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12C analysis: https://arxiv.org/abs/2409.10637, in Phys. Rev. D review
40Ca and 56Fe analysis: in progress

https://arxiv.org/abs/2409.10637
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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.
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▪ In terms of longitudinal and transverse virtual photon cross sections: 
𝑑𝜎

𝑑Ω𝑑𝐸′
= Γ 𝜎𝑇 𝑊2, 𝑄2 + 𝜖𝜎𝐿 𝑊2, 𝑄2 ,

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

▪ In terms of structure functions:
𝑑𝜎

𝑑Ω𝑑𝐸′
= 𝜎𝑀 𝒲2 𝑊2, 𝑄2 + 2 tan2

𝜃

2
𝒲1 𝑊2, 𝑄2 ,

where 𝜎𝑀 =
4𝛼2𝐸′2

𝑄4 cos2 𝜃

2
 is the Mott cross section; 𝒲1, 𝒲2 are related to 

the ℱ1, ℱ2 structure functions as ℱ1 = 𝑀𝒲1, ℱ2 = 𝜈𝒲2, 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 𝑅𝐿 𝑄2, 𝜈 , 𝑅𝑇 𝑄2, 𝜈 :

𝑑𝜎

𝑑𝜈𝑑Ω
= 𝜎𝑀

𝑄4

𝐪4
𝑅𝐿 𝑄2, 𝜈 + tan2

𝜃

2
+

𝑄2

2𝐪2
𝑅𝑇 𝑄2, 𝜈 .

 
We use the 𝑅𝐿 , 𝑅𝑇  

description.
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▪ The three descriptions can translate to each other:

 𝑅𝑇 =
2ℱ1

𝑀
=

𝐾

2𝜋2𝛼
𝜎𝑇,

 𝑅𝐿 =
𝐪2

𝑄2

ℱ𝐿

2𝑀𝑥
=

𝐪2

𝑄2

𝐾

2𝜋2𝛼
𝜎𝐿 ,

where 𝐾 =
2𝑀𝜈−𝑄2

2𝑀
, 𝑥 =

𝑄2

2𝑀𝜈
; ℱ𝐿 = ℱ2 1 +

4𝑀2𝑥2

𝑄2 − 2𝑥ℱ1 is called longitudinal structure 

function.

▪ Important quantities: 
 Longitudinal and transverse response functions 𝑅𝐿 , 𝑅𝑇 ,
 energy transfer 𝜈,
 4-momentum transfer squared 𝑄2,
 3-momentum transfer 𝐪 where 𝐪2 = 𝑄2 + 𝜈2,
 nuclear target mass 𝑀𝐴 where 𝑀𝐴 = 11.178 GeV/c2 for 12C,
 final state invariant mass 𝑊 where 𝑊2 = 𝑀2 + 2𝑀𝜈 − 𝑄2,

 excitation energy 𝐸𝑥 = 𝜈 −
𝑄2

2𝑀𝐴
.

Introduction
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Experimental Method: Rosenbluth Separation

▪ Rosenbluth reduced cross section1: 

 Σ =
𝐸0

𝐸0+𝑉𝑒𝑓𝑓

2 𝐪𝑒𝑓𝑓
4

4𝛼2𝐸𝑒𝑓𝑓
′ 2

1

cos2 𝜃

2
+2

𝐪𝑒𝑓𝑓

𝑄𝑒𝑓𝑓

2

sin2 𝜃

2

𝑑𝜎

𝑑𝜈𝑑Ω

    = 𝜖𝑅𝐿 +
1

2

𝐪

𝑄

2
𝑅𝑇

where 𝜖 = 1 + 2 1 +
𝜈2

𝑄2 tan2 𝜃

2

−1

 is the virtual photon 

polarization.

▪ Fit Σ against 𝜖 linearly in bins of 𝐪  (or 𝑄2) and 𝜈 (or 𝑊2, 
𝐸𝑥), then 

𝑅𝐿 = slope, 𝑅𝑇 = 2
𝑄

𝐪

2
×  intercept.

