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Overview

® NuWro

®

®

®  History of NuWro.
®  NuWro timeline
®  NuWro scheme.
®  eWro.
Recent Developments in NuWro
®  New argon spectral function in Quasi elastic scattering.
@®  New hadronic model for Nieves et. al. 2p2h model.
®  Hybrid Single pion production model.

Incorporation of machine learning techniques.
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Physics Highlights

Phenomenological 2p2h model.

Hyperon production and their FSI.

Neutrino scattering off atomic electrons.

Validated QE electron scattering.

Current
version

21.09.2

NuWro Timeline

NuWro
24 XX .X.

77?7

* Technical developments in this version
* cmake support.

* support of atmospheric neutrino fluxes.

* more elastic input for detector geometries.

* bug fixes and optimization.

* Development of new physics models.
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Event simulation is based on factorisation
scheme.

Nuclear effects are treated in impulse
approximation (1A).

Initial State

. Generate neutrino (flavor, energy, direction, starting point)
according to beam definition (composition, energy
profile...).

. Select nucleus (isotope, position) from target definition
(should lie on neutrino trajectory inside detector geometry)

Select nucleon(s) (position, momentum, removal energy)
from nuclear density profile and nuclear model: FG, LFG, SF,
other.

Primary Interaction

Select interaction channel: QEL, RES, DIS, MEC, COH ...
. Generate interaction kinematics specific for the channel.

Calculate event weight as the differential cross section.

Final State interactions

Propagate hadrons and let them interact with nuclear matter
subtract binding energy from nucleons leaving nucleus.

. Apply Coulomb corrections.

Accept and save event with probability proportional
to its weight.



eWro

A general idea is to use precise electron scattering data to test implemented models.

The structure is very similar to NuWro, in particular

Select initial nucleons.

Assign kinematics

Generate event.

Final state interactions

e pln

~ Currently, eWro is available for QE dynamics only
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~ Currently, eWro is available for QFE dynamics only
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Upcoming projects in NuWro:*

L
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Argon spectral function.
New hybrid single pion production model in RES channel.
New 2p2h Valencia model (exclusive model).

Incorporation of machine learning techniques.

*Will be covered in this talk
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git clone https://github.com/NuWro/nuwro.git




Quasi Elastic Scattering

* JLab spectral functions of argon are implemented [L. Jiang et al., PRD 1035, 112002 (2022); PRD 107, 012005 (2023)]
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Quasi Elastic Scattering

* Low-energy treatment improved for the short-baseline program in Fermilab

. Coulomb effects in the QE channel.
*  proton-neutron energy level difference.

y nuclear recoil.

YAr (e, e'p), E, =2222 MeV, 8, = 15.541°
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* Axial form factor from MINERVA also implemented [R. Dharmapal Banerjee et al., PRD 109, (2024) 073004]

* Combined for the MicroBooNE data for the restricted phase space is 1.0 for the local Fermi gas and 0.7 for the spectral
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Motivated by electron-nucleus scattering data.
Excitation of spectator nucleon(s).

®* Energy exchange through in-medium pion production
A multi-nucleon knockout process.

Significant contribution around ~ 1 GeV

®* An important dynamics for all upcoming neutrino experiments

Two body current interactions dominated by meson exchange currents. )

®* Small contribution coming from three body current interactions as well (3p3h).

Currently NuWro offers 4 n particles -n holes (np-nh) models with slightly different
leptonic model resulting into prediction of different cross section  x10™

Meson Exchange Currents
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Nuwro v21.09.xx

Current MEC scheme
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Meson Exchange Currents

Start

Produce two intial back to back
nucleons

Check whether
hadronic Condition is satisfied

1.Produce two outgoing nucleons
(back-to-back) which are not Pauli
blocked.

2.Choose a direction from uniform
distribution

Boost back to LAB frame

Store the nucleon kinematics

Hadronic Frame

LAB Frame (Boosted)




Meson Exchange Currents

PHYSICAL REVIEW C 102, 024601 (2020)

—>

Implementation of Nieves et. al. 2pzh model with
predictions on momenta of outgoing nucleons in
nucleon phasespace in NuWro.

* New hadronic grids

* New nucleon sampling functions : for
controlling the correlations of outgoing
nucleon momenta.

