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You identify the final state particles to 
infer neutrino flavor:

count how many νe and νµ

From the reconstructed particles’ 
momenta

you infer neutrino energy:
P(osc) ~  sin2( L / Eν)

??

The importance of neutrino cross sections

This is all you see in your detector: 
we never see the neutrino directly!
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How WG2 plays together
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Continuous improvement of our 
understanding neutrino 
interactions from the interplay 
between model development 
(theory & implementation) and 
cross section results. 



How WG2 plays together
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Aim to perform 
measurements in a form 

useful for model building, 
and produce predictions 

easy to translate into usable observables



How WG2 plays together
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NEUT

Achilles

28 talks, 
o(15) posters
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Questions for our speakers



1) How can we have more theory-based uncertainties, in particular for neutrino oscillation studies?  

2) How can we incorporate state-of-the-art nuclear models, providing information on the hadrons, in 
generators?

3) How to use the wealth of experimental measurements already available and expected in the coming 
years to solve key issues in neutrino scatterings?

4) Which kind of experiments are needed to improve the modeling of neutrino-nucleus cross section?

5) What are the main reaction channels and, therefore, the main systematic uncertainties in oscillation 
experiments?

6) Can you highlight the unique experimental capabilities of your detector... and how that relates to 
important observables?
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Questions for our speakers



Q: How can we have more theory-based 
uncertainties?
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Uncertainties from theory… 
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Noemi Rocco Uncertainties for ab-initio calculation 
with GFMC for MiniBooNE axial form factor

D.Simons, N. Steinberg, NR, et al arXiv:2210.02455

in the context of BSM

https://indico.fnal.gov/event/63406/contributions/297549/attachments/181647/249164/talk_Rocco_NuFact.pdf


NEUT
→ NEUT ReWeight: A critical tool for
              uncertainty propagation

→ for QE and Res1Pi form factors
→ for Pion and Nucleon cascade 

(w/ caveats)

→ NuHepMC early adopter

… to event generators (NEUT & GiBUU) ... 
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Luke Pickering

GiBUU  event generator.
No tune to ν data → 

can be used for refining systematics

Leo Aliaga 

https://github.com/neut-devel/neut-quickstart
https://arxiv.org/abs/2310.13211
https://indico.fnal.gov/event/63406/contributions/297535/attachments/181751/249331/NuFact2024_NEUT-2.pdf
https://gibuu.hepforge.org/
https://indico.fnal.gov/event/63406/contributions/297531/attachments/181759/249346/NuFact2024_GiBUU_09172024.pdf


DUNE has completed a 
new (GENIE-based) 
baseline model → 
philosophy: introduce 
freedoms to cover all 
relevant wrongness, 
prioritize flexibility!

NuSystematics easy for 
DUNE and other 
experiments to use. 

Big contributions from 
GENIE dev and 
MicroBooNE collab

… to experiments (ν-Ν interaction uncertainties in DUNE)
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Stephen Dolan: wish list of systematics to implement/already implemented

https://github.com/LArSoft/nusystematics
https://indico.fnal.gov/event/63406/contributions/298266/attachments/181765/249358/SDolanDUNEModelTalk3.pdf
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Stephen Dolan: wish list of systematics to implement/already implemented
If you build (sharable systems), 
they will come

ICARUS → Unfolding and 
cross section extraction 
with GUNDAM, 
a binned maximum 
likelihood fitter developed 
within the T2K 
collaboration
→ code is open-source! 

→ End-to-end extraction 
procedure validated on 
Asimov data, it works!

Jack Smedley

Jack Smedley

https://github.com/LArSoft/nusystematics
https://indico.fnal.gov/event/63406/contributions/298266/attachments/181765/249358/SDolanDUNEModelTalk3.pdf
https://indico.fnal.gov/event/63406/contributions/297556/attachments/181857/249529/NuFact%202024%20ICARUS%20XS%20Program%20v3.pdf
https://indico.fnal.gov/event/63406/contributions/297556/attachments/181857/249529/NuFact%202024%20ICARUS%20XS%20Program%20v3.pdf


Q: How can we incorporate state-of-the-art 
nuclear models in generators?
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Luke Pickering 

NuHepMC built-in tool

Q: How can we incorporate state-of-the-art 
nuclear models in generators?

https://indico.fnal.gov/event/63406/contributions/297535/attachments/181751/249331/NuFact2024_NEUT-2.pdf
https://arxiv.org/abs/2310.13211