 

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

𝝐
Virtual photon-
polarization

𝚺
Reduced 
cross section

𝑄2 = 0.093 GeV/c 2 , 𝜈 = 0.11GeV
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Experimental Method: Christy-Bodek Universal Fit

Updated universal fit (A. Bodek, E. Christy. Phys. Rev. C 106, L061305 (2022)):
1. Fits for all kinematic regions against ~30 e-Carbon scattering and photo production data sets, ~10,000 cross-

section measurements:
Elastic, nuclear excitations, Quasi-Elastic, resonance and pion production, deep inelastic, photo-production at 
𝑄2 = 0 (GeV/c)2.

2. The fit alone is also a tool to evaluate MC predictions.

We use this fit in Rosenbluth separation:
1. Determine cross section relative normalizations and identify inconsistent experiment data.
2. Determine bin-centering corrections in individual 𝑅𝐿 , 𝑅𝑇  extractions, so the cross sections at various 𝜖 values 

are at the 𝐪 (or 𝑄2) and 𝜈 bin center. 

Momentum transfers are also corrected with Coulomb corrections: to account for the effective potential 𝑉eff =
3.1MeV in Carbon nucleus. 

We extracted 𝑅𝐿 , 𝑅𝑇  at 18 fixed |𝐪| values: 0.1 < |𝐪| < 2.78 GeV/c, and at 18 fixed 𝑄2 values: 0 < 𝑄2 < 3.45 (GeV/𝑐)2, 
both as functions of 𝜈. 
𝜈 ranges from 𝜈 = 0 GeV to the end of the resonance region where 𝑊 = 2.0 GeV/c2.
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Compare extracted 
carbon 𝑹𝑳, 𝑹𝑻 to 
previous extractions2~6

𝑞  bins:  0.3, 0.38, 0.57 GeV/c:
Jordan, Barreau, Buki
𝑄2 bin:  0.093 GeV/c 2 : Baran.

Christy-Bodek universal fit’s
total: black solid line;
QE only: black dashed line.

Our extractions: red scatters.

2J. Jourdan, Phys. Lett. B 353, 189 (1995) and J. Jourdan, 
Nucl. Phys. A 603, 117 (1996).
3A. Y. Buki et al., Eur. Phys. J. A 57, 288 (2021).
4A. Yamaguchi et al., Phys. Rev. C 3, 1750 (1971).
5D. T. Baran et al., Phys. Rev. Lett. 61, 400 (1988).
6P. Barreau et al., Nucl. Phys. A 402, 515 (1983).

𝑅𝐿: 𝐪 = 0.3 GeV/c

𝑅𝐿: 𝐪 = 0.38 GeV/c

𝑅𝐿: 𝐪 = 0.57 GeV/c

𝑅𝐿: 𝑄2 = 0.093 GeV/c 2 𝑅𝑇: 𝑄2 = 0.093 GeV/c 2

𝑅𝑇: 𝐪 = 0.3 GeV/c

𝑅𝑇: 𝐪 = 0.38 GeV/c

𝑅𝑇: 𝐪 = 0.57 GeV/c

𝝂 (𝐆𝐞𝐕) 𝝂 (𝐆𝐞𝐕)
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Comparison to Theories and MC generators
We compared our 𝑅𝐿 , 𝑅𝑇  fit and extracted values to the following theories and MC generations7~13.
(1b =1 body, 2b = 2 body, 1p1h = 1 nucleon final sate, 2p2h = 2 nucleons final state)

▪ 1st principle nuclear quantum MC predictions: both 1b and 2b currents
1. GFMC (Green’s Function Monte Carlo),  1p1h only, limited q range
2. ED-RMF (Energy Dependent Relativistic Mean Field) 1p1h only, all q range

Implemented in NEUT – we find good agreement with QE data
3. STA-QMC (Short Time Approximation Quantum Monte Carlo) 1p1h+2p2h, limited q range
4. ACHILLES 1b+2b, 1p1h only, limited q range

▪ Other theoretical approaches:
1. NuWro, 1b for 1p1h only in electron mode, 1p1h+2p2h for neutrino model, all q range
2. SuSAv2 (Improved Superscaling) 1b for 1p1h, 1b+2b for 2p2h, all q range

We gratefully thank the theorists that provide us their predictions!
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Compare carbon 𝑹𝑳, 𝑹𝑻 to ED-
RMF, GFMC, STA-QMC
at 𝐪  = 0.3, 0.38, 0.470, 0.570, 
0.649 GeV/c

▪ All 3 predictions are for 1p1h 
single nucleon final states; all 
include contributions from 
1b+2b currents.

