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Many neutrino—nucleus experiments need to find quasifree events in
order to measure the beam energy which is an important part of oscillation
measurements. Final state interactions are very important because they
can mask the topology of an event. This paper reviews some of the concepts
important in a good final state model and provides some detail for what is
used in GENIE.

PACS numbers: 13.15.+g, 14.60.Pq

1. Introduction

Monte Carlo codes are important to simulations of neutrino experiments.
Low event rates force use of large monolithic detectors with materials such
as carbon, water, or iron. Monte Carlo (MC) simulations, the focus of the
Ladek winter school are key to understanding experiments. Final state in-
teractions (FSI) are an important component of every MC because we all
desire to see evidence of the primary vertex in each event. FSI provide an
important way to mask the identity of the primary vertex. The goal of this
paper is to provide a short guide to strong interactions. Since the author
built the GENIE FSI codes, it will provide the main examples.

Neutrinos are different than any other particle in various ways. While
neutrinos have a mean free path (MFP) of a “light year in lead”, hadrons
typically interact within a few cm of normal material. When produced
inside a nucleus, hadrons have a typical MFP of a few femtometers. Detec-
tors in a neutrino experiment are almost always composed of nuclei today.
Therefore, the hadrons produced in the primary interaction (what the neu-
trino does directly) often (e.g. ~ 30% in iron for few GeV neutrinos) have
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a FSI. There are many possibilities from benign to dangerous. For example,
a quasielastic (QE) interaction that emits a proton can end up with a final
state of 3 protons, 2 neutrons, and a few photons with finite probability.
For a 1 GeV muon neutrino QE interaction in carbon, the probability of
a final state different than 1 proton is 35% (GENIE). A possibility even worse
is a pion production primary interaction where the pion is absorbed. Such
an event occurs for 20% (GENIE) of pion production events and can look
like a QE event. At minimum, the wrong beam energy will be measured for
these events as the topology is often mistaken. A high quality Monte Carlo
code is the only way to understand the role of these events. Figure 1 shows
the pion energies that are relevant to a v,C experiment at 1 GeV; we must
understand the interactions of pions of up to about 0.8 GeV kinetic energy.
From the left figure, we see that the A resonance dominates the response for
pion production, but provides only about half of all pions. The right figure
shows that the spectrum of pions is significantly altered by FSI.
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Fig.1. Left: n% total cross-section resulting from V}LQC interactions. Different
lines show results including all sources, all resonances, and the A resonance alone.
The nonresonant processes are significant in GENIE. Right: Comparison of the 7
momentum distribution due to the bare resonance interaction and what is seen in
the final state.

The best way to understand the effects of FSI is to measure the cross-
sections for as many final states as possible with neutrino beams. At this
time, the storehouse for this kind of data is very bare. Dedicated cross-
section experiments such as SciBooNE and MINERvA will bridge this gap,
but we will always be dependent on hadron—nucleus and photon—nucleus
experiments for some information. These experiments measure very useful
properties of hadrons propagating in nuclei. Although hadron beams are
always composed free particles, neutrino experiments need the properties
of hadrons produced off-shell in the nucleus. (Pion photoproduction exper-
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iments provide useful bridge reactions. Pion FSI are always an important
part of all theory calculations for these experiments; the models always come
from pion—nucleus data.) The correct attitude is to validate F'SI models for
neutrino—nucleus with hadron—nucleus data, then use these models to make
first predictions of the upcoming dedicated cross-section experiments.
Various models are available. Quantum mechanical models for hadron—
nucleus experiments would be the most correct, but difficulties in tracking
multiple particles make such a calculation impossible. Semi-classical models
have some success in describing pion—nucleus interaction data and are now
being applied to neutrino interactions [6]. However, intranuclear cascade
(INC) models [10, 11] provided the most important means to understand
pion—nucleus data where the final state was highly inelastic, i.e. the kinds of
data most important for neutrinos. In the semi-classical or INC models, the
hadron sees a nucleus of (largely) isolated nucleons (neutrons and protons).
The probability of interaction is governed by the free cross-section and the

density of nucleons,
1
NEr) = — L (1)
OQN tot p(r)
The actual class of interaction is then chosen according to the cross-sections
for various reactions for free nucleons, sometimes modified for nuclear
medium effects.

