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1 Introduction

The WANF neutrino beam [1] used by the NOMAD [2] and CHORUS [3] experiments
at CERN SPS was produced by the decay of mesons originating in the interaction of
450 GeV/c protons with a beryllium target. The NOMAD experiment was searching for
v, — v, [4 and v, — v, oscillations in a such predominantly v, beam, where the v,
natural contamination was estimated to be at the ~ 5 - 107° level [5]. Thev, — v,
search requires the understanding of the major beam component v, in order to interpret
any potential oscillation signal, and of the minor beam components in order to calculate
reliably related backgrounds. Oscillations between v, and v, would be evidenced by a
distortion of the energy distribution of the v, sample by an excess of the v, events at low
energy with respect to the intrinsic beam component. Therefore a precise prediction of
ve /v, ratio and asound evaluation of its systematic uncertainty are crucial.

This paper describes the WANF neutrino beam Monte Carlo calculation with a par-
ticular emphasis on the secondary particle production in theinitial p-Be interaction at 450
GeV/c, one of the most critical items in the ssmulation. A detailed study of systematic
errors on the neutrino beam componentsand on the predicted v /v, ratiois also presented.

2 The WANF neutrino beam Monte Carlo prediction

The genera layout of the WANF beam line, isillustrated in Fig. 1. The neutrino beam
was produced by 450 GeV/c protons interacting with a specia beryllium target. Positive
(negative) mesons, mainly 7+ and K produced in one forward direction, were focused
(defocused) by two magnetic lenses, horn and reflector, placed downstream of the target,
ina~ 290 mlong vacuum decay tunnel where neutrinos were produced.
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Figure 1: Schematic draw of the WANF beam line at the CERN SPS.

A large iron and earth shield placed at the end of the decay volume filtered out particles
other than neutrino upstream of the CHORUS and NOMAD detectors, the latter at 835 m
from the Be target.



Neutrinos in the beam originated from the decay of mesons produced through four
different mechanisms. proton-Be interactions in the target, proton interactions down-
stream of the the target in the material other than beryllium, reinteractions of secondaries
in the target and downstream of the target and prompt decay of mesons and charmed
particlesin the target area and beam dump (prompt neutrinos).

The WANF neutrino beam simulation was performed with a new Monte Carlo where the
secondary particle production in the Be target by 450 GeV/c proton beam was calculated
by a recent release of FLUKA code [6] and which accounts for the measured profiles
of the primary proton beam and the detailed structure of the target box. These particle
yields were suitably reweighted to take into account the results of NA20 [7] and SPY [8]
experiments on meson production.

Asasecond step the secondaries were propagated down to the NOMAD detector using an
especialy designed beam-line ssmulation program, NUBEAM, which includes a detailed
description of thefocusing system and of the materials of the beam-line[9]. Thisprogram,
based on GEANT 3.21 package and the 1992 version of FLUKA, GFLUKA, implemented
within it, accounted for energy losses, multiple scattering, reinteractions and decays of
particles [10]. Particular attention was also devoted to the treatment of meson production
by high energy protons escaping the target and hadronic particle reinteractions in the
beam-line downstream of the Be target. The meson yields produced in these processes by
GFLUKA were properly reweighted for the corresponding ones as obtained with the more
recent FLUKA code. The semileptonic K+ and K decays were treated in the simulation
program according to the V-A structure of the weak leptonic current and the K .3 form
factor. Pure V-A muon decays were simulated assuming that muons (produced mainly in
pion decays) are fully polarized.

In total, 3 - 107 proton interactions were generated by FLUKA and the particles
produced were propagated with this Monte Carlo code through the WANF beam-line up to
the NOMAD detector. In order to increase the neutrino yield statistics, the decay of each
particle with a neutrino among its decay products was repeated 100 times; each time the
decay mode was randomly chosen according to its branching ratios and the kinematics of
the decay generated anew. A total equivalent statistics of 3 - 10° p.o.t was studied, and the
effect of the multiplicity decay factor on statistical errors of the Monte Carlo distribution
was also properly taken into account [11].

2.1 Theprimary 450 GeV/c proton beam and the Be tar get

The primary 450 GeV/c proton beam was extracted from the SPS twice per 14.4 s cycle;
each spill, 3 mslong, contained ~ 1.8 x 10'? protons. The beam intensity was measured
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Figure 2: Average horizontal and vertical profiles of the primary proton beam as measured
at the entrance of the target box. The proton intensity on the vertical axesis expressed in
au.
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Figure 3: The Be rods structure.

with two beam current transformers (BCTs) and a secondary emission monitor (SEM)
placed just upstream of the target. The alignment of the beam with respect to the target
was checked by measuring the ratio of pulse heights in two SEM’s, one downstream
of the target and one upstream. The centering and width of the primary proton beam
on target was a'so measured periodically with a horizontal and a vertical beam scanner
each consisting of awire moved in steps across the beam. The measured proton profiles,
averaged over the 2 spills and over al data taking periods, were used as input to the



simulation program (Fig. 2). The corresponding full width at half maximum was 1.7 mm
inX and .0mminY.

