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High Precision Measurements

N(Erec) ~ Φ(L,Eν,true) σ(Eν,true) ε(Eν,true) P(να→νβ)

Before any oscillation parameter extraction, need for good handle of 
• cross section predictions for signal & background events
• accuracy of energy reconstruction Erec
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Improving Modeling Input
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• ν near detector constraints
PRL 125, 201803 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803


Improving Modeling Input

• Modelling development
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• ν near detector constraints       

arXiv:2009.07228 [nucl-th]

https://arxiv.org/abs/2009.07228


Today

• Modelling development
  

• External Data

• ν near detector constraints       
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And a Wealth of  New Results...

• Many nuclei & beam energies 
• (e,e’) & (e,e’p) 
• Energy reconstruction
• Single transverse variables
• Multiplicities



Why electrons?
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• Very similar interactions 

         Vector vs Vector + Axial-Vector

• Nuclear & FSI effects practically identical

• Monoenergetic electron beams

→ Benchmark ν event generators



e4ν Data-Mining W/ CLAS6

• Large acceptance @ θe > 15o 

• Charged particle threshold
   similar to ν tracking detectors

• Energies:   1, 2 & 4 GeV

• Targets:  4He, 12C, 56Fe
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Energy Reconstruction

Cherenkov detectors
Assuming QE interaction
Using lepton kinematics

Tracking detectors
Calorimetric sum
Using all detected particles

nucleon separation energy     ~ 20 MeV 14



Playing The QE-like Neutrino Game

Strategy:

Select "clean" (e,e’p) events:
    1 proton (> 300 MeV/c)
    No π± (> 150 MeV/c)

Scale by σνN / σeN ∝ Q4
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Objectives

  Study ν energy reconstruction

  Benchmark ν event generators

  Report absolute cross sections



Cross Section Extraction

• Subtract non-(e,e’p) backgrounds

• Scale counts by luminosity

• Correct for (e,e’p) acceptance & radiation

Systematic uncertainties on each correction 
above & difference between detector sectors
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Hall A@ JLab

H(e,e’p) @ 4.32 GeV
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Absolute QE-Like C(e,e’p) Cross Sections
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A & E Dependence
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A & E Dependence

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

--- G2018:
• Peak offset. 
  Binding energy issue?

 • Overprediction of QE peak
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A & E Dependence

     SuSav2
• Correct peak location
• Issue with QE peak strength
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QE Energy Reconstruction

• Relevant for T2K

• Overestimation of 
   QE peak & RES tail 
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Transverse Missing Momentum

• Overestimation of 
   QE peak & RES tail 
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Energy Reconstruction In PT Slices

Multi-dimensional study
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Detected Hadron Multiplicities

12C @ 2.2 GeV

Pp > 300 MeV/c
Pπ > 150 MeV/c

MC overpredicts
hadron multiplicities



e4ν Wrap Up

• Benchmarking ν models against
   wide phase-space electron data 

• Data/MC disagreements 
   even for QE-like topologies

• Need for more electron scattering 
   datasets in relevant phase-space
   to constrain ν models

   Potential impact on DUNE
26



Coming Fall ‘21:  New Data W/ CLAS12 

• Acceptance down to 5o 

• x10 luminosity [1035 cm-2 s-1 ]

• Targets
        2D, 4He, 12C, 16O, 40Ar, 120Sn

• 1 - 7 GeV beam energies

• Better neutron & gamma detection

27

Support 
Letters
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Thank you !

+
[come join us! :]

?
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Thank you !

