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Abstract

Updated results from the appearance searches for v, — v, and v, — v; oscilla-
tions in the full NOMAD data sample are reported. The increased data and the use
of more refined kinematic schemes for the v, CC selection allow a significant im-
provement of the overall sensitivity. The “blind analysis” of both the deep-inelastic
and the low multiplicity samples yields no evidence for an oscillation signal. In the
two-family oscillation scenario, this sets a 90% C.L. region in the sin? 20, — Am?
plane which includes sin® 20, < 44x 10~% at large Am? and Am? < 0.8 eV?/c?
at sin? 20, = 1. The corresponding contour in the v, — v, oscillation hypoth-
esis results in sin®26,, < 2.2 x 1072 at large Am? and Am? < 6.5 eVQ/c4 at
sin? 20, = 1.

Key words: mneutrino oscillations

1 Introduction

The v, appearance search for neutrino oscillations in NOMAD relies on the
identification of v, charged-current (CC) interactions using kinematic criteria.
Recent searches for v, — v, [1] and v, — v, [2] oscillations, based on about
950 000 v, CC interactions in the detector fiducial volume, yielded no evidence
for oscillations.

In this letter we report a new search for v, — v, oscillations in the full
NOMAD data sample collected during the 1995, 1996, 1997 and 1998 runs
which corresponds to about 1 040 000 events with an identified muon and
to about 1 350 000 v, CC interactions, given the combined trigger, vertex
selection, and muon detection efficiency of about 77%. This analysis includes
both deep inelastic (DIS) interactions and low-multiplicity events (LM). The
enlarged data sample was supported by an increase in the number of the
simulated Monte Carlo (MC) neutrino interactions with respect to Ref. [1],
leading to a corresponding improvement in the kinematic selection of v, CC
events and to a more accurate estimation of the different background sources.
The analyses described in Ref. [1] were then replaced by more sensitive ones
(see Sec. 4.4).

In the context of a two-flavour approximation, we then reinterpret the v, — v,
result in terms of v, — v, oscillations, by assuming that any observed v, signal
should come from the small v, component of the beam [2].



2 NOMAD detector

The NOMAD detector is described in Ref. [3]. Inside a 0.4 T magnetic field
is an active target (2.7 tons) of drift chambers (DC), followed by a transition
radiation detector (TRD) [4], a preshower detector (PS), and an electromag-
netic calorimeter (ECAL) [5]. A hadron calorimeter (HCAL) and two muon
stations are located just after the magnet coil.

The neutrino interaction trigger [6] consists of a coincidence between signals
from two planes of counters located after the active target, in the absence of
a signal from a large area system of veto counters in front of the NOMAD
detector.

3 Neutrino beam and event samples

The estimated relative beam compositionis v, : v, : v : .= 1.00:0.061 : 0.0094:
0.0024, with average neutrino energies of 23.5, 19.2, 37.1, and 31.3 GeV, re-
spectively [7]. For the analyzed data sample, it corresponds to about 34 000 v,
CC, 20 000 v, CC, and 2100 7, CC interactions, and to a total of 485 000 neu-
tral current (NC) interactions. Neutrinos are produced at an average distance
of 625 m from the detector. The prompt v, component is negligible [8].

High statistics MC samples have been generated in order to estimate the
background contributions from neutrino interactions. The size of the simulated
samples exceeds the data sample by a factor of about 3 for v, CC interactions,
7 for NC interactions, 10 for 7, CC and v, CC interactions and 100 for v,
CC interactions. In addition, about 10° v, CC events have been generated for
each 7~ decay channel. Details of these simulations can be found in Ref. [1].

4 Analysis principles

The search for v, CC interactions is performed by identifying the 7 decays
e Uelr, h™(nm®) v, and h~h*h~ (n7%)v,, for a total branching ratio of 82.8%.
Neutrino interactions in the active target are selected by requiring the presence
of at least one track in addition to the 7 decay products, having a common
vertex in the detector fiducial volume. Quality cuts are then applied to en-
sure that the selected events are properly reconstructed. These requirements,
based on approximate charge balance at the primary vertex and on the es-
timated momentum and energy errors, typically remove about 15% of the
events. Events containing a primary track identified as a muon by the muon



stations are also rejected. The candidate particle or system of particles 7y
consistent with being produced in 7 decay is then identified and the associ-
ated hadronic system H is built. The final discrimination between signal and
background is achieved by using appropriate kinematic variables. For each 7
decay mode two independent analyses are performed in the DIS and LM sam-
ples, which are separated by a cut on the total hadronic momentum p at 1.5

GeV/c.

4.1 Kinematic variables

The kinematic selection in each 7 decay mode is based on a set of global vari-
ables which describe the general properties of the momenta of the candidate
v and of the hadronic system H in the laboratory frame. The proper sets of
variables are selected from the following list:

o F, the total visible energy of the event.

e p™V and p”, the total momentum of the wvisible tau decay product(s) and of
the associated hadronic system respectively.

e E™ the total energy of the visible tau decay product(s).

e yp;, the ratio between p” and the total visible energy.

e p7’ and p#, the components of p™ and p perpendicular to the neutrino
beam direction.

e p, defined as —(p7¥ +p#) and interpreted as a measurement of the “miss-
ing” transverse momentum due to the neutrino(s) from 7 decay.

