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Abstract

A new search for decays of heavy isosinglet neutrinos produced by neutral-current neutrino interactions in the
CERN wide-band neutrino beam has been conducted by the CHARM-II Collaboration. We searched for heavy
neutrinos created by scattering muon neutrinos on nucleons and decaying into �+����. Production and decay of
heavy neutrinos would appear as double events in the detector. Each double event candidate was tested wheather
the measured quantities are compatible with the kinematics of this process.No event passed this test. The analysis
is based on 2 � 10

7 neutral-current neutrino events collected from 1987-1991. The experiment is sensitive to
heavy neutrinos in the mass range 0.3-2.4GeV=c2 . The best limit for the mixing parameter is jU�ij

2 < 3�10
�5

for a mass around 2 GeV=c2. The analysis improved by an order of magnitude previous results derived from
wide-band neutrino beam exposures of the CHARM detector.
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1 Introduction
This heavy neutrino search is one in a variety of experiments exploring which neutrino states exist

in nature. Different experimental techniques are sensitive to different types of heavy neutrinos, mass ranges
and coupling strengths. The LEP experiments [1] have derived the number of light neutrino families N� =
2:90� 0:027 from a measurement of the invisible Z decay width. However, neutrinos which occur as singlets
under the standard SU (2)L group, for instance right handed neutrinos, don’t contribute to the Z decay width.
Isosinglet neutrinos have no weak interactions except those induced by mixing with isodoublet neutrinos.
Experimental searches for heavy isosinglet neutrinos �hwhich couple to muon neutrinos ��have been performed
in meson decay experiments: � ! ��h [2], K ! ��h [3], D ! ��h [4, 5, 6] and in e+e� experiments:
e+e� ! Z ! ���h [7].

The sensitivity of the meson decay experiments is limited by the mass of the parent mesons, whereas one of
the e+e� experiments [7] extended stringent limits for neutrino masses above 3GeV=c2. The intermediate mass
region from 0.3 to 2.4 GeV=c2 is covered by muon neutrino scattering experiments on nucleons: ��N ! �hX,
where an accelerator neutrino beam is used as muon neutrino source. Former experiments [5, 8] already searched
for heavy neutrinos produced in this way. The result presented here is based on a new method to separate signal
from background events applied to a statistical sample which is 100 times larger.

The creation of heavy neutrinos �h by �N -scattering depends from the existence of neutral current
transitions �� ! �h. Mixing between isosinglet and isodoublet neutrinos allows these transitions of different
neutrino mass eigenstates in neutral current reactions. The coupling of �h to the muon neutrino �� is described
by a mixing parameter U relative to the Fermi-coupling strength.

2 Concept of the experiment
The CHARM-II detector and its characteristics have been described in detail in ref. [9, 10]. Double

vertex events where a neutral current (NC) event is followed by a decay topology are the signature for unstable
neutrinos produced in a neutrino interaction. The sensitivity of the experiment can be optimized by the choice
of the decay channel. The most favourable decay mode is �h ! �+���� for which the ratio of signal to
background is the largest. The hadronic decay mode �h ! hadrons + �� has a larger branching ratio but
also very large background. Such background may arise from random overlays of two independent neutrino
interactions in the sensitive time of the detector and from double events due to the interaction of neutral hadrons
or the decay of neutral kaons originating from a neutral current event. According to the measured event rates of
interactions producing a hadron shower or a muon pair we expect for the �+���� decay channel a 105 times
lower background of random overlays as compared to the hadronic decay mode. The background contribution
from neutral hadrons is negligible for the two muon topology,however it is an important background for neutrino
decays into hadrons.

We searched for the �+���� decay signature, where the dimuon decay vertex is separated from the NC
shower of the production process. The predicted branching ratio in the mass range of interest here is of the order
of 5-7% [11]. In a first step we applied geometrical cuts to collect a candidate data sample. These candidate
events were then subjected to a kinematical fit to dismiss uncorrelated double events. The kinematics of �h
production and decay is constrained by eight equations of energy and momentum conservation at both vertices.
The equations include unmeasured quantities, corresponding to the three invisible neutrinos involved in the
process: the incoming muon neutrino, the heavy neutrino and a muon neutrino in the final state. The direction
of the heavy neutrino is given by the line connecting the vertices of both subevents. There are therefore six
unknown variables, one for the energy of the incoming neutrino, the mass and the energy of the heavy neutrino
and three for the momentum vector of the neutrinoamong the decay products. The system is thus overdetermined
by two degrees of freedom and a fit based on the minimum �2 method is performed to test the kinematical
hypothesis.
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Figure 1: One candidate event selected with the geometrical cuts and before the kinematical fit was applied.

