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Abstract We present the findings of a study based on a new inelastic electron-scattering experiment on the
12C nucleus focusing on the kinematic region of Q% = 0.8 GeV?/c?. The measured cross section is sensitive to
the transverse response function and provides a stringent test of theoretical models, as well as of the theoretical
assumptions made in Monte-Carlo event-generator codes developed for the interpretation of neutrino-nucleus
experiments, such as DUNE and HyperK. We find that modern generators such as GENIE and GiBUU reproduce
our new experimental data within 10%.
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1 Introduction

Electrons represent a very precise probe for the investigation of the atomic nucleus [1]. In the past decades,
experiments with electrons have provided increasingly accurate information on the structure of nuclei and
their constituents [2-9]. At the heart of this effort are the inelastic scattering experiments on nuclear targets
at energies below 1 GeV, which give insight into the properties and dynamics of nucleons embedded in the
nuclear medium. In such scattering processes, an electron with energy E( interacts with the nucleus at rest by
exchanging a virtual photon transferring energy w and momentum g, such that 02 = g> — w* > 0. Using the
nucleon mass my as a scale, the energy and momentum transfer variables can be rewritten in dimensionless
form as

~ 2
A= k=1 2 _p_p
2my 2mpy 4m%v

The differential cross section describing the inclusive interaction of the electron with the nucleus can be written
as

d*c

Tode = oM WLRL(@. q) + v Ry (@. )] (D

where o)y is the Mott cross Sect. [1], while vy, and vy are kinematic factors given by

T \2 T 5 0,
vL:(ﬁ> , szm—i-tan ER

and 6, is the angle of the scattered electron. The cross section depends on two nuclear responses, the longi-

tudinal and the transverse response functions, which are both functions of w and ¢ = |¢|. The longitudinal

response function, Ry (w, g), depends on the charge operator and carries information on the nucleon-nucleon

correlations, while the transverse response function, R (w, ¢), is driven by the magnetic currents [1].

Various cross section measurements were performed, mostly before 2000, but the acquired data were
dominated by the longitudinal (charge) part of nuclear response. Historically, the most extensively studied
nucleus has been carbon. For this nucleus, the richest sample of (e, ¢’) data exists. It consists of almost 3500
data points from 12 experiments [10, 11] for energies between 0.12 and 17.3 GeV and scattering angles up to
145 °. These data have been used to study the structure of this nucleus and to develop models describing its
electromagnetic response.

In the past, theoretical calculations for '2C were often limited to the quasi-elastic (QE) region, and the most
demanding part was the description of the transverse response, which has been for a long time incomplete [1].
A more comprehensive description of the '>C(e, ¢’) cross section was developed in the microscopic calculation
by Gil et al. [12], and more recently Megias et al. [13] proposed a superscaling model, called SuSAv2-MEC,
which considers the complete inelastic spectrum. The model shows quite good agreement with data over a
broad range of energy transfer. However, the description of the cross sections at large scattering angles remains
incomplete.

An important motivation for new studies of inclusive cross sections comes also from the neutrino physics
community [14,15]. Short- and long-baseline neutrino experiments detect neutrinos through their interactions
with nuclei and aim at the precise measurement of neutrino masses, mixing angles, and CP-violating phase in the
lepton sector. These measurements represent one of the highest priorities of contemporary fundamental physics
and hinge on the ability of the experiments to reconstruct the neutrino energy and on the precise knowledge
of the neutrino-nucleus cross sections. Although a vigorous experimental program for the measurement of
such cross sections is in progress [16—20], neutrino experiments are mostly limited by statistical uncertainties
and the lack of knowledge of the neutrino flux. Electron scattering experiments, with a precisely determined
beam energy and the possibility to perform inclusive as well as exclusive measurements with different final
states, have the potential to provide very precise data for testing the nuclear models employed in neutrino
experiments.