° p}”H, the component of the missing transverse momentum parallel to the
transverse momentum of the 7 candidate.

e My, the transverse mass (given by M2 = 4p%Y p sin® (¢, m/2), where ¢, is
the angle between p;¥ and pJ*, when assuming massless decay product(s)).
For true 7 events, My < m,, up to detector resolution and Fermi motion
effects.

e ()7, the component of p™v perpendicular to the total visible momentum
vector (including 7v).

® Qrep, the component of p™ perpendicular to p. Its function is very similar
to Qr, but it is more useful when p” is small.

® O 1, Omu, the angles between p# and p;” and pi?, respectively [9].

e Ratios p,,, pu and p,, of the transverse momenta p¥, pH and p/' and
their sum (p7 + pH + pm).

e Ratios of linear combinations of the transverse momenta o = (p¥ —pi*) /pH
and i = (pr" — pf +pf)/ (o7 + o7 +pF).

o The asymmetry p§* = (p7” —pi')/(p7" + p1').

e 0,7, the angle between the neutrino beam direction and the total visible
momentum vector of the event.

e 0,p, the angle between the neutrino beam direction and the hadronic jet.



® 0,.,, the angle between the neutrino beam direction and the 7y momentum
vector.

e 0., m, the angle between the hadronic jet and 7v.

® 0.1, the minimum angle between 7y and any other primary track h; in the
event.

In addition, variables describing the internal structure of the candidate 7 can
be used, where applicable, in order to increase background rejection.

4.2 Statistical analysis of data

Since internal correlations within the chosen set of variables reduce the overall
rejection power of individual cuts, variables are combined into global discrimi-
nating functions for each 7 decay mode. An unbinned multi-dimensional likeli-
hood ratio would give the optimal result. However, the available MC statistics
and practical difficulties impose some approximations. For most channels the
likelihood functions, £, entering the likelihood ratio are built from one, two,
three or four dimensional (1D, 2D, 3D, 4D) probability density functions (pdf),
which in the following are denoted by a square bracket. The true likelihood
function is then often approximated by the product of the considered pdf’s
(denoted by the product of the corresponding square brackets). Alternatively,
in order to avoid the factorization approximation, a direct combination which
takes into account residual correlations between the partial pdf’s is used for
the most sensitive channels. As is common practice, the logarithm of the final
likelihood ratio, In A, is used.

A different approximation is based on artificial neural networks (ANN) which
receive the original set of variables as an input. A larger set of variables is
generally required with this approach.

A likelihood fit to the tail of the final discriminating functions with separate
signal and background contributions can increase the statistical power of the
search. Since few events are expected in the relevant region, the likelihood fit
is approximated by a binning which exploits any variation of the signal to
background ratio along the tail of the distributions. The corresponding bins
are then considered to be statistically independent.

4.8  Data simulator

Our Monte Carlo simulator of v interactions does not describe well enough
the properties of the produced hadrons [3]. In order to reliably compute back-
ground rejections, based on the hadronic system, as large as 10°, the MC



results are corrected using a data simulator based on the data themselves [1].
We perform this correction by using a sample of v, CC events from the data,
removing the identified muon, and replacing it with a MC-generated lepton ¢
of appropriate momentum vector, where ¢ can be a v, an e~ or a 7~ decay.
All these samples are referred to as the Data Simulator (DS).

The same procedure is then applied to reconstructed v, CC MC events, the
Monte Carlo Simulator (MCS). In order to reduce systematic uncertainties,
signal and background efficiencies € are then obtained from the relation € =
emc X eps/emcs. For selected events, the factor epg/emcs is within 14% of
unity for 7 decay events, but can be as large as 1.8 for background events. !
The errors on background predictions given in the tables reflect the statistical
uncertainties from both MC and DS.

4.4 Awvoiding biases

The study of data events in the kinematic region where a signal is expected
may introduce biases in the event selection resulting in incorrect background
estimates. In order to avoid this problem a procedure referred to as “blind
analysis”, described in Ref. [1], is used for each 7= decay mode. According to
this procedure, data events inside the signal region (the “blind region”) cannot
be analyzed until all the selection criteria are defined and the robustness of
the background predictions is demonstrated outside this region. A search for
v, — v, oscillations, where no 77" signal is expected because of the small v,
content (see Sec. 3), is used as a control sample. The definition of the final
cuts is made by optimizing the sensitivity to oscillations. This is defined as the
average upper limit on the oscillation probability that would be obtained, in
the absence of a signal, by an ensemble of experiments with the same expected
background [11]. In general, several independent analyses are performed within
the same decay channel. This allows at the same time a further cross-check
of results and an upgrade of the v, search. The sensitivity to oscillations
provides the final criterion for any choice between different analyses or for the
replacement of a previous analysis by a newer one. The choice is made before
looking at data events falling in the signal region. This rule was strictly applied
to each of the changes introduced in the analyses with respect to Ref. [1].

In addition, the final efficiency evaluation for signal and background is per-
formed with fully unbiased MC samples, statistically independent from those
used to define the selection criteria.

! The net correction factors for total background in each DIS analysis are 1.8
for 77 — e vy, 1.2 for 7~ — h7v, 1.7 for 77 — pTv,, and 1.4 for 77 —

h=h*h~(nm°)v,.



Table 1

T~ — e Uevr DIS search: Number of data events and of the corresponding
expected background events (from data sample sizes of Sec. 3) as a funcion of cuts.
In the v, CC and NC columns, small contributions from v interactions are included.
The corresponding 7~ — e~ v, signal efficiency (%) and the effect of the selection
on the 77 control sample are also shown. The numbers quoted for the initial selection
are only partially corrected with the Data Simulator.

