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The Challenge 

N(Erec, L) /
Z

�(E,L)�(E)f�(E,Erec)dE�(E,L)

Incoming true fluxMeasurement Incoming true flux Modelling inputModelling input

N(Erec, L) /
Z

�(E,L)�(E)f�(E,Erec)dE�(E)f�(E,Erec)N(Erec, L) /
Z

�(E,L)�(E)f�(E,Erec)dE

Use external constraints

Improve theory

Use near detector 

e scattering 



Next generation - High Precision Challenge
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 Neutrino Energy [GeV]  Neutrino Energy [GeV] 

Simulation of oscillation effects     
in future DUNE
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- Electrons and Neutrinos have:
- Similar interactions 
- Same nuclear effects 

Electron beam have known energy
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- Electrons and Neutrinos have:
- Similar interactions 
- Same nuclear effects 

Electron beam have known energy

Before we start:
Compare electron and neutrino mode
Check Inclusive distributions 
Account for differences such as radiative effects 
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Fig. Extended Data Fig. 3: 0.961 GeV inclusive electron scattering cross section at 37.5� plotted versus ! for
data (points), e-GENIE (black line), and di↵erent reaction mechanism components of e-GENIE (quasielastic (QE),
meson exchange currents (MEC), resonance production (RES), and deep inelastic scattering (DIS)) for (left) C(e, e0)

and (right) Fe(e, e0).
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Fig. Extended Data Fig. 4: Comparison of generated (e, e0p)1p0⇡ event distributions for e-GENIE (black) and
⌫-GENIE (red) for 2.257 GeV leptons incident on 56Fe for Q2 � 0.2 GeV2. The plots show the number of events as
a function of (a) Q2, (b) energy transfer, and (c) P?

miss. The e-GENIE events are weighted by 1/�Mott and the plots
have been area normalized.

Electron were weighted by 1/Q4 

electron vs. neutrino mode in 1p0π channel

GENIE v3.0.6 tune G18_10a_02_11a  
For more details see backup slides 
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Fig. Extended Data Fig. 3: 0.961 GeV inclusive electron scattering cross section at 37.5� plotted versus ! for
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Fig. Extended Data Fig. 4: Comparison of generated (e, e0p)1p0⇡ event distributions for e-GENIE (black) and
⌫-GENIE (red) for 2.257 GeV leptons incident on 56Fe for Q2 � 0.2 GeV2. The plots show the number of events as
a function of (a) Q2, (b) energy transfer, and (c) P?

miss. The e-GENIE events are weighted by 1/�Mott and the plots
have been area normalized.

56Fe E = 2.2 GeV 
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GENIE reproduced e inclusive data

v3.0.6 tune G18_10a_02_11a  
For more details see backup slides 
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Fig. Extended Data Fig. 2: 0.961 GeV inclusive electron scattering cross section at 37.5� plotted versus ! for
data (points), e-GENIE (black line), and di↵erent reaction mechanism components of e-GENIE (quasi-elastic (QE),
meson exchange currents (MEC), resonance production (RES), and deep inelastic scattering (DIS)) for (left) C(e, e0)

and (middle) Fe(e, e0). (right) The same for 2.22 GeV Ar(e, e0) data at 15.54� [40].
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Fig. Extended Data Fig. 3: The number of events
plotted as a function of the calorimetric energy for

4 GeV H(e, e0p) for data (black points) overlayed on top
of the e-GENIE prediction without (blue) and with

(black) electron radiation.
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Fig. Extended Data Fig. 4: Comparison of generated (e, e0p)1p0⇡ event distributions for e-GENIE (black) and
⌫-GENIE (red) for 2.257 GeV leptons incident on 56Fe for Q2 � 0.2 GeV2. The plots show the number of events as
a function of (a) Q2, (b) energy transfer, and (c) P?

miss. The e-GENIE events are weighted by 1/�Mott and the plots
have been area normalized.

Phys.Rev.D 103 (2021) 113003 
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GENIE reproduced ν inclusive data

Phys. Rev. Lett. 123, 131801 (2019)  
See talk from Kirsty Duffy next session 

v3.0.6 tune G18_10a_02_11a  
For more details see backup slides 



Radiative Effects
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ISR

FSR

Loop 
Corrections

A first implementation of the radiative corrections to GENIE to account 
for the following processes: 

Simplistic implementation based on Mo & Tsai  
for ep interactions  
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Adding radiative effects 
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           : Playing the Neutrino game 

Let’s analyse electron data as if it was ‘Neutrino data’
- Select a specific interaction: Quasi Elastic 

- 1 proton above 300 MeV/c  
- no additional hadrons above threshold:

            Pπ+/- > 150 MeV/c

            Pπ0 > 500 MeV/c    

- Scale the electron data 
- Compare to event generators
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CLAS Detector
Electron beam with energies up to 6 GeV

Large (~4π) acceptance  

Charged particles above detection 

threshold:

Pp > 300 MeV/c

Pπ+/- > 150 MeV/c

Open Trigger
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Disagreements between Data and MC
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Disagreements between Data and MC
1.159 GeV 2.257 GeV 4.453 GeV
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PT = P e0

T + P p
T

Nature volume 599, pages565–570 (2021)



MC vs. (e,e’p) Data: 
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PT = P e0

T + P p
T
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Multiplicities 
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12CE = 2.257 GeV

v3.0.6 

Nature volume 599, pages565–570 (2021)



Coming up next - 1p1π and more channels 
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MINERvA
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Data taking completed with 

Acceptance down to 5o     Q2 > 0.04 GeV2

x10 luminosity  [1035 cm-2s-1]

Keep low thresholds

Targets: 2D, 4He, 12C, 16O, 40Ar, 40Ca 

2, 4, 6 GeV (relevant for DUNE)

Overwhelming support from: 
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Complementary efforts 

Taken from the Electron Scattering white paper draft 



Thank you for your attention
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