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ABSTRACT 

The NOMAD experiment at CERN is conducting a search for v,, + v, 
oscillations, for neutrino squared mass differences larger than about 1 eV2. 
The v, is searched for via its charged current interactions, where the r 
lepton is identified through its decay products by means of kinematical 
criteria. Present results show no evidence for oscillations and allow us to 
set the 90% confidence level limit of sin220,, < 1.2 x 10e3 at large Am’. 
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are focused by a pair of coaxial magnetic lenses (the horn and the reflector), while 
negative particles are defocused. The mesons are allowed to decay in a 290 m long 
vacuum tunnel, which is followed by a shield of iron and earth for the absorption of the 
undecayed hadrons. 

10 7 
0 20 40 60 80 100 120 

Neutrino Energy (GeV) 

Fig. 2. Energy spectra of the different components of the neutrino beam at the NOMAD 
position. 

The NOMAD detector is installed at 835 m  from the Be target, at a mean distance 
of 620 m  from the hadron decay position. The resulting neutrino spectra from rr and 
K decays are shown in Fig. 2 at the position of the NOMAD detector, integrated over 
an area of 2.6 x 2.6 m2. Table 1 summarizes mean energies and relative abundances of 
the different components of the neutrino beam and of the resulting interactions in the 
detector. 

The beam is mainly composed of muon neutrinos, with an electron neutrino con- 
tamination of the order of 1%. Interactions of the “wrong sign” components PP and Pe 
are present at the level of about 2% and 0.2% of the vW interactions, respectively. The 
presence of prompt v, in the beam, coming from charmed meson D, decays, has been 
estimatedi to be negligible. They amount to about 5 x 10m6 of the vP interactions, thus 

Table 1. Summary of mean energies and relative abundances of the different compo- 
nents of the neutrino beam and of the resulting interactions. 

Flux 
Neutrino (E,) (GeV) Rel. Abund. 

7g--zgg 

Interactions 
(E,) (GeV) 1 Rel. Abund. 

resulting in much less than one event detectable in NOMAD. 
The average value of the L/E (traveled distance over energy) distribution of v,, 

neutrinos interacting in NOMAD is about 1.5 x 10m2 km/GeV. Thus the maximum Am2 
sensitivity is at about 90 eV2, making the experiment sensitive to the cosmologically 
relevant mass range. 

2.2 The Detector 

The NOMAD detector6 has been designed to detect v, CC interactions through different 
7 decay channels by means of kinematical criteria which require a detailed reconstruc- 
tion of the event. Thus a detector is needed which is capable of a precise measurement 
of charged particles, a good identification of electrons and muons, an accurate measure- 
ment of electromagnetic showers and of neutral hadron detection. 

The NOMAD detector (see Fig. 3) is located in a large dipole magnet which pro- 
vides a field of 0.4 T over a volume of 7.5 x 3.5 x 3.5 m3. The magnetic field direction 
is horizontal and orthogonal to the beam line. 

A set of 44 drift chambers constitute at the same time the target material for neu- 
trino interactions and the tracking device of the experiment. Materials of low atomic 
number have been employed for the construction of the chambers in order to mini- 
mize multiple scattering of charged particles and photon conversions. Chamber panels 
made of Aramid fibers in a honeycomb structure sandwiched by two Kevlar-epoxy resin 
skins provide the necessary mechanical rigidity and flatness over a large surface area 
of 3 x 3 m2. The total fiducial mass of the target amounts to 2.7 tons over a volume of 
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Fig. 4. A v, charged current event reconstructed in NOMAD. The longitudinal view 
orthogonal to the magnetic field is shown on the left. On the right side, the other 
longitudinal view is represented at the bottom and the transverse view at the top. 
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Fig. 5. Visualization of the Qr variable for the v,-CC signal (on the left), where the 
produced r decays to r- + r-v, and for the v,-NC background (on the right). 