Sample vr CC e CC ve CC v, CC NC Tot Bkgnd Data
Charge - - + - + - + - + - +
e* ID 200 2710 340 53 149 110 115 2873 604 2527 570
Preselection ~ 12.9 745 83 37 112 95 101 877 296 874 303
mANC >25 95 454.3 49.5 4.0 30.0 35 4.1 461.8 83.6 464 86
InASC >3.0 36 53405 0.7+02 00707 38+18 00707 35+1.6 53707 80+24 5 9

5 T~ — e v.v, DIS channel

The search for 7= — e~ v, proceeds with the preliminary identification of
the prompt electron in events with no other prompt leptons, followed by kine-
matic rejection of backgrounds. The first step is intended to select genuine
and well measured electrons whose topology can be efficiently exploited by
the kinematic selection.

5.1 Prompt electron identification

The identification of the electron candidate is performed according to strict
criteria which were partially improved with respect to those described in Ref.
[1]. Primary electrons are defined as DC tracks with p > 1.5 GeV/c which
are associated to the primary vertex and satisfy requirements based on: TRD
identification algorithms [4]; the PS pulse height [5]; the ECAL cluster shape
[10]; and consistency between the associated electromagnetic (EM) energy
and DC momentum of the candidate. Overall, these requirements achieve a
charged pion rejection factor of more than 10%.

Secondary electrons from Dalitz decays and from photons converting close to
the primary vertex are suppressed by requiring that the candidate electron
does not form an invariant mass of less than 50 MeV/c? with any particle of
opposite charge.

These requirements yield an efficiency of 20% for prompt electrons from 7= —
e~ vev,, while accepting only 2.9 x 1075 of v, CC and 2.0 x 10~ of neutral
currents (line 1 of Table 1).



5.2  Kinematic selection of 77— — e DU,

The selection of 7= — e~ v, 1, decays is performed by constructing likelihood
ratios which exploit the full topology of the event. The kinematic variables
entering the corresponding pdf’s are chosen on the basis of their internal cor-
relations, which are globally taken into account by the likelihood functions.

Events selected at this stage of the analysis are mostly v, CC interactions,
with a genuine primary electron, and NC events, with an electron from pho-
ton conversion or m° Dalitz decay. In v, CC events the electron is typically
well-isolated and balances the momentum of the hadron jet in the transverse
plane. On the other hand, in NC interactions the electron is embedded in
the hadron jet with transverse momentum almost aligned with it. The signal
has intermediate properties between these two extremes since neutrinos carry
away transverse momentum and the sizeable 7 mass introduces a component
of the electron momentum perpendicular to the 7 direction, thus reducing its
isolation.

In order to distinguish the two background sources from signal we implement
an event classification with the use of two distinct likelihood functions. The
first function is designed to separate signal from NC events:

'Cévc = [[[euTa GVH]a ethm QT]’ Mr, ETV]

and includes mainly longitudinal variables. This is motivated by the significant
contribution of these variables to isolation and by the need to avoid strong
biases on the transverse plane which would worsen the v, CC rejection. For
each event, a likelihood ratio AN is defined as the ratio of the £N¢ functions
constructed from signal and NC' events respectively.

The second function is designed to distinguish signal from v, CC events:

£€CC = [[QLep7 /07'\/7 PH]a Evisa p?a MT]

and primarily includes information on the transverse plane kinematics. In or-
der to reduce systematic effects, the permutation [[Eyis, pi's M), Qreps Pry s PH]
is also considered. For each event, \¢C is defined as the minimum value be-
tween the likelihood ratios constructed from the two permutations of the £&¢
function for signal and v, CC events respectively.

The conditions ¢r, g + ¢mu < 1.96m and py’ > 0.1 GeV/c are applied to
ensure that the transverse angles are well defined. In addition, a preselection
cut ¢, > 0.67 restricts the parameterization of the £LY¢ and £5¢ functions
to the region relevant for the 7 search (line 2 of Table 1).



NC
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Fig. 1. 7~ — e~ Dev, DIS search: Scatter plot of In A\¢C vs In AN for a) MC v,
NC and CC, b) MC v, CC, ¢) MC 7~ — e~ .v; and d) data events. The large box
at the upper right corner, divided into six bins, defines the signal region. The five
data events falling inside this region are shown as enlarged full circles.

Table 2

T~ — e e, DIS search: Number of background and data events in the subdi-
visions of the signal region (Fig. 1). The corresponding N¥7 and N¢7, as defined in
Sec. 9, are listed in the last two columns. The last two lines define the binning used
for the Eyis < 12 GeV region.

Analysis Bin # Tot bkgnd Data NFT NET

T~ — e D, DIS I 0857026 2 134 27
(Eyis > 12 GeV) II 0.46 + 033 1 128 27
111 018705 0 639 138

1A% 1854022 2 535 129

Y% 0.784+0.15 0 389 84

VI 0.164+0.08 0 1388 29.8

(Byis < 12 GeV)  T+HIV4HV  0.77£026 0 247 2.8
II+IT4VI 0274013 0 650 8.4

10
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Fig. 2. 7= — e v, DIS search: Histogram of In )\ecc for events passing all
cuts except the cut on InA\¢C, for data (points with statistical error bars), total
backgrounds (shaded) and N¥7 (Sec. 9), scaled down by a factor 20 (unshaded).
The inset gives, for each value of In ACC, the total number of events beyond that
value, for data (dots) and expected background (squares); the encircled points are
at the boundary of the signal region.