Addition of Nieves et. al 3p3h model on top of
2p2h model
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Nuwro v24.xx.”?

New MEC scheme and Hadronic Model

02 03

Decide the topology
and then decide the Produce Hadron
Isospin Kinematics

1. If 2p2h, then decide the isospin of
ougoing nucleons based on the ratio
of individual weight to overall weight
of 2p2h.

2. If 3p3h, then isospin is decided
using combinatorics
) pe p 3 )
Proauce Leptoi

Kinematics anda

V¢ L WEIUIl|

1. Generate valid kinematics

2. Produce double differential
cross section for pp,np,pn, and 3p3h
channel

Start

New Hadronic Model: NuWro

Produce two intial nucleons in any
direction.

Check whether
hadronic Condition is satisfied

1. Produce two outgoing nucleons
(back-to-back) which are not Pauli
blocked.

2. Choose a direction from a
parameterized distribution.

Boost back to LAB frame

Store the nucleon kinematics

Hadronic Frame

LAB Frame (Boosted)
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New Hadronic Model: NuWro

Nuwro (Old MEC model) E =1 GeV
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New Hadronic Model: NuWro

Nuwro (Old MEC model) E =1 GeV Nuwro (New MEC model) E =1 GeV Valencia Model E, =1 GeV
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Resonant single 7 production

*  NuWro relies on a simple model including explicitly only one A(1232) resonance.
* For Large W quark-hadron duality argument holds
* Inclusive cross section from Bodek-Yang
* Hadronization uses Pythia 6.

* Linear interpolation

W— Wthr

aa W<W,.
Wmin o Wthr
_— wW-w . +a (W, —W
Here a(W) = u ao(W’"“x L oW <wew,,

1

Wp.=M+m_ W . =13GeV W . =16GeV



Resonant single  production

“Hybrid Model” from Ghent Group R. Gonzalez-Jimenez, N. Jachowicz, K. Niewczas, et al, Phys.Rev. D 95 (2017) 11, 113007

Contribution from resonances Pz;(1232)(A), D5(1520), §,,(1535), P,,(1440) low-energy background, and high energy background.

J;berzd o JII?ES T COSZ ¢(W)JUM + sin ¢(W) ReChi
m| 1
Pp(W)=—|1 — T Wy=15GeV L =0.1GeV
2 1 + exp( - %)
Resonances ChPT background

P33(1232),P11(1440),D13(1520),S11(1535)

N Res N’

based on [PRD 76 033005, PRD 87 113009, PRD 93 014016]
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Incorporation of machine learning
techniques in our neutrino group



Modelling lepton-carbon interaction using DNN

Beata E. Kowal, Krzysztof M. Graczyk et. al. Phys.Rev. C 110 (2024) 025501

* Modelling deep neutral networks (DNN) and training over experimental datasets.

* Emphasis on “Parameterisations of electron-scattering cross section, independent from nuclear model
assumptions”

10 ) Fully connected layer ReLU activation function

Batch Normalised layer
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Modelling lepton-carbon interaction usin

Beata E. Kowal, Krzysztof M. Graczyk et. al. Phys.Rev. C 110 (2024) 025501
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Modelling lepton-carbon interaction using DNN

Beata E. Kowal, Krzysztof M. Graczyk et. al. Phys.Rev. C 110 (2024) 025501
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FIG. 8. Interpolation tests of the obtained fits for beam energy 0.6 GeV and scattering angles 30°, 45°, and 60°. We compare the spectral
function calculations [20] of the quasielastic cross section, depicted by the solid red lines, with the predictions of model A (model B),
represented by the solid (dashed) blue lines. The green (orange) areas correspond to the 1o uncertainties.



Prediction of DNN on lepton-nucleus interaction
From transfer learnin

Krzysztof M. Graczyk et. al. Beata E. Kowal, arXiv:2408§9936 [hep-ph]

The aim is to test pre-trained DNN model from electron-carbon scattering data on datasets from lithium to iron.
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FIG. 1. Double-differential cross section d?c/dwd2 for inclusive electron scattering on lithium [15], oxygen [11], aluminum [16],
calcium [17], and iron [18] for selected kinematics. The fits obtained for the proportion of training to test datasets 7:3. The red
line denotes the DNNs predictions, and the green area denotes 1o uncertainty. The results for DNN with all/two last layers
fine-tuned are shown in the top/bottom row. The electron-carbon DNN predictions multiplied by factor A/12 are shown by
blue-dashed lines corresponding to 1o uncertainty denoted by a light blue area. The red (green) points represent the training
(test) dataset.



