kmNIjxSLCIEWys5PdjbMYE8+x+NqjW3Lo7B1olXkFqUKA1qH71h5KkMRWGcKy177mJCTKsDCOczir9VNMEkwkeUd9SgWOqg2weeYbOrDJEkVT2CYPm6u+NDMdaT+PQTuYR9bKXi/95fmqi6yBjIkkNFWTxUZRyZCTK70dDpigxfGoJJorZrIiMscLE2JYqtgRv+eRV0rmoe5f1xkOj1rwp6ijDCZzCOXhwBU24gxa0gYCEZ3iFN8c4L86787EYLTnFzjH8gfP5A4V4kWw=</latexit>

M background

LIT + HH for the monopole transition
<latexit sha1_base64="OprQhj9C2ZCslpML2uGsH3xj1SQ=">AAACAHicbVBNS8NAEN34WetX1IMHL4tFEISSlKIei148VrAf0Maw2W7apZtN2J0oJfTiX/HiQRGv/gxv/hs3bQ/a+mDg8d4MM/OCRHANjvNtLS2vrK6tFzaKm1vbO7v23n5Tx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8zv3WA1Oax/IORgnzItKXPOSUgJF8+9C5P/Nd3FW8PwCiVPyIc6Xi2yWn7EyAF4k7IyU0Q923v7q9mKYRk0AF0brjOgl4GVHAqWDjYjfVLCF0SPqsY6gkEdNeNnlgjE+M0sNhrExJwBP190RGIq1HUWA6IwIDPe/l4n9eJ4Xw0su4TFJgkk4XhanAEOM8DdzjilEQI0MIVdzciumAKELBZFY0IbjzLy+SZqXsnpert9VS7WoWRwEdoWN0ilx0gWroBtVRA1E0Rs/oFb1ZT9aL9W59TFuXrNnMAfoD6/MHfY2VEg==</latexit>

0+1 ! 0+2
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Experiment by Cappuzzello, Soukeras et al.

<latexit sha1_base64="nICLT1amoG5lGvcY2WUHBGpIRWQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eKpi20sWy2m3bpZhN2J0Ip/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ncLK6tr6RnGztLW9s7tX3j9omCTTjPsskYluhdRwKRT3UaDkrVRzGoeSN8PhzdRvPnFtRKIecJTyIKZ9JSLBKFrJf/Tuu263XHGr7gxkmXg5qUCOerf81eklLIu5QiapMW3PTTEYU42CST4pdTLDU8qGtM/blioacxOMZ8dOyIlVeiRKtC2FZKb+nhjT2JhRHNrOmOLALHpT8T+vnWF0FYyFSjPkis0XRZkkmJDp56QnNGcoR5ZQpoW9lbAB1ZShzadkQ/AWX14mjbOqd1E9vzuv1K7zOIpwBMdwCh5cQg1uoQ4+MBDwDK/w5ijnxXl3PuatBSefOYQ/cD5/APlVjiY=</latexit>

1S0

<latexit sha1_base64="pJpjmwiUatAv1nAq0dMMIZn9oYU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vj04rGCaQttLJvtpl262YTdiVBKf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3n7g2IlEPOEp5ENO+EpFgFK3kP17Uu163VHYr7gxkmXg5KUOOerf01eklLIu5QiapMW3PTTEYU42CST4pdjLDU8qGtM/blioacxOMZ8dOyKlVeiRKtC2FZKb+nhjT2JhRHNrOmOLALHpT8T+vnWF0HYyFSjPkis0XRZkkmJDp56QnNGcoR5ZQpoW9lbAB1ZShzadoQ/AWX14mjfOKd1mp3lfLtZs8jgIcwwmcgQdXUIM7qIMPDAQ8wyu8Ocp5cd6dj3nripPPHMEfOJ8/+VWOJg==</latexit>