3 Event selection
The original data sample consisted of events selected by a two muon trigger. The geometrical selection

criteria are applied to the hits of the streamer tubes. The following conditions were used to select the candidate
event sample: (i) The interaction and decay point were required to be in a fiducial region of a square, 320 �
320 cm2, transversely to the beam direction and longitudinally between plane 5 and 390 out of 420 calorimeter
planes. (ii) The visible total energy of the hadronic shower was required to be larger than 2 GeV. The shower
was classified as a NC event if all track candidates are shorter than 3.2 m, equivalent to an energy loss of 1.4
GeV. (iii) In order to ensure the separation of the two subevents we required 4 empty planes between the end
of the shower and the dimuon vertex in two projections. (iv) A single muon vertex is defined as the first hit
which can unambiguously be attached to the fitted muon track. Two muons were considered to have a common
vertex if the three-dimensional spatial difference between individual muon vertices is smaller than 50 cm. (v)
Muons were identified by requiring a minimal track length of 80 planes, corresponding to 1.7 GeV energy
loss. Muons produce additional hits by bremsstrahlung and by �-rays, whereas hadrons interact and produce
backscattered tracks and wide showers. On the basis of these differences we have attempted to eliminate dimuon
events induced by neutrinos with hadronic activity at the vertex. The quantity used to pick out muon tracks is
the number of additional hits. A hit is considered as additional if the distance to the predicted track position
is greater than 10 cm and smaller than 50 cm. We studied the additional hit distribution on real events with a
�� and �� final state. We could suppress the hadron background while keeping the muon efficiency high if we
restrict the activity in the first 20 planes to 7 additional hits and the ratio of total additional activity to track
length to 0.15 additional hits per plane.

One candidate event selected by the geometrical conditions is shown in fig. 1. In a second step, the
compatibility of the event kinematics with that of �h production and decay has been tested using the �2 fit
described above.

The validity of the kinematical fit was tested with Monte Carlo (MC) events. Events, which satisfy
the kinematical hypothesis and for which the uncertainties of the measurements are correctly determined
are characterized by values of �2 found by the minimization which are distributed like a �2 function. The
�2 distribution was confirmed for samples of simulated heavy neutrino events of different mass and mixing
parameters. Events were selected by a cut in probability at a level of 1%.

A new method was developed to determine the invariant mass of a hadronic shower. The method is based
on the correlation between the invariant shower mass W and the energy transverse to the shower direction
Etrans. The energy Etrans is given by the product of energy and opening angle of the shower. The shower
profiles in each plane were added up along the shower direction until 90% of all hits were used. The ratio of
the mean width of this distribution and the distance from shower vertex to the center of the shower energy
defines the opening angle. The functional dependence of the invariant shower mass W on the transverse energy
Etrans was determined in charged current events where the kinematics is constrained by the muon momentum
measured in the spectrometer. The fractional resolution for the invariant shower mass is shown in fig. 2.

In table 1 the reduction of candidates at different stages of the analysis is summarized for real and for
MC events. The number of selected MC events was normalized to the the total number of 1:2� 107 neutrino
and 0:9� 107 antineutrino NC events which were combined in our analysis, the MC statistics was 1000 events
at the level of the kinematical fit.
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Figure 2: Fractional resolution of the measured invariant shower mass �(W )=W as a function of W.

In a first selection a sample of 38504 events with a �� or �� state and little hadronic activity was
collected. From these, 121 events were recognized as double events with a NC shower in front of the track pair.
Applying the geometrical cuts the event number was reduced to ten. These ten events, one of which is shown
in figure 1 constitute the candidate sample. In four events the time difference between the primary shower and
the two muons was less than the gate time of the scintillation counters of � 150 nsec.

We estimated the background due to random overlays by comparing the event numbers in the gate time
of the scintillators and of the streamer tubes. Scaling the total event number ten according to the ratio of gate
times for the scintillators and the streamer tubes we estimated a mean number 2:6� 0:7

0:2
of uncorrelated double

events in the scintillator time gate. The four observed events in the scintillator gate are thus consistent with
random overlays within one standard deviation.