The target consisted of 11 beryllium rods, each 3 mm in diameter and 100 mm
long, separated by 90 mm. The rods were supported by special Be disks, 2 mm thick, and
enclosed in an aluminum target box where they were cooled by gaseous helium flow (Fig.
3). Globally the target amounted to 2.7 nuclear interaction lengths resulting in only 6.7%
of the protons not undergoing inelastic interactions in it. The entrance and exit windows
of the box consisted of 60 mm diameter titanium foils each 0.1 mm thick. Accounting for
the measured proton beam profiles only 5.2 % of protons missed the target.
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Figure 4: Pion yields from 450 GeV/c protons on 100 mm Be target as a function of the
production angle 6 for different 7 momenta as predicted by FLUKA (histograms) and
compared with the SPY (p < 40 GeV/c) and the NA20 data (p > 67.5 GeV/c), the last
properly rescaled for the different primary beam momentum. The first number attached
to each histogram is the 7* momentum. The second number is the factor by which both
the data and the Monte Carlo prediction were rescaled to be accommodated on the plot.

The target box was surrounded laterally by iron and marble shielding slabs and in the
forward direction by a copper and an aluminum collimators which defined an average



angular acceptance of ~ 10 mrad for secondaries produced at the target.

2.2 High energy proton-Be interactions

One of the most critical element in the prediction of the neutrino fluxesis the description
of the yield of particles in proton-target interactions. Direct measurements of = and K
and p production in Be by protonswere performed with this purpose by the NA20 Collab-
oration at 400 GeV/c [7] and, more recently at 450 GeV/c, by the SPY Collaboration [8]
with a precision on the K /7 ratio of better than 3%. These measurements covered com-
plementary ranges of secondary particle momenta, from 60 GeV/c to 300 GeV/c and from
7 GeV/cto 135 GeV/c, respectively.
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Figure 5: Kaon yields from 450 GeV/c protons on 100 mm Be target as a function of
the production angle # for different values of X momentum as predicted by FLUKA and
compared with the SPY and the NA20 data (see fig. 4 for explanation of the symbols).
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The generators of hadronic interactionsin the Monte Carlo package generally repro-
duce with poor accuracy these high energy proton-Be interactions limiting the sensitivity
to neutrino oscillation searches. Detailed studies pointed out the FLUKA code as one of



the most suitable hadronic generator for these purposes[12]. FLUKA isageneral purpose
Monte Carlo package which was successfully tested over a variety of experimental data.
It contains, in particular, a detailed description of hadron-nucleon and hadron-nucleusin-
teractions which is based on the Dual Parton Model complemented by the simulation of
nuclear reinteractions [13].
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Figure 6: Proton yields from 450 GeV/c protons on 100 mm Be target as a function of
the production angle 6 for different values of momentum p as predicted by FLUKA and
compared with the SPY and the NA20 data (see fig. 4 for explanation of the symbols).

A recent version of the FLUKA code, was used to simulate theyield of secondary particles
from the interaction of 450 GeV/c protons on the 100 mm thick Be target of SPY and
NAZ20 experiments. The comparison of FLUKA simulations with SPY and NA20 data
was carried out as a function of the secondary particle momentum p and the production
angle 6 with respect to the incoming proton beam direction (Figs. 4, 5, 6). The NA20
measurements were properly rescaled for the different primary proton beam momentum.
It was found that the yields of secondary = and K agree with the experimental data at the
level of 20% or better with only a few exceptions, mostly for negative kaons or at large
momenta [12]. A lower accuracy was found for the secondary proton production but



sufficient for these purposes because they contribute only to the antineutrino components
via secondary reinteractions in the materials of the beam-line. Globally this agreement
was considerably better than that obtained with the generators of hadronic interactions
implemented within GEANT, i.e. GFLUKA and GHEISHA [12].

2.3 Thetuning of the proton-Be interactions

Correction functions to secondary particle production in the WANF Be target by the
FLUKA generator, were introduced for 7+, K*, p and p based on the observed resid-
ual differences between the predicted (FLUKA) and measured (SPY and NA20) particle
yieldsinthe 100 mm Betarget. At 67.5 and 135 GeV/c measurementswere availablefrom
both NA20 and SPY: they were found to agree within the quoted errors and therefore the
average of the two, weighted according to their errors, was considered.

