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High-Precision Neutrino Measurements

Question: why matter dominated universe ?

(Potential) answer: Neutrino parameters 
lead to preferred matter production 

Experimental test: Forthcoming DUNE experiment 
will measure neutrino (matter) and anti-neutrino 
(anti-matter) interaction rates

Challenge: unprecedented understanding of 
neutrino-nucleus interactions 
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Neutrinos 101
Flavor eigenstates Mass eigenstates

cij = cosθij
sij = sinθij
θ = mixing angle 

Mixing 
matrix



4

Experimental Overview

L: distance (baseline)
E: neutrino energy
Δm2: neutrino mass splitting 

cij = cosθij
sij = sinθij
θ = mixing angle 

Two-neutrino approximation
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Experimental Overview

Atmospheric Accelerator Reactor Solar

Optimizing baseline L for a given neutrino source of energy E
Mass eigenstate splitting Δm2 and mixing angles θ known to few %-level



Open Questions
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Charge
parity

violation

Neutrino 
nature

Sterile 
neutrinos

& BSM Mass 
mechanism

Mass
ordering

CKM vs 
PMNS 
matrix

Quarks Leptons



Open Questions
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Charge
parity

violation

Neutrino 
Nature

Mass 
mechanism

Mass
ordering

CKM vs 
PMNS 
matrix

Investigated with high-precision 
short- and long-baseline neutrino oscillation experiments

CKM vs 
PMNS 
matrix

Quarks Leptons

Sterile 
neutrinos

& BSM
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Neutrino Oscillation Experiments
Near Detector Far Detectorνα

να
NND

α(Erec): Number of 
events of flavor α

Erec = Reconstructed ν energy



Near Detector

NND
α(Erec) ~ ΦND(Eν) σ(Eν) εND(Eν)

Neutrino flux
prediction

Neutrino cross
section model

Near detector 
selection efficiency

9
Eν = True ν energy

Also dependence on detector observables

Near Detector Far Detectorνα
να
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Neutrino Oscillation Experiments
Near Detectorνα

να

Erec = Reconstructed ν energy

νβ
νβ

NFD
β(Erec): Number of 

events of flavor β

Baseline L
Appearance experiment

Far Detector
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Far Detector

NFD
β(Erec) ~ ΦFD(L,Eν) σ(Eν) εFD(Eν) P(να→νβ)

Oscillation
probability

Neutrino flux
prediction

Neutrino cross
section Model

Far detector selection 
efficiency

Eν = True ν energy
Also dependence on detector observables

νβ
νβ

Far Detector



12

Far Detector
Near Detectorνα

να

νβ
νβ

NFD
β(Erec) ~ ΦFD(L,Eν) σ(Eν) εFD(Eν) P(να→νβ)

Oscillation
probability

Precise modeling input needed

• Smearing relating Eν to Erec 
• Neutrino signal topologies
• Neutrino backgrounds for BSM
• ...

Measured Want to measure with high-precision

Far Detector
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Far Detector
Near Detectorνα

να

νβ
νβ

NFD
β(Erec) ~ ΦFD(L,Eν) σ(Eν) εFD(Eν) P(να→νβ)

Oscillation
probability

Need for high precision 
ν cross section measurements

Far Detector
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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
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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
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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


18Position 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



19Position 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, submitted to 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


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, submitted to 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)

21

15 cross section publications 
and way more to come!

Opportunity to extensively benchmark
neutrino event generator predictions

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
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Nuclear Effects in Event Generators

• 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/
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Double-Differential Single-Proton Knockout

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

• First double-differential single-proton 
   cross section measurement on argon

• Identified kinematic variables and phase-space 
   regions with sensitivity to Fermi motion 
   & final state interactions

• Uses ~50% of available MicroBooNE data sets &
   Booster Neutrino Beam (BNB)

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
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Single-Proton Knockout

• Dominated by Charged Current Quasi-elastic (CCQE) interactions
• Simple single muon-proton events
• Dominant at MicroBooNE energies 

QE

MicroBooNE flux

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



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

MC: GENIE v3.0.6 G18_10a_02_11b + tune*
           Nieves QE & MEC, Berger Sehgal RES

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://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

δpT

-pμ
T

pp
T

Transverse missing momentum
δpT = | pT

μ + pT
p | = 0

Transverse projections
equal and opposite due to 
momentum conservation

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)

Heavy
nucleus

μ
μ

δpT

-pμ
T

pp
T

Transverse missing momentum
δpT = | pT

μ + pT
p | > 0 

Broad distribution due to initial nucleon
motion and other nuclear effects

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)