Indeed, it has been demonstrated that the interpretation of the measured neutrino oscillations requires exten-
sive theoretical and experimental support from the nuclear physics community. In this context the >C(e, ')
reaction has played an important role in the development of reliable models describing cross Sect. [13,21] in
experiments like MiniBooNE [22], MINERVA [23], and T2K [24] that use carbon-based materials (mineral
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oils, plastic scintillators) as detector medium. To ensure further involvement of modern neutrino event genera-
tors like GENIE [25] and GiBUU [26], the advances in the built-in theoretical models must be complemented
by the new experimental data on relevant nuclear targets and in relevant kinematics [27,28].

In this paper we focus on '2C and present new data at 0> = 0.8 GeV?/c? for two reasons. On the one hand
carbon is an interesting target for neutrino experiments as mentioned above, and on the other hand new data at
large Q2 in a kinematic dominated by the transverse response will boost further theoretical progress [29—38].

2 Experiment

The measurement of the inclusive cross section on !2C was performed at the Mainz Microtron (MAMI) facility
using the spectrometer setup of the A1 Collaboration [39]. In the experiment, an electron beam with energy
Eo = 855MeV was used in combination with a 43 mg/cm? thick carbon foil target. For measuring the cross
section as a function of energy of scattered electron E’ we employed a magnetic spectrometer (spectrometer
A) with 20% momentum acceptance and 28 msr angular acceptance. The spectrometer was positioned at a
fixed angle of 70°, while its momentum settings were adjusted to measure the cross section as a function of
@ = Ey — E’. The measurements were made for seven different momentum settings between 310 MeV /¢
and 650MeV/c in order to collect data in the region of the QE peak and the A-resonance. For each setting
we collected 1.8 million events. The central momentum of each setting was measured to a relative accuracy
of 8 x 107>, The spectrometer was equipped with a detector package consisting of two layers of vertical
drift chambers (VDCs) for tracking, two layers of plastic scintillation detectors for triggering, and a threshold
Cherenkov detector for electron identification. The beam current was between 2 and 3 wA and was limited by
the maximum data acquisition rate, resulting in a raw rate of about 500 Hz. The current was determined by a
non-invasive fluxgate-magnetometer with an accuracy of < 0.2 %.

The experiment provided new cross sections measurements in the region of beam energies and scattering
angles, where the existing measurements are very sparse, see Fig. 1. The quasi-elastic peak is centered at
|g] = 0.84 GeV/c, thus nicely complementing previous measurements at |g| ~ 0.8 GeV/c performed at
560 MeV and 1299 MeV [40,41].

The experimental cross sections for the '>C(e, ¢) reaction were extracted from the data by dividing the
measured distributions of counts by the integrated luminosity and the solid angle accepted by the spectrometer.

The accepted solid angle was simulated using a dedicated simulation for the three spectrometers facility of
the A1 Collaboration [39], Simul++. To ensure a reliable comparison with the data, the simulation included
realistic momentum and spatial resolutions of the spectrometer. The relative momentum, angular, and vertex
resolutions (FWHM) were 2.4 x 10~#, 4.7 mrad, and 9.4 mm, respectively. The simulation also considered the

0.8

Existing data

o Barreau et al. 1983
0.7 o Sealock et al. 1989
. This work

0.1

q [GeV/d

Fig. 1 Kinematic configurations of the 2C(e, ¢’) cross section data in terms of energy and momentum transfers o and |g|. Black
points represent available cross section measurements with relative uncertainties smaller than 10 %. The kinematics covered by
this work are presented with red circles. The complementary measurements of Barreau et al. [40], and Sealock et al. [41], also
at |g| ~ 0.8 GeV /c, are shown with blue diamonds and green squares, respectively
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Table 1 Detection efficiencies of the setup

Contribution Efficiency factor Uncertainty
Scintillator efficiency 0.990 0.003
Cherenkov efficiency 0.999 0.001
VDC efficiency 0.999 0.001
Particle identification 0.983 0.017

