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A neutrino interaction simulation program library NEUT has been de-
veloped for the studies of the atmospheric neutrino and the accelerator
neutrinos. In this article, the models and the implementations of neutrino
interactions in NEUT are described. Also, the nuclear effects of generated
particles are discussed.

PACS numbers: 13.15.4+g, 14.60.Lm, 23.40.Bw, 24.10.Lx

1. Introduction

NEUT is a program library to simulate neutrino interactions with nu-
cleon and nucleus. This program library was initially developed to study the
interactions of atmospheric neutrino and to estimate the detection efficien-
cies of nucleon decay with the water Cherenkov detector, Kamiokande [1].
Since then, NEUT has been continuously updated and used in the various ex-
periments like Super-Kamiokande, K2K, SciBooNE and T2K. As described,
one of the main application of NEUT is to simulate the interactions of atmo-
spheric neutrino in the water Cherenkov detector. Therefore, this program
library covers a wide energy range of neutrino from several tens of MeV to
hundreds of TeV. The primary target material of neutrino interaction are
hydrogen and oxygen, which are constituents of water. However, the recent
neutrino detectors use also the scintillator or iron as the interaction tar-
get material. Therefore, the program library has been updated to simulate
neutrino interactions with various nuclei including carbon, argon and iron.

In the following sections, neutrino interaction models and their imple-
mentations including the interactions of generated particles in the nuclei are
described.

* Presented at the 45th Winter School in Theoretical Physics “Neutrino Interactions:
From Theory to Monte Carlo Simulations”, Ladek-Zdroj, Poland, February 2-11,
2009.
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2. Neutrino interactions
In NEUT, following neutrino interactions are considered:

Charged /neutral current (quasi-)elastic scattering
(vN —IN'),

Charged /neutral current single 7 production
(vN —IN'7),

Charged /neutral current single v production
(VN = IN'y),

Charged /neutral current single K production
(vN - IAK),

Charged /neutral current single n production
(vN—IN'n),

Charged /neutral current deep inelastic scattering
(v N — [ N’ hadrons) ,

Charged /neutral current coherent 7 production
(v1%0 — It X),

where N and N’ are the nucleons (proton or neutron), [ is the lepton, and
X is the remaining nucleus, respectively.

2.1. Elastic and quasi-elastic scattering

The cross-section for the neutrino nucleon charged current quasi-elastic
scattering is evaluated based on the model of Llewellyn-Smith [2|. In order
to obtain the cross-section off nucleons in the nucleus, it is necessary to
take into account the in-medium effects. In NEUT, the relativistic Fermi
gas model by Smith and Moniz [3] is used to calculate the cross-section off
nucleons in the nucleus. Both models use the vector and the axial-vector
form factors of nucleon. Those form factors are assumed to be dipole in the
original articles. On the other hand, the vector form factor is measured by
the recent precise electron scattering experiments and known to have some
deviation from the simple dipole form. However it is useful to have the
same parametrization in comparing with the previous experiments, NEUT
still uses the same parametrization in the standard configuration. As for
the axial-vector coupling constant (axial-vector mass), the value is set to
1.2 GeV/c? by default to have good agreements with the recent neutrino
experiments [4,5]. The calculated cross-sections compared with the data are
shown in Fig. 1(a) and (b). In each figure, the solid lines correspond to the
free target and the dashed lines correspond to the bound target, respectively.

In estimating the cross-sections of neutral current elastic scattering, we
use the following relations [12]:

o(vp — vp) = 0.153 X o(vn — e p),
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o(vp —vp) = 0218 x o (Dp — e+n) ,

o(vn —vn) = 1.5 x o(vp — vp),
o(on —vn) = 1.0 x o(vp — vp).
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Fig.1. Cross-sections of charged current quasi-elastic scattering. The solid lines
show the calculated cross-sections for free targets and the dashed lines show the
calculated cross-section for the bound targets, respectively. The dashed line shows
the calculated cross-section of proton in oxygen. Data points are taken from the
following experiments: ANL [6], Gargamelle [7, 8], BNL [9], Serpukhov [10] and
SKAT [11].

2.2. Single pion, photon, kaon and eta productions

We adopt Rein and Sehgal’s method to simulate the neutrino induced
single pion productions [13]|. In their method, this type of interaction is split
into two steps as follows:

v+ N—I[+N*, N* -7+ N,

where N and N’ are the nucleons, N* is the baryon resonances. To obtain
the cross-sections, we calculate the amplitudes of each resonance production
multiplied by the decay probability of resonance into one pion and one nu-
cleon. At this time, interferences among the resonances are also taken into
account. In calculating the cross-sections for these interactions, 18 reso-
nances below 2 GeV /c? are considered. For this calculation, the axial-vector
mass is set to 1.2 GeV/c? by default. In order to avoid double counting
of the same interactions in obtaining the total cross-section, the hadronic
invariant mass (W), which is the mass of the intermediate resonance, is re-
stricted to be less than 2 GeV/c2. The calculated cross-sections of the single
pion productions and the experimental results are shown in Fig. 2.
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Fig.2. Cross-sections of (a) v,p — p~pr", (b) vyn — p~pr°, (¢) vyn — p~nrt.
Solid lines show the calculated cross-sections. Experimental data points are sum-
marized in the table.