The amount of the available dataislimited especially for meson production at angle
6 different from 0°. Therefore, the reweighting coefficients were calculated as a function
of particle type and momentum p only, averaging over production angle 6. For a selected
p, both the experimental and FLUKA secondary yields were convoluted with the corre-
sponding WANF angular acceptance and then integrated over all anglesup to ~ 10 mrad.
Theratio of these two integrals, r(p), was defined as the weight at a given p:

(> vi-2m0; - AD - €)pata

T(p) = (Z] yj - 271'9] CAf - fj)FLUKA, (1)

where y; is the particle yield for a selected angle 6;, A@ = 0.2 mrad is the angular ac-
ceptance of the SPY and NA20 spectrometer and ¢; is the acceptance of the transport for
the secondaries which contribute to neutrino flux at NOMAD. This parameter was deter-
mined viaMonte Carlo from the angular distribution d N/d#); of outcoming secondaries at
the Be rods which produced neutrinosin NOMAD:

_dN 1
B do; yiez'.

(2)

€

For the momentum values where only the yields in the forward direction were measured,
the weights were simply the ratios of the measured to predicted yields at 0°. This is
justified by the fact that below 40 GeV/c the dependence of the yield on the production
angleisweak for § < 10 mrad.

The next step was to fit with polynomial functions these set of weights obtained as de-
scribed above for each of the charged particles at discrete momenta, in order to have
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Figure 7: The reweighting function f for 7+, K*, p and p obtained from SPY and NA20
measurements. The weights r(p) are shown as a function of the momentum p, the curves
are the results of fitting them with combination of polynomial functions.

reweighting functions f usable at all momenta (Fig. 7). Systematic and statistical er-
rors of the experimental measurements were combined in quadrature and included in this
reweighting procedure and in the fits (see Section 4).

The K7} yields were obtained from the SPY and NA20 measurements of K and
K~ yields using a “ quark-counting” model [14]

KT+ (2n-1)K-

KO
L 2n ’

3)



where n is the ratio of u to d structure functions of the proton evaluated at x , the ratio
of the kaon energy in the centre of mass to its maximum possible energy at itsp;. This
K? parameterization is also well reproduced by FLUKA except for an offset value which
depends on the momentum, a(p). Therefore the K° reweighting function were taken to
be a combination of K+ reweighting functions, fx+(p), (Fig. 8):

fro(p) = (B4+(p) fre+(p) + B-(p) fr-(p)) - a(p) 4

where the coefficients 3. (p) are determined by n and the (K~ /K ™) yield ratio:
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Figure 8: The K reweighting function fx, asafunction of momentum p.

All the above reweighting functions were then applied on an event-by-event basisto
NUBEAM runs, toevery 7+, K+, K°, p and p emerging from atarget rod as aresult of the
450 GeV/c primary proton interaction, as afunction of the produced particle momentum,
and their effects propagated to the neutrino yield in NOMAD detector. Overall ~ 92% of
Yy, ~ 90% of v,, 65% of 7, and 75% of 7, in NOMAD resulted from this reweighting
procedure of the first parent produced inthe p — Be interactions.
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Neutrinos produced from mesons and charmed particles which decay in the target box or
in the beam dump (prompt neutrinos) were treated separately. The remaining neutrinos
originated essentially from neutrons produced in the primary p — Be interactions, not
affected by the reweighting functions, and by secondary particles generated in the primary
protons interactionsin the beam line materials downstream of the target.

2.4 Prompt neutrinos

The decays of charmed particles produced at the Be target and at the beam-dump as
calculated by FLUKA package contributed to neutrinos in NOMAD at the percent level.
Asaresult of acomparison of charm production by p — Be interaction in FLUKA with the
existing data, the charmed particle production cross-section was taken to be 0.45 mbarn.
The total neutrino contribution from this source, including aso the neutrinos from kaons
decays in the target box, was small: 0.2% for v, 2.7% for 7, 1.7% for v, and 6.7% for

7.

2.5 Interactions of high energy protons and particle reinter actions downstream of
the Be target

A fraction of primary protons, which either did not interact in the target or missed it
geometrically, interacted in the beam-line elements downstream of the Be target, essen-
tialy in the neck of the horn. Their impact on the antineutrino components of the beam
was expected particularly large since the mesons of the “wrong” sign (the negative ones)
produced in these interactions are not (or only weakly) defocused and have alarger prob-
ability of entering the decay tunnel with respect to the negative mesons produced at the
Betarget. Similarly, the reinteractions of secondary particles in materials downstream of
the Be target contributed mainly to the antineutrino component. Therefore, an accurate
description of the beam line elements and of the particle yields from these interactions
was essential. Both these high energy proton interactions (p > 440 GeV/c) and particle
reinteractions were simulated in NUBEAM by GFLUKA (asimplemented into GEANT3
package) and corrected by the corresponding differences between FLUKA and GFLUKA
predictions. In the first case the particle production was corrected by the ratios of the
particle yields (Be data as integrated over the WANF acceptance ~ 10 mrad) as a func-
tion of the particle momentum (Fig. 9). In the second case specia simulation runs were
performed with both FLUKA and GFLUKA packages in which the material of the beam
line was replaced by a 0.5 \; aluminum dlab placed at the position of the neck of the
horn. This configuration corresponded to the average amount of material traversed by
mesons in the WANF downstream of the Be target at a distance corresponding to the most

