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The physics and practical aspects of electron and neutrino scattering experiments on nucleons and nuclei are
compared. Methods of using electron scattering data to improve the nuclear physics in neutrino event generators

are proposed.

1. Introduction

Because of the weak interaction probability of
neutrinos, scattering neutrinos uniformly “illu-
minate” the nucleon or nucleus that they scat-
ter from, thus directly probing parton or nu-
cleon distributions. This is in contrast to hadrons
which preferentially scatter from the front hemi-
sphere of a nucleus due to their strong interac-
tion probability. Electron scattering, while hav-
ing complications due to electromagnetic diver-
gences (discussed below), will couple in different
ways, but still uniformly illuminate the target
nucleus. This means that electron and neutrino
scattering should exhibit the same nuclear effects,
particularly final state interactions between the
fragments of a struck nucleon or nucleus.

Monte-Carlo simulations of neutrino scatter-
ing, such as the NUANCE[1] or NEUGEN]2]
event generators, play an important role in the
analysis of neutrino experiments. These simu-
lations use a variety of models of the nucleon
and nucleus and of the interactions of hadrons
knocked out of nuclei. The physics in these event
generators is checked by comparing to various
types of data such as hadron-nucleus scattering or
neutrino scattering data itself. However, similar-
ities of electron and neutrino interactions provide
a unique opportunity to use the growing amount
of precise electron scattering data to confirm or
improve the physics in neutrino event generators.

2. Comparison of Electron and Neutrino
Scattering

Electrons and neutrinos are leptons that both
interact with matter via the elctroweak force,
i.e. coupling to the vector bosons, v, W+, W~.
Neutrinos can scatter via exchange of the mas-
sive Zy (neutral current), or can charge exchange
into a charged lepton via exchange of a W+ or
W . Electrons (and other charged leptons) scat-
ter primarily through exchange of massless pho-
tons although a small component of the ampli-
tude proceeds through Zy exchange. This com-
ponent leads to a small parity violation effect
that can be exploited for standard model tests[3],
strange form factor measurements[4] or searches
for new physics[5]. A powerful method of extract-
ing nucleon information, such as parton distri-
bution functions, is to combine results from ex-
periments encompassing all four exchange bosons
(charged lepton scattering, neutrino and anti-
neutrino charge current scattering, and neutral
current scattering).

One major source of differences in the scatter-
ing of these two types of leptons is in the propa-
gators, 1/Q? for electron scattering and 1/(Q? —
M3 ) neutrino scattering. This has several im-
plications, one being that, for Q> << Mz y,),
scattering cross sections are much larger for elec-
trons than neutrinos. Furthermore, while the to-
tal cross section for neutrino scattering is finite
at any given neutrino energy, electron scattering
cross sections diverge at small scattering angles,
so total cross sections are formally infinite.



When analyzing electron scattering data, the
Mott cross section,
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must be factored out first before extracting any
“physics” such as form factors. The strong de-
pendence of cross sections (and @?) on electron
scattering angle mean that the systematics of an-
gle measurements must be carefully controlled,
particularly when making measurements such to
separate longitudinal and transverse form factors
or structure functions.
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Figure 1. Inclusive scattering of 5.65 GeV elec-
trons on hydrogen,[7] illustrating the magnitude
of radiative corrections required.

Electron scattering experiments enjoy a num-
ber of benefits. Intense electron beams (over 100
microamps) can be routinely produced and have
both an energy spread and uncertainty in abso-
lute energy of AE/E < 1073. These beams,

combined with the relatively large cross sec-
tions, allow the use of small acceptance spec-
trometers which have high resolutions, usually
Ap/p < 1073. For experiments of the form,
A(e,e' X) where the scattered electron and a sin-
gle hadron are detected, two such spectrometers
are usually used giving a good missing mass res-
olution so that exclusive measurements can be
performed. In addition to high resolution spec-
trometers, large acceptance devices such as the
CLASI6] detector, which still has a momentum
resolution of about 1%, are used to make mea-
surements covering a large kinematic range or to
detect multi-hadron final states.