In the determination of the angular distribution of pion in the final state,
we use Rein and Sehgal’s method for the P33(1232) resonance. For the other
resonances, directional distribution of generated pion is set to be isotropic in
the Adler Frame (resonance rest frame). With the Rein and Sehgal’s model,
it is possible to calculate the cross-sections for each individual resonance if we
ignore the interferences. Using this characteristics, we made the probability
functions to determine whether the intermediate resonance is P33 or not with
the single-resonance cross-sections. The angular distribution of 7% has been
measured for vp — p~prT mode [14] and the prediction from the simulation
agrees well with the data. We also consider the Pauli blocking effect in the
decay of resonances by requiring that the momentum of nucleon should be
larger than the Fermi surface momentum. This suppresses the interaction
cross-section by a few percent. The pion-less delta decay is also considered
and 20% of the events do not have a pion and only the lepton and the nucleon
are generated.

As described, the Rein and Sehgal’s model provide us the amplitudes of
neutrino resonance productions. Therefore, it is also possible to calculate
the cross-sections of single photon, K and Eta productions by changing the
decay probabilities of the resonances. We also included these interactions in
the simulation program.
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2.8. Deep inelastic scattering

The cross-section of deep inelastic scattering is calculated by integrating
Eq. 1 in the range of W > 1.3 GeV/c?, here W is the invariant mass of the
hadronic system:

2 2
d“o _ GFMNEV((l _y+ %yg +Cl) F2 (I‘,QQ)

dxdy T
+y (1= y+Co) [2F3 (2,4°)] ) ,
o = yM? zyMy M} M}
Y7 UMyE,x 2B, 4AE2 2MyE,x’
M2
Cy = ——L— 1
2 4MNEV$’ ( )

where 2 = —¢?/(2M(E, — E))), y = (E, — E|)/E,, My is the mass of
nucleon, M; is the mass of lepton, F, and E; are the energy of incoming
neutrino and outgoing lepton in the laboratory frame, respectively. The nu-
cleon structure functions, F, and xF3, are taken from the parton distribution
function GRV98 [15] with corrections proposed by Bodek and Yang [16] to
improve the agreement with the experiments in the low ¢® region. In the ac-
tual calculation to obtain the cross-section, we use the probability function
of pion multiplicity, which is a function of W and gives the probability to
generate more than 1 pion, in the small W region (W < 2 GeV/c?). Because
the single pion productions are already included in the simulation program
and thus, we used this method to obtain the cross-sections of deep inelas-
tic scattering to avoid double counting. The mean multiplicity of charged
pions is estimated from the result of the Fermilab 15-foot hydrogen bubble
chamber experiment [17] as (n,) = 0.09+1.83 In W?2. Total charged current
cross-sections including quasi-elastic scattering, single meson productions
and deep inelastic scattering are shown in Fig. 3 (a) and (b).

In order to obtain the cross-sections for multi pion production induced
by the neutral current, we use the following relations:

o(vN — vX)

= U v < ’
SN ey = 026 (By <3GeV)
o(vN —-vX)
SN X = 026004 x (B, ~3)/3)

(3 GeV < E, <6 GeV),
o(vN — vX)

— . VZ Il
SN Dy = 030 (By 26 Gev)
U(DN—>17X)

= U Eu< )
N S5 0.39 (E, < 3 GeV)
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o(vN —vX)
SN iy — 039002 ((E, —3.)/3.)
(3 GeV < E, <6 GeV),
o(vN — vX)
= Y. v > .
N = it X) 0.37 (E, > 6 GeV)

These values are estimated from the experimental results [29, 30].
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Fig.3. Neutrino and anti-neutrino charged current total cross-section. The up-
per 4 lines corresponds to neutrino and lower 4 lines corresponds to the anti
neutrino. The meanings of each lines and corresponding data points are shown
in the figure. (CCFR90 [18], CDHSWS87 [19], GGMPS79 [20], CHARMSS8 [21],
BNLS&0 [22], CRS80 [23], BEBCWBB79 [24], IHEPJINRI6 [25], IHEPITEPT79 [26],
CCFRR&4 [27], SKAT [28]).

