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● MicroBooNE is a well established experiment 
with 65 published papers since 2017

○ Produced e-like and 𝛾-like low energy excess searches
○ Cross section measurements on a diverse range of 

interactions and in multiple dimensions

● SBN is ramping up to provide a 2-detector 
oscillation search and even higher statistics

○ DUNE is on the horizon with even more precise 
requirements

○ Neutrino interaction modeling is a potential leading 
source of uncertainty
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MicroBooNE eLEE Search

NOvA Uncertainties Breakdown

It’s an Exciting Time for Neutrino Physics

PhysRevD.106.032004

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032004


Challenges in Neutrino Interaction Modeling

● Wide range of energies
○ Spans QE, RES, DIS

● Range of nuclear targets across experiments
○ Hydrogen, Deuterium, Carbon, Argon, Iron, Lead

● Complex QCD physics inside nucleus
○ Nuclear initial state
○ Nucleon-nucleon correlations
○ Final state interactions
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RevModPhys.84.1307

Credit: T. Golan

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.84.1307


Cross Section Modeling with GENIE

● GENIE is the primary 𝜈 interaction event 
generator for Fermilab experiments

○ Development is huge effort, tons of knobs
○ Lots of approx/estimates - room for improvement

● GENIE v3 is the latest major release
○ Genie v2 is also in use by other experiments
○ Many configurations possible within Genie v3.  

Details in Eur. Phys. J. Spec. Top. 230, 
4449–4467 (2021)

● MicroBooNE uses GENIE v3.0.6 
G18_10a_02_11a

○ MicroBooNE tune discussed later
○ MicroBooNE was the first experiment

to adopt GENIE v3 4

Historical: RFG, Llewellyn Smith 
CCQE, Rein-Sehgal RES, hA FSI

LFG, Valencia CCQE, Berger-Sehgal 
improved RES modeling
SuSAv2 CCQE, hN FSI

MicroBooNE 𝜈𝜇CC0πNp data

See Steven Gardiner’s 
talk for new results!

Eur. Phys. J. Spec. Top. 230, 4449–4467 (2021)

https://doi.org/10.1140/epjs/s11734-021-00295-7
https://doi.org/10.1140/epjs/s11734-021-00295-7
https://doi.org/10.1140/epjs/s11734-021-00295-7


Modeling the Nuclear Initial State

● Historical model: Relativistic Fermi Gas 
(RFG)

○ Non-interacting nucleons with momentum up to 
Fermi momentum kF

○ Non-zero momentum tail above kF to account for 
short-range nucleon-nucleon correlations

● Local Fermi Gas (LFG) model 
○ kF is a function of radius, derived from nucleon 

density distribution
○ Underpins Valencia CCQE and CCMEC 

modeling with shared use of density distribution

● Correlated Fermi Gas (CFG) model
○ Re-introduces non-zero momentum tail above kF
○ Included in GENIE 3.2
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Eur. Phys. J. Spec. Top. 
230, 4449–4467 (2021)

Nuclear Initial State Modeling In GENIEUnderlined version is used in 
MicroBooNE model

Impact of Initial State Modeling in 
MicroBooNE 𝜈𝜇CC 1p0𝜋

PhysRevLett.131.101802

https://doi.org/10.1140/epjs/s11734-021-00295-7
https://doi.org/10.1140/epjs/s11734-021-00295-7
https://doi.org/10.1103/PhysRevLett.131.101802


Modeling of Charged Current Quasi-Elastic (CCQE) and 
Meson-Exchange Current (CCMEC) interactions

● Historical model: Llewellyn-Smith
○ Free nucleon model with corrections for Pauli 

blocking and binding energy
○ Accurate at higher energies (>2 GeV)

● Valencia model for CCQE and CCMEC 
interactions

○ RPA corrections for long range correlations
○ Corrections for Coulomb interactions of 

outgoing lepton

● SuperScaling Approach (SuSAv2) 
model 

○ RFG model predicts lepton cross section 
scales ~ 𝜓(q,ω)

○ SuSAv2 combines scaling in (e,e’) data 
longitudinal channel with RMF prediction of 
significant transverse channel scaling 6

GENIE v3 𝜈𝜇 CC QE

GENIE v3 𝜈𝜇 CC MEC

Predictions for MicroBooNE 
flux on argon target

Eur. Phys. J. Spec. Top. 230, 
4449–4467 (2021)

RPA suppression 
at low Q2

Significant model 
differences, bimodal 

structure in Valencia model

Underlined version is used in 
MicroBooNE model

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.90.035501
https://doi.org/10.1140/epjs/s11734-021-00295-7
https://doi.org/10.1140/epjs/s11734-021-00295-7