2. Models

Semi-classical models have advanced significantly due to the work of the
Giessen group [6] in building a new program called GiBUU. The strong inter-
action section [7] is the most complete part of the package. The dominant
interaction of pions is through resonance formation and they are handled
with care. Nucleons in the nucleus are corrected for binding with a local po-
tential well and for Fermi motion with a local Fermi momentum. Resonance
production is corrected for the nearby nucleons in a local density approxima-
tion. Nonresonant reactions are added by hand. Allowing for the nonlocality
of the interaction is an important recent advance. The classical part of the
model comes from the use of free cross-sections with corrections rather than
quantum mechanical amplitudes for interactions. Thus, GiBUU could be
called a very sophisticated INC model. The passage of a hadron through
the nuclear medium is then handled by a set of coupled integro-differential
equations. Thus, required computer resources are significant.

GENIE, NEUT, and FLUKA have more standard INC models. They
use free cross-sections for interactions but also apply medium corrections
of various kinds. These corrections are less complete and more empirical
than what is found in GiIBUU. These models are most applicable for higher
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energy hadrons (roughly pions with kinetic energy larger than 300 MeV and
nucleons above 200 MeV), where the mean free path is long compared to the
inter-nuclear spacing of roughly 1.8 fm and the pion Compton wavelength.

Peanut (FLUKA) [8] received a major effort 1995-99 and is very well
adapted to describe processes from 10 MeV to 100 GeV. They include effects
such as coherence time, refraction, and pre-equilibrium/compound nucleus
processes which simulate known quantum mechanical features. NEUT FSI
is based on the work of Salcedo, Oset, Vicente-Vacas, and Garcia-Recio [2].
This is a “A dominance” model such as were common in the 1980’s when
pion—nucleus physics was important in nuclear physics. It has the advan-
tage of doing a careful job simulating the pion—nucleus interaction through
A(1232) intermediate states.

3. Systematics of hadron—nucleus data

Each nucleus has A nucleons = Z protons +N neutrons. All nuclei of
interest to neutrino physics are either bound or slightly unbound. Nuclear
densities show saturation because of short range repulsion. Therefore, the
typical nucleus is approximately a sphere of radius proportional to AY/3. The
charge density of light nuclei (A < 20) is found to be Gaussian or modified
Gaussian. Heavier nuclei are described by the Woods—Saxon shape,

(2)

where ¢ describes the size and a describes the width of the surface of a nu-
cleus. For example, ¢ = 4.1 fm and z = 0.55 fm for *Fe. To good accu-
racy, ¢ is the radius where the density falls to half the central value with
¢~1.2fm AY3 and z ~ 0.55 fm.

Hadrons interact with nuclei in a variety of ways. We use historical
definitions of final states that come from interpretation of experiments. In
elastic scattering, the final state nucleus is in its ground state and the hadron
has same charge as the beam particle. If the hadron scatters inelastically, the
residual nucleus can be the ground state or the nucleus can break apart. At
low excitation energies (< 10 MeV), the residual nucleus decays to a photon
and the ground state. (This is important in analysis of SuperKamiokande
data.) At higher excitation energies, one or more nucleons are emitted. Fi-
nal state interactions increase this number. If there is a hadron of the same
type but different charge in the final state, we call it charge exchange. For
example, the reaction 7~p — 7m¥n is very common inside nuclei. As a boson,
the pion can disappear inside the nucleus. Pion initiated reactions with no
pions in the final state are called absorption. (This provides an important
background process to neutrino quasielastic scattering.) For incident nucle-
ons, most of these labels apply exactly. Since they cannot be absorbed, final

p(r) = NOW 5
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states with two or more nucleons are called spallation. If the hadron has
enough energy, a pion (a second pion if the initial hadron is a pion) can be
produced in the nucleus. We call those events pion production.

For low energy incident particles, these definitions are clean. At higher
energies, the states mix and confusion can result. For example, a reaction
7t 12C — 7770 12C can be inelastic, charge exchange, or pion production.
Definitions we use call it pion production. A way to avoid difficulties is to
measure inclusive cross-sections; there, the energy and angular distribution
of a particular particle are determined. In each case, various reactions are
possible but models can be tested without ambiguity.

Because the MFP is so short for hadron interactions, elastic scattering
cross-sections look very diffractive. In fact, the angular distribution can
be calculated with a quantum mechanical model using a black disk for the
nucleus. This wave property is very difficult to simulate in a semi-classical
or INC model.

