
Vol. 40 (2009) ACTA PHYSICA POLONICA B No 9

STUDY OF PION PRODUCTION
IN νµ CC INTERACTIONS ON 16O

USING DIFFERENT MC GENERATORS∗

Maddalena Antonelloa, Vincenzo Caracciolob

Georgios Christodoulouc, James Dobsond, Eike Franke

Tomasz Golanf , Viacheslav Leeg, Slawomir Maniah

Pawel Przewlockij, Biagio Rossie, Dorota Stefani

Robert Sulejj,k, Tomasz Szeglowskih, Roman Tacikl

Tomasz Wachalai

Lądek-Zdrój Students Monte Carlo Project
aINFN-Laboratori Nazionali del Gran Sasso, Assergi, Italy

bUniversity of L’Aquila, Italy
cLiverpool University, UK

dImperial College London, UK
eLHEP, University of Bern, Switzerland

fUniversity of Wrocław, Poland
gJoint Institute for Nuclear Research, Dubna, Russia

hUniversity of Silesia, Katowice, Poland
iThe H. Niewodniczanski Institute of Nuclear Physics PAN, Kraków, Poland

jA. Soltan Institute for Nuclear Studies, Warsaw, Poland
kWarsaw University of Technology, Poland

lUniversity of Regina, Canada

(Received July 16, 2009)

In this report we present simulated event numbers, for various MC gen-
erators, for pion production in νµ CC reactions on 16O. For the simulation
we used four different neutrino interaction generators: GENIE, FLUKA,
NEUT, and NuWro, as proposed during the 45th Karpacz Winter School
on neutrino interactions. First, we give a brief outline of the theoretical
models relevant to pion production. We then present results, in the form of
tables showing the occupancy of primary and final state pion topologies, for
all the generated samples. Finally we compare the results from the differ-
ent generators and draw conclusions about the similarities and differences.
For some of the generators we explore the effect of varying the axial mass
parameter or the use of a different nuclear model.
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1. Introduction

Understanding Charged-Current (CC) neutrino–nucleus interactions in
the few GeV region is very important for many current and future neutrino
experiments. The study of neutrino–nucleus reactions in this region is com-
plicated and requires many intermediate steps, such as a description of the
nuclear model, understanding the neutrino–nucleon cross-sections, modeling
of hadronization, as well as the modeling of intranuclear hadron transport
and other secondary interactions. These can all play a significant role in how
we understand the nature of neutrinos as well as providing useful information
about nuclear phenomena. Because of this there is a number of Monte Carlo
generators and numerical packages dedicated to the description of neutrino
interactions: GENIE [2], GiBUU [3], FLUKA [4], NEUT [5], NuWro [6]
and Nuance [7] represent a large fraction of such generators and were all
presented at the Lądek-Zdrój Winter School [1].

During the school we undertook a project to compare the predictions
made by different generators. Of the generators mentioned previously we
looked at GENIE, NEUT, Nuance1, FLUKA and NuWro. For now GiBUU
is not included in this study because it was difficult to find a consistent way
of comparing it to the other simulation packages2. It was decided that we
would focus our investigations on the production of pions in neutrino–nucleus
interactions3. This was because they form an important background in many
neutrino oscillation experiments and are also theoretically challenging, due
to processes such as final state interactions (FSIs). A special web site of
“Ladek MC Project” was set up to collate and discuss the results [8].

For each generator we produced a sample of mono-energetic (1 GeV) νµ
interactions on 16O, using the default settings for each generator. To sim-
plify the analysis we consider only charged current (CC) interactions. Each
generator had the following processes enabled: quasi-elastic (QE) scatter-
ing, resonance (RES) production, deep-inelastic scattering (DIS) and co-
herent (COH) pion production. We then analyzed the samples for each
generator by looking at the various pion topologies before and after any
secondary interactions.

1 The results of the simulation using Nuance alongside a description of the generator
are presented in the appendix, Table VII.

2 GiBUU uses a more sophisticated model in which the propagation/collision of reso-
nances is handled explicitly. In this model the primary hadronic system is the QE
nucleon, the resonances, and any pions from the non-resonant background. Thus
comparison with the other simulation packages is difficult as they decay the reso-
nances before rescattering and so define the initial state as the decay products of all
resonances.

3 The production of other mesons, like η or ρ, is also possible but in general pion
production dominates.
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Before presenting the results of the study we give a brief outline of the
theoretical models of relevance to CC neutrino induced pion production.