11



likely reinteraction point. The GFLUKA to FLUKA reweighting functions for reinterac-
tions were the ratio of the momenta distributions as determined by the two codes for the
different emerging mesons (Fig. 10).

The obtained correctionswere applied on an event-by-event basisin the standard NUBEAM
runs, as momentum dependent weights to 7’s and K’'s produced downstream of the Be
target by high energy protons and particle reinteraction processes. As a result about 3%
of both thev,’sand the v.’s at NOMAD were found to originate from proton interactions
downstream of the Be target. The corresponding contribution was, as expected, larger for
the antineutrino flux, more than 15% for 7,, and about 10% for 7, flux.

I

T
|

|

E —— 4 ;
075 - T :
E - -+ 3 F e
05 — F L
r -+ 2 E —
0.25 } —+ —|_ 1 :_______—’— — +—|——|_
0 :\ I — ‘ L L ‘ | I - ‘ I ‘ L1 O :\ I — ‘ I ‘ | ‘ I ‘ L1l
0 100 200 300 400 0] 100 200 300 400
p (GeV/c) p (GeV/c)
1 F
F— 1 —
075 [ — - E— K—
' : T 075 F —
C —+ C —_
05 —+ 05 -
L —+ r -
0.25 — —+ r
. L | o0z | Rt
C r —+
O I ‘ L L ‘ | I - ‘ I ‘ O N ‘ I ‘ | ‘ \AA_I_L_‘ L
0 100 200 300 400 0] 100 200 300 400
p (GeV/c) p (GeV/c)
1 = <o
0.75 - Ty 1
05 -
025 [ +
O :\ I — ‘ | I ‘ I ‘ | I ‘ -
100 200 300 400
p (GeV/c)

Figure 9: The ratios of FLUKA to GFLUKA high energy proton interaction yield as a
function of the momentum p.

Similarly, secondary interactions in the materials downstream of the Be target pro-
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duced about 10% of v,’s, 12% of v.’s, ~ 45% of
spectrum of these neutrinos was significantly softer than the one of neutrinos produced in
the decay of mesons which did not experience secondary interactions. The average ener-
gies of these two components of the flux were, respectively, 16.7 GeV and 25.2 GeV for
v, and 19.4 GeV and 39.6 GeV for v.. Sincear, — v, oscillation signal would manifest
itself as an excess of v, events at low energies, an accurate description of the material

7,’s and 24% of

downstream of the Be target was crucial to v, — v, oscillation search.
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3 Neutrino beam flux and composition

According to FLUKA and NUBEAM simulation with the reweight procedures described
above, the spectra of the four beam neutrino componentsv,,, v, v. and v, at the NOMAD
detector in a2.6 x 2.6 m? transversal fiducial area were determined (Fig. 11). The cor-
responding average energy and relative abundances values and their sources (last parent
decay) are reported in Table 1 and 2. It follows that:
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Figure 11: Composition of @) v, b) 7, c) v, and d) 7, spectraat NOMAD within the
transversefiducial area. The single charmed hadron sources, globally at percent level, are
not shown.

e The,s, 0.94 x 1072 v,/p.o.t with an average energy of 24.3 GeV, are mainly
produced via two body decay of =+ (90.4%) and K* (9.5%): neutrinos from 7+
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(K) dominate the v, spectrum up to (above) 60 GeV/c.

¢ Due to the defocusing of the horn and reflector and a lower negative meson cross
section production, the 7, fractionisonly ~ 6.8% with an average energy of ~ 17.2
GeV. Similarly to v, production, 7,,s are produced via 7~ and K~ decays. An
appreciablefraction isproduced by K9 and charmed hadronswhich are not affected
by the defocusing and .+ decays (from 7).

e Theintrinsic v, component is expected to be about 1.0% of the total neutrino beam
flux, the average energy is 36.4 GeV. However this contamination is reduced to
0.5% below 20 GeV. The v, to v, ratio as a function of the neutrino energy is
shown in Fig. 12. The main contributions are from K (68.0%) and K% (17.8%)
decays, followed by muon (13.6%) and charmed and hyperon (0.6%) decays.

e The principal source of the 7., less than 0.3% of the neutrino flux, is the K'Y,
(68.2%) followed by K _; (25.1%), charmed hadron (3.2%) and muon (3.5%) de-

cays.