The sensitivity is optimized in the plane [In AN In A\S], which is shown in
Figure 1 for simulated signal and backgrounds. A signal region (the blind
region), subdivided into six bins, is defined at large values of both In AY¢
and In \Y“. This corresponds to the selection of events where the electron is
isolated from the hadron jet, but does not balance it in the transverse plane.
The optimal sensitivity of the analysis lies in a region characterized by less
than 0.5 background events (Table 2). In order to increase the sensitivity to
oscillations at low Am? a further binning, defined by a cut at Eys = 12 GeV,
is considered for the computation of the sin? 20 — Am? confidence region.

Data (Fig. 1d) are found to be consistent with background expectations in-
side the signal region (see Tables 1 and 2). The distribution of In A\S for
data events, passing all the previous cuts, is also in good agreement with
background, as can be seen in Figure 2.
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6 7 — h~(nw%)wv, DIS channel

The search for 7= — h~(nm%)v, decays, where h~ is a hadron and n > 0,
benefits from the large branching ratio of this decay mode. Two independent
analyses of the full inclusive sample are separately optimized for the exclusive
7~ — p v, and 77 — h”v, topologies.

6.1 177 — p v, search

The signal search starts with the identification of the 7% and 7~ candidates

produced in the p decay. Each of the two photons from 7° decay can be
detected either as neutral electromagnetic clusters or, in case it converts, as
two oppositely charged tracks forming a secondary vertex. We thus search for
the ¥ either as two separate photons (2), neutral clusters or conversions, or,
in case they coalesce in ECAL, as two overlapped clusters (17). The 1y and
27 decay topologies are treated as two independent analyses.

6.1.1 Candidate selection

In each event all the possible 7° and 7~ combinations are considered. In the
27 mode a 7° candidate is built from two photons with £ > 0.150 GeV and
an invariant mass 0.1 < M., < 0.180 GeV/c*. A 7~ candidate is a DC track
with a momentum p > 1 GeV/c. A 7%~ pair is considered as a p candidate
if it has an invariant mass 0.6 < Myo.- < 0.9 GeV/c?. In the 1y mode a 7°
is a neutral electromagnetic cluster with £ > 2 GeV, while a 7~ candidate
is defined as a DC track with p > 3 GeV/c. The p candidates must have an
invariant mass 0.4 < Mo~ < 0.9 GeV/c?. In both topologies, we require that
the 7~ candidate tracks would have reached the muon chambers if they had
been muons.

The following likelihood functions are used to select among all the combina-
tions the p most likely originating from a 7 decay:
T — 70 T
55717 = [E V/Evis] [QT\/H]; 55727 - [E /Evi57 E /EUiS][QTvH]

where E™ and E™ are the energies of the 7° and of the 7~ respectively. A
likelihood ratio )\f is built as the ratio of Ef for correct and random combi-
nations of 7 decay products. Selecting the maximum likelihood combination
results in the correct choice in about 75% of the cases. Signal efficiencies and

numbers of expected background events after candidate selection are shown
in Table 3 both for 1y and 2y modes.

12



Table 3

T~ — p~ v, DIS search: Number of data events and of the corresponding ex-
pected background events (from data sample sizes of Sec. 3) as a funcion of cuts for
both the 1y and 27 topologies. In the v, CC and NC columns, small contributions
from 7 interactions are included. The corresponding signal efficiency (%) and the
effect of the selection on the 77 control sample are also shown. The numbers quoted
for the initial selection are only partially corrected with the Data Simulator.

Sample v CC v, CC NC ve CC Tot Bkgnd Data
Charge - - + - + - + - + - +
pT ID 1y 11.0 3086 7107 11312 10808 175 265 14574 18180 15777 18166
2 8.5 4412 7295 12170 11831 157 258 16739 19386 17369 19452
Lepton veto 1y 5.9 434 373 6792 3830 30 31 7256 4233 7461 4553
2y 4.5 449 362 6916 3924 29 28 7394 4314 7126 4292
In )\f])VC >50 1y 0.9 1.2 0.4 4.5 2.0 0.75 1.4 64+19 38412 6 4
2 0.3 0.8 0.4 1.8 0.6 0.5 074 31+14 18%£0.7 2 2

6.1.2 Rejection of charged current interactions

A muon veto is implemented using both kinematic criteria and particle iden-
tification. We search for the unidentified muon track among the highest pr
track (pie*d), the 7~ candidate and all the negatively charged tracks fulfill-
ing the requirement pid — piack < (.2 GeV/c. These tracks are considered
muon candidates if pr/p > 0.2. We reject events fulfilling one of the following

conditions:

e the highest py track does not point to the calorimeter fiducial volume;

e the highest pr track or the 7~ candidate deposit ECAL and HCAL signals
consistent with that of a minimum ionizing particle;

e any primary track is associated with a signal in the muon chambers;

e any primary track with piead — pirack < 0.2 GeV/c has pr/p > 0.3.

The v, CC interactions containing bremsstrahlung photons not associated with
the electron track may closely fake the 7 — p topology. The electron veto used
to reduce this background follows the principles of the muon veto: the highest
and second highest pr tracks and the 7~ candidate are considered candidate
electrons. We then reject events fulfilling one of the following requirements:

one of the candidate electrons has pr > 0.6 GeV/c and is identified by
ECAL, PS or TRD algorithms;

the transverse momentum of the highest py particle, charged or neutral,
built collecting all the photons in a vertical bremstrahlung strip [1] is larger

than 2.5 GeV/c.
the m~-v opening angle in the 17 topology is smaller than 0.02 rad;

A further cut, pJ > 0.4 GeV/c, is applied to reject both v, CC and v, CC
events. The effect of the lepton veto is shown in Table 3.

