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ABSTRACT

Results of an experiment carried out at the Brookhaven
National Laboratory (BNL) exposed to a neutrino beam with a fine-
segmented massive detector are presented. We have searched for
"ue" events which consist of a muon and an electron emanating
from the same vertex, which could be interpreted as a production
and subsequent decay of a massive neutrino in the mode of =n/K -
vg t £, vg o uev2(2=u,e). Existence of such events would indi-
cate a new physics beyond the Standard Model (Glashow-Weinberg-
Salam Model).

We have observed no evidence of such a heavy neutrino. New
upper limits on lepton-mixing matrix elements |UHui2 and |UHel2
as a function of the heavy neutrino mass were obtained. We did

not confirm anomalous "ue"-pairs reported by the Aachen-Padova

group.
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FIGURE CAPTIONS

The limit at 90% C.L. on the‘vﬂ - vo oscillation,
in the Amz vs. sin226 plane, obtained in our

experiment at BNL [1.17].

The limits at 90% C.L. on |UHﬂ!2 and |UHel2 as a
function of the neutrino mass, obtained by the
secondary peaks search experimeﬁts ana the beam
dump experiments, are shown in (A) and (B) respec-

tively : (a) the CHARM Collaboration from the beam

dump experiment [1.24] ; (b) the BEBC Collabora-
tion from the beam dump experiment [1.25] ; (c)
the KEK/Tokyo Group from K = ve decay [1.21] ; (d4)

the decay nw - ve at TRIUMP [1.23] ; (e) the study

of K - uy decay at KEK [1.20].

Feynmann diagrams of the heavy neutrino production

processes for (a) n+ - e+vH, (b) x5 > ﬂ+VH, (c)

kt > e+VH, (d) k¥ - ”+VH‘ The mixing matrix

elements lUHB" L = e or u, contribute to the

heavy neutrino production processes.

Feynmann diagrams of the heavy neutrino decay
processes for (a) vy - u‘e+ve, (b) vy - u+e_ve,

and muon decay process (c) y+ - e+ve— The

‘V'u-

mixing matrix elements [UH2|, £ = e or u, contri-



Figure 2.1

Figﬁre 2.2

Figure 2.3

Figure 2.4

bute to the heavy neutrino decay processes, (a)

and (b).

The Alternating Gradient Synchrotron (AGS) at
Brookhaven National Laboratory. Protons are ac-
celerated to 200 MeV by the linac and are injected
into the Brookhaven AGS. Then the beam is accel-
erated to an energy of 28.3 GeV. To produce the
wide band neutrino beam, the beam ( about 1013
protons ) is extracted by a fast-extracted-beam
mode and transported to a neutrino production

target at every 1.4 seconds.

The layout of the magnetic horn system. The horns
themselves are cylindrically symmetric with the
proton target, enclosed in the entrance to the

first horn.

The enhancement of the neutrino flux by using the
horn system. The upper curve is the ratio of the
yvield of neutrinos with the horn current on to
that with the horn current off. The lower curve
shows the same ratio for the opposite polarity

particles.

The whole view of the neutrino beamline. The
beamline and decay region are shown with the mag-

netic horns and the detector.



Figure 2.5 : The distribution of event times for events in the
neutrino detector, reflecting the bunch structure
of the A.G.S. beam. The AGS has twelve proton
bunches circulating, and extraction is accom-

plished in a single revolution.

Figure 2.6 : (a) The measured spectrum of Yy determined from
quasielastic events together with the calculated
result. (b) The calculated spectrum of V4 with

the component contributions.

-Figure 2.7 : (a) The measured spectrum of v determined from
quasielastic events together with the calculated
result. (b) The calculated spectrum of vy, with

the component contributions.

Figure 2.8 : The E734 neutrino detector assembly which consists
of the 112 main modules followed by the gamma

catcher and the magnetic spectrometer.

Figure 2.9 : Front view of the calorimeter plane, each seg-
mented into 16 ( 25 cm x 425 cm in area x 8 cm
thick) cells viewed by photomultipliers at both

ends.

Figure 2.10: A typical PMT's response to minimum ionizing
particles as a function of distance from the PMT.

The data points are fit by A«( exp(-x/B) + C ).
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The distribution of the reciprocal of the light

attenuation constant (1—1) for all the calorimeter

cells in one-fourth of the detector.

The measured energy distribution (dE/dX) of the

calorimeter for minimum ionizing particles.

The  time difference distribution of the calorime-
ter determined by the difference between the time
measured by the PMT from individual cells(tscin)

and the calculated time from a fit to all scintil-

lator times along a long track(tfit).

Partially exploded view of a proportional drift

tube (PDT) plane showing internal construction.

The spatial resolution of the PDT evaluated by use

of the horizontal cosmic rays.

The overall angular resolution as a function of
electron energy. The upper curve is the kinemat-
ical limit of the Y. interaction. The lower
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The pulse hight distribution of the PDT measured
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length in the cell.
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Figure 3.1

Figure 3.2

Figure 3.3

Schematic of the signal processing electronics for
a single calorimeter cell (Q-card).
Schematic of the electronics for time measurement

of calorimeter cell signals (T-card).

Schematic of the analog and digital electronics

for a PDT cell.

Blockdiagram of the complete E734 data acquisition

system,

Typical eventé in our detector, {(a) A long muon
track and (b) an electromagnetic shower. The
neutrino beam enters at the left of the page.
Shown are the two views xz and yz. Thé large
boxes in the yz view are scintillator ceils and
the small boxes are PDT cells. The xz view con-

tains only PDT hits.