Modeling of 𝛥-Resonance (RES) Interactions

● Historical model: Rein-Sehgal
○ Dipole expansion of axial form factor with 

axial-vector mass MA
RES = 1.12 GeV 

● Berger-Sehgal model
○ Includes modeling improvements of nonzero 

lepton mass, lepton polarization, pion pole 
contribution

● To first-order, bubble chamber data gives 
good constraints

○ Small A means fewer FSI effects
○ Multi-dimensional phase space
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Bubble Chamber 𝜋+ Cross Section Data for H2, D

Eur. Phys. J. Spec. Top. 230, 
4449–4467 (2021)

Underlined version is used in 
MicroBooNE model

https://doi.org/10.1140/epjs/s11734-021-00295-7
https://doi.org/10.1140/epjs/s11734-021-00295-7


Modeling of Deep Inelastic Scattering
(DIS) Interactions

● Significant for DUNE, not as much 
MicroBooNE / SBN

● Bodek-Yang model for CCDIS 
interactions

● GENIE default has large uncertainties on 
non-RES 𝜋 (50%) and DIS (25-40%) 
parameters

2 GeV 8

MicroBooNE Public Note 1031

RevModPhys.84.1307

BNB Flux at MicroBooNE

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1031-PUB.pdf
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.84.1307


Modeling of Final State Interactions (FSI)
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GENIE v3 Inclusive 𝜋+ KE

GENIE v3 Low-Energy Hadron Responses

Predictions for 2 GeV 𝜈𝜇 
on argon target

Eur. Phys. J. Spec. Top. 
230, 4449–4467 (2021)

Significant model 
differences at low 

energy

Proton suppression from 
Coulomb effects shown in 

INCL, Geant4, but not hA, hN

● FSI models final state particles exiting 
nucleus

○ Processes include charge exchange, 
absorption, hadron knockout

○ More important for larger nuclei such as 40Ar

● MicroBooNE FSI modeled with hA 
approximation

○ Approximates cascade of interactions with 
total cross sections

○ Data-driven, gives good agreement

● GENIE v3.0 also contains hN 
intranuclear cascade model

○ Models multiple interactions in nuclear 
cascade

○ Similar to implementations in NuWro and 
NEUT

Underlined version is used in 
MicroBooNE model

https://doi.org/10.1140/epjs/s11734-021-00295-7
https://doi.org/10.1140/epjs/s11734-021-00295-7


Modeling of Final State Interactions (FSI)
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● Impact of FSI is well demonstrated in 
published measurements

○ FSI sensitivity varies greatly with interaction 
channel and across phase space

○ Large impact at high 𝛿pT
○ FSI impact increases with nuclear size A Impact of FSI in MicroBooNE 𝜈𝜇CC 1p0𝜋 

PhysRevLett.131.101802

Impact of FSI in MINER𝜈A (Eur. Phys. J. Spec. Top. 230, 4243–4257)

https://doi.org/10.1103/PhysRevLett.131.101802
https://link.springer.com/article/10.1140/epjs/s11734-021-00296-6


MicroBooNE tune of GENIE v3

● Out-of-box GENIE v3.0.6 G18_10a_02_11a 
under-predicted data

○ Particularly prevalent at low energy (<600 MeV)

● Tuned to T2K CC0𝜋 data (CH target)
○ Independent detector and beam
○ CCQE physics at a similar energy range

● Tuned 2 CCQE and 2 CCMEC parameters
○ Reflect known uncertainties in models of CC0π cross 

sections
○ Cannot easily be constrained by electron scattering data
○ Can be constrained by T2K data

11PhysRevD.105.072001

Genie v3 Untuned vs MicroBooNE Data

GENIE v3 𝜈𝜇 CC MEC

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.072001


MicroBooNE tune of GENIE v3
● CCQE tuned parameters

○ CCQE MA - low nominal value of ~0.96 GeV contributes to 
underpredicting data

○ RPA strength - implemented by interpolating between Valencia 
model and no RPA correction

● CCMEC tuned parameters
○ CCMEC normalization - proportionally scales CCMEC contribution
○ CCMEC shape - implemented by interpolating between Valencia 

model and GENIE empirical model
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CCQE MA RPA Strength CCMEC Norm CCMEC Shape

Nominal 0.961242 
GeV

1 1 0 (Valencia)

Fitted 1.1 + 0.1 
GeV

0.85 + 0.4 1.66 + 0.50 1 (Empirical)  .

