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Attacking The Modeling Monster

2

• Electron
   Cross Sections

• Event Generator 
   Modeling

• Neutrino Cross Sections

   Also see Steven’s talk

https://agenda.infn.it/event/30418/contributions/175440/attachments/96143/132296/gardiner_now_8sep2022.pdf
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Neutrino Cross Sections  
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Position along
beam direction

• Liquid Argon Time 
   Projection Chamber 
   (LArTPC)
   Also see Georgia’s talk

• Low detection thresholds

• Precise calorimetric 
   information

• Largest available 
   neutrino-argon scattering  
   data set to-date 

Color scale shows 
deposited charge

https://agenda.infn.it/event/30418/contributions/175423/attachments/95888/132239/NOW2022_Karagiorgi.pdf
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Charged Current Quasi-elastic (CCQE) Interactions

• Simple single muon-proton events
• Dominant at MicroBooNE energies 

QE

MicroBooNE flux

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



Quasielastic-like Signal Definition

• 1 muon (Pμ > 100 MeV/c)
• 1 proton (Pp > 300 MeV/c !!!)
• No π± (Pπ > 70 MeV/c)
• No π0
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CC1p0π

Candidate μ

Candidate p



CCQE Dominance

MicroBooNE Simulation
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410 candidate 1p0π events
• 84% CC1p0π* 

Eur. Phys. J. C 79, 673 (2019)
Phys. Rev. Lett. 125, 201803 (2020)

*GENIE v2.12.10

https://link.springer.com/article/10.1140/epjc/s10052-019-7184-7
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803


Cross section vs Muon Angle

Good agreement with models, 
except at small angles

8
Phys. Rev. Lett. 125, 201803 (2020)

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

•  Higher statistics (x30)
     Phys. Rev. Lett. 128, 241801 (2022)
     Phys. Rev. Lett. 128, 111801 (2022)
•  Improved signal processing
     JINST 13 P07007 (2018)
•  Reduced systematics
    Eur. Phys. Journal C 82, 454 (2022)

•  Improved modeling*
     Phys. Rev. D 105, 072001 (2022)
     EPJ Special Topics vol. 230, p. 4449–4467 (2021) 

Now look at kinematic variables to isolate 
specific nuclear effects!

*GENIE v3.0.6

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801?ft=1#fulltext
https://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007
https://link.springer.com/article/10.1140/epjc/s10052-022-10270-8
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
https://link.springer.com/article/10.1140/epjs/s11734-021-00295-7
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Scattering Off Free Nucleon

Free
neutron
at rest 
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Cancelation In Absence Of Nuclear Effects 

Free
neutron
at rest 

• δpT = | pT
l + pT

p | = 0 
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Transverse Momentum

• δpT = | pT
l + pT

p | > 0 

Broadened by initial nucleon motion
and final-state interactions (FSI)

Heavy
nucleus



13

Transverse Angular Orientation (δαT)

δpT

-pl
T

pp
T

δαT

No FSI

FSI = Final State Interactions
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Transverse Angular Orientation (δαT)

δpT

-pl
T

pp
T

δαT

No FSI

FSI

FSI = Final State Interactions

Proton “deceleration” enhances ~180o region
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Transverse Kinematic Imbalance (TKI)
• First neutrino-argon differential cross section in TKI variables
• Sensitive to initial nucleon motion & proton FSI modeling

δpT

-pl
T

pp
T

MICROBOONE-NOTE-1108-PUB  

δαT

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1108-PUB.pdf
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Transverse Kinematic Imbalance (TKI)

δpT

-pl
T

pp
T

MICROBOONE-NOTE-1108-PUB  

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

δαT

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1108-PUB.pdf
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Connections To Electron Scattering



18

Connections To Electron Scattering



Why electrons?
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• 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

21

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

• Charged particle threshold

   similar to ν tracking detectors

• ~50% of  “4π” coverage

22



e4ν Data-Mining With CLAS
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• 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 (Pp > 300 MeV/c)
• No π± (Pπ > 150 MeV/c)

• Scale by σνN / σeN ∝ Q4

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

24

• Study energy reconstruction
• Test                 event generator



QE Energy Reconstruction

Cherenkov detectors
Assuming QE interaction
Using lepton kinematics

25
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QE Energy Reconstruction

• Relevant for T2K

• Overestimation of 
   QE peak & RES tail 

C @ 1.159 GeV

Nature 599, 565–570 (2021)