Data reduction flow to extract a signal for the
heavy neutrino. As shown in this flow, the soft-
ware filter ("we"-filter) was first applied to
the events and then double-scanned all events.
Kinematic cuts (described in detail in subsection
3.1.3) were applied to the events which survived

the filter and the scanning.

Example of the time clustering. Each time cluster
(TCL) contained time-related calorimeter hits were

supposed to come from a single event,



Figure 3.4 : The distribution of the total visible energy
versus shower energy by using the data which sur-

vived the eye scanning.

Figure 3.5 : Example of ue event. Both the shower pattern and
the muon-like track are originating from the same

vertex.

Figure 3.6 : Example of uy event. The shower pattern appears
downstream of the vertex and is associated with

the original point of the muon-like track.

Figure 3.7 : Example of z° backgraound event. Two shower
patterns appear downstream of the vertex and are
associated with the original point of the muon-

like track.

Figure 3.8 : Data reduction flow of the two-shower sample. The
surviving events after the "we"-filter were scan-
ned to select two-shower sample. Criteria of the
scanning for the two-shower sample were the same
as those for single-shower sample except the re-
quirement of two electromagnetic showers in an

event.

Figure 3.9 : Example of the reaction e - u pr°® simulating ue
event. The reaction produces a short track of the

proton accompanying z°, where one decay Y converts
close to the vertex and the other one is lost,

simulates wpe event.
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Conversion distance distribution of the single-
shower sample I (the dotted line shows the

distribution from the x#° background).

Conversion distance distribution of the single-
shower sample II (the dotted line shows the

distribution from the #°® background).

Conversion distance distribution of the vy sample
(the dotted line shows the distribution from the

7° background).

Conversion distance distribution of the two-shower
sample (the dotted line shows the distribution

from fhe 7° background).

Conversion distance distribution of the single-

shower sample before 1 GeV cut.

Schematic view of the background event from

Dalitz decay, having a proton track with one decay

Y lost.
The cross sections for (a) YN - e_Nn+ ( N = p or
n ) and (b) V#N - y_Nn+ ( Nz porn ), based on

the Rein-Sehgal model.

Data reduction flows of Monte Carlo for (a) e—p;-v:+
and (b) e nxt.

The cross section of Vﬂn - u—A¢
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Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

The behavior of p as a function of m,VH for the

decay modes (a) r' - ”+VH’ (b) =t > e+vH, (c) K* 5

”+VH and K% - e+yH. The rates of the z/K decay

into the electron and heavy neutrino are enhanced

(i.e. p>> 1) except at small mass region where

-helioity suppression takes effect, while the decay

into massless neutrinos is strongly suppressed.

The heavy neutrino spectra divided by the mixing
matrix element ¢VH/IUHeIZ for Kt o e+yH for sev-

eral masses from 200 to 470 MeV.

The heavy neutrino spectra divided by the mixing.
matrix element ¢VH/IUH#IZ for KT > u+VH for sev-

eral masses from 200 to 370 MeV.

The acceptance for the heavy neutrinos for several
masses from 200 to 470 MeV. In the low energy
region the acceptance is limited by the I.GeV
energy cut, while in the high energy region it is
limited by the requirement of the 0.05 radian

opening angle between the muon and electron.

The variation of the acceptance for heavy neutri-
nos caused by shifts of eénergy cut estimated as

the systematic error.

The variation of the acceptance for heavy neutri-
nos caused by shifts of opening angle cut esti-

mated as the systematic error.



Figure 4.7

Figure 4.8

The flux averaged acceptance with systematic
errors estimated from the energy and opening angle
+

variations for (a) Kt 5 e YH and (b) kKt > ”+VH‘

(A) Upper limits at 90% C.L. for the mixing matrix
elements in the |UHp|2 and IUHelz space. In this
figure the region outside the contour of 90% C.L.
l2

upper limit in the |UH”|2'and ‘UHe space is

excluded. The individual upper limits of 90% C.L.
for the mixing matrix elements [UHﬂlz and IUHeiz
are shown in (B) and (C) respectively together
with the results from other experiments : (a)
limits obtained by the CERN PS191 experiment from
K - ye and # > ve decay [4.3] ; (b} the CHARM
Collaboration from the beam dump experiment [1.24]
; (c) the CHARM Collaboration from the wide band
experiment [4.4] ; (d; the BEBC Collaboration from
the beam dump experiment [1.25] ; (e) the KEK/
Tokyo Group from K - ve decay [1.21] ; (f) the
decay n - ve at TRIUMP [1.23] ; (g) the study of K
- u¥ decay at KEK [1.20] ; (h) solar neutrinos
[4.5) ; (i) from K - yyvu decay at LBL [4.6]1 ; (J)

from the study of the branching ratio of K - ve

[4.7] (see also ref.[1.191]).



Chapter 1. INTRODUCTION

§1.1 Overview

An existence of a neutrino was first postulated by Pauli in’
1930 [1.1]. Pauli introduced the neutrino in order to explain
the continuous spectrum of electrons emitted in nuclear g decay.
The neutrino was assumed to be a fermion having 1/2 spin, no

charge, and given a mass nearly zero but not exactly zero origi-

—_———— -

nally.

A direct neutrino induced interaction,

Ve + P > ' + n (1-1)

was first observed by Reines>and Cowan in 1956 [1.2], over twenty
vyears after the Pauli's suggestion. Since then, fundamental
properties of the neutrinos have been studied extensively. For
example, helicity of the electron neutrino (ve) was measured by
Goldhaber et al. in 1958 [1.3] and that of the muon neutrino (v#)
was measured by Backenstoss et al. in 1961 [1.4]. The fact that

) was discovered by

Y. and v, are two different particles (ve v

e M
the Columbia group at BNL in 1962 [1.5].

y7.

