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           : Playing the Neutrino game 

- Select a specific interaction
- Scale the electron data using 

the inverse Mott cross section
- Test the energy reconstruction 

method and compare to the 
incoming electron energy  

- Compare to event generators

Analysing electron data from CLAS as if it was ‘neutrino data’
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Targets:              4He, 12C, 56Fe, 208Pb
Energies:            1.1, 2.2, 4,4 GeV

CLAS A(e,e’p) Data 
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Neutrino event generators are used to simulate a νA interaction 

Among those:  
 

and many more

νA Interaction Modelling 
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Nuclear uncertainties are significant
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Nuclear uncertainties are significant
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GENIE

GiBUUCould lead to wrong 
extraction of the 

mixing parameters 
due to incomplete 
modelling of the 
nuclear physics 

involved. 



Neutrino generators -Simulation 
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E  Reco Requires Interaction Modeling ⌫

El - El’
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E  Reco Requires Interaction Modeling ⌫

Deep Inelastic Scattering
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Testing neutrino generators 
with inclusive electron scattering data
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Nuclear model      Local fermi gas model
QE                        Lewellyn Smith for neutrino 

          Rosenbluth CS for electrons
MEC                     Empirical Dytman model
Resonances           Berger Sehgal
FSI                        hA (data driven) + variations 

GENIE is calculating each contribution separately and then summing them up

GENIE simulation will also require radiative corrections

GENIE Simulation
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Nuclear model      Local fermi gas model
QE                        Lewellyn Smith for neutrino 

          Rosenbluth CS for electrons
MEC                     Empirical Dytman model
Resonances           Berger Sehgal
FSI                        hA (data driven) + variations 

GENIE is calculating each contribution separately and then summing them up

GENIE simulation will also require radiative corrections

GENIE Simulation



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

Radiative Effects in GENIE 
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Loop 
Corrections



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

Radiative Effects in GENIE 
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ISR

FSR

Loop 
Corrections



Radiative Effects in GENIE 
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Radiative Effects in GENIE 
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Detector simulation  
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Final state particles from GENIE simulation are passing through:
- CLAS efficiency maps
- Energy smearing 0.3% for e, 1% for p
- Data driven background subtraction

12	

 

Rotate π  around q
!

 to 
determine detection 
acceptance

(e,e’p)


Subtracting undetected 2 proton 
events to get 1proton sample the 

similar way  


Subtracting undetected pions to get 0 pion sample 
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Data to Simulation Comparison  
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Testing the incoming energy reconstruction

The neutrino event 
generators should be 
able to reproduce 
these energy spectrum 



Data to Simulation Comparison  
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Data to Simulation Comparison  
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Summary
A wide phase space electron scattering data is used to test the methods for incoming 
energy reconstruction and improve νA interaction modelling.

Electron scattering data is currently being used as a quality proof of any new model 
and an important tool to find bugs.  

Disagreement between data and event generators were shown.
For QE-like events both leptonic and hadronic reconstructed energies have bad 
resolution, mostly for heavier nuclei and high missing transverse momentum

Following the data analysis we will add photon background subtraction 
Looking forward to:
- Finalise the simulation and validate the radiative correction with ep data
- Obtain new data with more relevant nuclei, energies and processes.



Backup 
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Radiative Effects in GENIE 
Expected validation from ep data - in the coming week

E = 0.292 GeV    

Εl-El’
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Radiative Effects in GENIE 
Expected validation from ep data - for validation



Radiative Effects in GENIE 
Comparison to calculation - validation
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Radiative Effects in GENIE 
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Radiative Effects in GENIE 
Expected validation from ep data - in the coming week

E = 0.292 GeV    

GENIE Default                                              w. Radiative correction

  θ                                                            θ  

Εl
-E
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CLAS: Acceptance maps availble
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CLAS  has  a  different 
efficiency,  which  we 
will  publish  as 
acceptance  maps  for 
public use for each:
- Target
- Particle type
- Particle momentum
 Axel Schmidt, Reynier Cruz Torres, Barak Schmookler, Adin Hrnjic
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Potential implication on            analysis

preliminary

The expected energy at DUNE far detector as reconstructed using the energy 
feed down from A(e,e’p) data and simulation 



Potential implication on            analysis
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preliminary

The expected energy at DUNE far detector as reconstructed using the energy 
feed down from A(e,e’p) data and simulation 

Un-modelled nuclear effects can be mistakingly considered as oscillation effects 



MINERvA
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Future Plans -Approved run for
Ten times more luminosity
Keeping the low threshold 300 MeV/c
Targets: 2D, 4He, 12C, 16O, 40Ar, 120Sn 
Incoming 1 - 7 GeV relevant for 
DUNE incoming flux

Overwhelming support from: 



For the ISR, relevant only for the electron scattering case. 