In NEUT, both PYTHIA /JetSet and our own codes are used to generate
the deep inelastic scattering events because PYTHIA /JetSet was developed
to simulate higher energy interactions and does not fit for the lower energies.
Therefore, we use the experimental results to generate an event whose W is
less than 2 GeV/c?. For those small W events, we assume KNO scaling to
determine the value of W [31]. The multiplicity of pions is determined by
the function described before, which was also obtained experimentally. The
forward-backward asymmetry of pion multiplicity(n¥/n2) in the hadronic
center of mass system is included as follows:

nf 0354 0.411n (W?)
B 2\ (2)
n 0.5+ 0.091n (W?2)

K

This value was obtained from the result of the BEBC experiment [32].
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In determining the generated position of the hadrons in nucleus, the con-
cept of the formation length is employed. Based on this idea, hadronization
process is not instant and takes some time before generating the hadrons.
Therefore, the generated position of hadrons are slightly different from the
initial position of neutrino interaction and the formation length (L) is de-
fined as the distance between those two positions. The actual form of L is
defined as L = p/u?, where p is the momentum of the hadron and p? is
the constant parameter determined experimentally. In NEUT, 2 is set to
0.08 GeV? according to the result from the SKAT experiment [33].

2.4. Coherent pion production

The differential cross-section of neutral current coherent pion production
is expressed as follows [34]:
d3o G?’My

— 242
szdydt - 272 fﬂ'A Eu(l _y)

2 2
<) () <
r = Refxn(0)/Imfrn(0),

ZN12
16n [U toﬂ

where Q2 is the square of the 4-momentum transfer of lepton, ¢ is the square
of the 4-momentum transferred to the nucleus, m 4 is the axial-vector mass,
fr = 0.93m,, b = 80 GeV~2, G is the weak coupling constant, My is the
mass of nucleon, y(= (E, — E;)/E,) is the fraction of the lepton’s energy
loss, E), and Ej are the energy of neutrino and outgoing lepton, and A is the
atomic number of the target nucleus, respectively. F,pq, which accounts for
the absorption of pion in the nucleus, is expressed as follows:

Fabs = €7<x>//\7
AT = ofip, 3)

where (x) is the mean path length of the pion in oxygen. p = (%”R?’)*1 is
the nuclear density, where R is the radius. o7} and o7% are the averaged
total and inelastic pion—nucleon cross-sections, which were obtained from
the experimental results and the fitted results are given in the Rein and
Sehgal’s paper. In order to calculate the charged current cross-section, it
is necessary to take into account the effect of lepton mass. The correction
factor of the lepton mass (COR) is defined as follows [35]:

1 12nin ? 1 Qilin (Q2 B rgnin)

min l1_
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The obtained cross-section of coherent pion productions are shown in Fig. 4
together with the experimental data points.
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Fig.4. The cross-sections of coherent pion production off carbon nucleus. Figure
left and right correspond to the charged and neutral current, respectively. The
solid line shows the cross-section using the model by Rein and Sehgal [35]. The
dotted and dash-dotted curve correspond to the model of Kartavtsev et al. [36]
and Alvarez-Russo et al. [37], respectively. The filled boxes and filled circle show
the upper limit from the measurement by the K2K [38] and the SciBooNE [39]
experiments, respectively. The open circle, open box and open cross correspond
to the result from the MiniBooNE [40], Aachen—Padova [41] and Gargamelle [42]
experiments, respectively.

3. Nuclear effects

3.1. Introduction

In order to identify the neutrino interaction, experiments use the ob-
served particles in the detector. However, hadrons generated by the neu-
trino interactions in nucleus are known to interact within the nucleus. As
a result, the observed particles in the detector are not always the same as
the ones generated by the primary neutrino interaction. Therefore, the in-
teractions of pions, kaons, etas and nucleons in the target nucleus are also
simulated in NEUT. All these interactions are treated by using the cas-
cade model but implementations are slightly different for different kinds of
hadrons. Basic procedure of the simulation is as follows. First, move the
particle by unit length starting from the generated point of hadrons. Then,
determine whether one of the interactions has happened or not based on
the interaction probability. If no interactions happened in this step, move
the particle again. This procedure is repeated until there is an interaction
occurring to the particle or the particle exits from the nucleus. The starting
point of the hadron is defined to be the same as the interaction point of the
neutrino except for the deep inelastic scattering. The interaction position of
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the neutrino in nucleus is selected by using the Woods—Saxon type nucleon
density distribution. If the primary interaction was deep inelastic scattering,
hadronization point is shifted using the idea of formation length as already
described.