Another consequence of the short MFP is seen in the total reaction cross-
section (0reac = Ttot — Telas)- For hadrons, this is close to the nuclear size,
7R?. For example, oreac for protons and neutrons of 0.4-1 GeV is flat at
a value of about 300 mb = 30 fm? for carbon and about 80 fm? for iron. These
corresponds to a radius, R, of about 3 and 5 fm. These values are close to
the radius where the nuclear density is about half of the central value. If we
divide these values by A'/3, the result is close to the commonly used value of
1.2 fm. The pion—nucleus reaction cross-section at kinetic energies of about
85-315 MeV is dominated by the effect of the A(1232) resonance. Thus, the
effective size of the nucleus here is at a radius where the density is about 1%
of the central density. For total cross-sections, the A dependence is often
a power relation, o o A% but a will vary from the expected value of 2/3
due to more complicated dynamics. The total cross-section for pion—nucleus
has a power of about 0.8 for a wide range in energy. The A dependence of
a [14] varies between 0.55 and 0.8 for the components of the total reaction
cross-section as a function of energy and process.

Nevertheless, many inelastic cross-sections have prominent contributions
from quasifree interactions. Here, the hadrons in the final state have the kine-
matics as though they came from a single interaction between the incident
particle and a nucleon in the nuclear medium. The name comes from the
fact that nucleons in the nuclear medium are in a bound state and therefore
not free. If the nucleon were free, the scattered particles would have a single
energy at each angle. The struck nucleons have momentum (called Fermi
motion), giving particles a range of momentum at a given angle. The largest
momentum a nucleon can have is well-defined in the Fermi Gas model, is
approximate in real nuclei. It is called the Fermi momentum and its value
is approximately 250 MeV /c. In heavy nuclei, the average binding energy is
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about 25 MeV. Thus, the peak due to quasifree scattering from a bound nu-
cleon is shifted by about 40 MeV from the free case and the width is roughly
100 MeV.

This process has been widely studied for electron and pion probes. If
it could be studied with neutrinos, the same structure would be seen. The
so-called quasielastic peak is prominent in the inclusive scattering cross-
section. At high excitation energies (lower kinetic energy for the scattered
particle), a second peak is found for quasifree pion production from a bound
nucleon. Final state interactions are more important in the details in this
case. Consider the case of 7 interactions in carbon at 245 MeV. Evidence
for quasifree pion scattering is strong. A scattered 77 is tagged on one side
of the beam and the spectrum of protons is measured on the other side.
A prominent peak is seen close to the angle where protons would be if the
target was a free proton. The same correlation is seen between two protons
where the 7 is absorbed on a quasideuteron in the nuclear medium. Strong
evidence for quasifree pion scattering and absorption is seen. Calculations
with an INC model are in excellent agreement with these data.

The energy distribution of 7 detected at 130° [3] shows a peak close to
where scattering from a free proton would be seen. Since Fig. 2 (left) is for
a HoO target, scattering from H is seen as a gap at about 130 MeV (cross-
section is too large to show). Pions interacting with oxygen nuclei produce
a peak at about 100 MeV. Calculations show it is dominated by events with
a single scattering (S). At low energies, the distribution is modified by events
with more than one scattering (M). At forward angles, the contributions from
multiple scattering are more important.
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Fig.2. Left: Inclusive 7+ scattering data from Ingram et al. compared with
separate curves for single and multiple scattering contributions. Beam energy
is 240 MeV and target is water. Right: Inclusive 7~ scattering data from
Zumbro et al. compared with INC calculations of Mashnik et al.
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If incident particles have a higher energy, complications can be found.
With light targets, FSI effects are small and quasifree scattering and pion
production peaks are seen. However, INC calculations have trouble getting
the shape right, particularly in the region between the peaks. Fig. 2 (right) is
for 7 scattering from 2C at 500 MeV [4]. For n+ absorption, the quasifree
process would be 77d — pp since pions are highly unlikely to be absorbed
on a single nucleon. LADS data [5] for 7 absorption in Ar (A = 40) shows
the largest strength for the pp final state but this is less than half of the
total cross-section.

4. INC models

Prominence of the quasifree reaction mechanism shows why INC models
are valuable. These models assume the nucleus is an ensemble of nucleons
which have Fermi motion and binding energy. The incident particle interacts
in a series of encounters with single nucleons called a cascade (see Fig. 3).

Fig. 3. Left: Schematic diagram for reaction involving typical FSI process. Right:
Schematic diagram for reaction where pion is produced then absorbed in the same
nucleus.

