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Electron scattering off nucleon and nucleus:
 G.T. Garvey et al. / Physics Reports 580 (2015) 1-45

Introduction

• Given the nuclear physics common to both electron and neutrino 
scattering from nuclei, we can study electron scattering to validate and 
tune MC generators for electron and neutrino interactions.

Arie Bodek, U. Rochester
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• In terms of longitudinal and transverse virtual photon cross sections: 
𝑑𝜎

𝑑Ω𝑑𝐸!
= Γ 𝜎" 𝑊#, 𝑄# + 𝜖𝜎$ 𝑊#, 𝑄# ,

where Γ is the flux of virtual photons, 𝜖 is the virtual photon polarization;

• In terms of structure functions:
𝑑𝜎

𝑑Ω𝑑𝐸′
= 𝜎% 𝒲# 𝑊#, 𝑄# + 2 tan#

𝜃
2
𝒲& 𝑊#, 𝑄# ,

where 𝜎% = '(!)"!

*# cos# +
#  is the Mott cross section; 𝒲&,𝒲# are related to the 

ℱ&, ℱ# structure functions as ℱ& = 𝑀𝒲&, ℱ# = 𝜈𝒲#, 𝑀 is nucleon mass.

Descriptions of electron scattering differential cross section used in the literature:
Introduction

• In terms of longitudinal and transverse electromagnetic response functions 
𝑅$ 𝑄#, 𝜈 , 𝑅" 𝑄#, 𝜈 :

𝑑𝜎
𝑑𝜈𝑑Ω

= 𝜎%
𝑄'

𝐪'
𝑅$ 𝑄#, 𝜈 + tan#

𝜃
2
+
𝑄#

2𝐪#
𝑅" 𝑄#, 𝜈 .

 

We use the 𝑅$, 𝑅% 
description.

Arie Bodek, U. Rochester
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Descriptions of electron scattering differential cross section used in the literature:

• The three descriptions are related to each other:
 𝑅" =

#ℱ&
%
= -

#.!(
𝜎",

 𝑅$ =
𝐪!

*!
ℱ'
#%0

= 𝐪!

*!
-

#.!(
𝜎$,

where 𝐾 = #%12*!

#%
, 𝑥 = *!

#%1
; ℱ$ = ℱ# 1 + '%!0!

*!
− 2𝑥ℱ& is called longitudinal 

structure function. However, 𝑅$ 𝑎𝑛𝑑 𝑅" are better for nuclear targets since they
also readily describe Quasielastic Scattering and Nuclear Excitations.

• Important quantities: 
 energy transfer 𝜈,
	 4-momentum transfer	𝑄,
	 3-momentum transfer	𝐪	where	𝐪# = 𝑄# + 𝜈#,
	 nuclear target mass 𝑀3	where	𝑀3 = 11.178𝐺𝑒𝑉	for	12C,
	 final state invariant mass 𝑊	where	𝑊# = 𝑀# + 2𝑀𝜈 − 𝑄#,
	 excitation energy 𝐸0 = 𝜈 − *!

#%(
.

Introduction

Arie Bodek, U. Rochester
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18 bins on q and 
18 bins in  Q2

~10,000 cross section measurements ~ 30 cross-normalized experiments

Arie Bodek, U. Rochester



Experimental Method: Rosenbluth Separation

• “Rosenbluth quantity”: 1 

	 Σ = ))
))45*++

# 𝐪*++
#

'(!)*++
" !

&

678! ,
! 4#

𝐪*++
.*++

!
89:! ,

!

;<
;1;=

    = 𝜖𝑅$ +
&
#

𝐪
*

#
𝑅"

where 𝜖 = 1 + 2 1 + 1!

*!
tan# +

#

2&
 is the virtual photon polarization.

• Fit Σ against 𝜖 linearly in bins of 𝐪 	(or 𝑄#)	and	𝜈	(or	𝑊#,	𝐸0),	then we can 

extract	𝑅$ = slope, 𝑅" = 2 *
𝐪

#
×	intercept.

 

6

1J. Jourdan, Phys. Lett. B 353, 189 (1995)

Arie Bodek, U. Rochester



Experimental Method: Rosenbluth Separation

• An example:

7

𝝐

Σ

Arie Bodek, U. Rochester



Experimental Method: Christy-Bodek Universal Fit 
• An update to Prof. Christy and Prof. Bodek’s universal fit (A. Bodek, E. Christy. Phys. 

