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Neutrino-Nucleus Modeling
Challenging …

• Broad neutrino spectra
• Various complex 
    interaction mechanisms

Any mismodeling in neutrino event 
generator simulation predictions can 
limit experimental sensitivity

Quasi-elastic (QE) Meson Exchange 
Current (MEC)

Resonance (RES) Deep Inelastic 
Scattering (DIS)

MicroBooNE flux

Rev. Mod. Phys. 84, 1307 (2012)
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Future Experiments

• Mismodeling can impact required run time of 
   forthcoming flagship experiments

• But … head start with Short-Baseline Neutrino 
   (SBN) Program (MicroBooNE, SBND, ICARUS)

 

DUNE CDR, arXiv:1512.06148

https://arxiv.org/abs/1512.06148


4
85 tonne Liquid Argon Time Projection Chamber (LArTPC)

JINST 12, P02017 (2017)

MicroBooNE@FNAL

SBND

ICARUS
Booster Neutrino Beam, 470 m

NuMI Neutrino Beam

https://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017


5Position along
beam direction

• Excellent spatial resolution

• Low detection 
   thresholds

• Precise calorimetric 
   information

• Powerful particle 
   identification

Color scale shows 
deposited charge

MicroBooNE Data Events

Position along
beam direction

Position in direction 
perpendicular to
beam line

Wire

Time



6Position along
beam direction

• Largest available  
   neutrino-argon data set 
   with ~500k recorded 
   neutrino interactions 

• 15 released and more 
   than 30 active MicroBooNE
   cross section analyses

• Multiple topologies investigated 

Color scale shows 
deposited charge

Position along
beam direction

Position in direction 
perpendicular to
beam line

Wire

Time

MicroBooNE Data Events



Already Public Results
CC inclusive 
• 1D νμ CC inclusive @ BNB
   Phys. Rev. Lett. 123, 131801 (2019)
• 1D νμ CC Eν @ BNB
   Phys. Rev. Lett. 128, 151801 (2022) 
• 3D CC Eν @ BNB
   arXiv:2307.06413 , submitted to PRL
• 1D νe CC inclusive @ NuMI
   Phys. Rev. D105, L051102 (2022)
   Phys. Rev. D104, 052002 (2021)

Pion production
• νμ NCπ0 @ BNB 
   Phys. Rev. D 107, 012004 (2023)

Rare channels  
• η production @ BNB, submitted to PRL
   arXiv:2305.16249
• Λ production @ NuMI
   Phys. Rev. Lett. 130, 231802 (2023)

CC0π
• 1D νe CCNp0π @ BNB
   Phys. Rev. D 106, L051102 (2022)
• 1D & 2D νμ CC1p0π Transverse Imbalance @ BNB
   Phys. Rev. Lett. 131, 101802 (2023)
   Phys. Rev. D 108, 053002 (2023)
• 1D & 2D νμ CC1p0π Generalized Imbalance @ BNB
   arXiv:2310.06082, accepted for publication in PRD
• 1D νμ CC1p0π @ BNB
   Phys. Rev. Lett. 125, 201803 (2020)
• 1D νμ CC2p @ BNB
   arXiv:2211.03734
• 1D νμ CCNp0π @ BNB
   Phys. Rev. D102, 112013 (2020)
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15 cross section publications 
and way more to come!

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801
https://arxiv.org/abs/2307.06413
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004
https://arxiv.org/abs/2305.16249
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://arxiv.org/abs/2310.06082
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://arxiv.org/abs/2211.03734
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013


Today’s Discussion 

• 1D & 2D νμ CC1p0π Transverse Imbalance @ BNB
   Phys. Rev. Lett. 131, 101802 (2023)
   Phys. Rev. D 108, 053002 (2023)
• 1D & 2D νμ CC1p0π Generalized Imbalance @ BNB
   arXiv:2310.06082, accepted for publication in PRD
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Single- and double-differential muon-neutrino
cross-section measurements in kinematic imbalance 
variables using BNB flux

Booster Neutrino Beam (BNB) flux

Phys. Rev. D 79, 072002 (2009)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://arxiv.org/abs/2310.06082
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.072002
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Nuclear Effects