The correction factors for the cross sections are given by their inverses

800
+—e— This work Megias el al. (SuSAv2) —-— GENIE 3.4 (LFG)
700 Range of QE calculations | —-— Ankowski (FG) GENIE 3.4 (SuSAv2)
- —— Megias el al. (QE) 3 - — — - Ankowski (LFG) F.d — - GiBUU 3
----- Giusti et al. {,%
S 600 vttt Sobczyk et al. L L 2
$ Benhar el al. Q@ &—
5 500 | ¢ - - R !‘1///
2 174 .
= 400 s s ¥ /
3 3 \N /
] e
& 300 - - fi
s .
$ 200 A i éf/
&
100 - - ‘.','
£
0 1 1 !‘/ 1 1 1

100 200 300 400 500 600 200 300 400 500 600 200 300 400 500 600
w [MeV] w [MeV] w [MeV]

Fig. 2 Left: Measured cross section compared to the QE calculations of Megias et al. [13], Giusti et al. [45,46], Sobczyk et

al. [47] and Benharet al. [10]. The gray band shows the envelope of the quasi-elastic cross-section calculations and represents a

measure of the differences between different models. Center: Measured cross section compared to the full theoretical calculations

of Megias et al. [13] based on the SuSAv2-MEC model and predictions of Ankowski [48] based on the global Fermi gas model

(FG) and local Fermi gas model (LFG). Right: Comparison of the new data with the results of the Monte-Carlo generators
GiBUU [26] and GENIE (version 3.4) [25] employing LFG and SuSAv2-MEC [21] nuclear cross-section models

electron energy corrections due to multiple scattering and radiation losses. The internal and external radiative
corrections were included using the formalism of Mo and Tsai [42]. The accompanying multiple scattering
corrections in the target and surrounding material were approximated by a Landau distribution [43]. Altogether,
the energy corrections have less than 4 % effect on the measured cross section.

The integrated luminosity was determined from the product of the accumulated charge and the surface
density of the target material, corrected for dead-time and DAQ prescale factors. The luminosity was determined
separately for each collected data-sample to ensure that dead-time and prescale corrections were consistently
considered when weighting the measured spectra.

The measured spectra were corrected for the inefficiencies of the detection system, see Table 1. The
efficiencies of the scintillation detector and the Cherenkov detector were evaluated in a past experiment [44]
and were determined to be 99.0 % and 99.85 %, respectively. The efficiency of the track reconstruction in
the VDCs was determined to be (99.98 £ 0.05) %. All three corrections were considered as multiplicative
correction factors.

Several cuts were applied to both data and simulation. First, a cut on the Cherenkov signal was applied
to identify electrons and minimize the background arising from cosmic particles and by negatively charged
pions from the '>C(e, 7 ) reaction. This cut was followed by cuts on the nominal momentum and angular
acceptance of the spectrometer in order to remove the artefacts at its edges, caused by the inefficient parts of the
detectors, fringe fields in the spectrometers, and secondary particles rescattered from parts of the collimator.
The extracted cross sections are presented in Fig. 2.

The systematic uncertainties of the extracted cross sections are a combination of various contributions.
The uncertainties related to the detector efficiencies are collected in Table 1. The uncertainty of the luminosity
is given by the uncertainty of the absolute beam current calibration, which amounts to 3.3 nA at 855 MeV and
the fluctuations of the beam current were related to the instabilities of accelerator operation. The latter were
smaller than 5 nA, resulting in the total systematic uncertainty smaller than 0.16 %. The dominant contribution
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to the systematic uncertainty is related to the misidentification of particles in the Cherenkov detector and cuts
applied to distinguish electrons from pions and muons. This uncertainty was estimated to be 1.7 %. The last
relevant contribution to the systematic uncertainty can be evaluated by the formalism of Mo and Tsai [42],
employed to describe radiative and multiple scattering corrections to the cross section. These corrections add
0.2 % to the total uncertainty of the measured cross sections. Finally, the uncertainty of the position of the
extracted cross sections on the energy scale is related to the ambiguities in the absolute energy calibration of
the accelerator and spectrometer and amounts to 2.7 MeV, which is less than 1/3 of the employed energy bin
size.