The ability to do precision experiments with
electron scattering does come with a price. Elec-
trons passing through targets produce large fluxes
of photons, electrons and positrons at small scat-
tering angles. These fluxes, along with neu-
trons knocked out of nuclei in beam pipes and
beam dumps constitute a large background that
is always a challenge to mitigate. For large ac-
ceptance or non-magnetic detectors, these back-
grounds lead to a limit on the luminosity that
a given experiment can tolerate. Much higher
luminosities can be reached when well shielded
magnetic spectrometers are used, which at the
same time limit the kinematic coverage. Thus an
experiment that covers a broad range of kinemat-
ics (say in # and Q?) will require many separate
physics configurations of the experimental equip-
ment.

As well as creating backgrounds, the ease
with which electrons radiate photons leads to
large effects that must be corrected. “Internal
bremsstrahlung”, in which a scattering electron
radiates a real photon while in the Coulomb field
of the target particle, as well as effects such as
vertex corrections, will modify observed cross sec-
tions, generally making them larger than they
would be for pure single photon exchange. If
an electron radiates before scattering, the ex-
changed photon will have a smaller Q?, giving a
larger scattering yield than an un-radiated elec-
tron. Thus, with measurements at high energy
loss (low z), cross sections can be modified by
large factors. (See Fig. 1) To make radiative cor-
rections requires a good knowledge of cross sec-



tions being measured and is thus generally an it-
erative procedure.|8§]

3. Comparison of Neutrino Monte Carlos
to Electron Scattering

The similarities in neutrino and electron scat-
tering suggest that neutrino event generators be
modified to generate electron scattering events to
compare to electron scattering data. The avail-
ability of a variety of electron scattering data with
precise measurement, of the initial and final states
can be used to test the nuclear physics and ap-
proximations made in these event generators.

The strong dependence of electron scattering
cross sections on @ (~ 1/Q* relative to neutrino
scattering), adds a slight complication to the task
of modifying a neutrino Monte-Carlo simulation
to produce electron events. One method of deal-
ing with this is to run an event generator with a
limit on @Q? range corresponding to the electron
scattering data of interest. The approach taken
here is to instead run neutral current scattering
with an unmodified event generator and then tag
each event with a weight. This weight is the ra-
tio of the electron scattering cross section for the
kinematics of the event to the neutrino cross sec-
tion used for the event.

In the comparisons below, the NUANCE][1]
simulation is used to generate Monte Carlo elec-
tron scattering “data” to compare to to A(e,e’)
and 12C(e,e’ p) from various electron scattering
facilities. For the present work, the resonance
production and deep inelastic scattering mod-
els will be turned off, leaving only neutral cur-
rent quasi-elastic scattering. However, these tech-
niques could be extended to these reactions or to
other neutrino event generators.

3.1. Quasi-elastic electron scattering

The NUANCE event generator implements the
relativistic Fermi gas model of Smith and Mo-
niz.[9] This Fermi gas model has also been de-
veloped for electron scattering.[10] To test this
event generator against single arm inclusive elec-
tron scattering, NUANCE is run with a mono-
chromatic neutrino beam and allowed to only gen-
erate neutral current quasi-elastic events. The

fermi-momentum and binding energy inputs to
the quasi-elastic model are taken from electron
scattering data[11] in the usual way.

08 :L‘ T T 1 ‘ I \><>< | ‘ T T \4‘:
SRCCR
0.6 — > —
- F = ]
0'4:7 =X =
oz%ﬁx % ]
o <
ookl iy L %l
15 }‘24 | %« 1
: Mg ]
L X |
1.0 — F %ﬁ —
f o w ]
0-5 F X E: =
EL‘ L1 1 \>< I I | ‘ L 1 X4
0.0
8?“ I I I I ‘ I I I I ‘ I I \7\7
25 40Ca XXXXXX E
- = gz><>< .
L @ 3%9( _
el %
, o ]
07 Y ‘ L ‘ | \%7

Figure 2. 500 MeV inclusive electron scattering at
60° (diamonds)[12] compared to simulation with
NUANCE (crosses). The tails in the data at low
scattered electron energies arise from the start of
pion production and the breakdown of Fermi gas
model.