Neutrino intensity [v/p.o.t] < E, >[GeV] relative ab.

v 0.94 x10 2 24.3 10

7, 17.2 0.0678
Ve 36.4 0.0102
7, 27.6 0.0027

Table 1. Predicted intensity, mean energy and relative abundances for neutrino fluxes (1-
300 GeV neutrino energy range) within the 2.6 x 2.6 m? NOMAD transverse fiducial
area.

Neutrino 7+ 7 K" K K} u°f o

v, 94 - 95 - 01 - <Ol
7, - 840 - 128 19 12 -
Ve - - 68 - 178 136 -
7, - - - 251 682 - 35

Table 2: Origin of the four neutrino species (last parent decay).

It was evaluated by previous studies that the use of GFLUKA instead FLUKA
as hadronic generator overestimates the neutrino flux by ~ 15% [12]. The tuning of

15
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FLUKA to SPY/NAZ20 data further reduces the neutrino yield by ~ 4% and introduces
large energy-dependent variations especially on 7,,. The prediction of v, /v, energy de-
pendence (Fig. 12a) isaso modified by up to ~ 10% (Fig. 12b).

4 Systematic uncertainties evaluation of the neutrino beam

All the systematic uncertainties connected to the neutrino production processes, namely
the p-Be interactions in the target, proton interactions downstream of the the target, rein-
teractions of secondariesin the target and long the beam-line and prompt decay of mesons
and charmed particlesin the target area and beam dump, were studied and are described in
the following Sections. Additional sources of systematics, such as those arising from the
position of the beam relative to the target and from the propagation of secondary mesons
through the WANF beam line (horn and reflector position and currents, materials, etc.)
are also presented.

4.1 Systematicsfrom p-Be secondaries production and prompt neutrinos

The major contribution to the systematic uncertainties of neutrino flux prediction is ex-
pected from the secondary particle production in Be rodswhich generated, by direct decay
of the mesons produced or by their successive reinteractions and decays, more than 95%
of the total neutrino flux in NOMAD.

Regarding to the 7%, K* and p production from 450 GeV/c protons on Be target, two
error sources affected the adopted reweighting procedure:

e the statistical and systematic uncertainties of NA20 and SPY measurements, A g4
and Al,syst;

¢ the systematic uncertainty arising from the use of a single angle-independent cor-
rection r(p) for each momentum and particle type, A,.

Both these uncertainties were momentum and particle type dependent.

Thefirst step in the error calculation was to identify the systematic uncertainty A g5 of
SPY and NA20 data directly affecting this analysis, that did not cancel inthe v, /v, ratio,
namely those due to particle selection efficiency and identification, particle dependent
losses along the spectrometer, particle decays and stability of the intensity of the primary
proton beam and of its positionrelative to thetarget. Globally 1.8% of error, mainly dueto
the absolute p.o.t calibration and to the primary proton profile, was removed in quadrature
from the full relative errors quoted in the SPY and NA20 experiments (see Table 3, 4).
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P: 7 10 15 20 30 400 675 135 225

GeVic
(A1) stat 0.010 0.010 0.003 0.003 0.005 0.003 0.004 0.004 0.005
(A1) syst 0.096 0.079 0.098 0.078 0.057 0.046 0.051 0.062 0.065
Ay 0.007 0.007 0.004 0.007 0.014 0.020 0.089 0.056 0.091

Table 3: Statistical and systematic relative errorson 7+ yields.

P: 7 10 15 20 30 40 675 135 225

GeV/c
(A1) stat 0.045 0.025 0.028 0.019 0.014 0.009 0.010 0.010 0.005
(A1) syst 0.089 0.079 0.095 0.080 0.058 0.049 0.059 0.066 0.065
Ay 0.035 0.035 0.013 0.035 0.055 0.042 0.071 0.080 0.107

Table 4: Statistical and systematic errorson K * yields.

The uncertainty A, arising from the r(p) procedure, was estimated as follows. For mo-
menta where angular scans were available, the uncertainty A, was estimated as the root
mean square deviation between the individual angular measurements y; available at that
momentum p and the corresponding FLUKA valuesrescaled by the reweightingratio r(p)
as calculated below:

n 0. - ¢
AZ _ (yiDATA . yZFLUKA . 7”)2 . % (7)
’ Z > 0i €

For momenta where only the 0° angle was measured, A, was taken to be the difference
between the 0° point and the single-valued reweighting at the angular scan nearest in
momentum. Finally all these errors were combined in quadrature to obtain the global
resulting error A relative to each r(p) single-value for each particle type (see table 5):