Calorimetric Energy Reconstruction

Tracking detectors
Calorimetric sum
Using all detected particles

27

B

CC1p0π

Candidate μ

Candidate p
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Calorimetric Energy Reconstruction
C @ 1.159 GeV

Nature 599, 565–570 (2021)

• Relevant for 
   MicroBooNE/DUNE

• Sharper peak, 
   yet significant tail
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Transverse Momentum

• Overestimation of 
   QE peak & RES tail 

PT = | PT
e’ + PT

p |

PT

C @ 2.257 GeV

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



Complementarity To “Sister” Neutrino Analysis
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Papers in preparation
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Thank you !
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Backup Slides
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MicroBooNE Beams

On axis [MICROBOONE-NOTE-1031-PUB]

Booster Neutrino Beam (BNB)
8 GeV protons <Eνμ>~1 GeV

NuMI Neutrino Beam

120 GeV protons <E νe
>~1 GeV

Off axis [arXiv:2101.04228] 

BNB

NuMI

(93.6%)
(5.86%)
(0.52%)
(0.05%)

5x BNB νe

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1031-PUB.pdf
https://arxiv.org/abs/2101.04228


36
85 ton Liquid Argon Time Projection Chamber (LArTPC)

JINST 12, P02017 (2017)

MicroBooNE

SBND

ICARUS 470 m

http://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017/meta;jsessionid=DC657D18996F120301114136AE4ABDB3.c3.iopscience.cld.iop.org
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Time Projection Chambers

U V V wire plane waveforms

Y wire plane waveforms

Y

PMTs



Cosmic Events Dominate

Readout window of 2.3 ms 
•  ~20 cosmic interactions
•  ~0.002 neutrino interactions

Neutrino/Cosmics = 10-4

Beam time structure to improve ratio to 10-1

38
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Isolating Neutrino Events In A Cosmic Sea

• Development of technique to combine

   simulated neutrino events and real cosmic events

• Novel technique for LArTPCs 

• Default MicroBooNE simulation 

10 cm

Cosmics Cosmics
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MicroBooNE Flux



Nuclear Effects Smeared Due To Wide Neutrino Fluxes

41A.Papadopoulou, et al. Phys. Rev. D 103, 113003 (2021)

DUNE Near Detector DUNE Far Detector

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


Wide Neutrino Beams

42



43
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QE Events

Phys. Rev. D 105, 072001 2022

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


What If The Interaction Modeling Is Wrong? 
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Alex Himmel’s Neutrino 2020 Talk

https://indico.fnal.gov/event/43209/contributions/187840/attachments/130740/159597/NOvA-Oscilations-NEUTRINO2020.pdf


48



49

LArTPC Strength: Electrons vs Photons

• Electrons deposit half the energy compared to photons
• Shower start attached to interaction vertex

arXiv:2101.04228

Electron dE/dx ~ 2 MeV/cm

https://arxiv.org/abs/2101.04228


Energy Deposition Profile

Protons identified by Bragg peak 
in last 30 cm of track

Low proton threshold @ 300 MeV/c 

JINST 15, P03022 (2020) 50

https://iopscience.iop.org/article/10.1088/1748-0221/15/03/P03022


Energy Deposition Profile

JINST 15, P03022 (2020) 51

https://iopscience.iop.org/article/10.1088/1748-0221/15/03/P03022


Cosmic Rejection

• Energy deposition profile

• Track length

• Scintillation light at vertex

•  Non-collinearity

•  Charge deposition at vertex

52
E.Cohen, A.Papadopoulou, et al, 
Eur. Phys. J. C 79, 673 (2019)

https://link.springer.com/article/10.1140/epjc/s10052-019-7184-7
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Energy Deposition Profile

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

χ2
μ > χ2

p 

χ2
μ > 80 &  χ2

p < 30
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Track Length

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

lμ > lp
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Scintillation Light

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

# photoelectrons > 200
YZ vertex-flash distance < 2 m



56Eur. Phys. J. C 79 673 (2019)

Broken track
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Vertex Activity

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



CCQE Enhancement

Coplanarity 

58
E.Cohen, A.Papadopoulou, et al, 
Eur. Phys. J. C 79, 673 (2019)

Transverse imbalance 

https://link.springer.com/article/10.1140/epjc/s10052-019-7184-7


Cross Section Extraction

•  Event selection in data sample

•  Cosmic background subtraction

•  Beam related MC background subtraction

•  Detection efficiency correction

59

X = kinematic variable of interest 



CC1p0π Breakdown
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Non CC1p0π Breakdown
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85 ton Liquid Argon Time Projection Chamber (LArTPC)