The minimal standard electroweak model proposed by Glashow,
Weinberg and Salam in 1960's [1.6] predicted the existence of
neutral current interactions. In 1973 two neutral current in-

teractions of neutrinos such as



vy (v) + e o v (v,) + e (1-2)

v (v.) + N > v {v,) + X (1-3)

were observed by a bubble chamber group at CERN [1.7] and con-
firmed the important prediction of the model. In addition,
direct discovery of the intermediate vector bosons Wi énd Z0 by
UA1l and UA2 groups at CERN PP collider in 1983 [1.8] firmly
confirmed this minimal version of the standard gauge model of the
electroweak interactions. In this model, however, there is no
positive principle of the mass of neutrinos.

Some of grand unified theories (GUTs) [1.9], which require
violation of lepton number as well as baryon number conservation,

allow existence of non zero neutrino masses. The left-right

symmetric model [1.10] developed as an extensidn model of the
electroweak interaction, which restores parity conservation at
high energy, assumes finite mass of the neutrinos implicitly.
Furthermore massive neutrinos could provide solutions to some
cosmological and astrophysical problems such as, the dark matter
in the universe and galaxy, and the solar neutrino puzzle [1.11].
Massive neutrinos could play an important role both in the fields
of particle physics and in astrophysics.

In spite of the extensive experimental and theoretical stud-
ies, the fundamenﬁal properties of the neutrinos, especially the
mass of neutrinos, are still open questions. Therefore, a search
for massive neutrinos has been of great interest and one of the

promising probes to look into new physics beyond the standard



model and to find a solution of those astrophysical problems.

8§1.2 Massive Neutrinos

If neutrinos have masses, then their weak eigenstates like

v

v and Y, need not to be the same as their mass eigenstates

e’ M

like v,,v, and v5; [1.12]. 1In general, these two eigenstates of

the neutrinos are related through unitary mixing matrices Uzi
n
Vg = Z Ugivi y R = e Ty, (1-4)
=1

where vy, and v; denote the weak and the mass eigenstates, respec-

tively.
The present upper limits on the masses of known three neut-

rino flavors are

m £ 18 eV
Ve
m,, £ 250 keV (1-5)
u
m £ 35 MeV
Ve
respectively [1.13]. In general the present mass limit on vy, (2
= e,u,T), obtained by the direct searches for neutrino mass, can
be interpreted as a mass limit on Vi (i = 1,2,3) if the mixing
matrix Ug; is almost diagonal, i.e., |Ujj| >> |U;kls J#k, suppo-

sing that the mass of vi's is monotonically increasing, i.e.,

m(Vi) < m(Vi+1)-

There are other kinds of phenomena induced through the non



zero off-diagonal mass-mixing matrix elements, which are also
sensitive to neutrino masses. When the mass differences between
various neutrino species are large enough, neutrinos could decay
into lighter particles. While in the case of the small mass
differences, i.e., smaller than 100 eV or so, the effect may

manifest itself in a phenomenon of the so-called neutrino oscil-

lation between different flavors. Therefore, the off-diagonal
elements including higher generations, 1U21J << 1, i=1,2,3,..,n,
can be explored through those phenomena. The experiments to

search for those phenomena may be called indirect searches for
neutrino masses.

Before we explain about a search for heavy neutrino decays
which is the present subject of this paper, we quickly review.
other experimental techniques, directly or indirectly, to search

for masses of neutrinos.

1. Precise and direct measurements of the mass of electron

neutrinos

The end point electron energy spectrum in a tritium g decay

3H - 3He + e+ ;e has been most widely employed in order to

detect the neutrino mass directly. An experiment carried out by

Lubimov et al. at ITEP claimed a finite neutrino mass [1.14]:

14

IIA

m,, £ 46 eV/c? (1-6)

But several other experiments have reported the new upper

limits on by such as m,, < 18 eV/c? [Zurich/SIN], m,, < 27 eV/c?
. e

[Los Alamos] and m,, < 32 eV/c? [INS(Tokyo)] [1.15], which have



not supported the above ITEP result.

A neutrinoless double-beta decay (BB)OV, (Z,A) > (Z+2,A) +
et + e~ provides a sensitive experiment for both Majorana mass
and lepton number violation. So far no such process has been

observed and the upper limit on the averaged Majorana mass is

<mv> < 1.1 eV [1.16].

2. Neutrino oscillation

The neutrino oscillation experiments have a good sensitivity
to small neutrino masses and moderate sensitivity to the mixing
angle.

If we consider a neutrino oscillation between two lepton
generations for simplicity, the weak eigenstates v, and Yy relate

to the mass eigenstates v, and ¥, as

v,cos8 + ¥,sin@

A
1]

(1-7)

v -y,8in8 + wv,cos§g

)7,

where 6 is the mixing angle.
Then the probability that the neutrino which was originally

appears as v, at distance L (in meter) is

v “

e

P(vg > v,) = sin?26.sin%(1.27-Am? .L/E) (1-8)

where Amz is the difference of the neutrino masses squared in

2
eV , and E is the neutrino energy in MeV. Figure 1.1 shows 90%

C.L. limits on v, = v, oscillations, in the Amz vs. sin226 plane,

M



obtained in our experiment at BNL [1.17].
The present limits on Amz for maximum mixing, and on sin229

for large Amz, are [1.18]:

Am? < 0.018 ev?

sin?26 < 0.0032

2 2
sin“26 < 0.015

Am2 < 0.018 eV2

X
© sin®26 < 0.07
According to eq.(1-4) and (1-7), |cos@| is the diagonal
matrix element |Ugy| or [U |, and |sin@| is the off-diagonal
. 2
matrix element |Ue2l or |Uﬂ1[. Therefore the limit of sin 26 <

0.0032 could be reinterpreted er2|2 or lUﬂllz < 8.0 x 1074,

3. Secondary peaks search

A class of experiments was proposed by R.E.Shrock [1.19]
searching for heavy neutrinos by measuring the energy spectrum of
the lepton in two-body decays in =z - evy, 7 > uVy, K - evy and K
- y?H. If the YH is produced, the energy spectrum of these
charged leptons should exhibit a discrete peak displaced from the
place expected in the normal two-body decay.