2. Overview of neutrino-induced pion production

As mentioned previously, the modeling of neutrino–nucleus interactions
is complex and requires linking together many different pieces of theory. Here
we focus on neutrino–nucleon cross-sections and how they are embedded in
a nuclear environment. We leave the description of the hadronization and
final state interaction models, often specific to a particular generator, to
Section 3.

The total cross-section for neutrino–nucleon scattering has the following
form [9]

σtot
νN = σ

(Q)ES
νN ⊕ σ1π

νN ⊕ σ2π
νN ⊕ . . .⊕ σ1K

νN ⊕ . . .⊕ σDIS
νN . (1)

The region of neutrino energies around 1GeV is particularly troublesome.
It is in this region that many of the above cross-sections are similar in magni-
tude. Here resonance single pion production contributes ∼ 30% to the total
cross-section [10], similar to the contributions from QEL and DIS processes.
This is a problem experimentally as RES events can have indistinguishable
signatures to DIS events in a detector, making it hard to measure each
process exclusively.

Charged current QEL scattering of a neutrino on a free nucleon (ν`+
N→ `+N ′) is usually described using the Llewellyn Smith formalism [11].
Although no pions are produced directly it is possible, through FSIs, to
produce them in the final state system. Inside the nucleus, hadrons can be
scattered elastically or inelastically, can be absorbed or charge exchanged
and even produce extra pions (pion production). Thus, a small number of
events with pions in the final state are expected from CCQE events, even
though no pions were produced initially. The dominant CC processes that
produce pions directly are DIS, COH and RES production. These are shown
in Fig. 1.

As first proposed by Bodek and Ritchie [12] structure functions are used
to describe DIS. Recently some progress in this field has been made using
the “higher twist” QCD technique [13]. Neutrinos can also interact with the
whole nucleus (instead of with individual nucleons as in the previous two
processes) coherently producing pions. Typically COH pion production is
described using the original Rein and Sehgal model [14] with updates taking
into account lepton mass terms [15]. A further description of COH scattering
is presented in [16] and [17]. Resonant events are usually described using
the Rein–Sehgal model [18] describing the excitation of baryon resonances
and pion production.
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Fig. 1. The main types of charged current muon neutrino scattering on a free nu-
cleon/nucleus that produce pions directly. From top left to bottom right are: Deep
Inelastic Scattering (DIS), Coherent pion production, and Resonance production
(RES). In the figure N is a nucleon, A is a nucleus and X represents the hadronic
system excluding pions.

So far we have listed cross-section models which describe the scattering of
neutrinos off free nucleons4. It is necessary to take into account the fact that
these nucleons are not free but rather exist as bound states within a nuclear
environment. The common approach within MC generators is to use the
Relativistic Fermi gas (RFG) model where the Fermi motion of individual
nucleons is taken into account. However, its implementation often differs
for different neutrino generators. In several papers [19] the importance of
considering Pauli blocking and FSI effects for νe + 16O → eX reactions
(also applying to νµ16O) are shown. Also, it is shown by O. Benhar et al.
that the RFG model does not agree well with experimental data. A better
description is offered through the use of spectral functions [20], as measured
in electron scattering experiments.

It is also necessary to describe hadronization, as well as the propaga-
tion of secondary particles out of the nucleus. The simulation must cover
a description of both rescattering and absorption effects. A report on the
modeling of final state interactions and the use of intranuclear cascade mod-
els was presented at the school [21]. These are often individual features of
a generator and are described in the next section.

4 With the notable exception of coherent pion production, which by its very nature is
describing scattering off the whole nucleus.
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3. Results of simulations for the different generators

For each of the generators we produced similar sets of 500 000 events
simulating 1GeV νµ charged-current interactions on 16O. We now present
the results of these simulations in the form of tables showing the occupancy
of primary and final state pion topologies. A primary state is defined as
the topology of particles produced by the primary neutrino interaction and
the final state is defined as the topology of the particles after any secondary
interactions, such as intranuclear rescattering, have taken place. We do this
separately for all of the generators. To aid fair comparison between the
tables they are each preceded by a brief outline of the models and physics
choices in each generator5.

3.1. GENIE

GENIE simulates neutrino interactions, for all neutrino flavors, all nu-
clear targets, over a large energy range froma fewMeV to several hundredGeV.
The physics models used can, broadly speaking, be split into models which
describe cross-sections, hadronization, and nuclear physics. Full information
on all the models and physics choices used in GENIE can be found at [2].