▪ GFMC is computationally 
expensive, only available for 
0.3 ≤ |𝐪| ≤ 0.57 𝐺𝑒𝑉.

▪ STA-QMC is only valid for 0.3 ≤
|𝐪| ≤ 0.76 𝐺𝑒𝑉.

𝑅𝐿: 𝐪 = 0.3 GeV/c

𝑅𝐿: 𝐪 = 0.38 GeV/c

𝑅𝐿: 𝐪 = 0.475 GeV/c

𝑅𝐿: 𝐪 = 0.649GeV/c 𝑅𝑇: 𝐪 = 0.649 GeV/c

𝑅𝑇: 𝐪 = 0.3 GeV/c

𝑅𝑇: 𝐪 = 0.38 GeV/c

𝑅𝑇: 𝐪 = 0.57 GeV/c𝑅𝐿: 𝐪 = 0.57 GeV/c

𝑅𝑇: 𝐪 = 0.475 GeV/c

𝝂 (𝐆𝐞𝐕) 𝝂 (𝐆𝐞𝐕)
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Compare carbon 𝑹𝑳, 𝑹𝑻 to ED-
RMF (1b+2b) and SuSAv2 (1b) 
at low q

ED-RMF is the only 1b+2b theory 
with 1p1h predictions at low q, also 
has prediction for nuclear 
excitation region.

SuSAv2 doesn’t have 2b current 
contributions to 1p1h, so it 
overpredicts 𝑅𝐿  and underpredicts 
𝑅𝑇.

SuSAv2’s 1p1h 𝑅𝐿  needs quenching at low q; 
𝑅𝑇  needs enhancement.

𝑅𝐿: 𝐪 = 0.1 GeV/c

𝑅𝐿: 𝐪 = 0.148 GeV/c

𝑅𝐿: 𝐪 = 0.167 GeV/c

𝑅𝐿: 𝐪 = 0.24 GeV/c 𝑅𝑇: 𝐪 = 0.24 GeV/c

𝑅𝑇: 𝐪 = 0.1 GeV/c

𝑅𝑇: 𝐪 = 0.148 GeV/c

𝑅𝑇: 𝐪 = 0.205 GeV/c𝑅𝐿: 𝐪 = 0.205 GeV/c

𝑅𝑇: 𝐪 = 0.167 GeV/c

𝝂 (𝐆𝐞𝐕) 𝝂 (𝐆𝐞𝐕)
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𝑅𝐿: 𝐪 = 0.3 GeV/c

𝑅𝐿: 𝐪 = 0.38 GeV/c

𝑅𝐿: 𝐪 = 0.57 GeV/c

𝑅𝑇: 𝐪 = 0.3 GeV/c

𝑅𝑇: 𝐪 = 0.38 GeV/c

𝑅𝑇: 𝐪 = 0.57 GeV/c

SuSAv2 carbon 𝑹𝑳, 𝑹𝑻 comparison difference plots at 𝐪 =0.3, 0.38, 0.57 GeV/c (Preliminary)

𝝂 (𝐆𝐞𝐕) 𝝂 (𝐆𝐞𝐕)

12C
Difference = this analysis – SuSAv2
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𝑅𝐿: 𝐪 = 0.3 GeV/c

𝑅𝐿: 𝐪 = 0.38 GeV/c

𝑅𝐿: 𝐪 = 0.57 GeV/c

𝑅𝑇: 𝐪 = 0.3 GeV/c

𝑅𝑇: 𝐪 = 0.38 GeV/c

𝑅𝑇: 𝐪 = 0.57 GeV/c

SuSAv2 iron 𝑹𝑳, 𝑹𝑻 comparison difference plots at 𝐪 =0.3, 0.38, 0.57 GeV/c (Preliminary) 