Rev. C 106, L061305 (2022)):
– Now includes a larger electron scattering dataset on H, D, and nuclear 

targets.
• Fits for all kinematic regions: 

– Elastic scattering, nuclear excitations, Quasi-Elastic, resonance and pion 
production, deep inelastic. 

Since the cross sections span a large range of energies and scattering angles, the 
fits describe both the longitudinal 𝑹𝑳	and transverse 𝑹𝑻	contributions. 
For extracting individual values of 𝑹𝑳	and 𝑹𝑻	we use the fit for bin centering 
corrections in the Rosenbluth fits (so the cross sections at various 𝜖	𝑣𝑎𝑙𝑢𝑒𝑠 are 
all  are at the values of  Q2 and n  the center of the bin.
1. Use to Cross Calibrated ~ 30 experimental data sets
2. Use to remove inconsistent experimental data
3. Use for bin centering correction in  individual 𝑹𝑳 𝑹𝑻 extractions
4. Input to radiative corrections
5. Also extract fits to 𝑹𝑳 and 𝑹𝑻 over a larger kinematic region than individual 

𝑹𝑳 𝑹𝑻 extractions

 
8Arie Bodek, U. Rochester
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x 0.85
Class-e4nu

x 1.06
Sealock

x  1.03
Mainz

Inconsistent normalization for each of 3  energies, inconsistent energy calibration
Zeller: 1973 Not used.



Comparison to Seven Theories and MC Generators
• We compare our 𝑅$, 𝑅"	fit and extracted values to 7 theoretical approaches:
• 1b= 1body, 2b = 2 body currents

– 1st  principle Nuclear Quantum MC predictions:  Both 1b and 2b currents
– GFMC (Green’s Function Monte Carlo). 1p1h only, limited q range
– ED-RMF (Energy Dependent Relativistic Mean Field)  1p1h only
– STA-QMC (Short Time Approximation Quantum MC) 1p1h +2p2h

– Other theoretical approaches:
– NuWro. 1b (1p1h only electron mode), 1p1h+2p2h neutrino mode
– ACHILLES  1b+2b (1p1h only). Limited range
– Correlated-Fermi-Gas 1b (1p1h )only, (poor agreement) 
– SuSAv2 (Improved Superscaling) 1b (1p1h), 

SuSAv2 1b+2b (2p2h)- Also Resonance and inelastic using Bosted- 
    Christy or Bodek-Ritchie fits to proton and neutron structure functions. 
    Note however that for neutrinos the resonance plus inelastic need
    assumptions on axial part.

Spoiler: The calculations which are highlighted in yellow work best

1p1h = 1 nucleon final state.   2p2h= 2 nucleon final state  
We gratefully thank the theorists that provided us with their predictions! 
(See the list of reference in backup slides)
. 10Arie Bodek, U. Rochester
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Comparison in 𝐪 
Bins: ED-RMF, 
STA-QMC, GFMC
𝐪  values: 0.3,	0.38,	
0.470,	0.570,	0.649	𝐺𝑒𝑉

ED-RMF (1b+2b) 1p1h
gives the best description 
of 1p1h including nuclear 
excitations

GFMC  (1b+2b), 1p1h
is computationally 
expensive, only available 
for 0.3 ≤ |𝐪| ≤ 0.57	𝐺𝑒𝑉.

STA-QMC (1b+2b)
1p1h+2p2h
  is only valid for
 0.3 ≤ |𝐪| ≤ 0.76	𝐺𝑒𝑉.
Analytic extrapolation 
possible but has only been 
done for 4He.