A = \/A%,stat + A%,syst + A% (8)

The systematic uncertainty on the neutrino flux predictions at NOMAD arising from A
and from the use of afit procedure to interpolate between the discrete experimental mea-
surements of SPY and NA 20 was then evaluated as follows. First the following quantities
were cal cul ated:
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P: 7 10 15 20 30 40 675 135 225

GeV/c
7t 0.097 0.080 0.098 0.078 0.059 0.050 0.103 0.084 0.112
K+ 0.106 0.090 0.100 0.089 0.081 0.065 0.093 0.104 0.125
D 0.106 0.090 0.103 0.084 0.073 0.084 0.137 0.124 0.090
T 0.103 0.079 0.099 0.048 0.075 0.065 0.100
K~ 0.146 0.096 0.098 0.058 0.105 0.083 0.081

Table 5: The A global errors as afunction of p for 7+, K* and p.

e the distributions of neutrino fluxes at NOMAD ¢, (v = v,, 7, v., 7.) Were gen-
erated using NUBEAM and the value of the reweighting functions obtained using
the fit as described in the Section 2.3;

e for each neutrino reaching NOMAD the two-dimensiona distribution A 4, (p, E)
was filled as afunction of its parent momentum p at the Be rod and of itsenergy £
according to the neutrino and parent type (par = 7+, K*, K°, p);

e the component of the v fluxesin NOMAD, ¢!, not affected by the reweighting (re-
maining first parents at the Be rod, prompt neutrinos and p-Be interactions down-
stream of the target) which error was separately evaluated, were determined.

Then three thousand “ simul ated experiments” were performed; each such experiment con-
sisted of the following steps:

e the discrete measurement of the r(p) yield ratios were modified at random about
their central value according to Gaussians with A errors as standard deviations and
the fits repeated. This resulted in a new prediction for 7+, K+, and p according to
the new set of reweighting functions £ (p). In this procedure the normalization
of the K™ and K~ fits were further modified at random according to a Gaussian
of 1.2% width to take into account the uncertainty in K .3 branching ratio. The
K° predictions were recalculated by using the new K+ and K~ prediction into
the quark-counting formula together with an additional uncertainty generated at
random according to a Gaussian with a standard deviation of 15% (the accuracy of
the formula);

e thevariations f¢!/ f relativeto r*, K*, K, and p were propagated to the neutrino
flux viathe corresponding M, (p, E) distributions; a new energy dependent flux
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prediction at NOMAD was obtained for each neutrino species by integrating the
modified distributions M over the parent momentum and type

tmal ftmal( ) 0
Oy Z Z Mpar,(p, E f(p) " par T 0,(E) 9)

par

where ¢? isthe unperturbed neutrino flux;

in order to separate the uncertainty into an energy dependent uncertainty and an
overall normalization uncertainty, the new integral flux of each neutrino species
was compared to theintegral flux obtained with the central fits f(p):

_ p o (E)
Y Sem o

these IV, ratios were used to renormalize the energy dependent fluxes of the simu-
lated experiment to that of the central value:

¢1t/rial,norm(E) — ¢Z7"ial(E) -N, (11)

and to extract, by comparing these quantities to the corresponding central values,
the energy dependent prediction associated to thistrial:

¢Itjrial,norm (E)

wB) = B+ o)

(12)

which was evaluated at £ = 10, 20, 30,... GeV neutrino energy.

The energy dependent prediction of the v, /v, ratio was also obtained for the simulated
experiment, as well as the corresponding normalization factor for the v, to v, rétio, N, ,.
In Fig. 13, are shown some relevant plots for a 7 reweighting variation and the corre-
sponding one for the v, flux.

Repesating this procedure for 3000 trials resulted in an envelope of predictions for each
neutrino species and for the v, /v, ratio from which the energy dependent systematic
uncertainty at 68% C.L., A,, was extracted. At any neutrino energy it was taken as the
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r.m.s. with of the envelop at that energy. In Fig. 14 are reported the plots of error band
A, asafunction of the neutrino energy for v, 7, v., 7. and v, /v,,.

The normalization uncertainty for each neutrino species and for v, /v, ratio was deter-
mined as the standard deviation of the distribution of the 3000 values of the correspond-
ing integral flux ratio N, (Fig. 15 and Tab. 6). Their standard deviations are 0.029 for
v, 0.017 for 7, 0.035 for v,, 0.060 for 7, and 0.036 for v, /v,. Due to correlations be-
tween the origins of v, and v, fluxes, the uncertainties on the v, /v, ratio is smaller than
the uncertainties on the individual v, and v, fluxes. The standard deviation is smaller
for 7, than v, because this uncertainty only refers to v, and v, originating from meson
produced in the p-Be interactions in the target and, as explained previously, the fraction
of v, at NOMAD from this source is smaller than the corresponding one from v,.