The first experiment to search for heavy neutrinos emitted
in k¥ - y+v decay was performed at the National Laboratory for

High Energy Physics (KEK) [1.20] and obtained an upper limit of



'

0.5 ~ 2 x 10"5 for the miXing ratio between ¥, and a heavy

12,

M
for a mass range of 160 ~ 230 MeV/c2?2. 1In this

neutrino, |UHu
experiment, the spectrﬁm of the muon range in the stopped kt
decay was measured to search for a discrete line associated with
the heavy neutrino emission in Kﬂz decayf The best 1limit on
|UHu|2 in this type of experiment was obtained by a dedicated
experiment using a high resolution ﬁagnetic spectrograph at KEK
[1.21]. The experiment obtained an upper limit of 10~% ~ 9x10~7
for a wide mass range of 70 ~ 300 MeV/c?2.

The upper limit on IUHﬂlZ in a small mass region below 50
MeV/c? can be obtained by using nﬂz decay. The best limit was
given by SIN group as 1072 ~ 3 x 107° in the mass range of 1 ~ 20
MeV/c?® [1.22].

Similafly,vthe upper limit on |UHe[2 can be obtained by
using the Kez and o2 decays. KEK group reported the upper limit
of IUHe|2 < 1078 ~ 107% through the Koo decays in the mass range
of 100 ~ 500 MeV/c?2 [1.21]. In the mass range of 10 ~ 100
MeV/c2, the upper limits of 1077 ~ 10™° were obtained by SIN and

Triumpf groups [1.23].

4. Beam dump experiments

A proton beam is dumped onto a high density target which
absorbs nearly all the secondary n's and K's before they decay.
Heavy neutrinos have been assumed_to be produced in a_semilepto—
nic decay of charged and neutral D mesons, and in a leptonic

decay of charged D's. Beam dump experiments search for a decay



of such neutrinos in a neutrino detector. The mass eigenstate vg4
in particular has been assuméd to be produced in charmed F meson
decays. The beam dump experiment can probe a larger kinematic
range of neutrino mass up to (mD - me).

The CHARM Collaboration has performed searches for decays of
heavy neutrinos produced by dumping 400 GeV protons in a Cu
target at CERN SPS [1.24]. They obtained an upper limit on
|U3e|2 to the order of 10719 for a heavy neutrino associated with
7 lepton by searching for a decay mode of vy - e+e—'ye in the mass
range of 10 ~ 250 MeV and the upper limits of |Uyg|%,|Uy,|? < 107
7 for the neutrino masses around 1.5 GeV by searching for the
decaylmodes e+e've, ﬂ+e—ve and p+#_vﬂ [1.247.

The BEBC bubble chamber group has also performed a search
for heavy neutrino decays in a proton beam dump experiment at
CERN [1.25]. They obtained upper limits [UHﬂlz, [UHeI2 < 1078 ~
10™7 for the mass range of 0.5 ~ 1.75 GeV, and also limits on
[Ug 12 < 1077 ~ 1078, Juz |2 < 1079 ~ 10710 for the mass eigen-
state vyg3 in particular in the mass range of 150 ~ 190 MeV/c?

[1.25]. The results of the secondary peaks search experiments

and the beam dump expériments are summarized in Figure 1.2.



§1.3 Search for a Heavy Neutrino Decay

(Subject of this experiment)

A number of experiments have been performed by applying
complementary techniques in order to search for massive neutri-
nos. The precise and direct measurement of the mass of light
neutrinos do not have a sensitivity to the off-diagonal mixing
matrix elements. The experiment searching for neutrino oscilla-
tions among different flavors has a sensitivity on the off-
diagonal elements squared to the order of 10-4 ~ 10—2 and on the
mass difference below 100 eV. The secondary peaks search and
beam dump experiments can give the smaller values on the mixing
matrix elements squared to the order of around 10"2 than the
neutrino oscillation experiments, but in the mass range from
several MeV to several hundred MeV.

Another approach which we have adopted and is potentially
more sensitive is to lookvfor the heavy neutrinos contaminatéd in
a ordinary neutrino beam. The principle of the detection is as
follows. According to the equation (1-4), the heavy neutrino Yy
as a mass eigenstate, is possibly produced from the same source

of Ves YV, OT ¥ through the mixing matrix, if it is allowed kine-

yoi T
matically. Then the produced heavy neutrinos may decay into
lighter particles while traveling in the beam. 1In our experi-

ment, the heavy neutrinos are supposed to be produced through the

decays of zt > 2+VH and K - £+VH, L = e or u, and to decay into
the electron, muon and ordinary neutrino, i.e..yH - uevy, £ = e
or u. Feynmann diagrams of the heavy neutrino production process
from 7 and K' are shown in Figures 1.3.(a) - (d). Figure



1.4.(a) and (b) show the subsequent decay process of the heavy
neutrinos. This method is similar in physics to the secondary
peak search, because the heavy neutrinos is produced in the decay
of Kaons or pions. In comparison with the secondary peaks
search, however, this»experiment has much higher sensitivity on
the mixing matrix elemenfs squared, |UHﬂ[2 and |UHeI2' On the
other hand, technical approach is very much like as the beam dump
experiment because it tries to detect the decay products of the
heavy neutrinos using a massive neutrino detector. Beam dump ex-
periments in the past were carried out ﬁsing high energy (~ 100 -
200 GeV) neutrino beam lineiat CERN and hence the distance bet-
ween the production target and the detector was 5 times longer
than ours which used low energy neutrino beam line at BNL. Be-
cause of this, our apparatus has larger acceptance and has a
potential to obtain higher sensitivity than the previous experi-

ments.

