View metadata, citation and similar papers at core.ac.uk brought to you bnyORE

provided by CERN Document Server

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-PPE/94-168
October 11, 1994

Sear ch for Heavy | sosinglet Neutrinos

The CHARM |1 Collaboration

P VilainY), G. Wilquet!)
Inter-University Institutefor High Energies (ULB-VUB), Brussdls, Belgium

S. Petrak?, R. Beyer®, W. Flegel, H. Grote, T. Mouthuy®), H. @veras, J. Panman, K. Winter,
G. Zacek®), V. Zacek®)
CERN, Geneva, Switzerland

F. W. Busser, C. Foos, L. Gerland, T. Layda”), F. Niebergall, G. Radd?®, P. Stahdin, T. Voss®)
[1. Institut firr Experimental physik®), Universitat, Hamburg, Germany

D. Favart, G. Grégoire, E. Knoops®), V. Lemaitre
Université Catholique de Louvain, Louvain-la-Neuve, Belgium

P. Gorbunov, E. Grigoriev, V. Khovansky, A. Masennikov, A. Rozanov
Institutefor Theoretical and Experimenta Physics, Moscow, Russian Federation

W. Lippich, A. Nathaniel®), A. Staude, J. Vogt
Sektion Physik®) der Universitat Miinchen, Germany

A. G. Cocco, A. Ereditato, G. Fiorillo, F. Marchetti-Stas, V. Palladino, P. Strolin
Universita and Istituto Nazionale di FisicaNucleare (INFN), Naples, Italy

A. Capone, D. De Pedis, U. Dore, A. Frenkel-Rambaldi, P. F. Loverre, D. Macina®), G. Piredda,
R. Santacesaria
Universita’La Sapienza’ and Istituto Nazionae di FisicaNucleare (INFN), Rome, Italy

E. Di Capua, S. Ricciardi, B. Saitta
Universitadi Ferrara and Istituto Nationale di Fisica Nucleare (INFN), Ferrara, Italy

B. Akkus'?), E. Arik!®, M. Serin-Zeyrek, R. Sever, P. Tolun
High Energy Physics Research Centre, Y EFAM, Ankara, Turkey

K. Hiller, R. Nahnhauer, H. E. Rol off
DESY - Ingtitut fir Hochenergiephysik, Zeuthen, Germany

(submitted to Physics Letters B)
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-I1 Collaboration. We searched for heavy
neutrinos created by scattering muon neutrinos on nucleonsand decayinginto x* ™ v,,. Production and decay of
heavy neutrinos would appear as double eventsin the detector. Each double event candidate was tested wheather
the measured quantities are compatible with the kinematics of this process. No event passedthistest. Theanalysis
is based on 2 x 107 neutral-current neutrino events collected from 1987-1991. The experiment is sensitive to
heavy neutrinosin the massrange 0.3-2.4 GeV/c?. Thebest limit for the mixing parameter is|U,;|* < 3 x107°
for amass around 2 GeV/c?. 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 theinvisible Z decay width. However, neutrinos which occur as singlets
under the standard ST (2)r 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 searchesfor heavy isosinglet neutrinosw;, which coupleto muon neutrinosy,, have been performed
in meson decay experiments. # — uvy, [2], K — pwvy [3], D — pvp [4,5, 6] and in eTe™ experiments:
ete™ = Z > v [7].

Thesensitivity of themeson decay experimentsislimited by the mass of the parent mesons, whereas one of
thee™ e~ experiments[7] extended stringent limitsfor neutrino masses above 3 GeV/c?. Theintermediate mass
region from 0.3t0 2.4 GeV/c? is covered by muon neutrino scattering experiments on nucleons: v, N — v X,
where an accel erator neutrino beam isused as muon neutrino source. Former experiments|[5, 8] already searched
for heavy neutrinosproduced in thisway. The result presented hereis 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 vy, by v N-scattering depends from the existence of neutra current
transitionsv,, — v5,. Mixing between isosinglet and isodoublet neutrinos allows these transitions of different
neutrino mass eigenstates in neutral current reactions. The coupling of v, to the muon neutrino v, 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 eventswhere a neutra current (NC) event isfollowed 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 v, — ptp~v, for which the ratio of signa to
background is the largest. The hadronic decay mode v, — hadrons + v, has alarger branching ratio but
also very large background. Such background may arise from random overlays of two independent neutrino
interactionsin the sensitivetime of the detector and from doubl e events dueto the interaction of neutra hadrons
or the decay of neutral kaons originating from aneutra current event. According to the measured event rates of
interactions producing a hadron shower or a muon pair we expect for the u* p~v,, decay channel a10° times
lower background of random overlays as compared to the hadronic decay mode. The background contribution
from neutral hadronsisnegligiblefor thetwo muon topology, however itisan important background for neutrino
decays into hadrons.