JINST 12, P02017 (2017)

MicroBooNE

SBND

ICARUS 470 m

http://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017/meta;jsessionid=DC657D18996F120301114136AE4ABDB3.c3.iopscience.cld.iop.org
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Time Projection Chambers

U V V wire plane waveforms

Y wire plane waveforms

Y

PMTs



Cosmic Events Dominate

Readout window of 2.3 ms 
•  ~20 cosmic interactions
•  ~0.002 neutrino interactions

Neutrino/Cosmics = 10-4

Beam time structure to improve ratio to 10-1

64
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Isolating Neutrino Events In A Cosmic Sea

• Development of technique to combine

   simulated neutrino events and real cosmic events

• Novel technique for LArTPCs 

• Default MicroBooNE simulation 

10 cm

Cosmics Cosmics



CC1p0π Event Selection
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CC1p0π Event Selection
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Neutrino 
induced tracks

Detector and kinematics–based cuts to 
reject cosmics & to enhance CC1p0π signal 

E.Cohen, A.Papadopoulou, et al.
Eur. Phys. J. C 79, 673 (2019)

Zoom
In

μ
p

https://link.springer.com/article/10.1140/epjc/s10052-019-7184-7


CCQE Dominance

MicroBooNE Simulation
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410 candidate 1p0π events
• 84% CC1p0π 

A.Papadopoulou, et al.
Phys. Rev. Lett. 125, 201803 (2020)

GENIE v2

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


Cross section vs Muon Angle

Good agreement with models, 
except at small angles

69

A.Papadopoulou, et al.
Phys. Rev. Lett. 125, 201803 (2020)

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


Cross section vs Muon Momentum 

Improved agreement if small 
angles are excluded

70

Excluding small angles

All muon angles

A.Papadopoulou, et al.
Phys. Rev. Lett. 125, 201803 (2020)

χ2/ndof = 14.2/7

χ2/ndof = 8.4/7

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


Cross section vs Proton Variables

All muon angles

Excluding small angles

71

A.Papadopoulou, et al.
Phys. Rev. Lett. 125, 201803 (2020)

χ2/ndof = 2.8/7

χ2/ndof = 5.1/7 χ2/ndof = 9.2/7

χ2/ndof = 12.4/7

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


MicroBooNE CCQE-like Wrap Up

• First measurement of neutrino-argon 
   CCQE-like cross sections 

• Powerful cosmic background rejection 
   and high CC1p0π signal purity

• Need for improved modeling!

72

A.Papadopoulou, et al.
Phys. Rev. Lett. 125, 201803 (2020)

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


More Cross Sections
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All angles

Excluding 
small angles

A.Papadopoulou, et al,
Phys. Rev. Lett. 125, 201803 (2020)

Under QE assumption

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
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Integrated Cross Sections & χ2 

Phys. Rev. Lett. 125, 201803 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
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Nominal χ2 

Phys. Rev. Lett. 125, 201803 (2020)

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


Systematic Uncertainties

Syst = Flux ⊕ XSec ⊕ Detector

Framework from 
MiniBooNE collaboration 
PRD 79, 072002, 2009

More than 40 reweightable
GENIE parameters 

• Longitudinal & transverse diffusion
• Light yield outside the TPC
• Electron lifetime
• Recombination model
• Space charge map
• Electronic response
   MICROBOONE-NOTE-1045-PUB

    MICROBOONE-NOTE-1032-PUB

MICROBOONE-NOTE-1074-PUB

76

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1045-PUB.pdf
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1032-PUB.pdf
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1074-PUB.pdf


Integrated Cross Section Uncertainty Breakdown

Source Of Uncertainty Relative Uncertainty (%)

Beam Flux & POT 19

Cross Section Modelling 7

Detector Response 18

Efficiency μ-p decoupling 6

Statistical 16

Total 32

Already significant improvements for future analyses on MicroBooNE 
to reduce detector & cross section systematic uncertainties

MICROBOONE-NOTE-1075-PUB MICROBOONE-NOTE-1074-PUBK.Duffy Neutrino 2020
77

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1075-PUB.pdf
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1074-PUB.pdf
https://indico.fnal.gov/event/43209/contributions/187829/attachments/129159/158558/Neutrino2020_KDuffy_Arxsec_compressed.pdf