For cross-sections: Charged current quasi-elastic scattering is modeled
using an implementation of the Llewellyn Smith formalism using the latest
BBBA form factors [22] as default. The production of baryon resonances,
both neutral and charged current, is described using an implementation of
the Rein–Sehgal model [18] for which 16 baryon resonances are included6.
Coherent pion production is modeled using the Rein–Sehgal model [14] with
an updated PCAC formula from a recent revision [15] to the model that
takes into account lepton mass terms. DIS interactions are calculated using
an effective leading order model, with modifications at low Q2 suggested by
Bodek and Yang [24].

Hadronization is simulated using the AGKY model [25]. It integrates
an empirical low-invariant mass model with PYTHIA/JETSET at higher
invariant mass and is tuned primarily to bubble chamber data on hydrogen
and deuterium targets. There is a smooth transition between the models to
ensure continuity of all simulated observables.

The effect of the nuclear environment is taken into account using an
implementation of the Fermi Gas model with a modification by Bodek and
Ritchie to include nucleon–nucleon correlations [26]. Other factors, such as
Pauli blocking and the differences between nuclear and free nucleon structure
functions are also taken into account. Intranuclear hadron transport is han-

5 We describe only those of relevance to charged current interactions.
6 These are the 16 resonances, of the 18 listed in the original paper, listed as unam-
biguous in the latest PDG baryon tables [23].
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dled by the INTRANUKE/hA model. It is an effective, data-driven, model
based on a wide range of hadron-nucleus and hadron–nucleon data. The
model is validated through comparison to both pion and neutrino scattering
data for nuclear targets.

The results of the simulation are shown in Table I. For the simulation
the GENIE default values for axial mass of MQEL

A =0.99GeV, and MRES
A =

1.12GeV, were used. The table shows the occupancy of primary and final
state pion topologies.

TABLE I

Occupancy of primary and final state hadronic systems for a 500 000 event GENIE
(release 2.5.1 was used) sample of νµ on 16O for CC interactions only. A Fermi gas
nuclear model and a default value of MQEL

A = 0.99GeV were used. The primary
and final state systems were separated into different topological groups based on
the number of pions.

Final Primary hadronic system
state 0π π0 π+ π− 2π0 2π+ 2π− π0π+ π0π− π+π− ≥ 3π Total
0π 261866 9187 38142 0 21 54 0 161 0 54 1 309486
π0 0 32682 7085 0 127 14 0 546 0 22 2 40478
π+ 549 890 139726 0 3 384 0 561 0 157 11 142281
π− 0 761 0 0 3 0 0 10 0 164 1 939
2π0 0 0 0 0 255 0 0 93 0 2 3 353
2π+ 0 1 150 0 0 988 0 41 0 0 11 1191
2π− 0 0 0 0 1 0 0 0 0 0 0 1
π0π+ 542 194 610 0 10 58 0 2404 0 32 36 3886
π0π− 0 0 0 0 8 0 0 2 0 36 0 46
π+π− 237 0 0 0 0 0 0 48 0 594 33 912
≥ 3π 0 47 161 0 1 1 0 2 0 0 215 427
Total 263194 43762 185874 0 429 1499 0 3868 0 1061 313 500000

3.2. NEUT

NEUT is able to simulate neutrino interactions from 100 MeV up to a few
TeV. The Rein–Sehgal model [14], [18] is used to simulate resonance and
coherent pion production. The GRV94 and GRV98 pdfs [27] with Bodek–
Yang corrections [28] are used to describe DIS events. Finally, QE events
are simulated using the Llewellyn Smith [11] and Smith–Moniz [9] models.
There are two recommended default values for the axial mass of 1.11GeV or
1.21GeV; these apply to both QE and RES interactions. For the simulations
presented here a value of 1.11GeV was used for both. Nucleon rescattering
and meson interactions (especially low momentum pions) in the nucleus are
also modeled. To describe nuclear effects NEUT uses the cascade model.
Each particle is tracked in the nucleus until it escapes. For low momentum
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pions (p < 500MeV) mean free paths for absorption and inelastic scattering
are calculated using the Salcedo et al. model [29]. Higher momentum pion
(p > 500 MeV) parameters are taken from experimental results. Nucleon re-
scattering is simulated considering elastic scattering and single/double pion
production.