All interactions are governed by the cross-section for the free process,
e.g. mn — wn or pp — pp. Probability of interaction is governed by
a mean free path according to Eq. (1). Cross-sections for pions, kaons, pro-
tons, and photons interacting with free nucleons are fit with a partial wave
analysis with results provided by the GWU group [13]. Nucleon densities
come from compilations; note that neutron and protons have very similar
densities even for nuclei such as lead.

The problems with INC models must be considered. Since interactions
are governed by cross-sections rather than quantum mechanical amplitudes,
the nuclear model is often very simple. The simplest and most general
nuclear model is the Fermi gas which is the basis for all neutrino—nucleus
event generator models. Effects of nucleon correlations (see talk in this
school by Benhar) must be included empirically. Both the struck nucleon
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and the scattered hadron are likely to be off-shell. Although this effect has
been shown to be “moderate”, it is difficult to simulate in a semi-classical
model. Thus, there is no definite prescription for an INC model; many
versions exist with a wide range of applicability.

The successes of INC models are large. For many reactions, they are
the only models available for comparison. They were first used for pion
production in proton—nucleus interactions by Metropolis and Harp [10].
A general INC model (CEM03) developed by Mashnik and collaborators [11]
has been applied with success to a wide range of pion— and proton—nucleus
data [12]. Examples are shown in Figs 4 and 2 (right); we will show similar
comparisons for the GENIE FSI model.
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Fig.4. Left: Mashnik et al. INC calculations compared with McKeown et al. data.
Right: Mashnik et al. INC calculations compared with Iwamoto et al. data.

The FSI model in FLUKA is PEANUT; it is described in this school
by Battistoni. This uses a more sophisticated INC model than CEMO03.
Various nuclear and quantum mechanical corrections are applied. The result
is impressive agreement with a wide variety of data.

Treatment of pion absorption is somewhat different in the INC mod-
els than the A dominance models. In the latter, pions first rescatter off
a nucleon (off-shell) and then absorbed on another. There are other mecha-
nisms which should be included. Salcedo, Oset, Vicente-Vacas, and Garcia-
Recio [2] include both S-wave absorption and 3-body absorption. In INC,
the fundamental process for pion absorption is 7+d — pp and this is often
the only process included. Since the density of nucleons is much smaller in
deuterium as compared with real nuclei, an empirical factor (with a value
often about 3) must be included.
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5. F'SI models in GENIE — hA

GENIE [1] is a universal neutrino-nucleus event generator that can be
applied to all experiments for 0.1-100 GeV neutrinos. It is already the event
generator for most experiments that are running or planned. It has models
for all types of neutrino interactions. It is based on a Fermi gas model of
the nucleus. This can be readily applied to every nucleus with qualitative
accuracy.

The first FSI model [17] is in the spirit of the other models in GENIE.
It is simple and empirical, data-driven. Rather than calculate a cascade of
hadronic interactions as is done in a complete INC model, we use the to-
tal cross-section for each possible nuclear process for pions and nucleons as
a function of energy up to 1.2 GeV. Thus, it is called hA. The emphasis is on
iron because the first application was to MINOS where production of high
energy pions is important. At low energies (50-300 MeV), there is sufficient
data [14-16| for a good description. At high energies, only a few data points
are available. Here, we use results obtained for the CEM03 model. Although
the calculations are complete, they are not in good agreement with the ex-
isting total cross-section data. Therefore, the calculations are normalized to
the data at low energies. Elastic data at high energy are used to extrapolate
the model to 1.2 GeV.

The hA model also handles proton and neutron rescattering. The same
reactions are possible except that neither can be absorbed. Still, multinu-
cleon knockout is highly probable. Although much less data is available for
nucleons than pions, CEMO03 was tuned primarily for them.

The values used for 7+ and p are shown in Fig. 5. Data values are
used for energies below 315 MeV for all cross-sections. Total cross-section
data is available across the entire range. Data for total and total reaction
cross-sections are used across the entire range in energy. Cross-sections
for targets other than iron are obtained by scaling by A%/3. As discussed
above, this is a reasonable approximation. Because such a large range is
covered, processes such as pion production must be included. Here, we use
the CEMO03 calculations.

The total cross-section is calculated from the mean free path and can be
checked against data. In addition the accuracy of the A2%/? scaling can be
checked with data from another target. We show the component total cross-
sections for the model compared with carbon data in Fig. 6. (Agreement for
iron has less information and is equal in quality.)