+
[come join us! :]

?
Joint theory & experimental effort

•  New data with CLAS12 / ...
•  More interaction channels (1p1π, 1π, ΝΝ, ...)
•  Tuning efforts
•  Implications on ν oscillation studies
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Thank you !
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Backup Slides
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Inclusive e4ν Cross Section

33
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Inclusive Electron Scattering C
arXiv:2009.07228 [nucl-th]

https://arxiv.org/abs/2009.07228
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Inclusive Electron Scattering C & Fe
arXiv:2009.07228 [nucl-th]

https://arxiv.org/abs/2009.07228
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Inclusive Electron Scattering Ar

arXiv:2009.07228 [nucl-th]

https://arxiv.org/abs/2009.07228


GENIE Reproduces Inclusive e & ν Data
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arXiv:2009.07228 [nucl-th] PRL 123, 131801 (2019)

G2018

https://arxiv.org/abs/2009.07228
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801


Similar ν & e Distributions in Exclusive Reaction
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1 proton > 300 MeV/c, no π+/- > 70 MeV/c, no γ/π0;  Electron scaled by Q4

Using SuSav2 / GTEST19_10b_00_000 with Q2 > 0.1

12C @ 1.1 GeV



Issues To Be Further Investigated
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arXiv:2009.07228 [nucl-th] PRL 123, 131801 (2019)

G2018

https://arxiv.org/abs/2009.07228
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
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GENIE v2 vs v3

v2 v3

arXiv:2009.07228 [nucl-th]

PRD 102, 053001 (2020)

https://arxiv.org/abs/2009.07228
https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=


41

GENIE v2 vs v3

v2 v3

arXiv:2009.07228 [nucl-th]

PRD 102, 053001 (2020)

https://arxiv.org/abs/2009.07228
https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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GENIE v2 vs v3

v2 v3

PRD 102, 053001 (2020)

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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Deuterium GENIE v2 vs v3

v2 v3

PRD 102, 053001 (2020)

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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Deuterium GENIE v2 vs v3

v2
v3

PRD 102, 053001 (2020)

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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Deuterium GENIE v2 vs v3

v2 v3

PRD 102, 053001 (2020)

v3

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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Proton GENIE v2 vs v3

v2 v3

PRD 102, 053001 (2020)

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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Proton GENIE v2 vs v3

v2 v3

PRD 102, 053001 (2020)

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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Proton GENIE v2 vs v3

v2 v3

PRD 102, 053001 (2020)

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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GENIE v2 vs v3

v2 v3

PRD 102, 053001 (2020)

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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GENIE v2 vs v3

v2 v3

PRD 102, 053001 (2020)

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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GENIE v2 vs v3

v2 v3

PRD 102, 053001 (2020)

https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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GENIE v2 vs v3

v2 v3

arXiv:2009.07228 [nucl-th]

PRD 102, 053001 (2020)

https://arxiv.org/abs/2009.07228
https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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GENIE v2 vs v3

v2 v3

arXiv:2009.07228 [nucl-th]PRD 102, 053001 (2020)

https://arxiv.org/abs/2009.07228
https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=


54

GENIE v2 vs v3

v2 v3

arXiv:2009.07228 [nucl-th]PRD 102, 053001 (2020)

https://arxiv.org/abs/2009.07228
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GENIE v2 vs v3

v2 v3

arXiv:2009.07228 [nucl-th]PRD 102, 053001 (2020)

https://arxiv.org/abs/2009.07228
https://urldefense.proofpoint.com/v2/url?u=https-3A__journals.aps.org_prd_abstract_10.1103_PhysRevD.102.053001&d=DwMDaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=nigVEh_26Om7hiMwymV428gcKZsbuVS4X_PP_gNoU78&m=OXd8sfzEE8Q1JNwfYEAfWLfDPiD-YJ_gagXKfs46kXo&s=olW2aUzDJWAqr63XKj2jQixA01a6IDR8vrYD7NjEUGY&e=
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Mismodelling Impact On Mixing Parameters

arXiv:2009.07228 [nucl-th]

https://arxiv.org/abs/2009.07228


57

Mismodelling Impact On Mixing Parameters

DUNE oscillated 
far-detector spectrum

Simulated with 
data-derived smearing 
matrices, reconstructed 
with model-derived ones



Available Data Sets

• Targets
     4He, 12C, 56Fe

• Energies
     1, 2 & 4 GeV

58Credit: L. Pickering
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Nuclear Model Impact
arXiv:2009.07228 [nucl-th]

https://arxiv.org/abs/2009.07228
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Background Subtraction

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

x
x
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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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FSI Effects
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Migration Matrices: Data vs SuSav2
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Migration Matrices: Data vs G2018



Electrons vs Neutrinos

65

Where are the remaining differences coming from ?