Heavy
nucleus

μ
μ

Final state interactions (FSI) 

δpT

-pμ
T

pp
T

arXiv:2201.04664
Phys. Rev. C 94, 015503 (2016)

https://arxiv.org/abs/2201.04664
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

δαT

Orientation of the imbalance (δαT) also 
meaningful

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)

Heavy
nucleus

μ
μ

Lower proton momentum due to FSI 
leads to larger δαT (closer to 180o)

δpT

-pμ
T

pp
T

δαT

Phys. Rev. C 94, 015503 (2016)

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


Transverse Missing Momentum δpT

• S = Signal, B = Background

• QE dominance in peak below 
   Fermi momentum (~250 MeV/c)

• MEC/RES mainly in 
   high momentum tail 

δpT

-pμ
T

pp
T

32Phys. Rev. D 108, 053002 (2023)
* Phys. Rev. D 105, 072001 (2022)

GENIE v3.0.6 G18_10a_02_11b + tune*
Nieves QE & MEC, Berger Sehgal RES

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
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Transverse Orientation δαT

δpT

-pμ
T

pp
T

• δαT asymmetry due to proton FSI

• MEC/RES fractional contribution 
   enhanced in ~180o region

δαT

Phys. Rev. D 108, 053002 (2023)
* Phys. Rev. D 105, 072001 (2022)

GENIE v3.0.6 G18_10a_02_11b + tune*
Nieves QE & MEC, Berger Sehgal RES

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
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Transverse Orientation δαT

δpT

-pμ
T

pp
T

δαT

Phys. Rev. D 108, 053002 (2023)
* Phys. Rev. D 105, 072001 (2022)

Need to move from event distributions to 
cross sections→ unfolding

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001


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

35

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 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

arXiv:2301.03706

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
https://arxiv.org/abs/2301.03706


Transverse Missing Momentum δpT Cross Section

δpT

-pμ
T

pp
T

41

• 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
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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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High Statistics→Into the Multiverse!
QE-dominated region

δpT

pp
T

δαT

-pμ
T

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

• No high transverse missing momentum tail

• Ideal part of phase-space to study Fermi motion

• Results consistent with local Fermi gas distribution

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

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!
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)
* Phys. Rev. D 105, 072001 (2022)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001


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)!

46

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

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

BE = 30.9 MeV

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

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 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


Missing momentum
GENIE v3.0.6 G18_10a_02_11a (no tune)

53

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

arXiv:2310.06082

https://arxiv.org/abs/2310.06082


Into the GKI multiverse!
QE-dominated region

54

• Tail significantly suppressed

• Consistent with local Fermi gas

• G18T results in lowest χ2

arXiv:2310.06082

https://arxiv.org/abs/2310.06082


Into the GKI multiverse!
MEC/RES/FSI-dominated

55

• Sharply peaked distribution to the right

 • Driven by FSI

• GiBUU yields best result

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!
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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!
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But far from the end of the 
neutrino cross section story!

https://arxiv.org/abs/2310.06082
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SBN Experiments (SBND & ICARUS)
Common model configuration used by both experiments, systematics under development
High statistics cross section measurements planned using both BNB & NuMI beamlines



59

DUNE Near Detector
2x2 Near Detector prototype
Simulation studies on track multiplicity and inclusive selection
Cross section measurement targeting specific interactions



Electron Complementarity

60

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

@ JLab

In preparation

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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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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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)

70



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

71



72
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
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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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Into the GKI multiverse!

179

• 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


Into the GKI multiverse!

180

• 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


Why electrons?

181

• Common vector current
• Identical nuclear effects

• Monoenergetic beams
• High statistics
   • Precision measurements 
   
Any model must work for electrons,
or it won’t work for neutrinos !