'In this thesis the results of an experiment performed by
using the neutrino beam at the Brookhaven National Laboratory AGS
(Alternating Gradient Synchrotron) are presented. The main goal
of this experiment was to search for heavy neutrinos which were
produced by the decays of K's and n's and subsequently decayed in
a particular decay mode of vy = Mevg, £ = e or u. Failure to
observe such events improves upper limits on the mixing matrix
elements squared |UH2|2’ £ = e or u.

We also performed a more general search looking for anbma—
lous wue events in final states, which are not necessarily related

to heavy neutrinos. The aim of this search was to study the
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anomaly reported by the Aachen-Padova group at CERN PS in 1981
[1.26].. They claimed an excess of uge events with a rate relative
to all charged current reactions of (6.9 + 2.5) x 10—5. Since
their experiment, using the CERN PS wide band neutrino beam with
an averaged energy of 2.2 GeV, is similar to ours, the existence
of the anomalous e events can be tested by this search if it

exists.

In chapter 2 we present the experimental apparatus. Chapter
3 describes how to extract signals and discusses about the back-
ground subtractiohs. In chapter 4 results are given and discus-

sions are presented.
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Chapter 2. EXPERIMENTAL APPARATUS

§2.1 Introduction

The experiment has been performed by using a horn focused
wide band neutrino beam with an éverage beam energy of 1.4 GeV at
the Brookhaven Alternating Gradient Synchrotron (AGS).

The detector was primarily designed to detect reactions of

the weak neutral current,

vﬂ(?#)e_ - v#(aﬂ)e" and vﬂ(?ﬂ)p - vﬂ(;ﬂ)p, (2-1-1)

and the weak charged current reactions [2.1],

— + 1
V.o - 4 p and V4P > un . (2-1-2)

Therefore the detector ensures a good ability to identify heavy
neutrino signals consisting a muon and an electron as decay

products.

§2.2 Neutrino Beam

2.2.1 The beamline

Protons are accelerated to 200 MeV by a linac and are in-
jected into the Brookhaven AGS. Then the beam is accelerated to

an energy of 28.3 GeV [Figure 2.1]. The beam ( about 1013

pro-
tons ) is extracted by a fast-extracted-beam mode (FEB) and
transported to a neutrino production target at every 1.4 seconds.

The target is a sapphire (ALyOg), 6.4 mm in diameter and 45
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cm long. It has a low Z with relatively high density. The
density and Z of sapphire are 4 (g/cm3) and 50, respectively. A
material with low Z and the relatively high density makes pion
reabsorption lower and the efficiency of secondary particles pro-
duction high.

Secondary particles produced by the proton interactions at
the target are focused by the two horn system as shown in Figure
2.2. Two horns are cylindrically symmetric and generate a pulsed
magnetic field. For neutrino running, the horns focus positive
particles and defocus negative particles. For antineutrino
running, the horn polarity is reversed. This system increases
the flux of neutrinos about a factor of 10. 1In Figure 2.3 we
show the enhancement in the neutrino flux produced by using this
horn system. Also in Figure 2.3 is shown the effect of the horn
system for "wrong sign" particles.

Following the production target and the horn system, there
is a 50 m long drift space, called a decay region, where most of
pions and kaons decay. Hadron- and muon-shield consisting of
earth and steel of 30 m long begins at the end of the decay
region. The muon shield is made from segmented steels. A few
counters for measuring the beam position, intensity and timing,
are inserted between the steels. The whole view of the neutrino
beamline is shown in Figure 2.4.

The time structure of the beam, measured by neutrino quasi-
elastic interactions, is shown in Figure 2.5. The beam, preserv-
ing RF time structure, arrives at the target in 12 bunches 224 ns

apart. The width of each bunch is about 30 ns. This time struc-
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ture of the beam makes the cosmic ray backgrounds considerably

small.

2.2.2

Neutrino sources

The predominant decay modes of pions and kaons are ;

kand

The energy

is given by

and

1
—

+ oy , Branching Ratio .00 (2-2~-1)

+ v , Branching Ratio = 0.64 (2-2-2)

of neutrinos from the modes (2-2-1) and (2-2-2)
2 2
m, - omy,
2(E, - P cos@,)
2
m
- 2 2y, i _3_
Eﬂ (1 m, /mn ) ; 29 5 T 5 (2-3-1)
T Yv 7T
2 2
2(Eg - PKcosay)
2
My
Eg- (1 - m,2/my®) — - (2-3-2)
. Pg=6," + myg
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respectively, where EV is the laboratory energy and GV is the
emission angle of the neutrino.

Only neutrinos emitted close to the forward direction reach
the detector located at about 100 m downstream from the produc-
tion target. Suppose BV = 0 and En > m, EV becomes = En/z for

the decay mode n+ - u+v and EV becomes = Ex for the decay mode

!
K+ - ﬂ+v#. Therefore the high energy part of the neutrino spec-
trum mainly comes from K+ decay.

There are also some ve's which come mainly from the decays.