13
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Fig. 3. 7= — p~ v, DIS search: Histogram of In )\f)v C for events passing all cuts
except the cut on In )\f)v C for data (points with statistical error bars), total back-
grounds (shaded) and N¥™ (Sec. 9), scaled down by a factor 2 (unshaded). Results
from both the 17 (left) and the 27 (right) topologies are shown. The insets give, for
each value of In )\f)\f C the total number of events beyond that value, for data (dots)
and expected background (squares); the vertical lines define the four subdivisions
of the signal region.

6.1.3 Rejection of neutral current interactions

The rejection of neutral current interactions is accomplished by using the
likelihood function defined as :

Ei)VC = [[[QVT,GVH],GTVHyQT]uQSTVH?p%nH]

This function is similar to £N¢ since most of the kinematic criteria used to
reject NC interactions are independent of the particular decay channel. For
each event, a likelihood ratio A is defined as the ratio of the £ functions
constructed from signal and NC' events respectively.

The condition In > 5 defines the blind region. In this region two bins
for each decay topology (1v and 2v) are considered. Events selected in both
the 1y and 2+ topologies are assigned to the more sensitive bin. The optimal
sensitivity is reached in those bins where the expected background is < 0.5
events (Table 4). In addition to the standard control samples (Sec. 4.4) a
further control sample is defined selecting p candidates with mass lying in the
sideband of the M o,- invariant mass distribution. All background predictions
on the control samples have shown good agreement with data.

NC
)‘p

Finally, the data inside the blind region are found to be consistent with back-
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Table 4

7~ — h~(nw%)wv, DIS search: Number of background and data events in the
signal region for both the 7 — p and 7 — h topologies. The corresponding N*7 and
N¢™, as defined in Sec. 9, are listed in the last two columns. The last line refers to

the overlap bin, as described in Sec.6.3.

Analysis Bin # Tot bkgnd Data NKT NE7
r—h(nt®) DIS p Ily 610£193 5 883  20.5
p IIly 033%575 0 1736 41.9

p T2y 3.00+140 2 466 10.5

p IV2y 006755 0 222 53

7 — h(n7®) DIS h I 44+1.9 3 817 18.3
h IT 2.440.8 2 1205 25.5

T — h(na®) DIS h/p -~ 0.0 Q-7 1 210 5.0

ground expectations (Figure 3). The number of events found in each bin is
listed in Table 4.

6.2 17 — h™v, search

The h™ candidate is the highest pr negative primary track, provided it is one of
the two highest pr tracks of either charge in the event. It is then required that
this candidate is not identified as a muon or an electron, that it is associated
with an energy deposition in ECAL and that 3 < p™ < 150 GeV/c (line 1 of
Table 5).

The lepton veto against CC background, described in Ref. [1], is similar to
that used in the 7= — p~ v, search. This is based on particle identification
criteria which are applied both to the A~ candidate and to primary tracks
with pr > 0.8 GeV/c (line 2 of Table 5).

After the lepton veto there is still a residual background from v, CC interac-
tions in which the outgoing i~ is selected as the h~ because it either decayed
in flight or suffered a highly inelastic interaction in the calorimeters. This
happens in about 10™* of all v, CC events, as measured by studying a large
sample of muons originating from a nearby test-beam and crossing the NO-
MAD detector [1]. These events are rejected by using the likelihood function :
‘CgC = [QTapTvapH]
The likelihood ratio A9¢ is defined as the ratio of £S¢ for simulated 7 — 7
signal and v, CC data events. Events with In A\ > —4 are selected. At
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Table 5

7 — h~ v, DIS search: Number of data events and of the corresponding expected
background events (from data sample sizes of Sec. 3) as a funcion of cuts. In the
v, CC and NC columns, small contributions from ¥ interactions are included. The
corresponding signal efficiency (%) and the effect of the selection on the 77 control
sample are also shown. The numbers quoted for the initial selection are only partially
corrected with the Data Simulator.

Sample vr CC vy, CC NC ve CC Tot Bkgnd Data

Charge - - + - + - + - + - +

hE ID 41.0 11400 18177 51896 42550 4934 1795 68230 62522 72685 62266
Lepton veto 17.0 4802 9974 28764 24241 106 194 33672 34409 28697 26583
Preselection 3.8 167 214 5669 4260 11 18 5847 4492 5881 4571
ln)\ﬂ,Nc >72 0.7 35+08 744+21 30£19 70£40 03+£01 16+£02 68+21 16.0£40 6 19

this stage of the analysis a kinematic preselection is applied by requiring that
Mr <4 GeV/c?, pif > 1.3 GeV/c and py < 0.49 (line 3 of Table 5).

The kinematic rejection of the remaining backgrounds, mainly NC interac-
tions, is achieved with the likelihood function :

LYY = [Qr, My, pullys;lpt]

For each event, a likelihood ratio ANC is defined as the ratio of the £NC
functions constructed from the signal and the sum of simulated backgrounds

respectively. The condition In AN¢ > 7.2 singles out the signal region, which
is further subdivided in two bins (Table 4).

The number of data events found inside the signal region is consistent with
background predictions (Tables 5 and 4).