The main feature of T decays is that at least one neutrino carrying away some mo- 
mentum is present. It is not possible to apply a detailed momentum balance along the 
neutrino beam direction on an event by event basis since the incoming neutrino mo- 
mentum is not known. However in the plane transverse to the neutrino beam, as shown 
in Fig. 6, large missing transverse momentum 2, is expected in r decays from the es- 
caping neutrino(s).” In the case of ver CC background, a smaller missing transverse 
momentum is present due to measurement errors, losses of neutral hadronic particles, 
and nuclear effects (Fermi motion and nuclear reinteractions). The amount of missing 
transverse momentum, the angle q&h between ,& and the transverse momentum of 
the hadronic jet $. and the angle $n, between the transverse momentum of the lepton 
& and $‘, completely characterize the kinematics in the transverse plane. The angle 

4 mh is generally larger in v, CC interaction than in vP,, CC background, where it is al- 
most uniformly distributed. On the other hand, the angle &, is normally larger for v~,~ 
background than for the v, signal. Another variable which is useful to characterize the 
transverse plane kinematics is the transverse mass Mr = (I & 1 + I $ I)2 - (J&@)~, 
which is generally large for the neutral current background while it cannot exceed the 
T mass in the case of r decays. 

These and many other variables can be used to separate the signal from the back- 
ground. Each variable X, provides only some degree of separation. The analysis can 
be optimized by building probability density functions L for the signal and the back- 
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Fig. 7. The  logarithm of the likelihood ratios L(r/CC) (on the left) and  L(r/NC) (on 
the right) for the signal (solid line) and  for the background (hatched area). 

the angle BUT between the incident v direction and  the total visible momentum in the 
event;  the angle between the incident v direction and  the total hadron momentum; the 
electron energy.  

The  likelihood ratio L(r/CC), mainly related to the momentum imbalance in the 
transverse plane, has  been  built as  a  product of two three-dimensional probability den-  
sity functions, symbolically denoted as: 

where, in addit ion to variables already defined, ET is the total visible energy and  Qlep is 
the component  of the electron momentum perpendicular to the hadronic jet momentum. 

The discrimination capability of the r +  e  signal against the V, CC background,  
fully expressed by the likelihood ratio L(T/CC), can be  understood from the inspection 
of the two-dimensional distributions of the variables which enter in the definition of 
L(r/CC), as  shown in Fig. 8. 

The  7  + e  events are both momentum imbalanced and  characterized by an  electron 
isolated from the hadronic jet. In a  plot of L(T/CC) versus L(T/NC) (see Fig. 9) 
the 7  + e  signal largely lies in the upper  right comer, with the background somewhat  
spread along the diagonal.  The  thick lines in the upper  right part of the plots define the 
r +  e  signal region. 

A correct estimate of the background in the signal region cannot  rely completely 
on  the Monte Carlo simulation, which critically depends  on  the correct treatment of 
the hadronic system. For example, phenomena like nuclear reinteractions, which are 
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Fig. 8. Two-dimensional plots between the variables which enter in the definition of 
the likelihood ratio L(T/CC), for the case of v,CC background (on the left) and  for the 
7  + e  signal (on the right). 
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Fig. 11. Sensitivity as a function of the cut on the likelihood ratio L(r/CC). The thick 
vertical line on the left indicates the position of the “signal box” and the other two lines 
its subdivision into three bins. 

Table 3. Background estimates, signal efficiency and N, in the “signal box.” 

Background and efficiencies DS corrected 
v NC + vP CC backg. v, CC backg. 4%) N, 

0+0.4 6.6 f 0.8 4.1 f 0.3 2904 

probability is also shown. N, is given by 

N, = N,, x  (a,/~,) x  Br x t,, 

where u7/uP is the suppression factor of the v, cross section (calculated to be 0.48), 
Br is the decay branching ratio of the r --t e channel, and E, is the corresponding r 
selection efficiency. 

The agreement between data and Monte Carlo predictions after “data simulator” 
corrections is checked on the electron data outside the “signal box” and on the positron 
sample (performing a r+ search, where no signal is expected in NOMAD).  The results 
are shown in Fig. 12 as a function of the cut on the likelihood ratio L(T/CC). 

Fig. 12. Number of events surviving in the data (black dots) and corresponding Monte 
Carlo predictions (white squares) as a function of the cut on the likelihood ratio 
L(T/CC), for e+ data (on the left) and for e- data outside the “signal box” (on the 
right). 