NuWro & GENIE

NuWro Highlight implementations:
→ Argon spectral function
→ Correction from nuclear effects affecting lepton
→ Exclusive MEC model 
→ ML for reconstruction of model independent
              lepton-nucleus interaction
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 Hemant Prasad 

GENIE Highlights:
→ New external FSI models
→ Upcoming MK single-pion model, 

and exotic long lived particles
→ Tuning: global fit to TKI data

John Plows

https://github.com/NuWro/nuwro
https://indico.fnal.gov/event/63406/contributions/297533/attachments/181661/249192/NuWro-NuFACT_2024.pdf
http://tunes.genie-mc.org/
https://indico.fnal.gov/event/63406/contributions/297530/attachments/181713/249268/GENIE_developments_v2.pdf


Achilles Highlights:  
→ Includes QE, Res, 1b2b interference
→ Novel intranuclear cascade 

(w/ π interactions and absorption)
→ Automating BSM via Universal Feynman 
Output

→ NuHepMC early adopter

Achilles & Marley
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Marley (Focused on MeV scale) 
Highlight implementations:  

→ HF-CRPA model for energy continuum of 
high-lying nuclear states
→ Nuclear de-excitation model
→ Optical potential uncertainties

→ NuHepMC early adopter

Joshua Isaacson

https://github.com/AchillesGen/Achilles
https://arxiv.org/abs/2310.13211
https://www.marleygen.org/
https://arxiv.org/abs/2310.13211
https://indico.fnal.gov/event/63406/contributions/297534/attachments/181757/249345/Achilles_%20NuFact24.pdf


Q: Which kind of experiments/measurements are 
needed to improve the modeling of 
neutrino-nucleus cross section?

A: e-N scattering data complementing ν-N 
scattering: we gotta pin down the V- before we try 
to measure the -A
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Sam Carey Correlated Fermi Gas Model: a more realistic description of the 
dynamic of the target nucleus wrt Relativistic Fermi Gas model

Fully analytic implementation of CFG model for CCQE lepton (e, 
ν)-nucleus scattering.  Appreciable difference in e-scattering. 
In ν case, the difference between CFG and RFG predicted form factors is 
washed out.

Improving nuclear models
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Neutrino 
(MB) Data

Electron 
Data

https://indico.fnal.gov/event/63406/contributions/297545/attachments/181668/249200/Sam_Carey_NuFact_09_16_24.pdf


Improving nuclear models
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Neutrino 
(T2K) Data

Electron 
Data

Tania Franco Munoz Relativistic mean-field based model with one- and two-body current contributions to 
the 1p-1h excitation represents a more realistic treatment of the nuclear structure. 
.
Electron-nucleus results →  cross sections are, in general, well reproduced 

(better control of shell model occupations is still needed)
Neutrino-nucleus cross sections →  are mostly transverse, the effect of two-body currents is significant.

https://indico.fnal.gov/event/63406/contributions/297552/attachments/181640/249150/TFrancoMunoz-NuFact.pdf


Improving nuclear models
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Jesus Gonzales-Rosa  The superscaling model (SuSAv2) model takes into account the complexities of nuclear 
structure, so far mainly used in QE. SuSAv2-inelastic: model expansion to describe the full inelastic 
spectrum (Δ, other res., DIS). At forward angles, the contributions of SoftDIS and TrueDIS get larger and 
become crucial to explain the experiment. The overestimation at lower momentum can be corrected using 
Relativistic Mean Field

Electron 
Data

Neutrino 
(T2K) Data

https://indico.fnal.gov/event/63406/contributions/297548/attachments/181581/249061/NuFact_September_2024_Slides_JGR_Inelastic.pdf


Q: Which kind of experiments/measurements are 
needed to improve the modeling of 
neutrino-nucleus cross section?

A: ν-XS focusing on specific portions of the 
model… & tension!
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TKI : transverse kinematic imbalance variables
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1µ1p selections: variables that measure 
correlations between both particles in the final 
state allow us to discriminate between nuclear 
models and separate contributions from different 
channels.

Franco 
Patiño 
No cascade

Alexis 
Nikolakopoulos

cascade

TKI have the potential to disentangle FSI vs non-FSI

Relativistic Distorted Wave Impulse Approximation (RDWIA) 
→  cause unfactorized relativistic and fully quantum approach 
extensively applied in e-scattering. 