• Fermi motion
• Final state interactions
• Meson exchange currents
• …

Rev. Mod. Phys. 89, 045002 (2017)

arXiv:2201.04664

J. Wolcott
Wine & Cheese Seminar

Struck nucleon motion in argon

Nucleon-nucleon relative angle 
and momenta

Hadron 
reinteractions

Known unknowns that need 
to be accurately simulated

https://link.aps.org/accepted/10.1103/RevModPhys.89.045002
https://arxiv.org/abs/2201.04664
https://indico.fnal.gov/event/55639/
https://indico.fnal.gov/event/55639/


CC1p0π Quasielastic-like Signal Definition
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CC1p0π

Candidate μ

Candidate p

• 1 muon 
   100 < Pμ < 1200 MeV/c
• 1 proton 
   300 < Pp < 1000 MeV/c
• No π± with Pπ > 70 MeV/c
• No π0 or heavier mesons
• Any number of neutrons

   9051 CC1p0π candidate data events

   CC1p0π ~10% efficiency

                   ~70% purity

Phys. Rev. Lett. 131, 101802 (2023)
Phys. Rev. D 108, 053002 (2023)
arXiv:2310.06082

MC: GENIE v3.0.6 G18_10a_02_11b + tune*
           Nieves QE & MEC, Berger Sehgal RES
           * Phys. Rev. D 105, 072001 (2022)

Ranges driven by minimum track length, track 
containment, hadronic reinteractions, and systematics

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://arxiv.org/abs/2310.06082
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
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Transverse Kinematic Imbalance (TKI)

Free
neutron
at rest 

μ

Phys. Rev. C 94, 015503 (2016)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503
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Transverse Kinematic Imbalance (TKI)

Free
neutron
at rest 

μ
μ

-pμ
T

pp
T

Phys. Rev. C 94, 015503 (2016)

δpT

Transverse missing momentum
δpT = | pT

μ + pT
p | = 0

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503
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Transverse Kinematic Imbalance (TKI)

Heavy
nucleus

μ
μ

-pμ
T

pp
T

Sensitivity to ground state and final state 
interactions / multi-nucleon effects 

Phys. Rev. C 94, 015503 (2016)

δpT

Transverse missing momentum
δpT = | pT

μ + pT
p | > 0

S = Signal
B = Background

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503
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Transverse Kinematic Imbalance (TKI)

Heavy
nucleus

μ
μ

δpT

-pμ
T

pp
T

Sensitivity to final state interactions
and multi-nucleon effects

Phys. Rev. C 94, 015503 (2016)

δαT

Orientation of the imbalance
δαT = acos( -pμ

T ∙ δpT )
⋏ ⋏

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503


Unfolding & Regularization
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● Nominal flux-averaged cross section unfolded with Wiener-SVD 
method [JINST 12 P10002 (2017)]

● Maximizes the overall signal to noise ratio through the
          application of the Wiener filter

● Reported covariance matrix includes all statistical and
          systematic model uncertainties

● Bias introduced in regularization captured
in a (known) smearing matrix AC

● AC matrix is necessary ingredient to perform a comparison 
between reported cross sections and event generator predictions

Mi = Σj   Rij   ∙   Sj + Bi

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002


Cross Section Extraction with Wiener SVD Unfolding 
JINST 12 P10002 (2017)
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Input Quantities
• Measurement (Data)
• Background (Cosmics + MC)
• Response Matrix (MC)
• Total Covariance Matrix (MC)

Phys. Rev. D 108, 053002 (2023)

S = Signal
B = Background

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
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Input Quantities
• Measurement (Data)
• Background (MC)
• Response Matrix (MC)
• Total Covariance Matrix (MC)

Phys. Rev. D 108, 053002 (2023)

Cross Section Extraction with Wiener SVD Unfolding 
JINST 12 P10002 (2017)

Probability that a generated event is 
reconstructed and selected

Diagonal matrix with flat ~6% efficiency

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
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Input Quantities
• Measurement (Data)
• Background (MC)
• Response Matrix (MC)
• Total Covariance Matrix (MC)

