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Overview

* Refresher: my PhD project at CERN

 Why are “Neutrino” and “International Neutrino Summer School” relevant for my
project?

 What is relevant for the simulation group at EP-SFT?
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My project at CERN

B} . . Final State u~ kinematics in (8, |3|)
« Contemporary neutrino oscillation -

experiments require precise neutrino ™
energy reconstruction using the
outgoing charged lepton and hadronic
final state.

* Model nuclear effects on the final
state using the intranuclear cascade.

—3500

—3000

* This project aims to extend an |
existing framework (INCL) by the 2
initial neutrino interaction vertex. 1000 MeV muon neutrine beam on a C12

*  Downstream, this will be useful for leptonic nucleus. Note: the scattered momentum may be
physics using Geant greater than the initial kinetic energy due to
nuclear effects.
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Simulation of Neutrino-Nuclear Interactions Including the
Intranuclear Cascade in the few GeV energy range

Anton Schwarz'? Alberto Ribon’; Alfons Weber?3; Jean-Christophe David*; Stephen Dolan?

ontact: anton.schwarz@cern.ch; CERN, Switzerland; 2JGU Mainz, Germany; 3Fermilab, USA; *CEA, France.

* Contemporary neutrino oscillation experiments require precise neutrino | - Initial neutrino vertex P
energy reconstruction. Final State Interact[ons affect the Currently implemented by external tools /Vo
« Exclusive analysis for charged-current quasi-elastic interactions (CCQE): | ©Ner8y reconstruction because of / s
detect outgoing charged lepton and other final state particles their effect on the outgoing ajas8 o TR P
. v . ¥ - / ol 9
* Nuclear effects affecting the final state can be modelled using the hadrons. The impact depends on < SR AL o« 3%
. e, 4 "] v e
intranuclear cascade the reconstruction method and o I - = ‘g - Jg —~ (a9
IR o y y r
* The Liege Intranuclear Cascade Model (INCL) models the nuclear initial detector technology. .‘9 o ‘," ‘ Taroe , ) “",
state and intranuclear cascade Ay 7 b ol o T e ¥
. . - ¢ . ,
* This project aims to extend INCL with the initial neutrino interaction Common issues include missing — Final-state interactions
energy from neutrons or nuclear ’lnltla| nuclear model‘
vertex. (Intranuclear Cascade)
. . breakup and event
* Now: vertex handled by external tools, expect improvements from native |~ D A e
implementation[l] misclassification from undetected lllustrative schematic of the stages relevant to neutrino energy reconstruction made using ChatGPT
- Energy region of interest: on the order of 1 GeV, optimal for INCL and or misidentified pions. Neutrino-nucleus event generation factorised into three steps
CCQE.

g , - ™ ~
Current progress on the initial ) Do fa M SR L Mo * Extended a visualisation tool for the intranuclear cascade to also
neutrino vertex handle leptonic interactions
* Implemented Llewellyn-Smith CCQE * The user can step through the discrete steps within the cascade or

initial neutrino vertex in INCL Workin progress freely interpolate between them
M i oo Viswakzation Tool - Govos 81 eee
INCL now handle_s m_onoenergetlc Crr— PP A
beams of v, vy, Ve, v, targetting ° ...._é_":."u."_;%
. . S ] H— =
arbitrary nuclei '. ° TEE
* Outputs include: @ o
* Detailed description of cascade o’
* Qutgoing particle kinematics: - :
polar angle 8, momentum l l |
com pone nt pZ! etc_ 10 “ !ﬂ oo 05 1o | Screenshots of the visualisation tool, showing the charged lepton (purple torus) escaping the nucleus |
"\. o /‘ \ following a CCQE interaction. The bright red sphere represents the proton remaining after the interaction. /
*Improvement and validation of initial neutrino interaction and the ensuing intranuclear cascade 10200 Ehora. Skard g prciion massirameres o
neutrino oscillations in the future long baseline
Next ste ps *Extension of neutrino interactions to charged lepton interactions ety s anenomenolos) e
*Extension of INCL test system, integration into Geant4 tests T 2023UPASPOGD.tek 04267631

. . : : . . .
Covering more physics processes (beyond CCQE) in neutrino-nucleus interactions INS52026 — Santa Barbara — Poster #72
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Relevance of the duty travel to the project

* The largest, biennial conference bringing Annual school with an accessible lecture
together the entire neutrino community series covering all major topics of

. Presence of experiment, theory and neutrino physics

simulation « Connecting with other doctoral students

* High-level overview and introduction to working on neutrino physics

the landscape for me (completely new to Group work exposing me to other
the field) aspects of neutrino physics

1 week in Irvine, California « 2 weeks in Santa Barbara, California
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Neutrino conference

* Neutrino physics conducted on meV to

PeV scale "
. Overview of the experimental landscape 1o i nacts
. ] ] . , Galactic
« Descriptions of the neutrino detection " FE—
107

mechanisms and their simulation needs
« Scintillator (+ LArTPC)

e Cherenkov

Atmospheric
SuperNova
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Neutrino summer school
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Relevance for the EP-SFT Simulation Group

 GEANT4 is widely used in the simulation stack of neutrino experiments

 The simulation stack is not front and center of every experiment, but always present
« Simulation of backgrounds caused by particle decay within the detector
» Optical properties of the detector volume

 Neutrino simulation frameworks

* Neutrino experiments at LHC
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Decays of unstable isotopes

U
0.3 Hz

Ovpf Backgrounds -

Events / 0.05 MeV

- Solar Neutrino Interactions (ES+CC)
* Cosmogenics Xenon Spallation Products
* Cosmogenics Carbon spallation Products

KAMLAND talk by Omer Penek
(Kamioka Liquid Scintillator Antineutrino Detector)
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Simulation toolchain of the IceCube Detectors

* Atmospheric muons
simulated using
MUONGUN

* Neutrino events
simulated using GENIE

* Muons from neutrino
interactions propagated
using PROPOSAL

« Other particle types
from neutrino interaction
propagated by GEANT4

« Cherenkov photons
propagated through ice
using CLSIm

Excerpt from IceCube Upgrade proposal

geographic South Pole ..

INSS talk by Lu Lu

surface detectors (“lceTop”)

The IceCube Detector

cables (“strings”)

5160 digital optical modules (DOM)
to detect Cherenkov light

L
1.5 10 2.5 km deep
In ultra-clear ice

Anton Schwarz | Neutrino conference and summer school

2026-08-24 10



Neutrino summer school

Number of generators on the market :
* GENIE, NEUT, NuWro, GIBUU

o
— »
o © o
0 -
S v \ v/ c .
A S AV GiBUU
U % Y The Giessen Boltzmann-Uehling-Uhlenbeck Project
2 N *
NEUT

Challenges in generator developments :
e Standardized interfaces

* Microscopic input for vertex — exclusive description e.g. SuSAv2 and CRPA in GENIE, EDRMF in NEUT, GHENT-

HYBRID in NuWro

Natalie Jachowicz
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Current neutrino experiments at LHC

SND@LHC

Tomoko Ariga, Neutrinos@LHC talk
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Proposed neutrino experiments at LHC
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Nicholas Kamp, Neutrino poster
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