FSI in our theoretical models improves general agreement with 
experimental data.
Smearing effects make comparisons difficult

https://indico.fnal.gov/event/63406/contributions/297546/attachments/181709/249264/nufact24_jm_franco.pdf
https://indico.fnal.gov/event/63406/contributions/297546/attachments/181709/249264/nufact24_jm_franco.pdf
https://indico.fnal.gov/event/63406/contributions/297539/attachments/181739/249310/RDWIA_INC_NuFACT.pdf
https://indico.fnal.gov/event/63406/contributions/297539/attachments/181739/249310/RDWIA_INC_NuFACT.pdf
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state allow us to discriminate between nuclear 
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No cascade

Alexis 
Nikolakopoulos
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TKI have the potential to disentangle FSI vs non-FSI

Relativistic Distorted Wave Impulse Approximation (RDWIA) 
→  cause unfactorized relativistic and fully quantum approach 
extensively applied in e-scattering. 

FSI in our theoretical models improves general agreement with 
experimental data.
Smearing effects make comparisons difficult

Omnifold is a new ML assisted idea for 
unfolding
Iterative unfolding 
procedure: 

1. Reweight reconstructed 
MC distribution to (better) 
match data 

2. Reweight nominal truth 
MC distribution to 
incorporate information 
from step 1 

Andrew Cudd

https://indico.fnal.gov/event/63406/contributions/297546/attachments/181709/249264/nufact24_jm_franco.pdf
https://indico.fnal.gov/event/63406/contributions/297546/attachments/181709/249264/nufact24_jm_franco.pdf
https://indico.fnal.gov/event/63406/contributions/297539/attachments/181739/249310/RDWIA_INC_NuFACT.pdf
https://indico.fnal.gov/event/63406/contributions/297539/attachments/181739/249310/RDWIA_INC_NuFACT.pdf
https://indico.fnal.gov/event/63406/contributions/297553/attachments/181924/249646/nufact_omnifold_20240920.pdf


Same (w/ caveats) exclusive observables measured by T2K, MicroBooNE, Minerνa
→ Exploiting complementarity to lift degeneracies!

Potential issues with: 2p2h A-scaling, nucleon FSI strength, physics beyond PWIA. 
No single model or configuration is capable of describing 
global neutrino scattering measurements

Comparative analysis of TKI variables for CC0π1p 
in T2K, MicroBooNE, Minerνa
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Laura 
Munteanu

https://indico.fnal.gov/event/63406/contributions/298267/attachments/181874/249563/BenchmarkingTKI_Munteanu.pdf
https://indico.fnal.gov/event/63406/contributions/298267/attachments/181874/249563/BenchmarkingTKI_Munteanu.pdf


More TKI: CC2p0π (MicroBooNE)
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Daniel Barrow

TKI variables calculated w/ sum of 
the two proton momentum

LArTPC: very low proton threshold 
(300 MeV/c)  
→ proton kinematics particularly sensitive 
     to modeling choices

Conclusions: 
→ Observe model/data disagreements 

in shape and normalisation 
→ SuSAv2 normalisation is over-predicted 
→ NuWro peaks in lowest values of 𝛿PT 

https://indico.fnal.gov/event/63406/contributions/297563/attachments/181868/249557/Pionless%20Cross-Sections%20in%20MicroBooNE%20v3.pdf


2p2h-Focused Cross Sections
w/ inclusive νµ CC (NOνA)

Two inclusive measurements with strong 2p2h contributions
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Joshua Barrow

1

2

https://indico.fnal.gov/event/63406/contributions/297561/attachments/181799/249433/NOvAXSec-NuFactPresentation-JLBarrow-FINAL.pdf
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And let’s not forget the pions…

MicroBooNE Patrick Green first double-differential 
cross-section measurement  in π0 kinematics 
(momentum, angle): 

- systematic overprediction compared to data

- enhanced sensitivity to mis-modelling 
in different regions of phase space:

sensitivity to form factor modeling 
& hadron re-interactions

https://indico.fnal.gov/event/63406/contributions/297562/attachments/181851/249521/MicroBooNE_NuFact_XSec_Pions_24.09.19.pdf


Q: Which kind of experiments/measurements are 
needed to improve the modeling of 
neutrino-nucleus cross section?

