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Long baseline neutrino program

What do we need to do in ab-initio nuclear theory?

Target nuclei are 12C, 160, and 49Ar so we need to:

1. Solve the ground state

2. Calculate response functions



1) Solve the ground state

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

Lorentz Integral Transform Efros, et al., JPG.: Nucl.Part.Phys. 34 (2007) R459
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Reduce to a bound-state-like equation
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LIT-CC

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

Lorentz Integral Transform

Efros, et al., JPG.: Nucl.Part.Phys. 34 (2007) R459
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Applications to lepton-nucleus scattering
with LIT-CC
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Electron scattering
40Ca(e,e’)X

Sobcyzk, Acharya, SB, Hagen, PRL 127 (2021) 7, 072501
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Electron scattering
16Q(e,e’)X

Acharva, Sobczyk, SB, et al., Phys. Rev. Lett. 134, 202501 (2025)
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https://arxiv.org/abs/2410.05962

Electron scattering
16Q(e,e’)X

Acharya, Sobczyk, SB, et al., Phys. Rev. Lett. 134, 202501 (2025)
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Towards neutrino-nucleus scattering

160 weak responses Acharya, Sobczyk, SB, et al., Phys. Rev. Lett. 134, 202501 (2025)
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Challenges

How to tackle 40Ar?

Differential cross section do/dQ) (ub/sr)
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Challenges

How to tackle 40Ar?

* Fractional filling coupled-cluster theory
Cohen et al., Phys. Rev. B 77, 115123 (2008)

 Deformed coupled-cluster

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

* Any other ideas?

Littich et al., Eur.Phys.J.A 61 (2025)
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Few-body system:
the a-particle
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Few-body system:
the a-particle

SB et al. PRL 110, 042503 (2013)
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Few-body system
the a-particle

Kegel et al. PRL 130, 152502 (2023)
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Recent calculations

Michel, Nazarewicz, Ploszajczak et al., PRL 131, 242502 (2023)
Method: NCGSM-CC
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Tune E; to fit Kegel data = E=0.4 Mev
Erratum Phys. Rev. Lett. 133, 239901 (2024)

Tune E: to fit Kegel data = E=0.12 Mev
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Recent calculations

Michel, Nazarewicz, Ploszajczak et al., PRL 131, 242502 (2023) Meiliner, Shen, Elhatisari, Lee, PRL 132, 062501 (2024)
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Tune E; to fit Kegel data = E=0.4 Mev E.=0.40(9) MeV (not fit to data)

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

Tune E: to fit Kegel data = E=0.12 Mev



Most recent calculations
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Most recent calculations

HH from Viviani et al, FBS (2024)
NCSM from P. Yin et al, 2412.18037

| don’t think that we can yet close the chapter on this observable!
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Resonance characterization: Th vs Exp

Y& Evaluation by Tilley et al, NPA 541 (1992) 1-104
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Resonance characterization: Exp only

I, (MeV)

Y& Evaluation by Tilley et al, NPA 541 (1992) 1-104
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Resonance characterization: Exp only

New characterization via a-a scattering in Catania

Cappuzzello, Soukeras et al., to be submitted
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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”?
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Additional info on other calculations

NCSM from P. Yin et al, 2412.18037
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LIT + HH for the monopole transition 0/ — 05
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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
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New experiment: a-a scattering

Catania

Experiment by Cappuzzello, Soukeras et al.
Fano analysis (accounts for asymmetries in the resonance)
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Additional info on other calculations

Michel et al., Errata 2024
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Large potential dependence is seen, consistent with our findings
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Electron scattering

A cornerstone in nuclear structure

100 T
e Clean probe due to well-understood EM 18,y
interaction 107% 1=
o 37oMeV
* 7T60MeV
» Mapped charge distributions, radii, and EM CR I
excitations of nuclei . “
» Essential benchmarks for nuclear models/ 1076 = Vo \
. Vongte Ty
theories _ RS °
10— 8 A TR P o
0 1 2 3

R. Hofstadter, “Electron Scattering and Nuclear Structure,” Rev. Mod. Phys. 28, 214 (1956).
. Sick, Prog. Part. Nucl. Phys. 47, 245 (2001).
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Electron scattering

Spectral function formalism for 4He [0) 2y m—

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

Spectral function formalism for 4He
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Electron scattering

Spectral function formalism for 4He

N
o

do/(dwdcosB) [nb/(sr MeV)]
=) =
Ul o

O
e

(-
Ul

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

W /2%y

Sy,

E=1108 MeV; 6=37.5°: |j|= 674 MeV

E=300 MeV: 6=60":

G| = 274 MeV

_ — 20 . | 1 T _
- CCSD - | TN, CCSD _
— = CCSD intrinsic % [ Y AT\ \ —=— CCSD intrinsic
N - @ 15T °/e -
] YR, ; 3 | I e
Y kX | ~10F ! o N _
@ » —
5 o/ Qo ] @ : / N\,
¥ : _ e = \
7 N0 O _ / N
@ / \’ ®o @ k) 5 F I e > . B
— . AN — 3 - . e \~ "
| ©,7 RN S ¢ & N
L LA T T I T B ‘OO'-II | I IR SR P B
00 150 200 250 300 350 25 50 75 100 125 150 175
w [MeV] w [MeV]

SF works at high-energy/high-momentum
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Electron scattering S,

Spectral function formalism for 160 0) )

Sobczyk, SB, PRC 109, 044314 (2024)
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Electron scattering S,

Spectral function formalism for 160 0) )

Sobczyk, SB, PRC 109, 044314 (2024)
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d?o/(d|k’|dcos 8) [1073°cm?/GeV]

Towards neutrino scattering: T2K data

Spectral function formalism for 160
V), +1%0 =+ X

Sobczyk, SB, PRC 109, 044314 (2024)
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Electron scattering
16Q(e,e’)X

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