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Simulate neutrino-nucleus interactions to 
untangle neutrino oscillations from the 
measured interactions

Nuclear Physics:
BSM :

Lattice QCD : Event Generator :

Lattice QCD and νA

Nucleon form 
factors transition form factors
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Multi-nucleon 
currents

Nucleon / nuclear 
PDFs

LQCD can provide accurate constraints on          scattering across energies⌫A
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See USQCD         white paper: Kronfeld et al Eur. Phys. J. A 55 (2019)⌫A
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Addressing Neutrino-Oscillation Physics
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Overview of the Workshop
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Goal of the workshop: Discuss recent advances in the theory of neutrino-nucleus interactions 
and their phenomenological consequences, in particular:

• impact of neutrino cross-section uncertainties on the determination of neutrino
oscillation parameters

• relevance of cross-section measurements for BSM searches

• interplay between particle and nuclear physics in the low energy region

• Workshop virtually hosted by CERN's Theoretical Physics Department and the Neutrino 
Platform. Jan 17 to 21, 2022. Organizers: V. Brdar, J. Kopp, J Yu, and NR

• Different sections of the Workshop: (https://indico.cern.ch/event/1047442/timetable/)

• Neutrino Cross Sections and Event Generators

• Physics Beyond the Standard Model

• Neutrino Physics at Low Energies

• Led Discussion sessions

mailto:nrocco@fnal.gov
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Addressing Neutrino-Oscillation Physics
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Detectors measure the neutrino interaction rate:

Ne(Erec, L) /
X

i

�e(E,L)�i(E)f�i(E,Erec)dE
l-

Theory Input

v

Measured

A precise determination of σ(E) is crucial to extract ν oscillation parameters

Measured

=> Experiments detect interaction and use 
theory to deconvolute the ! Flux.

Theory InputWanted

Wanted

Electrons for Neutrinos: new results 
towards precision oscillation 
measurements 


Or Hen (MIT) 


Test the interaction models' 
accuracy in event generators using 
similarities between electrons and v
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Addressing Neutrino-Oscillation Physics
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Electrons for Neutrinos: new results 
towards precision oscillation 
measurements 


Or Hen (MIT) 


(e,e’) Data-Theory Disagreements

Khachatryan, Papadopoulou, and Ashkenazi et al. 
(CLAS & e4ν collaborations), Nature 599, 565 (2021).

(e,e’) Data-Theory Disagreements

Khachatryan, Papadopoulou, and Ashkenazi et al. 
(CLAS & e4ν collaborations), Nature 599, 565 (2021).

Unprecedented 
accuracy in the 
determination of 
neutrino-argon 
cross section  is 
required to achieve 
design sensitivity to 
CP violation at DUNE 

Their results indicate the need for substantial improvement in the accuracy of the neutrino 
interactions' models and simulations
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Description of the Interaction Vertex—Ab initio
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Transverse Response of 40Ca, Couple Cluster

➡ This allows to predict electron-nucleus cross-section 
➡ Currently only 1-body current 
➡ Response obtained using expansion in Chebyshev polynomials instead of LIT (no inversion procedure)

Transverse response

P R E L I M I NA RY

20 arxiv:2110.02108  JES, A. Roggiero

Coupled cluster theory for neutrino scattering 
Joanna Sobczyk (Mainz)
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FIG. 4. MiniBooNE flux-folded double differential cross sections per target neutron for νµ-CCQE scattering on 12C, displayed
as a function of the muon kinetic energy (Tµ) for different ranges of cos θµ. The experimental data and their shape uncertainties
are from Ref. [46]. The additional 10.7% normalization uncertainty is not shown here. Calculated cross sections are obtained
with ΛA =1.0 GeV.

E ≈ 20 MeV). The remaining terms in the δ-function
are the final energies of the struck nucleon and recoiling
(A–1) system of mass mA−1. From these RPWIA

αβ we ob-
tain the corresponding flux-folded cross sections shown
in Figs. 4 and 5 by the short-dashed (black) line labeled
PWIA. Also shown in this figure by the dot-dashed (pur-
ple) line (labeled PWIA-R) are PWIA cross sections ob-
tained by first fixing the nucleon electroweak form factor
entering xαβ(p,q,ω) at Q2

qe, and then rescaling the vari-
ous response functions by ratios of these form factors, as
indicated in Sec. II B.