In higher energy region, these ve's mainly come from

0.05  (2-4)

1]

e Branching Ratio

and

0.39 (2-5)

Kg > 70 o+ et o+ , Branching Ratio

The ve/yﬂ ratio is about 3 x 10—3 on an average for the

entire beam spectrum. The measured and calculated spectra of Y
and Vo are shown in Figures 2.6 (a), (b) and Figures 2.7 {(a) and

(b), respectively [1.17].

§2.3 Detector Overview

The main detector consists of vertical planes of liquid
scintillator, eachbsegmented into 16 (25 cm x 425 cm in area x 8
cm thick) cells viewed by photomultipliers at both ends and two
crossed planes of proportional drift tgbes, each plane being
divided into 54 (7.6 cm x 420 cm in area x 3.8 cm thick) cells

[Figure 2.8]. In Table 2.1 characteristics of the detector is
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given. Two planes of drift tubes with x and y coordinates and a
plane of liquid scintillator constitute a module. The main
detector, which consists of 112 modules, weighs 172 tons. One
radiation length and one nuclear collision length of the main
detector corresponds 4.6 and 6.4 modules, respectively. The
total mass of the liquid scintillator amounts to 75% of the total
detector weight. A 30 ton shower counter (gamma-catcher) of 12
radiation lengths depth, which consists of 10 calorimeter planes
having a sheet of 1 radiation thick lead converter between each
two planes, is placed immediately downstream of the main detector
which is followed by a magnetic spectrometer of 1.8 m x 1.8 m x
0.46 m aperture. The former provides a better containment of
electromagnetic Showers, while the lattef is used in the study of
the neutrino induced quasi-elastic reactions in the very low q2
region and the measurement of the ﬁrong sign neutrino contami-
nation present in the incident neutrino beam.

The fine segmentation (1792 scintillator cells and 12096
proportional drift cells) and the pulse height and the timing
characteristics of the elements provide determination of event

topdlogy, identification of electromagnetic showers.

2.3.1 Calorimeter

The design of the calorimeter was determined in order to

meet the experimental requirements as follows

1. Active target-detector.

2. Good time resolution of approximately 2 nsec.
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3. Good dE/dX energy resolution of ¢/E £ 25%/VEe.
4. Good sensitivity to energy deposition as low as 5 MeV.

5. Capability for measuring multiple hits.

As shown in Figure 2.9, each calorimeter plane consists of
16 vertical cells separated optically and mechanically. Each
cell contains a mixture of 50% mineral oil and 50% liquid scinti-

llator NE235A inside a cell of 7.63 x 25.4 x 422 cm®

made by
extruded acrylic of 0.5 cm thick. The properties of the liquid
scintillator are given in Table 2.2. The black injection molded
acrylic end cap was mounted at each end. Inside the surface of
the cap was coated with a light reflective aluminized film. Both
sides of each cell were viewed by Amperex 2212 photomultiplier

(PMT) tubes . The PMTs were calibrated and the gain was adjusted

with an internal divider.

Performance of Calorimeter

When a charged particle passes through the calorimeter, the
liguid scintillator emits light with an intensity proportional to
the energy deposited. The intensity of the emitted light is
attenuated by scattering and absorption in the liquid scintilla-
tor cells. To calibrate this light attenuation as a function of
the distance of the charged particle from the PMT, cosmic rays
which passed the calorimeter vertically were used.

The position x, where the cosmic fay traversed, was calcu-

lated by
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x = L/2+ (T - T, )/20 (2-6)

where L is the distance between the two PMT's, Tl and Ty are
the time of both PMT's respectively, and v is "the light veloci—

"

ty" in the liquid scintillator including the effect of the inter-
nal reflection.

The ADC (Analog to Digital Convertor) output of the i-th PMT

Qiout is assumed to be given by
Q;%%(x) = Ay - (exp(-x/By) + C; ) (2-7)
where A;,B; and C; are parameters to be fixed experimentally. B

is the attenuation length.

’A typical PMT's response to minimum ionizing particles as a
function of distance from the PMT is shown in Figure 2.10.
Typically, the attenuation length is around 170 cm [Figure 2.11].

The energy deposit in a calorimeter cell is calculated by

the following formula

E = E._. . ‘ (2-8)

where Ehin 1s the averaged energy deposit of minimum ionizing

particles, QL and QR are outputs from the left and right PMT,

Q . and Qp . are the calculated outputs of the left and right
min

min
PMT for the minimum ionizing particles at the position where the
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particle traverses. The measured energy distribution for minimum
ionizing particles is shown in Figure 2.12. The time difference
between the time measured by a PMT and the calculated time from a
fit  to times along a long track is shown in Figure 2.13.

To monitor the timing of PMT, a fiber optics system, whiéh
gives light from a spark gap driven by Nano Pulser Model 437A,
Xenon Corp., was employed. The timing and the energy deposition
weneucalibratedmby using vertical and horizontal cosmic ray

muons .

2.3.2 Proportional drift tube ( PDT )

PDTs were used as tracking chambers covering large area with
high spatial resolution and used also for measuring dE/dX of the
charged particle. Each module of the main detector has two PDT
planes an X and Y PDT plane.

Each PDT plane consists of 54 identical cells, as shown in
Figure 2.14. The size of a PDT cell is 3.81 x 7.62 x 427 cmS.
The cells were made by aluminium. A 90% argon and 10% methane
gas mixture (P10 gas) was used for the chamber. The stainless
steel anode wire was 75 um in diameter. The tension of wire was

set around 400 g. The PDTs were operated at approximately 2.5

kV.

Performance of PDT

The PDTs were operated in a proportional region. The rela-

tion between the incident position of a charged particle and the
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drift time was measured.