Phys. Rev. D 108, 053002 (2023)

Cross Section Extraction with Wiener SVD Unfolding 
JINST 12 P10002 (2017)

Includes information on statistical 
and systematic model uncertainties

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
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Uncertainties 

+ Statistical (1.5%)
+ Number of argon targets (1%)

          Total (11%)

(0.2%)

(7.3%)

(6%)

(1%)

(4.9%)

(2%)

Out-of-cryostat ν interactions

Protons-on-target precision
Hadron rescattering

Modeling accuracy

TPC & light variationsIntensity of ν source

Flux Detector

Cross section

Reinteractions POT counting
Systematics-dominated analysis 



Cross Section Extraction with Wiener SVD Unfolding 
JINST 12 P10002 (2017)
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Output quantities in 
regularized space
• Unfolded data spectrum
• Smearing Matrix AC
   *Applied on theory predictions
    and included in data release

Phys. Rev. Lett. 131, 101802 (2023)

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802


Cross Section Extraction with Wiener SVD Unfolding 
JINST 12 P10002 (2017)
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Output quantities in 
regularized space
• Unfolded data spectrum
• Smearing Matrix AC
   *Applied on theory predictions
    and included in data release

Phys. Rev. Lett. 131, 101802 (2023)

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802


Transverse Missing Momentum δpT Cross Section

δpT

-pμ
T

pp
T
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• First neutrino-argon 
   differential cross section in δpT

• FSI reduces strength of the peak

• Small changes in the tail

• Data favors FSI addition

Phys. Rev. Lett. 131, 101802 (2023)
* Phys. Rev. D 105, 072001 (2022)

G18 = GENIE v3.0.6 G18_10a_02_11b + tune*
GiBUU = GiBUU 2021

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
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High Statistics→Into the Multiverse!

δpT

pp
T

δαT

-pμ
T

• Extension to 2D for the first time on argon
• Probe regions with greater model discrimination power



24

High Statistics→Into the Multiverse!
• Extension to 2D for the first time on argon
• Probe regions with greater model discrimination power

δpT

pp
T

δαT

-pμ
T

QE-dominated
MEC/RES/FSI-

dominated
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Zooming into the Multiverse!
MEC/RES/FSI-dominated

δpT

pp
T

δαT

-pμ
T

G18 = GENIE v3.0.6 G18_10a_02_11b + tune*
GiBUU = GiBUU 2021

• FSI predictions in good agreement with data

• Minimal “no-FSI” contributions at high δpT

• High δαT & high δpT part of phase-space ideal 
   to test FSI / multinucleon effects

Phys. Rev. Lett. 131, 101802 (2023)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
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Multiple Generator Comparisons

δpT

pp
T

δαT

-pμ
T

Phys. Rev. D 108, 053002 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002


CC1p0π TKI Summary

• First single- and double- differential 
   neutrino-argon cross section 
   measurements in TKI

• Identified parts of the phase-space with 
   sensitivity to specific nuclear effects

• Way more single- and double-differential
   results in Phys. Rev. Lett. 131, 101802 (2023)
   and Phys. Rev. D 108, 053002 (2023)!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002


CC1p0π TKI Summary

• First single- and double- differential 
   neutrino-argon cross section 
   measurements in TKI

• Fermi motion studied with 2D measurement 
   in δpT with δαT < 45o

• FSI & multinucleon effects studied with 2D 
   measurement in δpT with 135o < δαT < 180o

• Way more single- and double-differential
   results in Phys. Rev. Lett. 131, 101802 (2023)
   and Phys. Rev. D 108, 053002 (2023)!
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But why not extend beyond TKI 
by using three dimensions?

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
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Generalized Kinematic Imbalance (GKI)
• Extension to 3D by considering longitudinal component of missing momentum
    and calorimetric assumption on the incoming energy

Phys. Rev. C 95, 065501 (2017)
arXiv:2310.06082

-pμ
T

pp
T

δpT

δαT

is the transverse missing momentum

is the transverse momentum transfer

is the angle between these two vectors

is the angle between the proton momentum and q

δpT

-pμ
T

δαT

Can we find a way of identifying the longitudinal components of all 
of these vectors?