3.2. Pion interactions in nucleus

The neutrino pion production is one of the dominant interactions in
a few-GeV region and the interaction cross-sections of pions in nucleus from
those interactions are quite large. Because the large fraction of pions are
originated from the resonances and this implies that the resulting pions
have large cross-section with nucleon. Therefore, the interactions of pions in
nucleus have large effects in the various studies using the water Cherenkov
detector.

In NEUT, following pion interactions in nucleus are considered: inelastic
scattering, charge exchange and absorption. Also, particle production is
taken into account for the high energy pions. The interaction probabilities
for the pion, whose momentum is smaller than 500 MeV /¢, are calculated
following the method of Oset et al. [43]. In their model, Fermi motion
of the nucleon in the nucleus and the Pauli blocking effect were taken into
account. Here, the Fermi surface momentum (pp(r)) in the nucleus shows
dependence on the density (local density approximation) and is defined as
follows: pp(r) = [%7‘(‘2p’1"’]7%, where p(r) = Zp{1 +exp(|r|T_C)}_1, here A is
the mass number, Z is the atomic number, p is the average density of nucleus,
a and c are the density parameters of nucleus, respectively. As a result, the
calculated interaction probabilities show dependence on both the momentum
of pion and the position of pion in the nucleus. The direction and momentum
of pion after the interaction are determined by using the results of phase shift
analysis obtained from the 7N scattering experiments [44] with medium
correction suggested by Seki et al. [45]. Again, the Pauli blocking effect is
also taken into account by requiring the nucleon momentum after interaction
to be larger than the Fermi surface momentum, when calculating the pion
scattering amplitude.

The interaction probabilities of pion, whose momentum is higher than
500 MeV /¢, are extracted from the experimental data of the 7—NV scattering
experiments. For this case, these interaction probabilities depend only on
the momentum of the pion.

This pion interaction simulation is tested by using the following three
interactions: 7'2C scattering, 7190 scattering and pion photo-production
(y+'2C — 7~ + X). One of the comparisons with the existing experimental
data is shown in Fig. 5.
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Fig. 5. Interaction cross-sections of 7+ +12C scattering as a function of momentum
of the incident 7. The three lines shows the result of Monte Carlo simulation.
Data points are taken from Ref. [46]. The solid line and circles correspond to
the inelastic scattering, the dashed line and squares correspond to the absorption
and the dotted line and triangles correspond to the charge exchange interaction,
respectively.

The resulting interaction probabilities of 77 in oxygen are shown in
Fig. 6.
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Fig. 6. Interaction probabilities of 7 in 0. The filled area corresponds to the
inelastic scattering including particle production, the shaded area corresponds to
the charge exchange interaction, the hatched area corresponds to the absorption,
and blank area corresponds to the escaped pions without interaction, respectively.
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3.3. Kaon and eta interactions in nucleus

The interactions of kaons in oxygen is also considered by using the similar
method to simulate pion interactions. The differential cross-sections and
determination of the kinematics are done by using the results of KN and
KN scattering experiments [47].

The absorption of n ()N — N* — m(m)N) is also considered [48]. Be-
cause the efficiency and background estimation of nucleon decay into n will
be affected by this process. The relevant nucleon resonances are N(1540)
and N(1650) and the cross-section for nN — m(m)N is calculated by using
the following formula:

| TN Lo
o=—(J+= iV mN (6)
;2 2 ) (W = M*)2 + Tor/4

where k is the momentum of n in the center of mass system, J is the spin
of the resonance, I' is the width of the resonance, W is the invariant mass
of the nN system and M™* is the mass of the resonance, respectively. The
pions from this process are also tracked as described before.

3.4. Nucleon interactions in nucleus

The nucleon rescattering in the nucleus affects the identification of the
neutrino interaction mode because the quasi-elastic scattering is identified
by using the direction of muon and the knock out nucleon in the tracking
detectors. Therefore, the understanding of the nucleon interactions is also
important.
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Fig. 7. Interaction probabilities of nucleon in %0 as a function of nucleon momen-
tum. The solid curve, the dashed curve, the dotted curve and the dash-dotted
curve correspond to no interaction, elastic scattering, single pion production and
double pion production, respectively.
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In order to simulate the nucleon rescattering, almost the same cascade
model as used for the pion simulation has been implemented. The considered
interactions are elastic scattering, a single or two delta(s) production for
the pion production. The interaction probabilities are extracted from the
existing data of differential cross-sections from nucleon—nucleon scattering
experiments [49], which are also used in GCALOR. The delta productions are
simulated based on the isobar production model by Lindenbaum et al. [50].
The resulting interaction probabilities of nucleon in 60 is shown in Fig. 7.

The author would like to thank the Collaborations of Kamiokande, Super-

Kamiokande, K2K, ScibooNE and T2K. NEUT has been developed and
updated by the collaboration works of these experiments.
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