We searched for the pu* p~ 1, 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 hereisof the order
of 5-7% [11]. In afirst 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 v,
production and decay is constrained by e ght 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, onefor the energy of theincoming neutrino, the mass and the energy of the heavy neutrino
and three for the momentum vector of the neutrinoamong thedecay products. The systemisthusoverdetermined
by two degrees of freedom and a fit based on the minimum x? 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
criteriaare applied to the hits of the streamer tubes. The following conditionswere used to select the candidate
event sample: (i) The interaction and decay point were required to be in afiducia region of a square, 320 x
320 cm?, transversely to the beam direction and longitudinally between plane 5 and 390 out of 420 cal orimeter
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 muonswere considered to have acommon
vertex if the three-dimensional spatia difference between individua muon vertices is smaler 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 additiona hits by bremsstrahlung and by é§-rays, whereas hadrons interact and produce
backscattered tracks and wide showers. On thebasis of these differences we have attempted to eliminatedimuon
events induced by neutrinos with hadronic activity at the vertex. The quantity used to pick out muon tracksis
the number of additiona 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
ppe and pr fina state. We could suppress the hadron background while keeping the muon efficiency highif 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 additiona hits per plane.

One candidate event selected by the geometrical conditionsis shown in fig. 1. In a second step, the
compatibility of the event kinematics with that of v, 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 x? found by the minimization which are distributed like a x# function. The
x?2 distribution was confirmed for samples of simulated heavy neutrino events of different mass and mixing
parameters. Events were selected by acut in probability at alevel of 1%.

A new method was devel oped 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
Eirans. The energy Ey,q.q, 1S 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
E, ., Wasdetermined in charged current events where the kinematicsis constrained by the muon momentum
measured in the spectrometer. The fractiona resolution for the invariant shower massis showninfig. 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 x 107 neutrino
and 0.9 x 107 antineutrino NC events which were combined in our analysis, the MC statistics was 1000 events
at thelevel of the kinematicd fit.



N

o

O
(@] o
R RN NN RN R

mass resolution o(W)/W

— 1 1 1 I I
2 2 4 S 8 10 12

invariant shower mass W (GeV /c?)

Figure 2: Fractional resolution of the measured invariant shower mass o(W)/W as afunction of W.

In afirst selection a sample of 38504 events with a up or ur state and little hadronic activity was
collected. From these, 121 events were recogni zed as doubl e 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 | ess 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 scintillatorsand the streamer tubes we estimated amean number 2.6 & 8:; 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 criteriafor amuon pair. The number of eventswith E's;, > 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 isthe 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 x? probability above 1%.

Table 1: Red event numbers at different stages of the analysisin comparison with the numbers of a smulated
neutrino of mass m=2 GeV/c? and mixing |U'|2 = 10~* corresponding to 2.1 x 107 v, and #, NC events.

topology real events | MC events
two tracks 38504 51
NC and two tracks 121 46
NC and two muons 10 3.75
kin. fit o.k. 0 3.75

4 Sensitivity
The expected number N of decays of heavy neutrinoswith mass m and mixing parameter U was computed
according to the expression:
N = Ny, (m, |U[*) B(va(m) — ppv)e(m, |U|?), D

where N, (m, |U|?) 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
|U | and taking into account the threshold effect due to the heavy neutrino mass.

Ny, (m,|U*) = Nyc - [U[* - o(my, ) /o (m = 0). )
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Figure 3: Efficiency ¢ to seect 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(v(m) — ppr) and
the efficiency e(m, |U|?) to recognize events by their topology and kinematics in the fiducial volume of the
detector. The suppression factor |U|% for the decay process enters in the mean lifetime of the heavy neutrino.

A full MC simulation of the processwas used to estimate the efficiency as afunction of theheavy 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 atheoretical approach given by the probability that heavy neutrino production and decay occur withinthe
detector length L and separated by a gap of length |, 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 aminimal vertex distance |=1.5 m (4 empty planesin both projections) over an effective detector
length of L=30 m. Fig. 3 showsthe efficiency as afunction 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 |U,,,|? was computed
by inserting N=2.3 into eg. (2). Systematic uncertainties affecting the efficiency e(m, |U|?) 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, 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/c? for a coupling to muon neutrinos between 1 x 10~% and 3 x 10~5 of the
Fermi strength is excluded at the 90% confidence level.

The analysis improves a previous result from a double event analysisin the CHARM detector [5] by an
order of magnitude. The mass region from 0.4 to 1.9 GeV/c? is aso covered by the beam-dump experiments
[4,5, 6] studyingthedecay D — uvy,. However, both kinds of experimentsdiffer in thetypical decay path of the
heavy neutrinos and are therefore sensitive to different mixing parameters. The sensitive region is determined
by alower limit of |U |2 given by the rate of production of heavy neutrinosand an upper limit of |U|2 owing to
the rapid decay of the heavy neutrinos.
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Figure 4: Limits at 90% confidence level on |U,|* as afunction of the isosinglet neutrino mass my,: a) limits
obtained in this experiment by the CHARM I1 Collaboration; b) limitsfrom the study of thedecay K — uv at
KEK [3]; ¢) limits obtained by the BEBC Collaborationin a beam-dump experiment [4]; d) limitsobtained in
a previous beam-dump experiment by the CHARM Collaboration [5]; €) 95% confidence limit from Z decay
obtained by the L3 Collaboration [7]; f) universality limit [10] updated
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