Energy and momentum are omitted from the initial state probe . 

note:  
- not recording the probe energy before radiating a photon. 
- not recording the emitted photon. 
- Q2 will also change with the new probe energy. 

GENIE notes:  
the change was done in: 
- The initial state probe in InitialState using SetProbeE(energy) 
- The particle at slot 0 in GHepRecord 

Radiative Effects in GENIE 
Initial State Radiation

40



Final state radiation should be applicable for both electron and neutrino mode. 

The final state electron was decayed, and a final state photon was added. 

GENIE notes: 
- The decayed electron is still recorded with a status of 3 (decayed state)   
- The probe’s daughters are changed for the new final state lepton.  
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Radiative Effects in GENIE 
Final State Radiation



Due to the radiative correction the cross section for a given interaction is 
changed. 

We’ve added a weight to each event which is dependent on the initial and 
final state kinematic variables.  

note: for the incoming neutrino case the weight will of course be different. 
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Radiative Effects in GENIE 
Cross Section



The radiated photon should have a maximal limit. 
In many models this limit is dependent on the final state kinematics.  

Previously we’ve used: 
- The lepton momentum, but for large Eγ the approximation is not valid 
- 10% or 30% of the lepton momentum, but we were sensitive to that cut 
off 

Nowadays, 
We have to apply a final state dependent cut off for the energy loss 
Energy difference in the process E - E’  (Peskin) 

Radiative Correction 

43



Introducing a new class  
currently implemented in a private branch:  

src/EVGModules/RadiativeCorrector.C 
src/EVGModules/RadiativeCorrector.h 

The module is being called twice:

Radiative Effects in GENIE 

44

  <param_set name=“QEL-EM-radcorr"> 
     <param type="string" name="VldContext"> </param> 
     <param type="int"    name="NModules">   16                                                                                                             </param> 
     <param type="alg"    name="Module-0">         genie::InitialStateAppender/Default                                        </param> 
    <param type="alg"    name="Module-1">         genie::VertexGenerator/Default                                                 </param> 
     <param type="alg"    name="Module-2">         genie::FermiMover/Default                                                         </param> 
     <param type="alg"    name="Module-3">         genie::QELKinematicsGenerator/EM-Default                        </param> 
     <param type="alg"    name="Module-4">         genie::QELPrimaryLeptonGenerator/Default                        </param> 
     <param type="alg"  name="Module-5">       genie::RadiativeCorrector/ISR                                              </param> 
     <param type="alg"  name="Module-6">       genie::QELKinematicsGenerator/EM-Default                 </param> 
     <param type="alg"  name="Module-7">       genie::QELPrimaryLeptonGenerator/Default                  </param> 
     <param type="alg"    name="Module-8">         genie::QELHadronicSystemGenerator/Default                      </param> 
     <param type="alg"    name="Module-9">         genie::PauliBlocker/Default                                                         </param> 
     <param type="alg"    name="Module-10">       genie::UnstableParticleDecayer/BeforeHadronTransport </param> 
     <param type="alg"    name="Module-11">       genie::NucDeExcitationSim/Default                                         </param> 
     <param type="alg"    name="Module-12">       genie::HadronTransporter/Default                                           </param> 
     <param type="alg"    name="Module-13">       genie::NucBindEnergyAggregator/Default                             </param> 
     <param type="alg"    name="Module-14">       genie::UnstableParticleDecayer/AfterHadronTransport    </param> 
     <param type="alg"  name="Module-15">    genie::RadiativeCorrector/FSR                                             </param> 
     <param type="alg"    name="ILstGen">    genie::QELInteractionListGenerator/EM-Default                         </param> 
  </param_set>

Emitting ISR photon

Emitting FSR photon 
+ applying weight 



Radiative Effects in GENIE 
Models: 
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1. Mo & Tsai as recommended by Vanderhagen 
2. Full calculation as will be done by Dr. Doreen Wackeroth and Daniel  Crowe 

from the University at Buffalo, coordinated by Minerba Beatancourt 
3. Any other model  



Based on PHYSICAL REVIEW C, VOLUME 62, 025501 VanderHagen The 
energy loss, ΔΕ , can be sampled using the distribution:  

 where E is the incoming electron energy: 

An event cross section should be weighted by:  
     

                                     

Vanderhagen approach 
Theory

46

Iint(E,�E, a) =
a

�E
(
�E

E
)a

a =
↵EM

⇡
[ln(

Q2

m2
)� 1]