A:Disentangle XS & Flux effects
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Joint on-/off-axis νµ CC0π measurement w/ ND280 + INGRID.
→ the measurement aim at disentangling

XS and flux energy dependent effects

→ Results reported as 2D differential cross section in 70 bins
kinematics ( pµ, cosθµ)

Future: 
adding WAGASCI detector 
(first CC0π measurement 
on CH & H2O performed!)

More detectors, more prism!

Prism-like measurement: Joint on-/off-axis νµ CC0π @T2K 
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Laura Munteanu  

https://indico.fnal.gov/event/63406/contributions/297554/attachments/181800/249435/T2K_latest_xsec.pdf


SBND detector @ 110 m from BNB source: on-axis and off-axis at the same time.

Use a fixed detector (same technology, same nucleus!)  to samples multiple off-axis fluxes

Prism-like measurement in single detector: SBND
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Leo Aliaga

https://indico.fnal.gov/event/63406/contributions/297557/attachments/181881/249574/NuFact2024_SBNDXSec_09192024.pdf
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Prism-like measurement in single detector: SBND
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First neutrino data!!!
SBND IS ONLINE!!!

Leo Aliaga

https://indico.fnal.gov/event/63406/contributions/297557/attachments/181881/249574/NuFact2024_SBNDXSec_09192024.pdf


Q: How can we use the wealth of experimental 
measurements already available and upcoming to 
solve key issues in neutrino scatterings?
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NUISANCE aims to provide a coherent framework for comparing neutrino generators to 
external data. NUISANCE can also tune cross-section parameters to available data. 

Common XS frameworks
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Luke Pickering 

https://indico.fnal.gov/event/63406/contributions/297535/attachments/181751/249331/NuFact2024_NEUT-2.pdf
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external data. NUISANCE can also tune cross-section parameters to available data. 

Common XS frameworks
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Luke Pickering 

https://indico.fnal.gov/event/63406/contributions/297535/attachments/181751/249331/NuFact2024_NEUT-2.pdf


Christy-Bodek Universal Fit to e-scattering data
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Fit large data set electron nucleus scattering (even more now, including H,D, nuclear targets) 
Vast kinematic range, both longitudinal and transverse contributions 
⇒ fine grain validation and tune MC generators + test first-principle nuclear theories.

38

Zihao Lin  

https://indico.fnal.gov/event/63406/contributions/297977/attachments/181575/249162/NuFact%202024%20-%20Zihao%20Lin.pdf


Microscopic calculations + future precise 
measurements of CEvNS XS and PVES asymmetry 

will enable precise determination 
of weak form factor and neutron distributions.

Goal: determine the Q2-dependence of the strange axial 
form factor and s-quark content from elastic electron 
and neutrino scattering data globally available.
(accessible only from neutral current) 

Inclusion of MiniBooNE data in the analysis (red 
dashed fit) 
→ huge reduction of uncertainties in GA

s measurement

Axial form factors
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Stephen Pate

Constraining 10s of MeV elastic ν-N scattering 
(CEvNS) cross sections are important for probing 

new physics in CEvNS experiments.

Vishvas 
Pandey

https://indico.fnal.gov/event/63406/contributions/297550/attachments/181884/249589/NuFact2024_Pate.pdf
https://indico.fnal.gov/event/63406/contributions/297784/attachments/181870/249554/NuFact2024_VPandey.pdf
https://indico.fnal.gov/event/63406/contributions/297784/attachments/181870/249554/NuFact2024_VPandey.pdf


In medium effects account for the change in the N-N interaction cross section when computed within the 
nuclear medium → modify FSI description
Can be tested in existing data!

A new look at FSI
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Ben Bogart

Atika Fatima

Eta production modeled inside the nuclear medium,νµ CC inclusive

https://indico.fnal.gov/event/63406/contributions/297536/attachments/181867/249548/NuFact24.pdf
https://indico.fnal.gov/event/63406/contributions/297547/attachments/181871/249555/NuFact_talk_atika.pdf


Q: Highlight the unique experimental 
capabilities of your detector... 

… what new information can you bring?
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Neutrons are an important source of energy reconstruction bias for oscillation 
experiments 
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→ MINERvA can detect neutrons 
efficiently: cross section for an 
antineutrino to produce multiple 
neutrons in the final state and no more 
than 100 MeV of available energy 

→ Multi-neutron cross section for a 
sample dominated by 2p2h and 
FSI-rich 

→ Many leading models do not agree 
with data!