Using SuSav2 / GTEST19_10b_00_000

12C @ 1.1 GeV



Model Configurations

Using GENIE v3:

    • SuSav2: QE & MEC SuSav2  (GTEST19_10b_00_000)

                         PRD 101, 033003 (2020)

    • G2018: Rosenbluth QE & Empirical MEC (G18_10a_02_11a)

66
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SuSav2 Configuration / GTEST19_10b_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 Configuration / G18_10a_02_11a

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

Ready to look at Data/MC comparisons!
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Single Transverse Variables (STV)

https://arxiv.org/pdf/1605.00179.pdf



Well defined signal definition: Min θe Cut

71

@ 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

72

@ 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



Min θp Cut = 12 deg
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Min θπ+ Cut = 12 deg

74



Min θπ- Cut
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@ 1.1 GeV:  θ = 17 + 4 / P

@ 2.2 GeV: θ = (P<0.35)*(25+7/P) + (P>0.35)*(16+10/P)

@ 4.4 GeV: θ = (P<0.35)*(25+7/P) + (P>0.35)*(16+10/P)



Systematics: Number of rotations
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Systematics: pion electro-production angular cross section dependence
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Systematics: pion electro-production angular cross section dependence
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Systematics: Photon Identification Cut
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Systematics: Photon Identification Cut
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Systematics: Fiducial cuts on undetected particle subtraction
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Systematics: Fiducial cuts on undetected particle subtraction
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Systematics: Sector Dependence
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Systematics: Sector Dependence
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Systematics: Sector Dependence
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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%

Full analysis

https://docs.google.com/presentation/d/1wOEooZEJSTZP4_IIMe-Byzb-tOl4FUP7EeuPlwJpP58/edit?usp=sharing


Systematics: Normalization Uncertainties
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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
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Step #3a:  Example 12C @ 1.1 GeV

Use reco / true ratio to obtain acceptance correction

SuSav2 G2018
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Step #3a: Acceptance Correction

Use average to apply 
acceptance correction

A
cc

ep
ta

nc
e C

or
re

ct
io

n
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Step #3b: Radiation Correction

Use ratio of red / blue
to correct for radiation
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Acceptance Correction Factors
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Step #4: Absolute Cross Sections

After both acceptance & radiation corrections, without systematics yet
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Energy Reconstruction Accuracy

Less than 50% of our selected events result in an Ereco close to Ebeam

Peak Fraction (%) 1.161 GeV 2.261 GeV 4.461 GeV

4He

Data - 41 38

SuSav2 - 45 22

G2018 - 39 24

12C

Data 39 31 32

SuSav2 44 27 12

G2018 51 37 23

56Fe

Data - 20 23

SuSav2 - 21 10

G2018 - 30 19



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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Example: Reco & True Spectra for 12C @ 1.1 GeV

Acceptance correction = True / Reco

Reco True
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Example: Acceptance Correction for 12C @ 1.1 GeV

A
cc

ep
ta

nc
e c

or
re

ct
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n



All Nuclei & Energies
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EQE All Nuclei & Energies
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A & E Dependence 
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Angular A & E Dependence 
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Angular A & E Dependence 



Systematics

• Sector dependence
• Detector acceptance
• Photon identification cuts
• φqπ cross section dependence
• Number of rotations

105
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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

* See backup slides



Q4 Scaling Effect
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CLAS6 Detector
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Hall A NIM

https://hallaweb.jlab.org/equipment/Hall-A-NIM.pdf


MAMI Detector
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eGENIE



Parallel Efforts

111

See talk 
by A. Ankowski

See talk
by L. Doria

ArTi (e,e’) & (e,e’p)
See talk
by L. Jiang

@