The results of the simulation using the NEUT generator are presented in
Table II. As before, the table shows the various pion topologies before and
after secondary interactions.

TABLE II

Occupancy of primary and final state hadronic systems for a 500 000 event NEUT
sample of νµ on 16O for CC interactions only.AFermi gas nuclear model and a de-
fault value of MQEL

A = 1.11GeV were used. The primary and final state systems
were separated into different topological groups based on the number of pions.

Final Primary hadronic system
state 0π π0 π+ π− 2π0 2π+ 2π− π0π+ π0π− π+π− ≥ 3π Total
0π 328380 7148 33582 0 195 211 0 775 0 491 1 370783
π0 2224 14498 7119 0 616 75 0 1447 0 172 13 26164
π+ 2899 1709 80376 0 60 702 0 1360 0 812 12 87930
π− 743 1632 742 0 66 6 0 126 0 899 9 4223
2π0 11 99 92 0 711 5 0 270 0 13 15 1216
2π+ 2 9 313 0 4 872 0 245 0 16 7 1468
2π− 2 6 2 0 6 0 0 2 0 6 1 25
π0π+ 14 114 508 0 115 141 0 3395 0 150 27 4464
π0π− 10 71 44 0 113 2 0 47 0 195 7 489
π+π− 31 78 259 0 12 16 0 270 0 2195 21 2882
≥ 3π 1 49 142 0 8 5 0 30 0 23 98 356
Total 334317 25413 123179 0 1906 2035 0 7967 0 4972 211 500000

3.3. FLUKA

FLUKA simulates the transport and interaction of particles with a fo-
cus on the description of nuclear models. Particle interactions are described
using a Generalized IntraNuclear Cascade (GINC) [30]. FLUKA now also
describes neutrino interactions. QE processes have been included since 1997
and recently the capability to simulate DIS and RES neutrino interactions
has been added using the NunDIS and NunRES generators. Hadron–nucleon
interactions and nuclear effects are taken into account using the main reac-
tion mechanism, called PEANUT [30]. For example, pion–nucleon interac-
tions can proceed through the non-resonant and the p-wave resonant channel,
with the formation of a ∆ resonance. The resonance can then either interact
with other nucleons or decay. These effects can lead to pion absorption or
to elastic scattering and charge exchange.
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We present the results of the simulation for FLUKA in Table III. It is
important to mention that the recent DIS generator in FLUKA is a beta
version and some of the pion production numbers in Table III are expected
to be quite high. Also there is a difference between this sample and those
produced using the other generators because at present FLUKA does not
simulate COH pion production and so this process is left out.

TABLE III

Occupancy of primary and final state hadronic systems for a 500 000 event FLUKA
sample of νµ on 16O for CC interactions only. The primary and final state systems
were separated into different topological groups based on the number of pions.

Final Primary hadronic system
state 0π π0 π+ π− 2π0 2π+ 2π− π0π+ π0π− π+π− ≥ 3π Total

0π 267108 13702 41299 0 47 4 0 129 0 25 0 322314
π0 964 38871 8453 0 307 4 0 465 0 9 0 49073
π+ 2005 2903 116159 0 16 29 0 421 0 91 2 121626
π− 121 1989 438 0 18 0 0 26 0 89 0 2681
2π0 0 115 122 0 548 1 0 68 0 0 0 854
2π+ 2 11 230 0 2 37 0 61 0 0 2 345
2π− 0 1 1 0 0 0 0 0 0 0 0 2
π0π+ 2 177 391 0 53 6 0 1383 0 21 0 2033
π0π− 0 47 15 0 38 0 0 9 0 14 0 124
π+π− 0 118 320 0 1 0 0 78 0 392 1 910
≥ 3π 0 7 13 0 1 0 0 5 0 0 12 38

Total 270202 57941 167441 0 1031 81 0 2645 0 641 18 500000

3.4. NuWro

NuWro uses the Llewellyn Smith model [11] with the latest BBBA form
factors [22] for QES events. DIS processes are described using the GRV94
pdf with Bodek–Yang corrections. The Rein–Sehgal models [14] and [15]
are used to describe COH pion production. We now give a more detailed
description of how these processes are implemented in NuWro [31]:

• The RES region is defined by a cut at W < 1.4GeV, where W is
the invariant hadronic mass and has the standard definition7. Only
∆ resonance is considered with form factors from a fit to ANL and
BNL single pion production data [32]. The non-resonant background
is modeled as a fraction of the DIS contribution;

7 W 2 = (P + q)2, where P is initial nucleon 4-momentum and −q2 = Q2 is the squared
4-momentum transfer.
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• In the region of 1.4GeV < W < 1.6 GeV, the ∆ contribution is linearly
turned off as the DIS contribution is turned on;
• The DIS models are applied when W > 1.6GeV. Together with the

Bodek–Yang model NuWro’s own hadronization model is used;
• The COH pion production contribution, as predicted by the Rein–

Sehgal model, is multiplied by a factor of 0.66.