3 Comparison to Models and Event Generators

The extracted cross section is first compared to QE calculations of Giusti et al. [45,46], Sobczyk et al. [47],
Megias et al. [13] and Benhar et al. [10]. Figure 2 (Left) shows that the calculations agree with each other at
the level of 4 % at the top of the QE peak. The comparison of the experimental results to the comprehensive
calculations of Megias et al. [13], which are based on the SuSAv2-MEC model, are shown in Fig. 2 (Center).
The model exhibits very good overall agreement with the data, on average at the level of 7 %. Surprisingly
the largest inconsistency between the data and the calculations appears at the top of the QE peak, where the
discrepancy is 9 %. Since the QE calculations show a consistent picture there, the observed discrepancy between
the data and the SuSAv2-MEC model is most likely related to the incomplete or inconsistent description of
the processes in the “dip" region, which are the only remaining relevant contributions to the cross section at
® < 400MeV.

An agreement at a similar level has been achieved by Ankowski [48] who calculated cross sections by
using both the global Fermi gas model (FG) and the local Fermi gas model (LFG) in combination with the
Bosted-Christy [49,50] approach for describing pion production processes in the “dip” and in the A-resonance
region. The relative deviation of the FG calculation from the data is on average 10 %, while the prediction of
the LFG model agrees with the data at the level of 8 %. Both calculations exhibit a visible inconsistency at the
top of the QE peak and in the “dip" region, where the calculated cross-section do not follow the correct trend
of the data.

Finally, the extracted cross-sections were compared also to the results of the Monte-Carlo generators
GiBUU [26] and GENIE [11,25]. Figure 2 (Right) shows that at the selected kinematic setting the generators
describe the data reasonably well. GiBUU agrees with the data at the level of 9 %. The accuracy of the GENIE
generator depends on the model used for calculating nuclear cross sections. When the local Fermi gas model is
used, the calculated cross section agrees on average with the data at the level of 22 %. Similarly to the results
of Ankowski’s LFG model, the simulated cross section overestimates the QE cross section. Additionally, the
GENIE simulation lacks strength in the A-region, where the calculated cross section is 17 % smaller than the
data. The simulated results improve when GENIE uses the SuSAv2 model for describing QE scattering and
processes in the “dip" region. In this case we observe much better agreement between the data and simulation
at the QE peak. Note that GENIE still uses its default model for describing the cross section in the A-resonance
region, which is the source of difference with respect to the Megias et al. result shown in the center panel.

For a more insightful analysis of the measured cross section and comparison with the existing results
obtained under different kinematic conditions, the scaling formalism [51] can be employed. The formalism was
first developed within the framework of the relativistic Fermi gas model where the characteristic momentum is

the Fermi momentum &, which can be expressed as a dimensionless scale parameter §f = ,/1 + k% / mjz\, —1.
Building on this formalism, two dimensionless scaling variables ¥ and " were proposed [52]:

1 A—T
V= VEF A+ 0T+ i@+ 1)
1 =1

V= «/g_F\/(l + M)t + kSTt + 1)‘

The variable v/ is corrected for an empirical energy shift Eqpife corresponding to the average of the separation
energies of the various shells contributing to the nuclear ground state [51]. With the shift one achieves the center
of the QE peak to be at /" = 0. The necessary shift is achieved by substituting A and T with A’ = A — Eghir/2mn

and 7/ = k2 — 22

2)
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The idea of the scaling formalism is to factorize the elastic cross section on a single nucleon, obtaining in
this way a universal scaling function which contains information about the nuclear structure. For that purpose,
reduced longitudinal and transverse response functions are introduced as [52]:

R L R T

Je=kr G T Gy

The functions G and Gt are expressed as:

Grloe, ) = (?/D)GF, + WaA]
L = e+ er (L + 9220
210G, + WoA

Ol = v er( 4 yD/20

where

1
A=tr(l—y?) [—“K“

+36ra -9 5],
Wy = 1G2,
Wy = ﬁ 63 +63).
G =27Gl+ NG
G =267 +NG2
Here Z and N represent the number of protons and neutrons in the nucleus, respectively, G‘g’n and Gf,,’"

are nucleon electric and magnetic form factors [53]. Using these functions a dimensionless scaling function
for the total cross section can be written as:

d*o/dQdw
f=kr )
om [vpGr(k, X)) +vrGr(k, A)]
= f1 sin® xrr + fr cos® xrL, (3)
where the angle x77 is defined as
G
tan2 XTL = vL L . @)
vr Gr

This angle characterizes the ratio between the longitudinal and transverse contributions to the cross section.
At x71 = 0 the inclusive cross section is dominated by the transverse response, while at x77 ~ 90° the cross
section is governed by the longitudinal response [51].

Using the scaling variables in Egs. (2), (3), and (4), the measured cross sections could be compared to
the previous measurements at |§| ~ 0.8 GeV/c of Barreau et al. [40] and Sealock et al. [41]. The extracted
values of the dimensionless scaling function f (1) are shown in Fig. 3. This figure shows the approximate
scaling of the measured cross sections which starts to break for ' > 0 when the transverse contributions
of the A-resonance begin to dominate the cross Sect. [51,52]. At the QE peak the experimental values of
this work and Sealock et al. collected at scattering angles 6 < 90°, which corresponds to x7; = 36° and
46°, respectively, agree very well with each other. On the other hand, the scaling function reconstructed from
data of Barreau et al. at 8 = 145° is over 20 % higher at the top of the QE peak. These data coincide with
a much smaller value of y7; = 12°, and are thus dominated by the transverse response Ry which is known
to break scaling due to various nonelastic contributions ranging from final-state-interaction (FSI) effects to
contributions from the meson-exchange currents (MEC) [51].

Experimental values were compared also to the full calculations of Megias et al.. Interestingly, at the top
of the QE peak the theory is consistent with the data of Barreau et al., but overshoots the experimental values
of this work and that of Sealock et al.. The analysis of the QE cross sections has revealed that for these two
data sets the QE part matches the strength of the measured cross section, indicating that the discrepancy might
be due to the overestimated MEC contributions.
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Fig. 3 The scaling function f (') at |g| ~ 0.8 GeV/c. The experimental values of this work, Barreau et al. [40], and Sealock
etal. [41] are shown together with the results of the SuSAv2-MEC model at corresponding beam energies of 560 MeV (Barreau
et al.), 855MeV (this work) and 1299 MeV (Sealock et al.) and presented with the full lines. The dash-dotted lines are used to
present contributions of the QE processes to the calculated scaling functions [13]

4 Conclusions

We presented the experimental cross section for the inclusive reaction '2C(e, ¢’) at 0> = 0.8 GeV?/c2. The
measurement was made at the kinematics that is relevant for the accelerator based neutrino experiments, but
where the available data are scarce. Since the new data set has not been considered in any of the theoretical
models, we could use them to challenge the calculations and generators employed in the interpretation of the
experiments with neutrinos. We have demonstrated that the event generators in combination with selected
nuclear models are capable of describing data at the level of 10 %. For even higher precision of the generators
in the future, the built-it nuclear models need to be further refined, especially the description of the transverse
part of the interaction, which governs the inclusive cross section in the region of the “dip" and A-resonance.
To achieve this goal, further theoretical and experimental investigations of cross sections at Q% ~ 1 GeV?/c?
are needed. Kinematics at lower Q% would also be useful to test MEC models. In particular, the prospect of
having ab-initio calculations in the light and mid-mass sector with MEC [30,35,54-57] will motivate further
experimental activities in the future on various targets.
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