Given the quite satisfactory agreement between data and Monte Carlo in Fig. 12, 
it is allowed to open the “signal box.” The results are shown in Fig. 13. Five events 
are found in the box, with an expected background of 6.6 & 0.8 events, showing no 
evidence for oscillations. The table on the right side of Fig. 13 exhibits a good agree- 
ment between data events and expected background in each of the bins into which the 
“signal box” has been subdivided. A final comparison of the likelihood ratio L(r/CC) 
for the estimated background and the data is shown in Fig. 14, where the data follows 
the background distribution quite satisfactorily. 

3.2 The F + h- (+mr’)v, Channel 

This decay channel requires the selection of events with no identified muon or primary 
electron. In addition, events with negative primary tracks with large transverse momen- 
tum &- > 0.8 GeV/c) pointing outside the acceptance of the lepton detectors (muon 
chambers and electromagnetic calorimeter) are rejected in order to veto charged current 
events where the lepton cannot be identified. The r decay candidate is selected as the 
negative hadron with the highest or second highest pi in the event. 

The rejection of neutral and charged current background events is first accomplished 
by preliminary cuts on the transverse mass (MT < 4 GeV) and the transverse momen- 
tum of the hadronic jet (p& > 1.3 GeV/c). As shown in Fig. 15, each of the variables 
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Fig. 16. The single 7r efficiency, the expected background, and the sensitivity are shown 
as a function of the likelihood ratio cut. The vertical arrows indicate the cuts defining 
the “signal box” and its subdivisions. 

The present status of the analysis for the different r decay channels is summarized in 
Table 5. 

For each r decay channel, two different analyses have been carried out. One, in- 
dicated as “DIS,” starts from a sample of events with a hadronic jet momentum larger 
than 1.5 GeV/c, consisting mainly of deep inelastic events. The analyses discussed 
in the previous section are of this kind. For data events with the total hadron mo- 
mentum smaller than 1.5 GeV/c, a specific analysis, here indicated as “LM,” has been 
performed. This takes into account the low multiplicity of the hadronic system in this 
sample of events, which is enriched in quasi-elastic and resonance interactions. The 
“LM” analysis has not yet been extended to the ‘96-‘97 data. 

The expected total background is in good agreement with the number of events 
observed in the data. Following the statistical procedure based on the unified Feldmar- 
Cousins approach,” we can set a limit on the oscillation probability of P(u, + v~) < 

Table 4. Data events, expected background, and N, are shown in each bin of the “signal 
box” in the case of the r- + h-(+nrr’)v, decay channel. 

Likelihood N, Exp. Backa. Data 
7-9 664 2.3 f 0.8 3 
9-11 234 1.1-t;:; 2 
> 11 1133 l.l$: 0 

>7 2031 4.5 f 1.2 5 

Table 5. Summary of the analyses in the different r decay channels for deep inelastic 
and low multiplicity interactions. The data sample used, the expected background, the 
number of events observed in the data, and N, are given for each decay channel. 

Channel Data Exp. Backg. Noas N, 
T- + e-v,??, DIS 1 ‘95-‘97 1 6.6f 0.8 1 5 1 2904 
T- + em@, LM ‘95 0.5:;:; 0 218 
T- + h-(+nx”)vT DIS ‘95-‘97 4.5&1.2 5 2031 

Total 24.1 & 3.3 21 8370 

0.6 x 10e3 at 90% confidence level. The approximate sensitivity of the experiment for 
the number of expected background events is 0.8 x 10-3. 

From the L/E (traveled distance over energy) distribution of vI1 neutrinos inter- 
acting in NOMAD, an exclusion region in the Am2 - sin220 plane can be derived as 
shown in Fig. 17. This gives an upper limit on sin228,, at large Am2 of 1.2 x 10m3 
at 90% confidence level. The CHORUS experiment7 has obtained a comparable limit. 
Given the 1% contamination of electron neutrinos in the beam, it is possible to set a 
limit on the ye + v, oscillation probability. The preliminary upper limit on sin220,, at 
large Am* is 8 x lo-’ at 90% confidence level. 
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