The resultant event set is compared to a given
electron scattering experiment by selecting events
where the scattered neutrinos pass through solid
angle and momentum apertures equivalent to
those used in the experiment. Since single arm
electron scattering is usually corrected for radia-
tive effects, these effects are not included in the



simulation. Cross sections are calculated in a
standard manner with the exception that each
event is weighted by
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where Weectron and Wheutrino are the respective
contractions of the lepton and nuclear currents
evaluated for the same Fermi gas parameters.

The cross sections obtained with this procedure
are compared (Fig. 2) with data for 500 MeV elec-
trons scattered at 60° on several nuclei.[12] The
position, width, and magnitude of the simulated
quasi-elastic peak agree well with the data, par-
ticularly for the lighter nuclei. The good agree-
ment continues at higher electron energies and
momentum transfers, although it only applies at
the highest scattered electron energies as reso-
nance production increases in relative magnitude
and starts to overlap the low momentum side of
the quasi-elastic peak.

This agreement is not too surprising, since the
Fermi gas parameters were derived from electron
scattering and the weight factors out the physics
of the neutrino scattering vertex replacing it with
the electron vertex. But this comparison does
provide a higher resolution check on the imple-
mentation of Fermi gas model in NUANCE than
is possible by comparing to neutrino scattering.
This simple check is also a prerequisite to com-
paring neutrino event generators to more com-
plicated reactions where hadrons are detected in
addition to scattered electron.

3.2. Transparency

As neutrino beams are not monochromatic, the
neutrino energy for any specific event must be es-
timated by adding up the energy of the scattered
lepton (assuming it has charge) and the hadronic
fragments of the struck nucleon or nucleus. As the
efficiency of the detection of these fragments can
be strongly energy and particle type dependent
it is important to include, in neutrino event gen-
erators, a simulation of the propagation of these
fragments through the nucleus.

The intra-nuclear cascade models used for these
final state interaction simulations are tested by
comparing them to hadron nucleus scattering

data (where the initial hadron starts outside the
nucleus). By looking at electron scattering data,
a more analogous comparison to neutrino scatter-
ing can be made as the hadrons originate through-
out the nuclear volume.

One class of electron scattering measurements
that can be used to check these final state in-
teractions models are measurements of “Trans-
parency” made with A(e,e’hadron) reactions.
Transparency is a measure of the probability that
a hadron struck or created at the primary scat-
tering vertex, will leave the nucleus essentially
undisturbed. Several measurements of A(e,e'p)
have been made [13-17], and A(e, e'n) measure-
ments are planned[18].

The definition of transparency used in recent
experiments[14] is
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where the integral is over the kinematic accep-
tance of the spectrometers with limits on the
missing energy (E,, < 80 MeV) and missing mo-
mentum (|p,| < 300 MeV/c). E,, = E, — Eo —
Tp — Ta—1 is the unobserved energy, and Py, =
Py — ¢ is the difference between the detected pro-
ton momentum and the momentum transferred
by the electron. Ypwia (Em,Pm) is the theoret-
ical yield of (e,e'p) events with the assumption
that the proton does not scatter or get absorbed
on its way out of the nucleus. It is proportional to
OepS(Em, Pm) Where o, is the off-shell electron-
proton cross section and S(E,,,pm) is the spec-
tra function which is defined as the probability of
finding a proton within the nucleus with a sepa-
ration energy F,, and momentum p,,.

A natural way to test proton final state inter-
actions in a neutrino event generator is to treat
the simulation events as “data” and using the re-
sulting simulation yield, Yac, instead of the ex-
perimental yield Yoy, in the above equation. To
do this properly would require two modifications
to the version of NUANCE used here.