Minerba Betancourt

When the detector can “see” neutrons: 
Multi-neutron cross section in Minerνa

https://indico.fnal.gov/event/63406/contributions/297560/attachments/181774/249380/Betancourt_NuFact_MINERvA_2024.pdf


T2K ND280 upgrade with SuperFGD: 
protons with ~30 MeV (~300 MeV/c) threshold and neutrons!
→ Measuring Emiss via neutrons & scattering off free protons

When the detector can “see” neutrons: T2K ND upgrade
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Laura Munteanu  

https://indico.fnal.gov/event/63406/contributions/297554/attachments/181800/249435/T2K_latest_xsec.pdf


When the detector can “see” neutrons: LArTPCs
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2x2 Demonstrator Andrew Cudd

Pixel-based LArTPC w/ optically separated 
modules optimized to DUNE ND high event rate

Light signal used to identify neutron scattering
kinetic energy from neutron time-of-flight

MicroBooNE Patrick Green

ID method: detection of secondary protons (charge)
→ 48% purity for primary neutrons

https://indico.fnal.gov/event/63406/contributions/297555/attachments/181856/249528/nufact_2x2_physics_20240919.pdf
https://indico.fnal.gov/event/63406/contributions/297562/attachments/181851/249521/MicroBooNE_NuFact_XSec_Pions_24.09.19.pdf


When the detector can “see” neutrons: LArTPCs
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2x2 Demonstrator Andrew Cudd

Pixel-based LArTPC w/ optically separated 
modules optimized to DUNE ND high event rate

Light signal used to identify neutron scattering
kinetic energy from neutron time-of-flight

MicroBooNE Patrick Green

ID method: detection of secondary protons (charge)
→ 48% purity for primary neutrons

First neutrino data!!!
2x2 IS ONLINE!!!

https://indico.fnal.gov/event/63406/contributions/297555/attachments/181856/249528/nufact_2x2_physics_20240919.pdf
https://indico.fnal.gov/event/63406/contributions/297562/attachments/181851/249521/MicroBooNE_NuFact_XSec_Pions_24.09.19.pdf


200 MeV/c proton 
momentum 
threshold

NINJA: the power of fine tracking emulsions
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Tomohiro 
Hayakawa  

next-to-the-vertex interaction physics

E71b Development: x2 faster than conventional system (x5 in a future upgrade)

https://indico.fnal.gov/event/63406/contributions/297558/attachments/181806/249441/NuFact2024_NINJA_hayakawa.pdf
https://indico.fnal.gov/event/63406/contributions/297558/attachments/181806/249441/NuFact2024_NINJA_hayakawa.pdf


Riddhi Biswas Particular capability: 
energy range unexplored ~TeV energy range → all DIS
large yield of ντ will likely double existing data

Neutrinos in the GeV-TeV range: SND@LHC
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Updated νµ result
 

32 events

https://indico.fnal.gov/event/63406/contributions/297559/attachments/181801/249452/NuFact_Slides_RiddhiBiswas.pdf


Riddhi Biswas Particular capability: 
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large yield of ντ will likely double existing data

Neutrinos in the GeV-TeV range: SND@LHC
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Updated νµ result
 

32 events

A cautionary word from the theory side
Ulrich Mosel FSI are 
essential even at very high 
energies of FASER. GiBUU 
can be used to study 
hadronization at HE

Bei Zhou Radiative 
correction of as large as 
25% to be studied 
overlooked by current 
experiments on HE and 
UHE neutrinos.  

https://indico.fnal.gov/event/63406/contributions/297559/attachments/181801/249452/NuFact_Slides_RiddhiBiswas.pdf
https://indico.fnal.gov/event/63406/contributions/297538/attachments/181907/249618/U.M._NUFACT2024.pdf
https://indico.fnal.gov/event/63406/contributions/297551/attachments/181883/249591/20240920_NuFact.pdf


Conclusions
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The road ahead to deliver percent level interaction uncertainty for 
oscillation experiments is still long…

… but we know where to go! 

Amazing progress in a exploding field!
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The road ahead to deliver percent level interaction uncertainty for 
oscillation experiments is still long…

… but we know where to go! 

(to NuFact 2025 -- for location see Maury’s talk)

THANKS!!!

Amazing progress in a exploding field!
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