Spatial resolution and the dE/dX of PDT are evaluated by‘use
of the horizontal cosmic rays. The spatial resolution was found
to be 1.5 mm as shown in Figure 2.15. The overall angle resolu-
tion was also obtained to be 16 mrad/Vﬁg as shown in Figure 2.16.
The resolution of the dE/dX was 60% at FWHM [Figure 2.17].

The gas gain of the PDTs was stabilized by measuring the
amplitude of a 23 keV X-ray peak from a 1090d source which is
placed on a small PDT having the same geometry as the 6ne of the
main détector in the input gas system and then continuously

adjusting the high voltage.

8§2.4 Electronics

The design of the electronics of this experiment was deter-

mined to meet the following features

1. A large number of channels ; 1792 x 2 PMT's and 12096

PDT's.
2. A low event rate ; one neutrino interaction / pulse.

3. Simultaneous calibration run with data taking ; cosmic
ray events for calibrations are taken while taking neu-

trino events opening a gate between neutrino pulse.

The electronics was designed to operate in a triggerless
mode, a gate of 10 us was opened for an each AGS pulse and

collected data from the PMT and PDT hits.
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Calorimeter Electronics

Signals from 8 PMT channels for 4 scintillator cells are
processed on two printed circuit boards. Eight analog signals
are processed on one board ( Q-card ) and eight timing signals
are processed on other board ( T-card ). A block diagram of the
Q-card is shown in Figure 2.18. The Q-~card has integrate and
hold electronics and discriminators. The discriminators for all
channels in 32 modules have a common programmable threshold. Any
signal above threshold in either the left or right channel opens
a gate about 800 ns long for integration of the signal in both
the left and right channels. The gate begins when the RESTORE
signal is disabled and ends when the HOLD signal asserted. While
the gate is opened, the signal is integrated and the amplitude is
measured from the baseline to the peak of the charge integral.

A block diagram of the T-card is shown in Figure 2.19. The
T-card processes the signal and records a coarse time by counting
a 25 MHz master clock and a fine time with 1 ns resolution within
the 40 ns clock width. As soon as one fine time circuit has
fired, the second circuit is automatically enabled so that anoth-
er discriminator signal will begin the analog fine time process-
ing. Accordingly, two fine times and up to thirteen additional

coarse times for 16 PMTs can be recorded.

PDT Electronics

The PDT electronics boards are mounted on the PDT frames. A

scheme of electronics of the PDT readout are shown in Figures 2.20.
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Eight channels of the PDT are processed on one card. There
are 14 such cards in an X-Y pair of PDT planes. Each signal from
a PDT anode wire is amplified. An additional gain (x11) is pro-
vided by a linear amplifier and a gated integrator stores the
resulting signal as a voltage on a capacitor on the A-card. The
"S gate" is a 6 us gate for the integrator and the "P gate" is
used to reset the capacitor. The processing of time information
is done on the D-card.

Each ohénnel has two independent counters, which are refere-
nced to a 50 MHz pulse train derived from the 100 MHz master
oscillator and precisely synchronized to the scintillator elec-
tronics clock. A signal from the discriminator enables the first
counter (Tl) and a second pulse enables the second counter (T2).
These counters count whenever the clock gate is on and stop
counting at the end of the clock pulse train. Thus the time
measurement has a common stop. The least count of 10 ns which
corresponds to about 0.3 mm drift distance is achieved by using

the clock phase information.

82.5 Data Acquisition

A skematic diagram of the data acquisition system is shown in
Figure 2.21. All PMTs and PDT wires were connected to separate
front end electronics which contained a clock and sample-and-
holds. The charge correspoding to deposited energy was stored in
the sample-and-hold being multiplexed. The purpose of recor-
ding two times was to determine whether there was second hit

within the same event from a muon decay.
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The front end electronics on each plane, either a calori-
metor plane or PDT plane, were locally controlled by a plane
controller or crate controller for calorimeter, which set a flag
if there was any hit in the plane. It also interfaced signals
between front end electronics and a scanner.

Three scanners, two for PDTs and one for calorimeter, were
oonnthed to the PDP11/03. Each scanner, which has an ADC, coll-
ects and encodes data, and stores them into PDP11/03. In the
data acquisition system there are four microprocessors, each of
which controls one fourth of the whole detector. They are con-
nected to PDP11/34 to which stored data are sent through direct
memory access moduleé(BRllB). ThekPDP11/34 controls and monitors
the over all data taking process.

A program MULCH, which is a modified version of the program
MULTI developed at Fermilab and runs on the PDP11/34, handles the
control of the detector. The information concerning the beam
condition from a beam monitor system is read by the PDP11/34
through CAMAC.

Raw data from the detector is buffered and saved on magnetic
tapes by the PDP11/34, thenlpassed to the off-line analysis on

the central computer CDC7600.
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Chapter 3. DATA REDUCTION

§3.1 Signal Extraction

The data presented here contains 5.34 x 105 beam bursts
corresponding to 3.78 x 1018 protons on neutrino production
target (P.0.T.) and is a part of what was used for the precise
determination of sin26w from pure leptonic V€ 2 Ve reactions
[2.1]. The period of the data acquisition was from November 21,
1981 to January 19, 1982. The raw data was processed first
through an event reconstruction program (NUE) on the central
computer CDC7600 at the Brookhaven National Laboratory (BNL) and
about 200 data summary tapes (DST's) were produced.

Signal we are looking for is a "we" event, which appears
as one long track and one electromagnetic shower originating from
the same vertex. A typical long muon track and electromagnetic
shower event observed in our detector is shown in Figure 3.1.(a)

1

and (b), respectively. (An example of "we" event is shown in
Figure 3.5.)