NuWro offers a choice of two basic nuclear models: a relativistic Fermi
gas (RFG) model or an effective spectral function model. For the tables
shown here the RFG model was used. We also used the default value for the
axial mass ofMA = 1.1GeV. In the appendix Table VIII and Table IX show
results for samples generated with a non-default axial mass and for both the
RFG and effective spectral function nuclear models.

3.4.1. NuWro’s own intranuclear cascade model

For this report two different intranuclear cascades were used, one in-
cluded with NuWro and another, the Bertini cascade, that comes from
Geant4. First, we show the results using NuWro’s intranuclear cascade in
Table IV.

TABLE IV

Occupancy of primary and final state hadronic systems for a 500 000 event NuWro
sample of νµ on 16O for CC interactions only. The sample generated with NuWro
v112. MQEL

A = 1.10GeV, nuclear model: Fermi gas. The primary and final state
systems were separated into different topological groups based on the number of
pions.

Final Primary hadronic system
state 0π π0 π+ π− 2π0 2π+ 2π− π0π+ π0π− π+π− ≥ 3π Total

0π 281781 10437 49381 1 49 78 0 523 0 223 2 342575
π0 2137 17826 12404 0 178 29 0 1095 0 85 24 33778
π+ 5241 3168 97356 0 32 255 0 1187 0 407 4 107650
π− 1165 2849 1667 1 22 4 0 140 0 413 4 6265
2π0 12 332 123 0 179 4 0 203 0 13 38 904
2π+ 11 39 1948 0 3 248 0 245 0 10 4 2508
2π− 0 20 2 0 1 0 0 1 0 11 2 37
π0π+ 26 382 1090 0 38 65 0 1963 0 100 18 3682
π0π− 7 237 94 0 37 0 0 55 0 76 7 513
π+π− 22 67 783 0 6 8 0 220 0 804 8 1918
≥ 3π 1 27 47 0 10 11 0 69 0 29 76 270

Total 290403 35384 164895 2 555 702 0 5701 0 2171 187 500000
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3.4.2. Combination of NuWro and Geant4 generators

Now we show the results for the simulation using the Geant4 [33] intranu-
clear cascade. The primary neutrino interactions on oxygen are generated
in NuWro and secondary particles are propagated inside nucleus using the
Bertini cascade [34].

There are two intranuclear cascades in Geant4: Bertini and Binary. How-
ever, we only consider the Bertini cascade. It works very well for particles
with energy below 3GeV. It takes into account a variety of interactions that
nucleons and pions can undergo, using very recent cross-sections. Compared
with Binary, the Bertini cascade is better tested and developed by both
members and users of Geant4. A detailed description can be found in [34].

We would like to state that, in its original form, the Bertini cascade
was not set up to propagate secondary particles from neutrino interactions.
A particle from a neutrino interaction can originate at any point within the
volume of the nucleus. This meant changing the original Bertini cascade, in
which a particle always hits a nucleus from the outside (so that the cascade
always starts on the surface of the nucleus) so that the point where the
particle enters is selected uniformly over the volume of the nucleus. The
results of the simulation using this approach are shown in Table V.

TABLE V

Occupancy of primary and final state hadronic systems for a 500 000 event NuWro
(plus GEANT4) sample of νµ on 16O for CC interactions only. The sample gen-
erated with NuWro v112. MQEL

A = 1.10GeV, nuclear model: Fermi gas. Also,
hadrons produced inside the nucleus were propagated using the GEANT4 cascade
model. The primary and final state systems were separated into different topolog-
ical groups based on the number of pions.