Example 5 of 18 values of q for the three 1st principle Quantum MC predictions
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Comparison in 
Excitation 
Region
( 𝐪  Bins) 
ED-RMF, available for 
all q , has good 
agreement with data in 
QE and Ex region (is 
now implemented in 
NEUT generator).  Only 
theory that predicts 
nuclear excitations
GFMC  (1b+2b), 1p1h
is computationally 
expensive, only 
available for
 0.3 ≤ |𝐪| ≤ 0.57	𝐺𝑒𝑉.

STA-QMC (1b+2b)
1p1h+2p2h
  is only valid for
 0.3 ≤ |𝐪| ≤ 0.76	𝐺𝑒𝑉.

Example 5 of 18 values of q for the three 1st principle Quantum MC predictions
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5 of 18 values of q for     SuSAV2 (1b-1p1h) vs ED-RMF

SuSAV2 (1b) 1p1h
QE RT too low
- - - - - dashed 

Add (2b) 2p2h.

60o

145o

ED-RMF (1b+2b) 1p1h 
----------   plus  SuSAV2  
(2b) 2p2h above QE peak
This combination works best
For 1p1h+2p2h

SuSAv2 high

SuSAv2 low

SuSAV2 Cross section compare 
different color code below

SuSAV2 
(1b) 1p1h
RL too 
high  
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RL, RT Yamaguchi
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RL, RT EDRMF(QE)+SuSAv2(2p2h, inelastic)

RL, RT (QE) ED-RMF

RL, RT this analysis

W = 0.93 GeV

W = 1.07 GeV

Q2 = 0 GeV 2

RT Photo-production

W = 1.23 GeV

ED-RMF (1b+2b) 1p1h
---------------------------------------
        ED-RMF+ SuSAV2  
(2b) 2p2h above QE peak
------------------------------------
      ED-RMF+ SuSAV2
 2p2h plus SuSAV2 inelastic

       The combination
        works very well
        Except new Q2=0
     photoproduction limit 
--------------------------------------

         Christy-Bodek Fit

------------------------------------

Plots for all 18 q bins 
and all 18 Q2 bins in 
backup slides 

Color code
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Problematic for neutrino MC generators in present state show stoper

Very useful for neutrino MC generators in present state
Some use for neutrino MC generators in present state- but needs more work

Combining ED-RMF for 1p1h with SuSAv2 2p2h +inelastic works well

Test 7 theoretical approaches-  Summary table 

2p2h 
OK



• We compare to GFMC, STA-QMC, ED-RMF’s theoretical predictions of 𝑅$	and 𝑅% 	in QE 
region. ED-RMF has the best description of 1p1h  overall and is available for all values 
of 𝐪 (or 𝑄&) and 𝜈.  (1b+2b) 1p1h

• SuSAV2- (1b) 1p1h can be improved with some tuning to account for 2b. 2p2h OK
• Combining ED-RMF for 1p1h with SuSAv2 2p2h +inelastic works well 
• NuWro –(1b) 1p1h can be improved with some tuning to account for 2b
• ACHILLES- OK but limited range of validity in present state.(1b+2b) 1p1h

• GFMC – limited kinematic range of validity. Not possible to expand (1b+2b) 1p1h
• Correlated Fermi Gas –poor agreement with electron scattering data   1b
• Christy-Bodek fit for 12C is being implemented in GENIE for modeling electron 

scattering at all energies and angles.
• 40Ca and 56Fe analysis under way

1p1h – need 1b+2b currents since they interfere and lead to transverse enhancement
2p2h -- need 2b
Best Combination  ED-RMF QE 1p1h   with SuSAV2 2p2h

16

Test 7 theoretical approaches- Conclusions

Arie Bodek, U. Rochester
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RL, RT EDRMF(QE)+SuSAv2(2p2h)

RL, RT EDRMF(QE)

RL, RT this analysis

ED-RMF (1b+2b) 1p1h
---------------------------------------
        ED-RMF+ SuSAV2  
(2b) 2p2h above QE peak
------------------------------------
      ED-RMF+ SuSAV2
 2p2h +SuSAV2 inelastic

       The combination
        works very well
        Except new Q2=0
     photoproduction limit 
--------------------------------------

         Christy-Bodek Fit

Plots for all 18 q bins 
and all 18 Q2 bins in 
backup slides 
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