6.3 Combined search

We combine the two independent analyses of the 7= — h™(n7")v, sample into
a single inclusive search. The overlap between them is small, mainly due to
the isolation condition of the candidate with respect to the hadronic system,
which in the 7= — h~ v, search does also include the photons from 7° decays.
The fraction of the events selected by both analyses is estimated to be 9%
for the signal sample and is negligible within the available statistics for the
background samples. Events selected in both searches are included into a sepa-
rate signal bin (h/p) as shown in Table 4. This statistical treatement provides
the best overall sensitivity to oscillations. The upper error on the background
estimation for the overlap bin in Table 4 takes into account the limited MC
statistics available and the corresponding data simulator correction.
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7 77 — h~™hth~(nn°)v, DIS channel

The 7= — h~h*h™(n7°)v, channel is characterized by the presence of addi-
tional constraints due to the internal 3h structure. This search is optimized for
the 7~ n" 7~ v, decay, which is dominated by the chain 7= — a7 (1260) v, —
p°(770)7~ v, — 7 T~ v,. Both the candidate selection and the final back-
ground rejection are based upon the artificial neural network technique.

7.1 Candidate selection

The choice of the 37 system most likely produced by a 7 decay is obtained by
using an ANN (JetNet 3.5 [12]). A three layered feed-forward network is imple-
mented with 13 neurons in the input layer, 20 neurons in the hidden layer and
a single neuron in the output layer. The expected value for the output neuron,
O3, is 1 when the correct 7 decay products are selected and 0 otherwise. The
input variables are chosen in order to exploit both the internal structure and
the global kinematics of the 37 combinations. The variables related to the in-
ternal structure are: the 7~7 "7~ invariant mass Ms,; the two possible 7 7~
invariant masses M +,-; and 60,,,. and 0,,;,, which are the maximum and the
minimum opening angles between the three pions. The event kinematics is
described by the set of variables (0,1, QLep, Pry s Py Py D7, PP, p™V / Eyis). The
network is trained on correct and random combinations of the 7 decay prod-
ucts using the back-propagation learning algorithm. According to this method,
each event is fed to the network several times with successive adjustments of
the network parameters to artificially enlarge the training sample. The selec-
tion of the 7 daughter candidate as the 37 combination with the highest O3
results in the correct choice in 73% of the cases.

7.2 Rejection of charged current interactions

Charged current events where the lepton escapes particle identification and
a random combination of the 37 is selected are particularly dangerous since
the corresponding kinematics are similar to that of the signal. For this reason,
a lepton veto is required in addition to the ANN kinematic selection. This
is achieved in two steps, referred to as loose and tight vetos. In the loose
veto primary leptons identified by the muon stations or by combined TRD,
PS and ECAL algorithms are rejected. The tight veto, based on kinematic
criteria, rejects events where the highest or the second highest pr tracks have
pr/p > 0.2. The training of the ANN used for the final background rejection is
performed before the tight veto is applied in order to guarantee large training
samples. The effect of both vetoes is shown in Table 6.
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7.8 Final background rejection and signal selection

The final rejection of both CC and NC interactions is achieved with the use
of a single three layered feed-forward network. Its architecture is formed by
13 neurons in the input layer, 20 neurons in the hidden layer and one output
node whose target value, OF | is 0 for background and 1 for signal events. The
event kinematics of signal and backgrounds are described by the following
set of variables : (6,1, 0uu, O0rn 1, Qr, U, (1, D7V, Evis, DV / Eyis). In addition, the
variables (M3, Omin, Omaz, Ofﬂ) are also used as an input to the network. This
exploits the discriminating power that the 37 internal structure can still pro-
vide. The training of the network proceeds in the same way as for the 37-1D
network.

The blind region is defined by OF > 0.97. Since no significant variation of
the signal-to-background ratio is observed inside this region, no binning is
used in this channel. The distribution of OF for data events, passing all the
previous cuts, is in good agreement with background predictions (Figure 4),
thus providing no evidence for oscillations. The number of data events falling
in the blind region is given in Table 6.

Integrated Events

0.95

F E 70

i, |

i:p : ?*
1 S d qj

L T o
A R I S E I IV R NN 1
0o a1 02 03 04 05 06 07 08 03 1

B
O

Fig. 4. 7= — h~hTh~(nn°)v, DIS search: Total number of events passing cut
as a function of a cut on OF for data (dots), total backgrounds (squares) and NA7
(histogram), as defined in Section 9. The signal region is at the right of the vertical
line.
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Table 6

7= — h~hTh~(nm%wv, DIS search: Number of data events and of the corre-
sponding expected background events (from data sample sizes of Sec. 3) as a funcion
of cuts. In the v, CC and NC columns, small contributions from ¥ interactions are
included. The corresponding signal efficiency (%) and the effect of the selection on
the 77 sample are shown. The numbers quoted for the initial selection are only
partially corrected with the Data Simulator.

Sample v CC  py, CC ve CC NC Tot Bkgnd Data

Charge - - + - + - + - + - +
Pre-selection  56.0 97861 99385 2904 3153 144496 125400 245261 227938 216988 244010
Loose veto 44.0 49736 48856 1349 1330 84403 82308 135488 132494 119991 132104
Tight veto 15.0 1656 1881 150 149 10450 11941 12256 13971 12397 12681
Ofw > 0.97 1.9 2.2+1.0 1.3+0.9 0.7+£0.2 0.840.2 6.7+£2.2 4.84+3.2 9.6£24 6.9+3.3 9 6

8 Low Multiplicity topologies

In order to optimize the sensitivity to oscillations at low Am? an independent
analysis of the LM events is performed for each 7 decay channel. The condition
pr < 1.5 GeV/c enriches the LM sample in quasi-elastic (QE) and resonance
(RES) events, avoiding double counting with the corresponding DIS searches.
Overall, the QE and RES events represent 6.3% of the total v,C'C interactions
at the available neutrino energies. The topology of LM events simplifies the
reconstruction and the selection criteria in this kinematic region, which is also
characterized by a more favourable o, /0, cross-section ratio (Sec. 9).