The systematic uncertainty arising from the yields of the remaining particles pro-
duced at a Be rod other than pions, kaons and protons, essentially neutrons muons and
antiprotons (referred to as “others’) which contributed marginaly to neutrino flux, was
also subdivided into a normalization and a energy-dependent component. The first error
was evaluated by increasing their contributions to neutrino spectra by 10% (see the next
Section) resulting in a contribution to the total error of 0.4%, 1.5%, 0.9% and 0.1% for
vy Uy Ve, U, @ v, /v, ratio. The corresponding energy dependent error (Fig. 16) were
accounted for by increasing the “others’ contribution by 11.2% (see the next Section).

Concerning the prompt neutrinos produced essentialy by charmed particles and
kaons which decay in the target box and at the dump, a conservative uncertainty of 50%
and 20% was assumed for the charm and kaons production respectively, resulting in an
energy dependent almost negligible error for v, and v, and v, /v, ratio. (fig. 17).

4.2 Systematics from 450 GeV/c protons interactions and particle reinteractions
downstream of the target

Both high energy protons interactions and secondary particle reinteractions in the beam-
line materials downstream of the Be target were ssmulated by GFLUKA and the estimates
then corrected by the ratio between FLUKA and GFLUKA predictions. The secondaries
reinteractions in the target area were directly treated with the FLUKA code. The yields
of mesons from these three sources could not be corrected by the reweighting factors f
obtained from SPY and NA20 measurements since these experiments did not measure
proton interactions in materials other than beryllium nor interactions of particles other
than protons. However the determined reweighting factors f for FLUKA to SPY and
NAZ20 data can be used to estimate the uncertainty on the neutrino fluxes from these
three sources. For each produced meson type, the two quantities D,,,,.., the maximum
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deviation from unity of the reweighting function f between 20 and 100 GeV/c and D .,
the corresponding average deviation from unity, were determined from Fig. 7. D,,.»
was 10.0%, 15%, 17%, 27% and 26.6% for =+, K+, 7—, K~ and K? respectively. The
corresponding values for D,,. were 5.8%, 4%, 15.3%, 26.5% and 22.6%. The values
15.9% and 10.0% were assigned to “others’.

Since the neutrinos produced by 450 GeV/c proton interactions downstream of the
target affected the overall neutrino spectra similarly at all energies, the corresponding
error was included wholly as a normalization error. Therefore the momentum spectrum
of each meson type resulting from these proton interactions was modified by D,,,. for
all momenta and the effect on the integral flux of each neutrino flavor was determined.
Then the integral error on each neutrino flavor and on the v, /v, ratio were determined by
adding in quadrature the contributions from all the meson types.

The contributions of secondary reinteractionsin the Be target and downstream of the
target to the overall neutrino fluxes were found to be very energy dependent. Thereforethe
corresponding uncertainties were split into a normalization part, which was determined as
for proton interactions downstream of the target, and an energy-dependent term. For the
second term, the quantity Dpepe = +/D2,,. — D2,. Was determined for all the involved
particles: 8.1%, 14.5%, 7.4%, 5.2%, 14.0%, and 11.2% for =+, K*, ==, K, K} and
“others’, respectively. The momentum spectrum of each meson type resulting from these
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reinteractions was modified by D, for al momenta and the effect on the integral flux
of each neutrino flavor was determined. Finally the energy dependent uncertainty on each
neutrino flavor and on the v, /v, ratio were determined by adding in quadrature all the
contributions from the meson types.

vy v, Ve Ve VeV
Source of uncertainty
Yields of secondary particles 0.034 0.029 0.039 0.064 0.036
Proton int. downstr. of thetarget | 0.002 0.024 0.003 0.013 0.003
Reinteractions of secondaries 0.014 0.070 0.017 0.067 0.018
Beam position and divergence 0.056 0.021 0.058 0.035 0.002
Collimators, horn and reflector | 0.007 0.034 0.015 0.024 0.011
Amount of materia 0.012 0.022 0.007 0.012 0.005
Total 0.068 0.091 0.074 0.103 0.042

Table 6: Different contributions to normalization errors for neutrino fluxes.

4.3 Other sources of systematics

The uncertainty in the proton beam position relative to the target, was determined by the
resolution of the mini-scan monitoring system used: o = 0.25mm. The beam displace-
ment AX = +0.25 mm in the horizontal plane produced, as expected, a variation of
5.6% on v, and 5.8% on v,, and alittle less for 7, and 7, that are mainly produced in
the tertiary interactions. These values were included as normalization uncertainties (see
tab. 6). It aso resulted in an energy-dependent error of up to 2.3% on the v, /v, ratio
(Fig. 19). A displacement of the proton beam by AY = +0.25 mm in the vertical plane
resulted in negligible effects on the neutrino fluxes. The effect of the uncertainty in the
angular divergence of the primary proton beam on the neutrino fluxes was also found to
be negligible.