Similar ν & e Distributions 

182

C @ 1.1 GeV

Accounting for propagator mass (γ vs W) via Q4 scaling of the electron side

(e,e’p)1p0π

(νμ,μp)1p0π

Phys. Rev. D 103, 113003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


Jefferson Laboratory

183

A B C

D • Electron beam accelerator facility

• Energies up to 12 GeV

• Using Hall B  & CLAS detector

Newport News, VA



e4ν Data-Mining With CLAS
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• Charged particle threshold
   similar to ν tracking detectors

• ~50% of  “4π” coverage



e4ν Data-Mining With CLAS

185

• Charged particle threshold
   similar to ν tracking detectors

• ~50% of  “4π” coverage

• Energies:   1, 2 & 4 GeV

• Targets:  4He, 12C, 56Fe



Playing The QE-like Neutrino Game

• 1 proton (> 300 MeV/c)
• No π± (> 150 MeV/c)

• Scale by σνN / σeN ∝ Q4

Nature 599, 565–570 (2021)

• 1 proton (> 300 MeV/c)
• No π± (> 70 MeV/c)

186

• Study energy reconstruction
• Test against GENIE event generator

Phys. Rev. Lett. 125, 201803 (2020)
arXiv:2301.03706 
arXiv:2301.03700

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://arxiv.org/abs/2301.03706
https://arxiv.org/abs/2301.03700


QE Energy Reconstruction

Cherenkov detectors
Assuming QE interaction
Using lepton kinematics

187
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QE Energy Reconstruction

• Relevant for T2K

• Overestimation of 
   QE peak & RES tail 

Nature 599, 565–570 (2021)

C @ 1.16 GeV



Calorimetric Energy Reconstruction

Tracking detectors
Calorimetric sum
Using all detected particles

189

B
 p

 μ
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Calorimetric Energy Reconstruction

Nature 599, 565–570 (2021)

C @ 1.16 GeV Ebeam
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Ecal Nucleus & Energy Dependence

Nature 599, 565–570 (2021)
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Nucleus & Energy Dependence

• Data / MC disagreements
• Worse @ higher E
• Overestimation of 
   RES & DIS
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Nucleus & Energy Dependence

--- G2018*
• Incorrect peak location

• Overprediction of QE peak

* EMQE: Rosenbluth
   EMMEC: Empirical
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Nucleus & Energy Dependence

     SuSav2**
• Correct peak location
• QE peak strength ?

** Modern, theory-driven approach
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Transverse Momentum

• PT sensitivity to nuclear effects 
   (fermi motion, final-state interactions, …)

• Overestimation of QE peak & RES tail 

PT = | PT
e’ + PT

p |

Nature 599, 565–570 (2021)

PT
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Energy Reconstruction In PT Slices

Nature 599, 565–570 (2021)
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Example: Benchmarking New 
Generators & Kinematic Variables! 

First step: only QE & FSI
ACHILLES arXiv: 2205.06378

PT

-Pe
T

Pp
T

δαT

• δαT sensitivity to 
  final-state interactions



Example: 2D Kinematic Imbalance
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Low δαΤ High δαΤ

PT

-Pe
T

Pp
T

δαT



Example: 2D Kinematic Imbalance

199

Low δαΤ
QE-enhanced region

Sensitive to ground-state modeling

High δαΤ
Large non-QE contributions

Strong final-state interaction effects



Example: 2D Kinematic Imbalance
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Low δαΤ
QE-enhanced region

Sensitive to ground-state modeling

High δαΤ
Large non-QE contributions

Strong final-state interaction effects



Example: 2D Kinematic Imbalance
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Low δαΤ
QE-enhanced region

Sensitive to ground-state modeling

High δαΤ
Large non-QE contributions

Strong final-state interaction effects



Next Steps
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• Even more differential! Into the 3D multiverse
   Taking advantage of massive statistics
• More nuclear sensitivity variables
   Help decide what to tune
• 1p1π exclusive cross sections



Next Steps
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• More with CLAS6

❏ Proton transparency studies
• Observable that summarizes strength of 
   intranuclear rescattering

• Measurement study
T = Nprot

detected / Nprot
PWIA

• Test event generator FSI models in GENIE 
   across multiple nuclear targets

• Testing dependency of transparency 
   calculations on PWIA normalization

Preliminary



Next Steps

204

• More with CLAS6
❏ Prepare suite of cross sections in same variables as 

neutrinos for first e-GENIE tune
• Compare with neutrino CC0π tune

•               data already being used to validate 
     event generators

arXiv: 2205.06378

Credit
N. Rocco
N. Steinberg



Next Steps 
• New data with CLAS12
     Targets: 4He, 12C, 40Ar, 120Sn

• 2 - 6 GeV beam energies

• More phase-space coverage (θe > 5o)

• Neutrons!

205



Why electrons?

206

• Common vector current
• Identical nuclear effects

• Monoenergetic beams
• High statistics
   • Precision measurements 
   
Any model must work for electrons,
or it won’t work for neutrinos !