All the data points in Fig. 5 have error bars. These are either taken from
the data or estimated. These provide the range of values sampled during
reweighting exercises. This is an excellent way to estimate model dependent
errors in a neutrino oscillation experiment (see the contribution from Jim
Dobson to this workshop). The ability to reweight is an important feature
of this model.
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Fig.5. Left: Total cross-sections for 7+ Fe reactions used in GENIE hA model.
Final states are chosen according to these values. Right: Same for p Fe reactions.
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Fig.6. Left: Total cross-sections for 7+ C reactions. GENIE hA model is used.
Total cross-section is determined with proper mean free path in a carbon nucleus.

Right: Component cross-sections come from the corresponding iron cross-sections

scaled by A%/3.

This is the default FSI model in GENIE version 2.4.0, the public version
as of now. It uses identical cross-section for 7+ and 7~ and for p and n.
For isoscalar targets, e.g. 12C and '®0, this is no issue for the pions because
of isospin symmetry. For targets such as lead, this is a 10% effect. The
charges of particles in the final state tend to reflect the charge of the probe.
For example, final states for 77 have more protons than neutrons while the
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opposite holds for 7—. Cross-sections for 7° beams cannot be measured.
This code uses isospin symmetry to calculate them from the charged pions.
The total reaction cross-sections for p and n are very similar, plots are shown
in the next section. Charges of final state particles tend to be more positive
for incident protons.

Pion absorption and nucleon spallation reactions can knock out large
numbers of nucleons. This is seen strongly in data. More detailed calcula-
tions (see below) show an average of 10 nucleons ejected from iron in pion
absorption. To simplify the code, the hA model limits this to 5. For MINOS,
this is never an issue.

Angular and energy distributions of particles are estimated. For elas-
tic scattering, template angular distributions from relevant data are used.
These distributions are very forward peaked, so it is not an important simpli-
fication. For final states with more than 1 hadron, particles are distributed
by phase space. This gives the correct limits, but the energy distribution
changes somewhat when the A resonance dominates. The effect of these
approximations have not yet been simulated, but they are unlikely to be
an important effect in the MINOS experiment. One of the most significant
errors is in the treatment of the quasielastic scattering. Only the incident
particle is put in the final state and it’s energy and angle distribution are
both flat.

Since the elastic cross-section cannot be generated in an INC model, it
has to be added on. For the hA model, we chose an empirical method. The
size of the nucleus is increased by AR which is proportional to the de Broglie
wavelength. This nicely matches the data for all energies.

Almost all of the problems in the last paragraphs will be fixed in GENIE
version 2.6.0. Changes due to isospin in either hadron or nucleus will be
greatly improved. The number of final states sampled will be increased.
Inelastic final states will be assumed to be dominated by quasielastic events.
(This approximation can be checked against data and will be discussed in
the next section.)

6. F'SI models in GENIE — hN

The second FSI model in GENIE (hN) is a full INC model. It includes
interactions of pions, nucleons, kaons, and photons in all nuclei. The basis is
the angular distributions as a function of energy for about 14 reactions from
threshold to 1.2 GeV. All this information comes from the GWU group [13]
A preliminary version of the hN model is scheduled to be in GENIE v. 2.6.0,
but the hA model will still be the default.

As a full INC model, all reactions on all nuclei can be calculated. None
of the restrictions that apply to hA model are relevant. Although the choice
of interaction points through the MFP is identical in the two models, the
cascade is fully modeled in the hN model. For example, there is a small but
finite probability of knocking out every nucleon in an event.
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One new feature of this code is the inclusion of nucleon pre-equilibrium
and compound nuclear processes. The present model is simple, but effec-
tive. This is important to give an improved description of the vertex energy
deposition.

The code was designed to minimize the number of parameters. One
parameter scales the absorption MFP and is fit to the pion total absorption
cross-section. Separate values for the AR values for pions and nucleons are
fit to the total reaction cross-sections. All particles get a free step when
they are produced; this simulates the effect of A resonance propagation in
a simple way. It is used to adjust the normalization of certain inclusive
scattering distributions. A shift in the energy of nucleons in the nucleus is
used to put the quasielastic peak (see Fig. 2 (left)) (similar to what is used
in electron scattering).