! d!

d"e!
"
VIRTUAL#

$! d!

d"e!
"
BORN

1

„1!%̃&Q2'…2 „1"2(F&Q2'!F&Q2#0 ')…

#! d!

d"e!
"
BORN

1

„1!%̃&Q2'…2 #1"
*em

+ $ 1, IR !#E"ln! 4+-2

m2 " % .$v2"1
2v

ln! v"1
v!1 "!1%".vertex&,

&A66'

where the finite part .vertex of the lepton vertex correction is found from Eq. &A16' to be given by

.vertex#
*em

+ ' v2"1
4v

ln! v"1
v!1 " ln! v2!1

4v2 ""
2v2"1
2v

ln! v"1
v!1 "!2"

v2"1
2v $Sp! v"1

2v "!Sp! v!1
2v " % ( ,

→
Q2$m2*em

+ ' 32 ln!Q2

m2"!2!
1
2 ln

2!Q2

m2""
+2

6 ( . &A67'

In writing down Eq. &A66' to first order in *em , the con-
tribution of the anomalous magnetic moment term G(Q2) in
the vertex correction Eq. &A8' has been dropped. This con-
tribution vanishes in the ultrarelativistic limit (Q2$m2) as
can be seen from Eq. &A11'. The first term in the last line of
Eq. &A67' corresponds to the vertex correction term quoted
by Mo and Tsai /Eq. &II.5' of Ref. /2200.
The finite part of the photon polarization correction,
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which agrees with the expression quoted by Mo and Tsai
/Eq. &II.4' of Ref. /2200. To evaluate the vacuum polarization
due to -"-! and 2"2! pairs at intermediate Q2, one has to
use Eq. &A68' instead of the limit of Eq. &A69'.3
When adding the real /Eq. &A62'0 and virtual /Eq. &A66'0

radiative corrections at the lepton side, one verifies that the
IR divergent parts exactly cancel. The remaining finite con-
tribution is given to first order in *em by
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where 3Es , which is the maximum soft photon energy in the
c.m. system of &recoiling proton " soft photon', is deter-
mined as in Eq. &A48', when applying this formula to the
scattered electron spectrum.
We can compare Eq. &A71' with the recent calculation of

Maximon and Tjon /240, where this calculation was also per-
formed &using a finite photon mass to regularize the IR di-
vergences' without doing any approximations. Comparing
Eq. &A71' with their Z-independent term (Z being the hadron
charge'—i.e., when not considering radiative corrections at
the proton side or two-photon exchange contributions at this
point—we find exactly the same result. As was noted in Ref.
/240, the last two terms of Eq. &A71' were omitted by Mo
and Tsai /220.
We can approximately take into account the higher order

radiative corrections by exponentiating the first order vertex
and real radiative corrections. This is strictly true only for the
IR divergent part of the vertex correction and soft photon
emission contribution, and was demonstrated in Refs.
/26,480 &see, e.g., Refs. /51,520 for pedagogical derivations'.
The application of this exponentiation procedure also to the
finite part consists of an approximation which can be
checked by comparing the result with the first order formula
of Eq. &A70'. For the photon polarization contribution, we
iterate the first order vacuum polarization contribution of Eq.
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type of Fig. 19&c'0 by keeping the photon self-energy in the

3Note that an incorrect expression is used in /500 for the vacuum
polarization contribution due to -"-! pairs /Eq. &A5' in their pa-
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vergences' without doing any approximations. Comparing
Eq. &A71' with their Z-independent term (Z being the hadron
charge'—i.e., when not considering radiative corrections at
the proton side or two-photon exchange contributions at this
point—we find exactly the same result. As was noted in Ref.
/240, the last two terms of Eq. &A71' were omitted by Mo
and Tsai /220.
We can approximately take into account the higher order

radiative corrections by exponentiating the first order vertex
and real radiative corrections. This is strictly true only for the
IR divergent part of the vertex correction and soft photon
emission contribution, and was demonstrated in Refs.
/26,480 &see, e.g., Refs. /51,520 for pedagogical derivations'.
The application of this exponentiation procedure also to the
finite part consists of an approximation which can be
checked by comparing the result with the first order formula
of Eq. &A70'. For the photon polarization contribution, we
iterate the first order vacuum polarization contribution of Eq.
&A68' to all orders /resumming all vacuum bubbles of the
type of Fig. 19&c'0 by keeping the photon self-energy in the

3Note that an incorrect expression is used in /500 for the vacuum
polarization contribution due to -"-! pairs /Eq. &A5' in their pa-
per0.
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