The number of ten events in the candidate sample is also fully consistent with two independent neutrino
interactions yielding a NC shower or a two muon topology. We determined the number of single events that
passed all geometrical criteria for a muon pair. The number of events with ESh > 2GeV was used to calculate
the probability that a NC event occurs in the signal time of the streamer tubes. From this estimation we expect
10� 4 background events due to random superposition.

It is the advantage of the kinematical fit method that it can reduce the background to zero event. Applying
it to the events in the candidate sample no event was found with a �2 probability above 1%.

Table 1: Real event numbers at different stages of the analysis in comparison with the numbers of a simulated
neutrino of mass m=2 GeV=c2 and mixing jU j2 = 10�4 corresponding to 2:1� 107 �� and ��� NC events.

topology real events MC events
two tracks 38504 5.1
NC and two tracks 121 4.6
NC and two muons 10 3.75
kin. fit o.k. 0 3.75

4 Sensitivity
The expected number N of decays of heavy neutrinos with mass m and mixing parameter U was computed

according to the expression:

N = N�h(m; jU j
2)B(�h(m) ! ���)�(m; jU j2); (1)

where N�h(m; jU j
2) is the number of heavy neutrinos produced in a NC neutrino interaction. It was obtained

from the total number of NC events observed during the exposure times the square of the mixing parameter
jU j2 and taking into account the threshold effect due to the heavy neutrino mass.

N�h(m; jU j
2) = NNC � jU j

2
� �(m�h )=�(m = 0): (2)
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Figure 3: Efficiency � to select heavy neutrino events as a function of the mean flight path.

The probability to observe the neutrino decay is the product of the branching ratio B(�h(m) ! ���) and
the efficiency �(m; jU j2) to recognize events by their topology and kinematics in the fiducial volume of the
detector. The suppression factor jU j2 for the decay process enters in the mean lifetime of the heavy neutrino.

A full MC simulation of the process was used to estimate the efficiency as a function of the heavy neutrino
parameters. The efficiency was computed for different combinations of hadronic shower energies and relative
distances between the two subevents. The efficiency values were fitted as a function of the mean flight path
with a theoretical approach given by the probability that heavy neutrino production and decay occur within the
detector length L and separated by a gap of length l, where a uniform distribution of production vertices over
the detector length L and an exponential flight path distribution is assumed [11]. Double vertex events can be
detected with a minimal vertex distance l=1.5 m (4 empty planes in both projections) over an effective detector
length of L=30 m. Fig. 3 shows the efficiency as a function of the mean flight path. The maximum efficiency of
10% occurs at about 6 m mean flight path.

Having observed no heavy neutrino candidate event, the 90% confidence limit on jU�hj2 was computed
by inserting N=2.3 into eq. (2). Systematic uncertainties affecting the efficiency �(m; jU j2) in eq. (1), because
of systematic errors in the definition of the shower energy scale, the muon energy scale and the minimum
separation of the two subevents, and the number of heavy neutrinos N�h in eq (1) because of monitoring
uncertainties, have been evaluated and amount to 7.8%. The result is shown in fig. 4, together with the results
of earlier searches.

In conclusion, there is no evidence for heavy neutrinos in the CHARM-II data. A heavy neutrino with
mass in the range 0.3 to 2.4 GeV=c2 for a coupling to muon neutrinos between 1� 10�2 and 3� 10�5 of the
Fermi strength is excluded at the 90% confidence level.

The analysis improves a previous result from a double event analysis in the CHARM detector [5] by an
order of magnitude. The mass region from 0.4 to 1.9 GeV=c2 is also covered by the beam-dump experiments
[4, 5, 6] studying the decay D ! ��h. However, both kinds of experiments differ in the typical decay path of the
heavy neutrinos and are therefore sensitive to different mixing parameters. The sensitive region is determined
by a lower limit of jU j2 given by the rate of production of heavy neutrinos and an upper limit of jU j2 owing to
the rapid decay of the heavy neutrinos.
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Figure 4: Limits at 90% confidence level on jU�hj2 as a function of the isosinglet neutrino mass mh: a) limits
obtained in this experiment by the CHARM II Collaboration; b) limits from the study of the decay K ! �� at
KEK [3]; c) limits obtained by the BEBC Collaboration in a beam-dump experiment [4]; d) limits obtained in
a previous beam-dump experiment by the CHARM Collaboration [5]; e) 95% confidence limit from Z decay
obtained by the L3 Collaboration [7]; f) universality limit [10] updated
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