Prediction of DNN on lepton-nucleus interaction
From transfer learnin

Krzysztof M. Graczyk et. al. Beata E. Kowal, arXiv:2408§9936 [hep-ph]

* Theaimis to test pre-trained DNN model from electron-carbon scattering data on datasets from lithium to iron.
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Summary

V' we implemented
* Argon spectral function
* Correction from nuclear effects affecting lepton.
V' We implemented exclusive MEC model
* Modelling final state isospin and momenta.
* Contribution from 3p3h mechanism.
V' We are about to include Ghent Hybrid model for single pion production
* A model independent framework based on kinematics.

v Machine Learning techniques are employed for reconstruction of model independent lepton-nucleus interaction in
NuWro
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1 hank you for your attention

Frequently Asked Questions ~NuWro Workshop, Dec 2017

1. When will the new version of NuWro be released?
* New NuWro version is most likely to be released within the end of this year in the beginning of next year.
2. How will ML techniques be incorporated into NuWro?

* Right now there are some work going in the field of modelling neutrino-nucleus interaction using DNN. Is too early to say how things
will go.

“Progress, not perfection”
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Final State interactions

Credit: Tomasz Golan

NuWro uses 1ntra nuclear cascade (INC) to simulate final state interactions.

The original 1dea 1s due to Metropolis: N. Metropolis et al., Phys. Rev. 110

(1958) Nucleons, and pions from primary vertex are propagated in nuclear
matter

Possible scenario of final state interactions



Final State interactions

Credit: Tomasz Golan

Take nucleons and pions created in primary vertex. Move each
particle by the distance of its formation zone (see Subsec. 2.4.4).

NuWro uses intra nuclear cascade (INC) to simulate final state interactions.

Take a particle from the queue and obtain its Put th o
free path (A) from the exponential distribu- ut the particle(s)

.. . . . . tion. Propagate the particle by min(\, A\yaz)- into the queue.
The original 1dea 1s due to Metropolis: N. Metropolis et al., Phys. Rev. 110

(1958) Nucleons, and pions from primary vertex are propagated in nuclear
matter

Generate the
interaction.

. r - the distance from the center of the nucleus; Withdraw the inter-
. R - the nucleus radius; Ej - the kinetic energy;

action and recover
iV - the nuclear potential; PB - Pauli blocking

the initial particles.

Figure 2.17: A block diagram of the NuWro INC algorithm.



Final State interactions

Credit: Tomasz Golan

Make a correction to all scattering parameters coming from Fermi motion.
N
—

NuWro uses intra nuclear cascade (INC) to simulate final state interactions.

The original 1dea 1s due to Metropolis: N. Metropolis et al., Phys. Rev. 110
(1958) Nucleons, and pions from primary vertex are propagated in nuclear

matter lY
* Nucleons... 0

* Can be scattered elastically. lN

v

« Can exchange electric charge. 0 N
* (Can produce more pions.

- z - random number from [0, 1]

Double 7 : :

. Epn - enough energy to produce n pions

Figure 2.18: A block diagram of the algorithm for “Generate the interaction” from Fig.
2.17 in the case of nucleon-nucleon scattering.



Final State interactions

Credit: Tomasz Golan

Make a correction to all scattering parameters coming from Fermi motion.

NuWro uses intra nuclear cascade (INC) to simulate final state interactions.

01’
1N or i1
—_—

@”0“°

The original 1dea 1s due to Metropolis: N. Metropolis et al., Phys. Rev. 110

(1958) Nucleons, and pions from primary vertex are propagated in nuclear
matter

* Pions
* Can be absorbed
* Can be scattered elastically
* (If energetic enough) can produce new pions

* Can exchange electric charge with nucleons

: 2 - random number from [0, 1]
. Enx - enough energy to produce n pions
fabs = O'abs/o'total

Figure 2.20: A block diagram of the algorithm for “Generate the interaction” from Fig.
2.17 in the case of pion-nucleon scattering.