δɸT

Start by considering the physical meaning of the TKI variables:

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.065501
https://arxiv.org/abs/2310.06082
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Generalized Kinematic Imbalance (GKI)
• Extension to 3D by considering longitudinal component of missing momentum
    and calorimetric assumption on the incoming energy

Phys. Rev. C 95, 065501 (2017)
arXiv:2310.06082

B = 30.9 MeV

• Assume we see all of the energy - now we know the   
   neutrino energy

• Now we have the momentum transfer longitudinal 
component

• Difference between visible energy and net   
  longitudinal momentum is the longitudinal missing 
momentum

Note, this is numerically almost identical to the method in Phys. Rev. C 95, 065501 (2017) while being 
significantly simpler

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.065501
https://arxiv.org/abs/2310.06082
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.065501
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Generalized Kinematic Imbalance (GKI)
• Extension to 3D by considering longitudinal component of missing momentum
    and calorimetric assumption on the incoming energy

Phys. Rev. C 95, 065501 (2017)
arXiv:2310.06082

z

x

pμ

pp

pνy

q

pn

α3D

Assume missing momentum is all nuclear recoil, pn measures the initial state neutron 
momentum, α3D measures it’s direction relative to the momentum transfer

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.065501
https://arxiv.org/abs/2310.06082
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Generalized Kinematic Imbalance (GKI)
• Extension to 3D by considering longitudinal component of missing momentum
    and calorimetric assumption on the incoming energy

Phys. Rev. C 95, 065501 (2017)
arXiv:2310.06082

Include projections of pn parallel and perpendicular to the 
momentum transfer:

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.065501
https://arxiv.org/abs/2310.06082
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Generalized Kinematic Imbalance (GKI)
• Extension to 3D by considering longitudinal component of missing momentum
    and calorimetric assumption on the incoming energy

Phys. Rev. C 95, 065501 (2017)
arXiv:2310.06082

We should expect an additional dimension to add extra information - does this result in better sensitivity 
to nuclear effects?

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.065501
https://arxiv.org/abs/2310.06082


Missing momentum
GENIE v3.0.6 G18_10a_02_11a (no tune)

34

• QE dominance due to CC1p0π signal definition
• pn pushes non-QE component to higher values

arXiv:2310.06082

GKI TKI

https://arxiv.org/abs/2310.06082
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GKI angles
• Difference between generators is larger for the GKI variables than the TKI variables
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GKI angles
• Impact of FSI is larger for GKI than TKI
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GKI angles
• Larger ratio of FSI/no-FSI means FSI has a larger impact
• Not only do the GKI variables show larger FSI impact, they show more generator variation in FSI impact
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GKI projection variables
• Parallel component of pn picks up asymmetry due to FSI slowing protons
• Perpendicular components much more symmetric
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GKI - into the multiverse! 
• Divide the GKI variables just like we did for TKI
• High α3D significantly enhances tail of pn
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At low α3D, tail is mainly MEC and RES At high α3D, tail is mainly QE with FSI
GKI - into the multiverse!
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At low pn we see a sine function (this is 3D 
phase space)

At high pn, tail is enhanced.  Low α3D is 
now primarily MEC

GKI - into the multiverse!
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Generalized Kinematic Imbalance (GKI)
• Extension to 3D by considering longitudinal component of missing momentum
    and calorimetric assumption on the incoming energy
• Extensively tested again several event generators and model configurations

Phys. Rev. C 95, 065501 (2017)
arXiv:2310.06082

z

x

pμ

pp

pνy

q

pn

α3D

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.065501
https://arxiv.org/abs/2310.06082
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Generalized Kinematic Imbalance (GKI)
• Extension to 3D by considering longitudinal component of missing moment
    and calorimetric assumption on the incoming energy
• Extensively tested again several event generators and model configurations

Phys. Rev. C 95, 065501 (2017)
arXiv:2310.06082

z

x

pμ

pp

pνy

q

pn

α3D

Selected comparisons shown next
using same CC1p0π selection

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.065501
https://arxiv.org/abs/2310.06082