The effect of the uncertainties in the current stability in the horn and reflector
(£2%), the magnetic field inside their inner conductors, and of the alignment of collima-
tors (=3 mm), horn and reflector (upper limit 1 mm) were carefully studied [9]. Globally
normalization errors which amount to 0.67%, 3.36%, 1.53%, 2.39% and 1.11% for v,,, 7,,,
Ve, 7, and v, /v, respectively were found.

Moreover the size of the possible inaccuracies in the simulation of the beam line
elements was estimated by studying the differences between the measured and predicted
spectra of 7, CC and 7, CC events, the most sensitive to secondary interactions in the
beam-line. As a result the amount of material possibly missing in the ssmulation was
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determined not to exceed the equivalent of a1 cm thick aluminum slab placed downstream
of the reflector, which produced avariation of 1.2% for v, and 0.6% for v, and only 0.5%
of v, /v, rétio.

4.4 Summary of systematic uncertainties

All the systematic uncertainties described above, subdivided into energy-dependent and
normalization (energy-independent) errors, were then combined in quadrature (see Figs.
20, 21 and Table 6). The resulting total normalization uncertainty was 6.8%, 9.1%, 7.4%
and 10.3% for v,, 7,, v, and 7. respectively. Globally the fluxes of the four neutrino
flavors at NOMAD were predicted with an overall uncertainty of about 8% for v, and v,
10% for 7,,, and 12% for 7, (energy-dependent and normalization errors combined). The
energy-dependent uncertainty achieved on the v, /v, ratio ranged from 4 to 7% whereas
its normalization uncertainty was 4.2%.

5 Comparison with data and conclusions

Neutrino interactionsin the NOMAD detector were generated via Monte Carlo according
to the energy spectra and radial distributions as calculated for each neutrino species and
the results were analyzed and compared to the data collected in NOMAD [4] with both
polarities of the focusing devices and also with horn and reflector switched off [9]. Glob-
ally NOMAD studied more than 830000 charged current (CC) muon neutrino interactions
in the positive focusing mode, ~ 27000 muon antineutrino CC-interactions in the nega-
tive focusing mode and ~ 1600 muon neutrino CC-interactions with horn and reflector
off.

The neutrino energy was approximated by the “visible energy”, defined as the sum of the
energies of the charged lepton and of the hadrons observed in the final state. Since the
v, — v, oscillations were looked for as an excess in the v /v, ratio, the Monte Carlo
distribution of v, CC events was normalized, in the positive focusing, to the number of
v, CC eventsin the data. The other Monte Carlo neutrino components were rescaled
according to this v, CC normalization.

The comparison of the measured and the predicted neutrino energy spectra with positive
focusing shows that the results of the ssimulations are in very good agreement with the
data (Fig. 22). The shape of the v, CC energy spectrum is predicted to better than 2% up
to 150 GeV/c. The only statistically significant difference, of up to 8% but smaller than
the estimated systematic uncertainty, is observed in the 7, CC. Both the shape and the
total number of 7, CC events are well reproduced, confirming the validity of the adopted
K? description. Similar agreement was found in the negative focusing and horn/refl ector
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off samples[9], confirming the validity of the beam line ssmulation and allowing for the
possibility to perform a sensitive search for the v, — v, oscillations at the WANF.
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Figure 22: Left: neutrino energy spectra (left) for the data (points with error bars) and the
Monte Carlo (histogram) for v,,,u CC, 7,, CC and 7, CC interactions in neutrino mode
and their corresponding ratios (right). Only the statistical errors are shown.

The corresponding v.'s energy distributions for the data and the Monte Carlo as resulted
inthe v, — v, analysisare shown in Fig. 23 [15].

This WANF study was aso relevant for the design and study of the expected per-
formances of the new v, beam CNGS [16] from CERN SPS to Gran Sasso underground
laboratory. In particular the normalization uncertainties of the v, and v, could be reduced
significantly through a better knowledge of the beam position or a wider target in order
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to minimize the number of protons missing it. Uncertainties as small as ~ 4% for v, flux
and ~ 3% for thev, /v, ratio can be predicted for the CNGS beam due to longer base-line,
where the contribution of K? and of particle reinteractions are strongly reduced, and to
the improved beam optics.
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Figure 23: Neutrino energy spectra for the data (points with error bars) and the Monte
Carlo (histogram) for v, CC. The Monte Carlo distribution is normalize using the pre-
dicted relative v, /v,,. Only the statistical errors are shown. The background contribution
is shown in the hatched histogram.
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