The reconstruction and simulation of LM topologies has significantly improved
with respect to Ref.[13], leading to more realistic background estimates for
these channels and to different selection criteria. Furthermore the LM analyses
described in Ref.[13] were only based on about 15% of the full data sample.

8.1 77 — e v, LM channel

The prompt electron identification, similar to that used in the DIS search, is
applied to primary DC tracks with p > 2 GeV/c and is based on TRD and
ECAL information.

Secondary electrons from Dalitz decays and from photons converting close to
the primary vertex are suppressed by requiring that the candidate electron not
form an invariant mass of less than 200 MeV /c? with any particle of opposite
charge. Furthermore, the candidate must form an angle smaller than 200 mrad
with the beam direction. The conditions M7y < 2 GeV/c? and p% < 0.2 are
then applied in order to reject NC interactions. At this stage of the analysis
the background consists mostly of v, CC interactions, which are suppressed
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Table 7

T~ — e Uevy LM search: Number of background and data events in the three
bins of the signal region. The corresponding N¥™ and N£Z7, as defined in Sec. 9, are
listed in the last two columns.

Analysis Bin # Tot bkgnd Data NKT N7

T — e v LM I 3.09 £0.67 3 282 2.8
II 1.50 + 0.41 2 285 2.8

1 0.82+0.41 1 292 2.9

by using the likelihood function:

LT = 7. pFlp™]

For each event, a likelihood ratio /\ggM is defined as the ratio of the £§§M
functions constructed from signal and v, CC events, respectively. The signal
region starts at In /\ech > 0.8 and is further subdivided into three bins (Ta-
ble 7). Data events populate the blind region consistently with background

expectations in all bins (Table 7).

8.2 1 — h™(nn®)v, LM channel

As for the DIS search, two independent analyses of the full inclusive sample are
separately optimized for the exclusive 7= — p~ v, and 7= — h™ v, topologies.
Events common to both analyses are negligible in the LM sample since the
pfl cut suppresses events with large neutral activity.

8.2.1 1 — p~v; search

The 7 produced in the p decay is defined as the primary DC track with
the highest momentum in the event, pointing to ECAL and having p > 3
GeV/c. The ¥ candidate is formed with 7’s which can be either neutral
ECAL clusters of E > 200 MeV or photons converted in the DC volume. When
different 7° combinations are possible, the one with the highest momentum
and 90 < Mo < 200 MeV/c? is chosen. Moreover, the p invariant mass must
satisfy 0.58 < M, < 1.0 GeV/c*. A lepton veto is then applied by requiring
that no primary electron be present and that the m candidate not be consistent
with being a muon or an electron. The background at this level is dominated
by NC interactions, which are rejected by the cut 1.0 < My < 2.0 GeV/c?
and by the use of the likelihood function :

Lot = [Orrmp™]
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A likelihood ratio A)'f, is computed as the ratio of the L), functions
constructed from signal and NC events respectively. Data events inside the
blind region, starting at In )\f)\fLCM > 1.8, are found to be consistent with back-
ground expectations (Table 8). Since no significant variation of the signal-
to-background ratio is observed inside the signal region no further binning is
used.

8.2.2 17 — hv, search

The 7= — h~v, LM search follows closely the analysis flow of the correspond-
ing 77 — p~ v, LM search. The DC track with the highest momentum in
the event, pointing to ECAL and having p > 3 GeV/c is the h~ candidate.
A lepton veto on the candidate track and the requirement 1.0 < My < 2.0
GeV/c? are then applied. The final background, mostly NC interactions, is
rejected with the likelihood function LY, = LI, A likelihood ratio AY),
is computed as the ratio of the EWN7 ¢\ functions constructed from signal and
NC events respectively. The signal region is defined at In )\fx ¢y > 2.0. Data
events inside this blind region are found to be consistent with background ex-
pectations (Table 8). Since no significant variation of the signal-to-background
ratio is observed inside the signal region no further binning is used.

8.8 17 — h™hth=(n7°)v, LM channel

In each event, the signal search starts with the identification of all the possible
7ot r~ combinations with 0.4 < M, < 1.6 GeV/c%. A likelihood function,
Egm . 1s then used to select the 37 most likely to originate from a 7 decay:

L5 = V0107 =05 )/p™ 0" /pV][IMy, My) [0y 1]

where pT  (p} ) is the highest (lowest) momentum of the two 7 ’s and M,
(Ms) is the corresponding invariant mass with the 7%. A likelihood ratio,
In /\§7r7 Lo 18 computed as the ratio of the £5 ), functions for correct and
random combinations of 7 decay products. Selecting the maximum likelihood
combination results in the correct choice in 89% of the cases. Moreover, the
invariant masses of the two 77~ combinations must be 0.4 < My < 1.2
GeV/c?. In order to reduce the background from CC interactions a lepton veto
based on particle identification is applied to each of the 37 tracks, together
with the requirement that the 77’s have p’f(;) > 2.5 GeV/c. In addition, since
in v, QE and RES interactions only positively charged hadrons are produced,
we reject events where a negative track is present within the hadronic system.
The final rejection of NC interactions is achieved with the likelihood function:

NC _ as S
‘C37r,LM = [MTapT]‘C?m,LM
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Table 8

Summary of backgrounds and efficiencies for all the individual 7 searches. The col-
umn 7~ summarizes the observed number of 7~ candidate events (Obs.) and the
corresponding predicted background (Tot Bkgnd) in the signal region. The column
71 contains the equivalent numbers for the positive control sample. The correspond-
ing 7~ selection efficiencies (€), the 7 branching ratios (Br), and the N#™ and N¢7
(see text) are also listed.