Similar ν & e Distributions 
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C @ 1.1 GeV

Accounting for propagator mass (γ vs W) via Q4 scaling of the electron side

(e,e’p)1p0π

(νμ,μp)1p0π

Phys. Rev. D 103, 113003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


Jefferson Laboratory
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A B C

D • Electron beam accelerator facility

• Energies up to 12 GeV

• Using Hall B  & CLAS detector

Newport News, VA



e4ν Data-Mining With CLAS
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• Charged particle threshold
   similar to ν tracking detectors

• ~50% of  “4π” coverage



e4ν Data-Mining With CLAS

210

• Charged particle threshold
   similar to ν tracking detectors

• ~50% of  “4π” coverage

• Energies:   1, 2 & 4 GeV

• Targets:  4He, 12C, 56Fe



Playing The QE-like Neutrino Game

• 1 proton (> 300 MeV/c)
• No π± (> 150 MeV/c)

• Scale by σνN / σeN ∝ Q4

Nature 599, 565–570 (2021)

• 1 proton (> 300 MeV/c)
• No π± (> 70 MeV/c)

211

• Study energy reconstruction
• Test against GENIE event generator

Phys. Rev. Lett. 125, 201803 (2020)
arXiv:2301.03706 
arXiv:2301.03700

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://arxiv.org/abs/2301.03706
https://arxiv.org/abs/2301.03700


QE Energy Reconstruction

Cherenkov detectors
Assuming QE interaction
Using lepton kinematics

212
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QE Energy Reconstruction

• Relevant for T2K

• Overestimation of 
   QE peak & RES tail 

Nature 599, 565–570 (2021)

C @ 1.16 GeV



Calorimetric Energy Reconstruction

Tracking detectors
Calorimetric sum
Using all detected particles

214

B
 p

 μ
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Calorimetric Energy Reconstruction

Nature 599, 565–570 (2021)

C @ 1.16 GeV Ebeam
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Ecal Nucleus & Energy Dependence

Nature 599, 565–570 (2021)
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Nucleus & Energy Dependence

• Data / MC disagreements
• Worse @ higher E
• Overestimation of 
   RES & DIS
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Nucleus & Energy Dependence

--- G2018*
• Incorrect peak location

• Overprediction of QE peak

* EMQE: Rosenbluth
   EMMEC: Empirical
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Nucleus & Energy Dependence

     SuSav2**
• Correct peak location
• QE peak strength ?

** Modern, theory-driven approach
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Transverse Momentum

• PT sensitivity to nuclear effects 
   (fermi motion, final-state interactions, …)

• Overestimation of QE peak & RES tail 

PT = | PT
e’ + PT

p |

Nature 599, 565–570 (2021)

PT
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Energy Reconstruction In PT Slices

Nature 599, 565–570 (2021)



222

Example: Benchmarking New 
Generators & Kinematic Variables! 

First step: only QE & FSI
ACHILLES arXiv: 2205.06378

PT

-Pe
T

Pp
T

δαT

• δαT sensitivity to 
  final-state interactions



Example: 2D Kinematic Imbalance
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Low δαΤ High δαΤ

PT

-Pe
T

Pp
T

δαT



Example: 2D Kinematic Imbalance
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Low δαΤ
QE-enhanced region

Sensitive to ground-state modeling

High δαΤ
Large non-QE contributions

Strong final-state interaction effects



Example: 2D Kinematic Imbalance
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Low δαΤ
QE-enhanced region

Sensitive to ground-state modeling

High δαΤ
Large non-QE contributions

Strong final-state interaction effects



Example: 2D Kinematic Imbalance
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Low δαΤ
QE-enhanced region

Sensitive to ground-state modeling

High δαΤ
Large non-QE contributions

Strong final-state interaction effects



Next Steps
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• Even more differential! Into the 3D multiverse
   Taking advantage of massive statistics
• More nuclear sensitivity variables
   Help decide what to tune
• 1p1π exclusive cross sections



Next Steps

228

• More with CLAS6

❏ Proton transparency studies
• Observable that summarizes strength of 
   intranuclear rescattering

• Measurement study
T = Nprot

detected / Nprot
PWIA

• Test event generator FSI models in GENIE 
   across multiple nuclear targets

• Testing dependency of transparency 
   calculations on PWIA normalization

Preliminary



Next Steps
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• More with CLAS6
❏ Prepare suite of cross sections in same variables as 

neutrinos for first e-GENIE tune
• Compare with neutrino CC0π tune

•               data already being used to validate 
     event generators

arXiv: 2205.06378

Credit
N. Rocco
N. Steinberg



Next Steps 
• New data with CLAS12
     Targets: 4He, 12C, 40Ar, 120Sn

• 2 - 6 GeV beam energies

• More phase-space coverage (θe > 5o)

• Neutrons!