The validation of this new code comes in two parts — the total cross-
sections for various processes (e.g. Fig. 6) which test the overall propagation
of particles and the inclusive cross-sections [e.g. Figs 2 (right) and 4]. Each is
important. Previous validations emphasize the total cross-sections because
this sets the overall flow of particles into each topology. Previous neutrino
experiments emphasize topology. Future experiments are expected to put
emphasis into the distribution of particles in energy and angle as beam and
detector technology improve.

The component total cross-section data is limited to hadron energy of
less than ~350 MeV. The exception is the total reaction cross-section which
has been measured for 7%, 7~ p, and n up to roughly 1 GeV. Figure 7 shows
Oreac for protons in iron and neutrons in carbon. The energy dependence is
flat and we see the cross-section approximately equal to the nuclear area as
discussed in the introduction. Agreement of the model is excellent.
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Fig. 7. Left: Total reaction cross-sections for p Fe reactions from the GENIE hN
model. Right: Total reaction cross-sections for n C reactions from the GENIE hN
model.
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For pions, comparisons with the hA model are shown above. Now, the
cross-sections are calculated microscopically. In Fig. 8, we show oypeac for
pions. The agreement is excellent except at low energies for heavier targets;
this is still under study. With the significant interest in absorption, we show
two examples of that total cross-section in Fig. 9. Overall agreement is very
good, but the problem in oreac at low energies for heavy targets is shown
to be in the absorption channel. Continuing with absorption, we show two
examples similar to Fig. 4 in Fig. 10. The agreement shown here is excellent
as the details of pion reactions are explored across a wide kinematic range.
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Fig.8. Left: Total reaction cross-sections for 7™ C using the GENIE hN model
compared to data. Right: Total reaction cross-sections for 7+ Pb using the GENIE
hN model.
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Fig.9. Left: Total absorption cross-sections for 7+ C using the GENIE hN model
compared to data. Right: Total reaction cross-sections for 7+ Pb using the GENIE
hN model.
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Fig. 10. Left: Inclusive cross-sections for protons emitted from 220 MeV 7 inter-
acting in various nuclei. In each distribution, protons are detected at 30°. Data
is from McKeown et al. These protons come from both absorption and scattering
processes. Right: Inclusive cross-sections for neutrons emitted from 870 MeV 7+
interacting in iron. In each case, neutrons are detected at different angles. Data
is from Iwamoto et al. These neutrons come from predominantly the absorption
process.

The last example of this new code is for scattering processes. When hadrons
interact in the nuclear medium, the quasifree scattering process is important;
that has been seen in numerous data sets. In Fig. 11, we show examples for
pion and proton scattering. For the pion case, a back angle is shown; here,
the quasielastic mechanism dominates. For protons, the beam energy is large
enough that the multiple scattering process is sampled over a wide range in
energy. The agreement is excellent.
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Fig. 11. Left: Inclusive cross-sections for n+ scattered at 130° from 240 MeV 7+
interacting with oxygen. At this back angle, the spectrum of 7+ is dominated by
the quasifree mechanism. Data is from Ingram et al. Right: Inclusive cross-sections
for protons scattered at 20° from 800 MeV protons interacting with calcium. Data
is from McGill et al. and Chrien et al. There is a known absolute normalization
difference between the two experiments but it is not available to us.
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7. Conclusions

We have reviewed strong interactions as they will be applied to neutrino
experiments of the near future. The basic premise is that hadron—nucleus
experiments are the best way (definitely now, likely also in the future) to
validate FSI models. General properties have been identified from data, the
general blackness of nuclei to hadrons along with the importance of quasifree
mechanisms.

Various models were discussed with a focus on INC models. Although,
they are not the most theoretically viable, the role of INC models is signifi-
cant because they can “easily” describe a wide range of data.

The two FSI models in GENIE are described in some detail. The hA
model is simpler and more empirical. Although it is not the most accurate,
it is very fast and straightforward to reweight. The hN model is a full INC
calculation which is much more accurate. In version 2.4, the hA model is
the only FSI model. For version 2.6, both will be included but hA will still
be the default. The hA model will be applicable to all nuclei from helium
to lead for kinetic energies up to 1.2 GeV for pions and nucleons. Its main
value will be for high energy neutrinos and in reweighting. The hN model
is nearly complete for this round. It will be valid for energies above 50 MeV
and will provide a very complete description of many final states.

Thus, each GENIE FSI model has independent validity. An important
component of any simulation is the estimation of systematic errors. A com-
parison of the results using each model can show model dependence. Varying
parameters inside the hA model is the best way to assess systematic errors
due to FSI.
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