GKI confronted with data!
low-FSI region

44

• Most models use LFG, with good agreement

• Large spread of predictions in tail
    • Unfortunately large uncertainties currently

• GiBUU underpredicts peak

• G18T provides best agreement

arXiv:2310.06082

https://arxiv.org/abs/2310.06082


GKI confronted with data!
high-FSI region

45

• FSI-driven tail very large in data

• GiBUU yields best result

• Can’t resolve double peak - statistics and   
   resolution

arXiv:2310.06082

https://arxiv.org/abs/2310.06082


GKI confronted with data!
QE-dominated region
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• Most generators agree well

• GiBUU normalisation too low

arXiv:2310.06082

https://arxiv.org/abs/2310.06082


GKI confronted with data!
MEC/RES/FSI dominated region
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• GiBUU describes high-FSI region well

• low-α3D MEC-dominated.  Significant 
   variation in predictions.

• Again, uncertainties comparable with 
   spread

arXiv:2310.06082

https://arxiv.org/abs/2310.06082


CC1p0π GKI Summary

• Introduction of generalized kinematic imbalance 
   (GKI) variables in 3D space

• Enhanced sensitivity to nuclear effects 

• First single- and double-differential cross section 
   GKI measurement ever with MicroBooNE

• G18T results in good description 
   in QE-dominated regions

• GiBUU yields best performance in 
   FSI-dominated regions

• Way more results in arXiv:2310.06082!

48

https://arxiv.org/abs/2310.06082
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Thank you!
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Backup Slides
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Backup Slides: Table of Contents

MicroBooNE / Unfolding: 66-77
TKI PRD: 78-127
TKI PRL: 128-159
GKI arxiv: 160-182

e4v: 183-280
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MicroBooNE
• 3 wire planes
• 8192 gold coated wires
• 3 mm wire spacing
• 32 PMTs

U V V wire plane waveforms

Y wire plane waveforms

Y

LArTPC Operation Principle

JINST 12, P02017 (2017)

https://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017
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From raw hits to 
particle reconstruction

Pandora Pattern
Recognition
Eur. Phys. J. C78, 1, 82 (2018)

Readout electronics
and field response removal

JINST 13, P07006 (2018)
JINST 13, P07007 (2018)

http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07006
http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007
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Readout electronics
and field response removal

JINST 13, P07006 (2018)
JINST 13, P07007 (2018)

From raw hits to 
particle reconstruction

Pandora Pattern
Recognition
Eur. Phys. J. C78, 1, 82 (2018)

http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07006
http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007


Eur. Phys. J. C 79 673 (2019)

59



Readout window of 2.3 ms 
•  ~20 cosmic interactions
•  ~0.0017 ν interactions

Significant reduction using optical information
to 1 ν interaction in ~10 events

60
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Phys. Rev. D 105, 072001 (2022)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
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Calorimetric Energy

• Eμ = muon energy

• Tp = proton kinetic energy

• BE = 40 MeV binding energy

• Peak at ~0.7 GeV

arXiv:2301.03700

https://arxiv.org/abs/2301.03700
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Calorimetric Energy Cross Section

• Eμ = muon energy

• Tp = proton kinetic energy

• BE = 40 MeV binding energy

• All generators yield good agreement

arXiv:2301.03700 NEUT = NEUT v5.4.0, NuWro = NuWro 19.02.2

https://arxiv.org/abs/2301.03700
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High Statistics→Into the Multiverse!

arXiv:2301.03700

• QE dominated region

• All generators yield 
   good agreement

NEUT = NEUT v5.4.0, NuWro = NuWro 19.02.2

https://arxiv.org/abs/2301.03700
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High Statistics→Into the Multiverse!

arXiv:2301.03700

• MEC/RES dominated region

• Similar shapes

• Normalization differences

• Still reasonable χ2!