A couple of comments are in order. First, the cross
sections in PWIA are to be compared to those obtained
with the GFMC method by including only one-body cur-
rents (curves labeled GFMC 1b): they are found to be
systematically larger than the GFMC predictions, par-
ticularly at forward angles. Furthermore, it appears that
the (spurious) excess strength in the PWIA cross sections
(in the same forward-angle kinematics) matches the in-

crease produced by two-body currents in the GFMC cal-
culations (difference between the GFMC 1b and GFMC
12b curves). This should be viewed as accidental.

Second, the PWIA and PWIA-R cross sections are
very close to each other, except in the ν case at back-
ward angles. In this kinematical regime there are large
cancelations between the dominant terms proportional
to the transverse and interference response functions; in-
deed, as θµ changes from 0◦ to about 90◦, the ν cross
section drops by an order of magnitude. As already
noted, these cancellations are also observed in the com-
plete (GFMC 12b) calculation, and lead to the rather
broad uncertainty bands in Fig. 5. Aside from this qual-
ification, however, the closeness between the PWIA and
PWIA-R results provides corroboration for the validity
of the rescaling procedure of the electroweak form fac-
tors, needed to carry out the GFMC computation of the
Euclidean response functions.

MEC 
enhancement

MiniBooNE cross section, Green’s Function MC

GREEN’S FUNCTION MONTE CARLO 
PREDICTIONS OF NEUTRINO-NUCLEUS 
CROSS SECTION


Alessandro Lovato (ANL)

Limitations: correctly encompass relativistic effects, access to exclusive channels
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Inclusive cross section CC, Valencia Model

Coupled cluster theory for neutrino scattering 
Juan Nieves (IFIC)

Electron scattering, Spectral Function MICROSCOPIC MODEL: PREDICTIONS (NO FITTED PARAMETERS) FROM THE QE to the '�PEAKS, INCLUDING THE DIP REGION

INCLUSIVE CROSS SECTION

PINNING DOWN FSI & MEC
I N. Rocco, OB, and A. Lovato, PRL 116, 192501 (2016)
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Description of the Interaction Vertex—Factorization

These models rely on approximations but can 
describe the different reaction mechanisms Factorisation as a Unified Framework for the 

Description of Neutrino-Nucleus Interactions 


Omar Benhar (INFN)
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Latest developments from LQCD
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Lattice QCD for Neutrino Experiments, Andreas Kronfeld

• PNDME, arXiv:1901.00060 and arXiv:2001.11592: 

• Lattice slopes smaller than that extracted from νd. 

• Even continuum limit:	  
	 	
urA = 0.481(85) fm,	 	
	
vs Meyer et al.: 	 	
	
urA = 0.68(16) fm. 

• Caveat emptor extraction 

from νd data.

Axial Form Factor from Lattice QCD

18
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Neutrino-Nucleus 
Meyer, Walker-Loud, Wilkinson arXiv:2201.01839

• νμ-H2O CC0π with T2K flux. 

• GENIEv3, 10a 02 11a tune. 

• Near detector. 

• CCQE is 40% larger with lattice-QCD* 
form factor FA(Q2) instead of default. 

• * single-lattice-spacing result, so no 
systematics, averaging, etc.
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Lattice slopes are smaller than those extracted 
from 𝜈d (LQCD single-lattice spacing result)

𝜈-H2O CCQE 
0π with T2K 
flux

CCQE is 30% larger with LQCD axial form 
factor instead of default. 

LQCD Axial form factor with all 
systematics controlled in ~1 year 
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Simulating BSM physics
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A Novel Event Generator for the Automated 
Simulation of Neutrino Scattering 


J. Isaacson (FNAL)


• Use LHC tools to calculate the leptonic 
tensor in an automated way: input in 
Universal FeynRules Output (UFO) 
format 

• Automated calculations of BSM 
contributions currently not included in 
event generators
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