230
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Mismodelling Impact On Mixing Parameters

Phys. Rev. D 103, 113003 (2021)

Charged current cross sections obtained using GENIE for 
the DUNE near detector (left) and far detector (right) oscillated fluxes

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003
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Issues Identified & Fixed In G2018

Phys. Rev. D 103, 113003 (2021)

(e,e’) 12C with G2018

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


SuSav2 Offers More Accurate Prediction

233Phys. Rev. D 103, 113003 (2021)

QE MEC RES DIS

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


Probing The Neutrino Phase-Space With Electrons 

234Electron results scaled by Q4

QE Events

A.Papadopoulou, et al, Phys. Rev. D 103, 113003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


Consistent Treatment Of MEC Events With SuSav2

235Phys. Rev. D 103, 113003 (2021)

Unique chance to constraint one of least understood interaction channels

Electron results scaled by Q4

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


Inclusive C cross sections
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Phys. Rev. D 103, 113003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


Inclusive C/Fe cross sections

237

Phys. Rev. D 103, 113003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


Inclusive H cross sections

238

Phys. Rev. D 103, 113003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


Sanity Check With Inclusive Cross Sections

239M.Khachatryan, A.Papadopoulou, et al. Nature 599, 565–570 (2021)
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Detected Hadron Multiplicities

12C @ 2.2 GeV

Pp > 300 MeV/c
Pπ > 150 MeV/c

Simulation overpredicts
hadron multiplicities

M.Khachatryan, A.Papadopoulou, et al.
Nature 599, 565–570 (2021)



Q4 Scaling Effect

241



Available Nuclear Models

242

Phys. Rev. D 103, 113003 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.113003


243

SuSav2 Configuration / GEM21_11b_00_000

Electrons Neutrinos

QE SuSav2 SuSav2

MEC SuSav2 SuSav2

RES Berger-Sehgal Berger-Sehgal

DIS AGKY AGKY

FSI hN2018 hN2018

Nuclear Model Relativistic Mean Field Relativistic Mean Field
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G2018 Model Configuration

Electrons Neutrinos

QE Rosenbluth Nieves

MEC Empirical Nieves

RES Berger-Sehgal Berger-Sehgal

DIS AGKY AGKY

FSI hA2018 hA2018

Nuclear Model Local Fermi Gas Local Fermi Gas
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Closure Test

• Use GENIE files
• Filter specific topologies (e.g. 1p0πp + 1p1π)
 • Subtracted & True 1p0π are 
    in good agreement Unsubtracted 1p0π

Subtracted 1p0π
True 1p0π



Well defined signal definition: Min θe Cut

246

@ 1.1 GeV:  θ = 17 + 7 / P

@ 2.2 GeV: θ = 16 + 10.5 / P

@ 4.4 GeV: θ = 13.5 + 15 / P

See backup for p / π+/- definitions

• We do not acceptance correct below min θ



Well defined signal definition: Min θe Cut
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@ 1.1 GeV:  θ = 17 + 7 / P

@ 2.2 GeV: θ = 16 + 10.5 / P

@ 4.4 GeV: θ = 13.5 + 15 / P

See backup for p / π+/- definitions

• We do not acceptance correct below min θ



Background Subtraction

Non-(e,e’p) interactions lead to multi-hadron final states
Gaps can make them look like (e,e’p) events

x
x

248
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Data Driven Correction

Non-(e,e’p) interactions lead to multi-hadron final states
Gaps make them look like (e,e’p) events

• Use measured (e,e’pπ) events

• Rotate p, π around q to
   determine π detection efficiency

• Subtract undetected (e,e’pπ)

• Repeat for higher hadron multiplicities
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Data Driven Correction

Non-(e,e’p) interactions lead to multi-hadron final states
Gaps can make them look like (e,e’p) events

• Use measured (e,e’pπ) events

• Rotate p, π around q to
   determine π detection efficiency

• Subtract for undetected (e,e’pπ)

• Repeat for higher hadron multiplicities

   (2p, 3p, 2p+1π, ...)
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Subtraction Effect



Systematics: Sector Dependence
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Systematics: Sector Dependence
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Systematics: Sector Dependence

254

Quantifying uncertainty by using
unweighted variance & by subtracting variance from statistical uncertainty