Model Comparisons

Model Component GENIE Nominal
v2.12.2

This work

GENIE v3.0.6 
G18_10a_02_11a

Future analyses

NuWro
(19.02.1)

NEUT
(v5.4.0)

GiBUU
(2019)

Nuclear Model Bodek-Ritchie Fermi 
Gas [1]

Local Fermi
Gas [2, 3]

Local Fermi
Gas [2, 3]

Local Fermi
Gas [2, 3]

Consistent nuclear 
medium corrections

LFG model for
nucleon momenta 

Separate MEC model 
[11] 

Propagates final state 
particles according to 
the BUU equations 

[11]

Quasi-elastic Llewellyn-Smith [4] Nieves [2, 3] Nieves [2, 3] Nieves [2, 3]

MEC Empirical [5] Nieves [2, 3] Nieves [2, 3] Nieves [2, 3]

Resonant Rein-Seghal [6] Berger-Seghal [7] Berger-Seghal [7] Berger-Seghal [7]

Coherent Rein-Seghal [6] Berger-Seghal [7] Berger-Seghal [7] Rein-Seghal [6]

FSI hA [8] hA2018 [8] Oset [10] Oset [10]

Significant differences in model components used in GENIE Nominal and other generators
78



Model Comparisons

Model Component GENIE Nominal
v2.12.2

This work

GENIE v3.0.6 
G18_10a_02_11a

Future analyses

NuWro
(19.02.1)

NEUT
(v5.4.0)

GiBUU
(2019)

Nuclear Model Bodek-Ritchie Fermi 
Gas [1]

Local Fermi
Gas [2, 3]

Local Fermi
Gas [2, 3]

Local Fermi
Gas [2, 3]

Consistent nuclear 
medium corrections

LFG model for
nucleon momenta 

Separate MEC model 
[11] 

Propagates final state 
particles according to 

the
BUU equations [11]

Quasi-elastic Llewellyn-Smith [4] Nieves [2, 3] Nieves [2, 3] Nieves [2, 3]

MEC Empirical [5] Nieves [2, 3] Nieves [2, 3] Nieves [2, 3]

Resonant Rein-Seghal [6] Berger-Seghal [7] Berger-Seghal [7] Berger-Seghal [7]

Coherent Rein-Seghal [6] Berger-Seghal [7] Berger-Seghal [7] Rein-Seghal [6]

FSI hA [8] hA2018 [8] Oset [10] Oset [10]

But none of them reproduces the deficit 
in the forward direction ... 79
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Consistent Picture

Phys. Rev. Lett. 125, 201803 (2020)Phys. Rev. D102, 112013 (2020)Phys. Rev. Lett. 123, 131801 (2019)

νμ CC Inclusive
MC excess in forward bin

νμ  CCNp
Data turnover in forward bin

νμ CCQE-like
Biggest deficit in forward bin

But far from the end of our cross section story!

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
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Getting Even More Out Of LArTPCs

Better detector understanding
•  Signal processing from all planes
•  Improved calorimetry
•  Better reconstruction efficiency

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

Reduced systematic uncertainties
• Data driven method 
   for vastly improved 
   detector uncertainties

   MICROBOONE-NOTE-1075-PUB

Reduced cosmic contamination  
uncertainty
• Cosmic Ray Tagger installed in 2018
• Cosmic data as background 
   to simulation
   JINST 14, P04004 (2019)

http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07006
http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1075-PUB.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04004/meta


82

Improved Detector Understanding Enables Precision Measurements
•  Improved νμ CC inclusive purity from 50% to 71.9%
•  Reduction of cosmic contamination by a factor of ~3 
•  Reduced detector uncertainties from 16.2 % to 3.3 %

Previously published measurement Current measurement
Phys. Rev. Lett. 123, 131801 (2019) MICROBOONE-NOTE-1069-PUB

Tuned GENIE v3.0.6

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1069-PUB.pdf
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CCQE-like vs TKI

• 1 muon 100 < Pμ < 1500 MeV/c
• 1 proton 300 < Pp < 1000 MeV/c
• No π± (> 70 MeV/c)
• No π0 of any momenta

• −0.65 < cos θµ < 0.95
• cos θp > 0.15

• |∆θµ,p − 90 ◦ | < 55 ◦
• |∆φµ,p −180 ◦ | < 35 ◦
• pT = |pT

µ + pT
p | < 350 MeV/c

• 1 muon 100 < Pμ < 1200 MeV/c
• 1 proton 300 < Pp < 1000 MeV/c
• No π± (> 70 MeV/c)
• No π0 of any momenta