Final Primary hadronic system
state 0π π0 π+ π− 2π0 2π+ 2π− π0π+ π0π− π+π− ≥ 3π Total

0π 282443 8888 36738 0 67 47 0 616 0 173 18 328990
π0 3148 20328 8963 0 147 25 0 801 0 65 25 33502
π+ 3866 2770 115609 0 31 218 0 1162 0 323 6 123985
π− 908 2845 1190 2 34 1 0 134 0 430 10 5554
2π0 8 123 152 0 208 1 0 91 0 4 24 611
2π+ 7 32 676 0 1 363 0 199 0 1 1 1280
2π− 0 8 3 0 4 0 0 3 0 9 0 27
π0π+ 12 161 904 0 30 41 0 2448 0 53 10 3659
π0π− 2 89 70 0 26 0 0 30 0 49 9 275
π+π− 9 135 578 0 5 4 0 197 0 1056 22 2006
≥ 3π 0 5 12 0 2 2 0 20 0 8 62 111
Total 290403 35384 164895 2 555 702 0 5701 0 2171 187 500000
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4. Discussion and conclusions

Looking at the tables for each generator we can see some large differ-
ences in both the primary and final state topologies (number of pions at the
initial and final states). In many cases these differences are above statistical
fluctuations8 and reflect the difficulty in modeling this energy region. At
∼ 1 GeV we are in a transition region where QE, RES processes dominate
but where there is also a significant DIS component being switched on as
we increase in energy. Although the models used to describe these processes
separately are often common to a generator, there are still many differences
in the way in which a particular generator handles the merging of the rela-
tive contributions in this transition region. This combined with differences
in the assumed nominal values for many of the input parameters can lead
to different predictions from the same set of models.

In general QE processes give rise to topologies with no pions in the
initial and final states whereas DIS and RES are more likely to result in
events with pions in the primary and final state. All the generators have
a larger number of 0π topologies in the final state than were in the primary
state. This indicates that pions are more likely to be absorbed than created.
One noticeable feature is that NEUT has a larger number of 0π topologies
in both the initial and final states than the other generators. This is an
indicator that either the cross-section for QE processes in NEUT is higher
than in the other generators or that the contribution from DIS and RES
events is lower. Mainly we expect differences to depend on the values of
form–factor parameters and the nuclear models used in each generator9.

Resonant events are tricky to handle; there are large uncertainties on
the underlying cross-sections as well as differences in the way each generator
models the propagation of pions in the nuclear environment. Which model is
used is important and we can see the effect of these differences in the tables
presented in this report. For instance, if we look at the 0π primary state
column we see that the number of these events which result in a single π+

in the final state topology varies from 549 (Table I) all the way up to 5241
(Table IV). Still looking at the first column we see that the number of π0’s
and π−’s in the final state can vary from zero (Table I) to 1–3 thousands
(Tables II, III, IV, V). All of these events had no pions in the primary state
and so these numbers directly reflect differences in the hadron transport
models used in the generators.

As mentioned before the tables presented so far contain important in-
formation about FSIs. To elucidate the effects of FSIs we have compiled
a summary table (Table VI) showing directly the topology changing effect

8 In some of the cells with enough high statistics these differences can be above 10%,
well above statistical fluctuations.

9 Or, if available, the choice of simulation within a particular generator.
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due to intranuclear hadron transport. For each of the generators, and for
a selection of primary and final state topologies, we show, out of all events
with a given primary state topology, the fraction of those which have both
the primary and final state topology. Looking at Table VI the first two rows
tell us the fraction of events, with a single pion in the initial state, that will
still have a single pion in the final state. We can see that the most probable
scenario is that a pion created at the primary vertex will not re-interact
(we can look at this as a transparency of the nucleus). The next two rows
show the percent of pions which are absorbed and the remaining rows show
the effect due to charge exchange processes (we assume that a pion, to first
order, re-scatters only once). It seems that NuWro has a lower transparency
compared to the other generators, whilst GENIE’s is higher than that of the
others. This may be in response to the absorption and charge exchange pro-
cesses, for which GENIE could have too little and NuWro too much. Despite
these differences the agreement is still good, considering the complexity of
FSIs, and one can convince oneself that the analyzed MCs give quite similar
results. These modes are important to neutrino oscillation experiments since
single pion events form the main background channel.

TABLE VI

Rate of events with single pion or no pion in final state if there was single pion in
initial state.