12C @ 1.1 GeV •  Playing this game across 
    all nuclei & energies

•  Division by √Nsectors

•  Flat uncertainty of 6%
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1st e4ν Submission

Calorimetric energy reconstruction using the 1p0π channel

• Area normalized results
• No information with respect 
   to absolute scale
• G2018 offset potentially 
   due to binding energy issue 
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Step #2: Normalized Yield

Data 

• Divide # events by integrated charge & target thickness to get xsec in μb
• Divide by bin width to get μb/GeV

Simulation 

• Get GENIE total cross section for Ee / target A & Q2  > Q2min 
• xsec = (Selected detected events / all generated events) * total xsec / bin width

No corrections for CLAS acceptance or for bremsstrahlung radiation
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Step #2: Normalized Yield

• Absolute scale comparison
• Small effect @ 1GeV



• Start from reco / true ratio w/o radiation to obtain acceptance correction

• Average on a bin-by-bin basis x = |SuSav2 + G2018| / 2

• Due to offset, G2018 Ecal predictions have been shifted by

   10/25/36 MeV for 4He/12C/56Fe respectively

Step #3a: Acceptance Correction



259

Step #3a:  Example 12C @ 1.1 GeV

Use reco / true ratio to obtain acceptance correction

SuSav2 G2018
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Step #3b: Radiation Correction

Use ratio of red / blue
to correct for radiation



On a bin-by-bin basis

x = |SuSav2 - G2018| / Sqrt(12)

Bin Entry = x / Average * 100 %

Same recipe as for acceptance correction but,
to avoid infinities, will use average (1 bin) around the peak and 

average(reco) / average(true) for correction factor

Averaged Acceptance Correction Uncertainty
Over True Beam Energy
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Excluding Radiation

Radiation

γ from π0 γ from π0
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Correction Factors
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Step #4: Absolute Cross Sections

After both acceptance & radiation corrections, without systematics yet
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Systematics

Source Uncertainty (%)

Detector acceptance
Identification cuts

φqπ cross section dependence
Number of rotations

2,2.1,4.7 
(@ 1.1,2.2,4.4 GeV) 

Sector dependence 6

Acceptance correction 2-15

Overall normalization 3

Electron inefficiency 2
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Energy Reconstruction Accuracy
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EQE Nucleus & Energy Dependence

A.Papadopoulou, et al, 
In preparation
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PT Nucleus & Energy Dependence

M.Khachatryan, A.Papadopoulou, et al.
Nature 599, 565–570 (2021)
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δαT Nucleus & Energy Dependence

M.Khachatryan, A.Papadopoulou, et al.
Nature 599, 565–570 (2021)
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δφT Nucleus & Energy Dependence

M.Khachatryan, A.Papadopoulou, et al.
Nature 599, 565–570 (2021)



Into The 3D e4ν Multiverse!
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A.Papadopoulou, et al, 
In preparation
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Nuclear Sensitivity Variables

   A.Papadopoulou, et al, In preparation

Sensitivity to Fermi motion

Sensitivity to final state interactions

Preliminary

Preliminary
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Missing Momentum Approximation

Under QE assumption

Phys. Rev. Lett. 121, 022504 (2018)

Preliminary
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A.Papadopoulou, et al, In preparation

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.022504
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Fails To Reproduce True Missing Momentum

Under QE assumption

Phys. Rev. Lett. 121, 022504 (2018)

True missing momentum

p = proton 3-vector
q = momentum transfer

| |

A.Papadopoulou, et al, In preparation

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.022504


The e4ν Result Factory Continued!
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• More inclusive results 
• More complex channels
• Nuclear sensitivity variables
• Multi-differential results

ECal = Ee’ + Eπ + Tp [GeV]

1p1π: C(e,e’pπ) 2.2 GeV

   e4ν Collaboration, In preparation

Preliminary Preliminary Preliminary

Preliminary

Preliminary

(e,e’)



Inclusive Results
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The e4ν Result Factory 
Continued!

• Scan over multiple angles
• Results on Argon soon 

Preliminary

e4ν Collaboration
In preparation



Nuclear Sensitivity Variables
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The e4ν Result Factory 
Continued!

• Fermi motion
• Final state interactions (FSI)

Preliminary

e4ν Collaboration
In preparation



Double Differential Results
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e4ν Collaboration
In preparation

The e4ν Result Factory 
Continued!

Preliminary Preliminary

• Handle over FSI / initial state effects
• Tuning potential