NEUT = NEUT v5.4.0, NuWro = NuWro 19.02.2

https://arxiv.org/abs/2301.03700
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High Statistics→Into the Multiverse!
QE-dominated region

δpT

pp
T

δαT

-pμ
T

• Flat distribution indicative of absence 
   of proton FSI

• Shape and normalization differences 
   across FSI models

Phys. Rev. Lett. 131, 101802 (2023)
* Phys. Rev. D 101, 033003 (2020)

G21 = GENIE v3.0.6 G21_11b_00_000
SuSAv2 QE & MEC*, hA/hN/G4 = FSI modeling options

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
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Transverse Orientation δαT Cross Section

δpT

-pμ
T

pp
T

• First neutrino-argon 
   differential cross section in δαT

• Sensitive to proton FSI modeling

• Data favors FSI addition

• Shape differences observed

δαT

arXiv:2301.03706
* Phys. Rev. D 101, 033003 (2020)

G21 = GENIE v3.0.6 G21_11b_00_000
SuSAv2 QE & MEC*, hA/hN/G4 = FSI modeling options

https://arxiv.org/abs/2301.03706
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
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High Statistics→Into the Multiverse!

δpT

pp
T

δαT

-pμ
T

• Primarily contributions from MEC/RES & 
   QE events undergoing FSI

• More assymmetric behavior compared to 1D result

• No-FSI contribution lower than FSI ones

• High δαT & high δpT part of phase-space 
   ideal to test FSI / multinucleon 
   effect sensitivity

arXiv:2301.03706
* Phys. Rev. D 101, 033003 (2020)

G21 = GENIE v3.0.6 G21_11b_00_000
SuSAv2 QE & MEC*, hA/hN/G4 = FSI modeling options

• Extension to 2D for the first time on argon
• Probe regions with greater model discrimination power

https://arxiv.org/abs/2301.03706
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
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Transverse Component δpT,x

δpT

δpT,y

δαT

δpT,x

• Symmetric around 0 GeV/c

• QE dominance in central region

• MEC/RES events primarily in the tail

δpT,x = δpT ∙ sinδαT

arXiv:2301.03700

https://arxiv.org/abs/2301.03700
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Transverse Component δpT,x Cross Section

δpT

δpT,y

δαT

δpT,x

• G18 LFG = GENIE v3.0.6  
   G18_10a_02_11a (G18) + uB Tune
   with local Fermi gas
• G18 no-RPA = G18 w/o RPA effects
• G18 RFG = G18 with relativistic 
                        Fermi gas (RFG)
• G18 EffSF = G18 with spectral 
                         function (EffSF)

δpT,x = δpT ∙ sinδαT

arXiv:2301.03706

https://arxiv.org/abs/2301.03706
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Longitudinal Component δpT,y

δpT

δpT,y

δαT

δpT,x

• Asymmetric due to δαT 
   enhancement at ~180o

• QE dominance in central region

• Spread of tail sensitive 
   to FSI strength & MEC/RES

δpT,y = δpT ∙ cosδαT

arXiv:2301.03700

https://arxiv.org/abs/2301.03700
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High Statistics→Into the Multiverse!

• First neutrino-argon differential cross section in TKI variables
• Sensitive to initial nucleon motion & proton FSI modeling

δpT

δpT,y

δαT

δpT,x

arXiv:2301.03706

https://arxiv.org/abs/2301.03706


139



140



141



142



143



144



145



146



147

Generalized Kinematic Imbalance (GKI)
Straightforward extension to 3D by considering longitudinal component of missing moment
However, an assumption on the incoming energy has to be made 
First attempt in Phys. Rev. C 95, 065501 (2017) using CCQE interactions off a bound stationary neutron

Leveraging calorimetric energy estimator definition

to obtain the longitudinal component of missing momentum

and the energy transfer vector

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.065501
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• Extended tail to higher values
• FSI-dominated region

• GiBUU shift to the right, yet lowest χ2

• Gv2 yields worst agreement
• Other generators yield comparable ratios

arXiv:2310.06082

https://arxiv.org/abs/2310.06082
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• QE-dominated region
• Most generators result in comparable results

• Gv2 yields worst agreement
• G18T results in good agreement

arXiv:2310.06082

https://arxiv.org/abs/2310.06082