GENIE NEUT FLUKA NuWro NuWro + G4

π0 → π0 75% 57% 67% 50% 57%
π+ → π+ 75% 65% 69% 59% 70%
π0 → 0π′s 20% 28% 24% 29% 25%
π+ → 0π′s 20% 27% 25% 30% 22%
π0 → π+ 2% 7% 5% 9% 8%
π0 → π− 2% 6% 3% 8% 8%
π+ → π0 4% 6% 5% 8% 5%

Taking into account recent MiniBooNE results [35] of CC1π+ to CCQE
cross-section ratios we can approximately compare the corresponding num-
bers from our simulations with each other and with the MiniBooNE mea-
surements. We present this comparison in Table XI in the appendix.

In this report we have presented event numbers, with an emphasis on
pion production, for a large number of the current neutrino generators. We
have started to discuss the differences between the different generators and
models. These differences are now a matter for further investigation. Amore
extensive set of tables has been published on the Ladek MC Project web-
site and more tables, at different energies, are planned to be produced in
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the near future. We hope that the tables will be a valuable resource to the
reader. Improvements in the theoretical models used by generators, and bet-
ter measurements made by future neutrino experiments, will, by improving
our understanding of neutrino cross-sections, help shed light on the elusive
nature of the neutrino.

We would like to acknowledge the organizers and lecturers of the Lądek-
Zdrój Winter School, especially Jan Sobczyk and Costas Andreopoulos for
their support and helpful comments.

Appendix A

In this appendix we present some tables showing the effect of changing
the values for the axial mass parameter or the use of a different nuclear
model. We also present some results from the Nuance generator which, due
to problems with generating samples comparable to those produced using
the other generators, were left out of the main report. Finally we show some
comparisons to a MiniBooNE measurement of the CC single pion-production
to quasi-elastic cross-section ratio.

NuWro

There are two additional tables for NuWro event samples. In Table VIII
a Fermi gas nuclear model was used but with an axial mass equal to 1.0 GeV.
In Table IX an effective spectral function was used instead of the Fermi gas
model.

Nuance

Nuance is an advanced and freely available neutrino generator written by
Dave Casper of the University of California (the version used in this study is
3.006). The program is most suitable for generating events on oxygen/water,
as its FSI model was thoroughly tested for this target. Resonant and co-
herent/diffractive interactions are simulated using the Rein–Sehgal model.
More details can be found in [7]. Unfortunately in the case of Nuance it was
not possible to create a single sample consisting of events with final state
particles before and after the FSIs have been applied. Therefore, we were un-
able to produce tables like those presented for the other generators. Instead,
in Table X we present pion statistics for two separate samples independently,
where one had FSIs turned off and in the other they were left on.

Two samples, for muon neutrino interactions on oxygen, of 500 000 events
each were used, one with FSIs turned on and one with FSIs turned off. The
muon neutrinos had an initial energy of 1 GeV and only CC interactions
were taken into account.
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TABLE VII
Occupancy of primary and final state hadronic systems for a 500 000 event GENIE
sample of νµ on 16O for CC interactions only.A Fermi gas nuclear model and a non
default value of MQEL

A =1.18GeV were used. The primary and final state systems
were separated into different topological groups based on the number of pions.
Coherent pion production events were counted as having a single pion in the final
state only.

Final Primary hadronic system
state 0π π0 π+ π− 2π0 2π+ 2π− π0π+ π0π− π+π− ≥ 3π Total
0π 282947 8263 34477 0 18 46 0 134 0 39 1 325925
π0 0 29903 6448 0 120 24 0 489 0 12 6 37002
π+ 3930 768 123912 0 3 368 0 531 0 140 13 129665
π− 0 710 0 0 2 0 0 15 0 151 4 882
2π0 0 0 0 0 223 4 0 84 0 1 8 320
2π+ 0 1 144 0 0 946 0 53 0 0 17 1161
2π− 0 0 0 0 0 0 0 0 0 0 0 0
π0π+ 646 192 521 0 4 67 0 2233 0 24 37 3724
π0π− 0 0 0 0 7 0 0 2 0 38 3 50
π+π− 218 1 0 0 1 0 0 44 0 583 22 869
≥ 3π 0 31 161 0 1 1 0 6 0 1 201 402
Total 287741 39869 165663 0 379 1456 0 3591 0 989 312 500000

TABLE VIII
Occupancy of primary and final state hadronic systems for a 500 000 event NuWro
sample of νµ on 16O for CC interactions only. The sample generated with NuWro
v112.MQEL

A =1.0 GeV, nuclear model: Fermi gas. The primary and final state sys-
tems were separated into different topological groups based on the number of pions.