RPA Scaling

+0
-1

Fitted Parameters All Non-Default Parameters

Genie v3 Tuned vs MicroBooNE Data

PhysRevD.105.072001

GENIE v3 𝜈𝜇 CC MEC

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.072001


Impact of Cross Section Uncertainties
on Oscillation Measurements

13PhysRevD.105.112005

𝜈eCC Inclusive eLEE Search Uncertainty● Inclusive signal
○ Not concerned with final state composition 

(eg: particle multiplicity, charge exchange)

● Requires E𝜈 measurement
○ Transfer energy contains invisible portion 

in LArTPC (eg: neutrons)
○ Potential source of model dependence

● Cross section uncertainties 
dominant at low E𝜈 for both 𝜈e and 𝜈𝜇

○ MicroBooNE uses sideband constraints in 
place of 2-detector setup

https://doi.org/10.1103/PhysRevD.105.112005


Impact of Cross Section Uncertainties
on Oscillation Measurements

14PhysRevD.105.112005

𝜈eCC Inclusive eLEE Search Uncertainty● Inclusive signal
○ Not concerned with final state composition 

(eg: particle multiplicity, charge exchange)

● Requires E𝜈 measurement
○ Transfer energy contains invisible portion 

in LArTPC (eg: neutrons)
○ Potential source of model dependence

● Cross section uncertainties 
dominant at low E𝜈 for both 𝜈e and 𝜈𝜇

○ MicroBooNE uses sideband constraints in 
place of 2-detector setup

https://doi.org/10.1103/PhysRevD.105.112005


Impact of Cross Section Uncertainties
on Cross Section Measurements

15
PhysRevD.108.053002 
Supplemental Material

𝜈𝜇CC 1p0𝜋 Cross Section Uncertainty● Often exclusive signal
○ Backgrounds from interaction channels such 

as MEC
○ Impact varies between signal definitions

● Unfolding naturally suppresses cross 
section uncertainties

● Impact of cross section uncertainties 
depends on kinematic distribution

○ Sub-dominant across ECal
○ Dominant at high 𝛿pT 

https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.108.053002/supp.pdf
https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.108.053002/supp.pdf


Impact of Cross Section Uncertainties
on Cross Section Measurements
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𝜈𝜇CC 1p0𝜋 Cross Section Uncertainty

PhysRevD.108.053002 
Supplemental Material

● Often exclusive signal
○ Backgrounds from interaction channels such 

as MEC
○ Impact varies between signal definitions

● Unfolding naturally suppresses cross 
section uncertainties

● Impact of cross section uncertainties 
depends on kinematic distribution

○ Sub-dominant across ECal
○ Dominant at high 𝛿pT 

https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.108.053002/supp.pdf
https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.108.053002/supp.pdf


Impact of Cross Section Parameter Uncertainties
on 𝜈𝜇CC 1p0𝜋 1-Bin Cross Section Measurement

17

PhysRevD.108.053002 
Supplemental Material

1𝜎 Genie 
Uncertainty

Fractional 
Contribution 

to Meas

MA CCRES 20% 0.986 %

M𝜈 CCRES 10% 0.775 %

MA NCRES 20% 0.969 %

𝛥→N+𝜋 Angle Rein-Sehgal 
vs Isotropic

1.533 %

1𝜎 Genie 
Uncertainty

Fractional 
Contribution 

to Meas

Nucleon Mean 
Free Path

20 % 1.212 %

𝜋 Absorption 30 % 0.906 %

Nucleon Charge 
Exchange

20 % 0.953 %

Nucleon 
Absorption

40 % 0.906 %

1𝜎 Genie 
Uncertainty

Fractional 
Contribution 

to Meas

RPA Strength 40 % 2.1 %

CCQE Parameters

CCMEC Parameters

RES Parameters
FSI Parameters

1𝜎 Genie 
Uncertainty

Fractional 
Contribution 

to Meas

CCMEC Norm 50 % 1.832 %

MEC Decay 
Angle

Isotropic vs 
cos2𝜃

0.693 %

*Largest uncertainties shown here; 
full list in backup slides

https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.108.053002/supp.pdf
https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.108.053002/supp.pdf


Summary

18PhysRevD.105.072001

MicroBooNE Tune 𝜈e CC Inclusive Cross Section

● Neutrino interaction modeling is important for 
precision oscillation measurements

○ Modeling is adequate for MicroBooNE, must do better 
for future experiments

● Many new model developments in recent years
○ Initial state models, CCQE models (SuSAv2, RPA 

correction), FSI models, …

● Areas of significant model disagreement
○ RPA corrections, MEC contribution, FSI, …

● Cross section measurements can continue to 
guide model development

○ Multi-dimensional phase spaces, high statistics, new 
detectors and unfolding methods, new kinematics being 
measured

Historical: RFG, Llewellyn Smith 
CCQE, Rein-Sehgal RES, hA FSI

LFG, Valencia CCQE, 
Berger-Sehgal improved RES 

modeling
SuSAv2 CCQE, hN FSI

MicroBooNE 𝜈𝜇CC0πNp Data
Phys. Rev. D 102, 112013 (2020)

See Steven Gardiner’s 
talk for new results!

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.072001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013


Backup
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https://arxiv.org/abs/2403.19574

https://arxiv.org/abs/2403.19574
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