• −1 < cos θµ < 1
• −1 < cos θp < 1
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CRT
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CCQE-like vs TKI
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Cross Section Extraction Via Wiener SVD Unfolding

• Measurement M (Data)
• Background B (MC)
• Response Matrix R (MC)
• Signal S (MC)
• Total Covariance Matrix C (Data Event Rate) 
• Test statistic T = (M-B-R⋅S)T ⋅C-1 ⋅(M-B-R⋅S) 

Cross sections computed as a function of truth variables

M-B = R⋅S
Minimize T

S = (RT ⋅C-1⋅R)-1⋅RT⋅C-1(M-B)
CS = (RT ⋅C-1⋅R)-1
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Under QE assumption

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

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.022504
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More Complex Nuclear Sensitivity Variables

Phys.Rev. D 101, 092001 (2020)

Sensitivity to Fermi motion

Sensitivity to removal energy

https://doi.org/10.1103/PhysRevD.101.092001
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Integrated Cross Sections
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MicroBooNE LEE Results
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MicroBooNE LEE Summary
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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

121Phys. Rev. D 103, 113003 (2021)

QE MEC RES DIS

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


Impact Of Nuclear Model Choice On Phase-Space

122Phys. Rev. D 103, 113003 (2021) Electron results scaled by Q4

QE Events

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


Consistent Treatment Of MEC Events With SuSav2

123Phys. 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
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When Started vs Today



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
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Phys. Rev. D 103, 113003 (2021)

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


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

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


CLAS Angular Coverage

128



Q4 Scaling Effect

129
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Data & MC Smearing Matrices

MC
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Mismodelling Impact On Mixing Parameters

DUNE oscillated 
far-detector spectrum

Simulated with 
data-derived smearing 
matrices, reconstructed 
with model-derived ones
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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 / 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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Data Driven Correction Closure Test

• Use eGENIE files
 • Subtracted & True 1p0π are 
    in good agreement



Well defined signal definition: Min θe Cut

135

@ 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
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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
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Acceptance Maps

138



139

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



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 plus 
variation among 6 CLAS  detector sectors

142

Hall A@ JLab

H(e,e’p) @ 4.32 GeV

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

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


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%
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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 #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
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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
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Energy Reconstruction Accuracy



EQE All Nuclei & Energies
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ECal All Nuclei & Energies
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Getting The Most Out Of The Neutrino QE-like Game

   A.Papadopoulou, et al,
    In preparation

Sensitivity to Fermi motion

Sensitivity to removal energy

Preliminary

Preliminary

C
ro

ss 
Se

ct
io

n 
[a

rb
. u

ni
ts]

C
ro

ss 
Se

ct
io

n 
[a

rb
. u

ni
ts]



161

Getting The Most Out Of The Neutrino QE-like Game

   A.Papadopoulou, et al,
    In preparation

Under QE assumption

Phys. Rev. Lett. 121, 022504 (2018)
Preliminary
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.022504
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•  Analyze electron data 
    → Lots of energies, targets, event topologies
•  Modeling improvement 
•  Tune free event generator parameters
    starting from inclusive (e,e’) channel

High-Precision Lepton-Nucleus Measurements

   A.Papadopoulou, et al,
    Publication in preparation

Preliminary

Preliminary
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Complementarity To MicroBooNE

δαT < 45o

135o < δαT < 180o

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

Already 20-30% 
disagreement

Factor ~2
disagreement

A.Papadopoulou, et al.
In preparation
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New Data W/ CLAS12 

• θe > 5o 

• x10 luminosity [1035 cm-2 s-1 ]

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

• 1 - 6 GeV beam energies

169

Support 
Letters



New Results

170

Preliminary

Preliminary Preliminary

Preliminary Preliminary • Multi-differential 
• Pion production
• Transparency studies
• Novel variables
• Tuning efforts
• New generators

ECal = Ee’ + Eπ + Tp [GeV]



New Data With CLAS12 
• Targets
        4He, 12C, 40Ar, 120Sn

• 2 - 6 GeV beam energies
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Transverse Momentum

High statistics →
Into the multiverse

C @ 2.257 GeV

Nature 599, 565–570 (2021)
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Energy Reconstruction In PT Slices

C @ 2.257 GeV

Nature 599, 565–570 (2021)