Final Primary hadronic system
state 0π π0 π+ π− 2π0 2π+ 2π− π0π+ π0π− π+π− ≥ 3π Total
0π 266733 11177 52296 0 49 51 0 547 0 237 1 331091
π0 1876 19692 12988 1 198 26 0 1188 0 89 16 36074
π+ 4701 3186 106161 0 20 276 0 1231 0 455 4 116034
π− 1085 2901 1641 0 19 2 0 124 0 449 7 6228
2π0 13 345 110 0 210 5 0 251 0 7 53 994
2π+ 15 42 2116 0 1 288 0 237 0 10 0 2709
2π− 3 14 9 0 2 0 0 3 0 14 0 45
π0π+ 22 426 1180 0 37 62 0 2093 0 96 16 3932
π0π− 3 241 94 0 37 1 0 48 0 96 14 534
π+π− 27 61 845 0 1 14 0 220 0 864 14 2046
≥ 3π 0 15 66 0 13 14 0 97 0 27 81 313
Total 274478 38100 177506 1 587 739 0 6039 0 2344 206 500000
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TABLE IX

Occupancy of primary and final state hadronic systems for a 500 000 event NuWro
sample of νµ on 16O for CC interactions only. The sample generated with NuWro
v112. MQEL

A = 1.0GeV, nuclear model: effective spectral function. The primary
and final state systems were separated into different topological groups based on
the number of pions.

Final Primary hadronic system
state 0π π0 π+ π− 2π0 2π+ 2π− π0π+ π0π− π+π− ≥ 3π Total

0π 278271 10535 50092 0 46 67 0 493 0 205 2 339711
π0 1960 18390 12291 0 170 19 0 1000 0 78 12 33920
π+ 4787 3016 101433 0 13 245 0 1123 0 356 3 110976
π− 1125 2807 1631 0 12 1 0 90 0 399 3 6068
2π0 9 271 100 0 167 0 0 208 0 7 24 786
2π+ 8 39 1987 0 6 259 0 178 0 11 1 2489
2π− 1 25 5 0 4 0 0 0 0 8 0 43
π0π+ 19 396 1046 0 46 51 0 1795 0 76 15 3444
π0π− 5 242 61 0 27 0 0 27 0 70 5 437
π+π− 27 53 791 0 5 7 0 209 0 804 7 1903
≥ 3π 1 25 45 0 5 9 0 65 0 23 50 223

Total 286213 35799 169482 0 501 658 0 5188 0 2037 122 500000

TABLE X

Pion statistics for two separate samples independently, where one had FSIs turned
off and in the other they were left on.

CC only with FSI without FSI

0π 337431 292705
π0 35033 35532
π+ 121242 169365
π− 3737 0
2π0 390 630
2π+ 214 100
2π− 8 0
π0π+ 801 774
π0π− 180 0
π+π− 817 892
≥ 3π 147 2
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A Fermi gas nuclear model was used. The default axial masses used were
MA =1.1 eV for resonant single pion production, MA =1.3 GeV for resonant
multi-pion production and MA =1.03GeV for coherent/diffractive pion pro-
duction (the same value was used in QE event generation; the vector mass
for QE was MV = 0.84GeV). The samples consist of QE(59%), RES(39%)
and COH(2%) events.

The single charged pion production to quasi-elastic cross-section ratios

In Table XI the comparison between the ratio of 1π+/0π is shown for the
generators we considered. From the MiniBooNE data [35] re-scaled for an
isoscalar target and corrected for FSI’s (meaning events at the initial vertex
and before any hadronic re-interactions) the following values of the ratio
are10: 0.52± 0.06 for a neutrino energy of 0.95± 0.05 GeV and 0.63± 0.07
for a neutrino energy of 1.05±0.05 GeV. These numbers agree well with the
corresponding numbers, see the PHS total column in Table XI, obtained in
our simulations, even though the Genie ratio is slightly higher and the Neut
ratio is smaller.

TABLE XI

The ratios 1π+/0π obtained in our simulations.

Our simulations, charged current νµ interactions on 16O
Eν = 1GeV 1π+/0π (PHS total) 1π+/0π (final state total)
GENIE 0.706 0.460
NEUT 0.368 0.237
FLUKA 0.620 0.377
NuWro 0.568 0.314
NuWro+G4 0.568 0.377
Nuance 0.579 0.359
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