Unlike inclusive electron scattering, coinci-
dence A(e, e'p) usually do not have radiative cor-
rections applied. Instead, these corrections, along
with other experimental effects, are usually ap-
plied to the theoretical calculations (PWIA here).
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Figure 3. Missing energy spectra of 2C(e, e'p) at
Q? = 0.64 (GeV/c)?. Top: NUANCE simulation,
Bottom: Data and PWIA calculation[15,16].

Modifying neutrino event generators to include
radiative corrections is quite possible using ex-
isting prescriptions[8,19], but beyond the scope
of the present work. In addition to the lack of
radiative corrections, neutrino event generators
usually use a fermi-gas description of the nuclear
structure, rather than spectral functions which
more accurately reproduce the shell nature of the
nucleus.

The lack of radiative corrections is illustrated
in Fig. 3 where the data (and PWIA calcula-
tion) show a sharp peak at a missing energy of

20 MeV corresponding to knockout of p-shell pro-
tons and a broader peak at 40 MeV corresponding
to knockout of s-shell protons. The broad tail at
higher missing energy is due to radiative effects.
In contrast, the NUANCE simulation has a single
peak at low missing energy and no tail.

Figure 4. '2C(e,e'p) Yield vs. 6, — 6§, for
Q?> = 0.64 (GeV/c)? (squares) and Q> =
01.28 (GeV/c)? (crosses). Solid lines are predic-
tions from NUANCE, arbitrarily normalized.

Despite the differences in the details of the
missing energy spectra, some interesting compar-
isons can be made by integrating yields over the
missing energy (E,, < 80 MeV). Fig. 4 shows
this integrated yield as a function of the angle of
the knocked-out proton relative to the direction of
momentum transfer. The shapes of angular dis-
trubutions for the simulation, which arise from
the fermi-gas model, agree well with angular dis-
tributions of the experimental yields.

A alternate definition of transparency with NU-
ANCE can be used, taking the ratio of simulation
yield with final-state interactions turn on to the
yield with rescattering turned off. The final-state
interaction code in the version of NUANCE used
here assumes an 0 nucleus, so should show a
lower transparency (more absorption) than 2C
data. However, the simulation instead underes-
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Figure 5. Proton transparency at Q2 of 0.64,
1.28, 1.79 and 3.25 on '2C, corresponding approx-
imately to proton kinetic energies of 350, 700, 970
and 1800 MeV. Squares are data[15,16], diamonds
are NUANCE simulation described here

timates the final-state nuclear effects, giving a
transparency approximately 20% larger than the
data over a broad range of kinematics (proton
kinetic energies from 350 to 1800 MeV). (See
Fig. 5) If the final-state interaction model can be
generalized to any nucleus, it would be interest-
ing to extend the comparison to heavier nuclei.
(Transparency data exist for nuclei as heavy as
Gold.[17])

4. Conclusion

Neutrino event generators include nuclear
physics models that are difficult to validate us-
ing neutrino scattering data alone. Because of
the similarities in neutrino and electron scatter-
ing data, these event generators can be modified
to generate electron scattering events which can
then be compared to high resolution electron scat-
tering data. A limited comparison, using NU-
ANCE as an example, has been carried out here.
This comparison showed, that for the kinematics
considered, quasi-elastic scattering on nuclei was
reasonably described when only the the scattered
lepton was considered. However, when also de-
tecting the recoil nucleon from quasi-elastic scat-
tering, this comparison suggests that the final

state interaction model does not contain enough
absorption or rescattering of knocked out nucle-
ons.

As more precision neutrino experiments are
performed, it would be valuable to extend these to
electron scattering in scope and to other neutrino
event, generators, such as NEUGEN. Adding ra-
diative corrections to event generators will allow
more electron scattering data to be compared and
allow direct cross sections comparisons, rather
than comparisons using ratios as in the above
transparency discussion. Extending the neutrino
resonance production and deep-inelastic scatter-
ing models to electron scattering would also al-
low comparison to A(e,e’) data such as pion
transparency measurements. It is also feasible
to make new electron scattering measurements if
such measurements could help improve neutrino
experiments.
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