T Tt
Analysis Obs. Tot Bkgnd Obs. Tot Bkgnd €(%) Br(%) NHET NET
T—e DIS 5 53101 9 80+24 36 17.8 4110 815
T—hnt) p DIS 7 95425 6  56+15 104 498 3307 782
h DIS 5  68+21 19  160+£40 063 498 2022 43.7
h/p DIS 1 0.0 554 0.07 498 210 5.0
7 — 3h(nn*) DIS 9  96+24 6  69+33 19 152 1820 426
T—e LM 6 54409 3 22405 63 178 859 85
r—hnt) p LM 7 52418 21 222466 1.02 498 458 8.4
LM 5  67+23 19 21.9+64 084 498 357 7.2
7 — 3h(nn*) LM 5  35+12 1 22411 20 152 288 48

A likelihood ratio, In Ay /. is computed as the ratio of the £ ), functions
constructed from signal and NC events, respectively. The signal region starts
at In )\:]3\7’& > 6.0 and no further binning is used since there is no significant
variation of the signal-to-background ratio. Data events populate the blind
region consistently with background expectations (Table 8).

9 Results

The final result of the measurement is expressed as a frequentist confidence
interval [11] which accounts for the fact that each 7 decay mode and signal
bin may have a different signal to background ratio. The acceptance region of
Ref. [11] therefore becomes multi-dimensional to contain each of the separate
measurements. This computation takes into account the number of observed
signal events, the expected background and its uncertainty, and the value of
expected signal events if the oscillation probability, P,s., were unity [1]. For
the v, — v, oscillation this last quantity is defined by:

NET = Nﬁbs X (07/0,) X Br x (e;/€,) (1)
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Fig. 5. Contours outlining a 90 % CL region in the Am? — sin?26 plane for the
two-family oscillation scenario. The NOMAD v, — v, (left) and v, — v, (right)
curves are shown together with the limits published by other experiments [15,16].

where:

szs is the observed number of v, CC interactions, for the given efficiency
€, (Sec. 1). The number of v, CC interactions corresponding to the LM
topologies are estimated to be 11% of the total.

e, and €, are the detection efficiencies for 7 signal events and v, CC nor-
malization events. The cuts used to select Nﬁbs and €, vary from channel
to channel in order to reduce systematic uncertainties in the ratio €. /¢, for
that channel. For the LM topologies ¢, is the average efficiency for QE and
RES interactions.

o./0, is the suppression factor of the v, cross section due to the difference
between the 7 and p masses, which, for the given v, spectrum and the large
Am? hypothesis, is evaluated to be 0.48, 0.60 and 0.82 for the deep inelastic,
resonance and quasi-elastic processes. The resulting average values for the
DIS and LM analyses are 0.48 and 0.57 respectively.

Br is the branching ratio for the considered 7 decay channel.

The corresponding maximal number of signal events for the v, — v, hypoth-
esis, N7, is obtained from NK7 by reweighting the simulated signal events for
the v, to v, flux ratio [2]. Table 8 summarizes the relevant quantities for the
different decay modes.

The overall systematic uncertainty on the background prediction, mainly asso-
ciated to the data simulator correction procedure, is estimated to be 20%. The
corresponding uncertainties on N#7 and N7 are 10% and 15%, respectively.
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The impact of these latter values on the final combined results is negligible
[14].

The resulting 90% C.L. upper limit on the two-generation v, — v, oscillation
probability is:

Pyo(v, — 1) <22x 107" (2)

which corresponds to sin® 20, < 4.4x 10~* for large Am? and to the exclusion
region in the Am? — sin? 20 plane shown in Fig. 5. The result is significantly
better than the previously published limits [1,15]. The sensitivity [11] of the
experiment is P, = 4.3 x 107%; this is higher than the quoted confidence limit,
since the number of observed events is smaller than the estimated background.
In the absence of signal events, the probability to obtain an upper limit of
2.2 x 107 or lower is 27% (Figure 6).

The resulting 90% C.L. upper limit on the v, — v, oscillation probability is:

Prse(Ve — ;) < 1.1 x 1072 (3)

corresponding to sin? 2., < 2.2 x 1072 for large Am?. The exclusion region
in the Am? — sin? 20 plane is also shown in Figure 5. The v, — v, sensitivity
is P = 2.0 x 1072 and the probability to obtain an upper limit of 1.1 x 102
or lower is 31% (Figure 6).

10 Conclusions

The analysis of the events with both DIS and LM topologies in the 1995,
1996, 1997 and 1998 NOMAD data sets, excludes a region of the v, — v,
oscillation parameters which limits sin®26,, at high Am? to values smaller
than 4.4 x 10~ at 90% C.L., and Am? to values smaller than Am? < 0.8
eV?/c* at sin®26,, = 1. The corresponding excluded region at 90% C.L. for
the v, — v, oscillation parameters includes sin?26,, < 2.2 x 1072 at large
Am? and Am? < 6.5 eV?/ct at sin? 20,, = 1. At large Am? these limits are
more than a factor three more stringent than the previously published ones.
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