𝝂 (𝐆𝐞𝐕) 𝝂 (𝐆𝐞𝐕)

56Fe
Difference = this analysis – SuSAv2
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𝑅𝐿: 𝐪 = 0.3 GeV/c

𝑅𝐿: 𝐪 = 0.38 GeV/c

𝑅𝐿: 𝐪 = 0.57 GeV/c

𝑅𝑇: 𝐪 = 0.3 GeV/c

𝑅𝑇: 𝐪 = 0.38 GeV/c

𝑅𝑇: 𝐪 = 0.57 GeV/c

SuSAv2 calcium 𝑹𝑳, 𝑹𝑻 comparison difference plots at 𝐪 =0.3, 0.38, 0.57 GeV/c (Preliminary)

𝝂 (𝐆𝐞𝐕) 𝝂 (𝐆𝐞𝐕)

40Ca
Difference = this analysis – SuSAv2
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Conclusion

The 𝑅𝐿   and 𝑅𝑇   extractions cover a  large kinematic range. The values are in good agreement with the  Christy-

Bodek Universal fit to all cross-section values.  The universal fit covers an even larger kinematic range.

The fit provides a simple way to validate electron and neutrino MC generators over a large kinematic range.

▪ We compared to GFMC, STA-QMC, ED-RMF’s theoretical predictions of 𝑅𝐿   and 𝑅𝑇   in QE region. 

▪ ED-RMF has the best description of data overall and is available for all values of |𝐪| (or 𝑄2) and 𝜈.

▪ SuSAv2 doesn’t includes effects of 2b currents in 1p1h, so it overpredict 𝑅𝐿  and underpredict 𝑅𝑇; need 

corrections.

▪ More to see at https://arxiv.org/abs/2409.10637; investigation of inelastic processes and 40Ca, 56Fe 

analyses are under way.

https://arxiv.org/abs/2409.10637
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Thank you!

Back up slides start next.
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Experimental Corrections

▪ Dataset relative normalizations: ensure that the datasets are consistent with each 

other in cross-section magnitude (small corrections close to 1).

▪ Normalization factors are estimated using Christy-Bodek universal fit1,2.

▪ Coulomb corrections: account for the effective electrostatic potential in nucleus.

▪ 𝑉eff = 3.1MeV for Carbon;

▪ 𝐸0 → 𝐸0,eff = 𝐸0 + 𝑉eff; 𝐸′ → 𝐸eff
′ = 𝐸′ + 𝑉eff;

▪  𝑄2, 𝐪, 𝑊2, 𝜖 → 𝑄eff
2 , 𝐪eff, 𝑊eff

2 , 𝜖eff.

1A. Bodek et al., Phys. Rev. C 106, L061305 (2022)
2A. Bodek et al., Phys. Rev. C 107, 054309 (2023)

Zihao Lin, U. Rochester
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Experimental Corrections
▪ Bin-centering Corrections: bin-centering corrections account for the small differences between 𝑄eff

2  

and 𝑄center
2 of the binned cross-sections. 

▪ For cross-section 𝑖 with 𝑄eff
2  and 𝜈, Rosenbluth quantity Σ𝑖  is multiplied with 

𝐶𝑖 =
𝜖centerℛ𝐿

fit 𝑄center
2 ,𝜈 +

1

2

𝐪center
2

𝑄center
2 ℛ𝑇

fit 𝑄center
2 ,𝜈

𝜖effℛ𝐿
fit 𝑄eff

2 ,𝜈 +
1

2

𝐪eff
2

𝑄eff
2 ℛ𝑇

fit 𝑄eff
2 ,𝜈

,

where ℛ𝐿
fit, ℛ𝑇

fit are estimated by Christy-Bodek universal fit (an iterative process).

▪ After bin-centering correction, we can assume that Σ𝑖 𝑄eff
2 , 𝜈  is at 𝑄center

2 .

Zihao Lin, U. Rochester
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