3P1

<latexit sha1_base64="668eXvcDpIBaxjgmzYG8X9pzs+4="></latexit>

↵+ ↵ !3
H+

5
Li ! ↵+ p+3

H

<latexit sha1_base64="pJpjmwiUatAv1nAq0dMMIZn9oYU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vj04rGCaQttLJvtpl262YTdiVBKf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3n7g2IlEPOEp5ENO+EpFgFK3kP17Uu163VHYr7gxkmXg5KUOOerf01eklLIu5QiapMW3PTTEYU42CST4pdjLDU8qGtM/blioacxOMZ8dOyKlVeiRKtC2FZKb+nhjT2JhRHNrOmOLALHpT8T+vnWF0HYyFSjPkis0XRZkkmJDp56QnNGcoR5ZQpoW9lbAB1ZShzadoQ/AWX14mjfOKd1mp3lfLtZs8jgIcwwmcgQdXUIM7qIMPDAQ8wyu8Ocp5cd6dj3nripPPHMEfOJ8/+VWOJg==</latexit>

3P1

Fano analysis  (accounts for asymmetries in the resonance)

Catania
New experiment: 𝛼-𝛼 scattering



Additional info on other calculations
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Michel et al., Errata 2024 

Large potential dependence is seen, consistent with our findings

<latexit sha1_base64="bwB4LUBVJ8oK+XHir+kmv5H263I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNtTvXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+ien5/Xqld53EU4QiO4RQ8uIQa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8wcjcI23</latexit>

Er



Electron scattering
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• Clean probe due to well-understood EM 
interaction 

• Mapped charge distributions, radii, and EM 
excitations of nuclei 

• Essential benchmarks for nuclear models/
theories

A cornerstone in nuclear structure

I. Sick, Prog. Part. Nucl. Phys. 47, 245 (2001).

R. Hofstadter, “Electron Scattering and Nuclear Structure,” Rev. Mod. Phys. 28, 214 (1956).
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Spectral function formalism for 4He

SCGF: Rocco, Barbieri, PRC 98 (2018) 022501

Electron scattering

Sobczyk, SB, et al., PRC 106, 034310(2022)

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.106.034310
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Spectral function formalism for 4He

SCGF: Rocco, Barbieri, PRC 98 (2018) 022501

Electron scattering

Sobczyk, SB, et al., PRC 106, 034310(2022)

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.106.034310
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Sobczyk, SB, et al., PRC 106, 034310(2022)

SF works at high-energy/high-momentum

Electron scattering
Spectral function formalism for 4He

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.106.034310
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Electron scattering

Sobczyk, SB, PRC 109, 044314 (2024)

Spectral function formalism for 16O

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.044314
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Electron scattering

Sobczyk, SB, PRC 109, 044314 (2024)

no FSI
FSI

Spectral function formalism for 16O

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.044314


Towards neutrino scattering: T2K data 
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<latexit sha1_base64="svpQw8g475zap1dfAnVNPBg6heM=">AAACF3icbVDLSgMxFM34rPVVdekmWgRBLDNSqsuiG3dWsA/oTIdMmraheQxJRilD/8KNv+LGhSJudeffmD4W2nogcDjnXG7uiWJGtXHdb2dhcWl5ZTWzll3f2Nzazu3s1rRMFCZVLJlUjQhpwqggVUMNI41YEcQjRupR/2rk1++J0lSKOzOIScBRV9AOxchYKcwVfJGEPk/gCWylXmnoH6S+4vBmCH1Fuz2DlJIP0AZapzbSCHN5t+COAeeJNyV5MEUlzH35bYkTToTBDGnd9NzYBClShmJGhlk/0SRGuI+6pGmpQJzoIB3fNYRHVmnDjlT2CQPH6u+JFHGtBzyySY5MT896I/E/r5mYzkWQUhEnhgg8WdRJGDQSjkqCbaoINmxgCcKK2r9C3EMKYWOrzNoSvNmT50ntrOCVCsXbYr58Oa0jA/bBITgGHjgHZXANKqAKMHgEz+AVvDlPzovz7nxMogvOdGYP/IHz+QM2/J4U</latexit>

⌫µ +
16
O ! µ�

+X

Sobczyk, SB, PRC 109, 044314 (2024)

Spectral function formalism for 16O

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.044314


Electron scattering
16O(e,e’)X 
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40Ca

Acharya, Sobczyk, SB, et al., Phys. Rev. Lett. 134, 202501 (2025)

LIT-CC

https://arxiv.org/abs/2410.05962