The data reduction flow to extract a signal for the heavy
neutrino, is shown in Figure 3.2. As shown in this flow, we ap-
plied a "we"-filter (denoted as software filier in the figure) on
the events and then double-scanned all events. Kinematic cuts,
described in subsection 3.1.3, were applied to the events which
survived the filter and the scanning.

The HITAC M280HX at KEK, VAX 11/780 at BNL and FACOM M360R

at Osaka University were used for processing the data.
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3.1.1 Event reconstruction (NUE)

As we collected the data in a triggerless mode, sometimes
ﬁwo events overlap in the same beam spill. The two main roles of
the NUE are to separate those events by using the information of
the'calorimeter, which we éall time clustering, and then to

reconstruct tracks.

Time clustering

If the sum of the energy deposited within a 40 ns time width
was above 20 MeV, then the calorimeter hits contained in this
time window were defined to belong to the same time cluster
(TCL). Therefore, each TCL contained time-related hits, which
were supposed to come from a single event. An example of the
time clustering is shown in Figure 3.3. Three independent neut-
rino interactions happened in the same beam bunch were separated
clearly by this clustering logic. The probability, that more

than one event happens in the same TCL was less than 2 %.

Tracking

After the time clustering, the PDT hits in XZ and YZ-views
were associated to the calorimeter hits. Then the PDT hits in
each view were formed into two dimensional track segments. Three
dimensional tracks were reconstructed by using those two dimen-

sional tracks which matched in both views.
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3.1.2 "pe"-filter

This filter was developed to remove obvious non-candidates.
Prior to applying the following cuts, the vertex cell where the
reaction took place was determined as follows. The most upstream
plane in a most upstream three consecutive calorimeter plane hits
was defined as the vertex module. The cell having a hit in the

vertex plane was defined as the vertex cell.

1. Fiducial Cuts

Loose fiducial cuts were applied to reject the beam asso-
ciated front entering muons and side entering cosmic rays by

using the calorimeter hit information. We rejected events,

(a) if the vertex plane was in the first 5 modules or in the
last 10 modules of the main detector.
(b) if the vertex cell was in the first or last cell of the

calorimeter plane (cell#-1 or 16).

2. Event Size Cut

We rejected events with less than 15 calorimeter planes hits
within the first 20 modules starting from the vertex. And events
with more than 4 consecutive missing hits of the calorimeter
planes in the first 20 modules were also rejected. This cut was

aimed to select events having a long muon.

3. Minimum Energy Cut

The total visible energy deposited in the calorimeters of an
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event must be greater.than‘l GeV. This minimum energy cut was
applied because background events coming from the reaction v, -
u prn° become serious in the lower shower energy region. The
visible energy means the fraction of the deposited energy that is
detected and measured in the calorimeter. Due to the presence of
non-active materials like Alminum of the PDTs and lucite of the
calorimeter tubes, 73 % of the energy of an electromagnetic
shower is visible. Therefore the visible energy of 1 GeV is

equivalent to the corrected total energy of 1.43 GeV.

From the initial data of 5.34 x 105 bursts, 61,000 events

"

passed the "we"-filter. Reduction rate of this step was about

10 %. Efficiency of the "we"-filter was found to be .99 #+ .01.
Figure 3.4 shows a distribution of the total visible energy

versus shower energy by using the data which survived the eye |

scanning. According to this figure, if 1 GeV cut of the total

visiblé energy was changed to 1.1 GeV, then one event was lost

out of 126 events in the shower enérgy region greater than 1 GeV.

Therefore the systematic error due to the energy calibration was

less than 1%.

3.1.3 Eve scanning and kinematical cuts

The resulting events which had survived the."ye"—filter were
double-scanned by physicists. In the scanning, only events with
one muon-like track and one shower-like pattern were selected.
Shower-like pattern was identified by the hit pattern of X and Y-

PDT's and calorimeter cells. The shower can originate from the
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1"

vertex ("wue" event), which is shown in Figure 3.5. The shower
pattern can also appear downstream of the vertex as long as it
appears to be associated with the original point of the muon-like
track ("wy" event). An example is shown in Figure 3.6.

The "uy" event were used to determine the z° background
described in the next section. Candidates for vy uey2(2=e or
M) were expected to have only a muon and an electron shower
originating from a common vertex, but events iﬁitially with an
additional short track at the vertex were also kept for more

1

general search of "we" productions.

Criteria of the scanning were as follows ;

1. there must be one track with a length of more than 20
modules measured in terms of calorimeter planes, which

corresponds about 3 collsion lengths, showing neither inte-

raction nor scattering in the detector ( muon track candi-
dates ),

2. there must be an electromagnetic shower having a size of
more than 10 modules pointing back to the vertex ( e or ¥
candidates ),

3. additional short tracks at the common vertex were allowed,

provided that their length was less than 5 modules, because

there was a possibility of nuclear reactions,

4. isolated calorimeter hits (extra stubs) having more than 2

modules anywhere in the detector were rejected as overlap-
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ping events, and

5. the vertex PDT cell, which was defined as having a PDT hit
behind the vertex plane and closest to the vertex cell, was
restricted to be between 7th and 50th PDT cell in both XZ

and YZ-views to reject side entering muons.

We have calculated the scanning efficiency for each séanner
by using flags set at the double scanning. Then the overall
efficiency of 0.962 + 0.030.was obtained. Systematic errors of
the scanning efficiency were studied in the following way. Ac-
cording to the calculated individual scanning efficiency, the two
lowest scanning efficiencies were 0.562 and 0.654. In the double
scanning, any pair of scanners scanned at most 20 % of the whole
data. If the two scanners with the lowest efficiency scanned 20
% of the whole data, then 3 % of the data would have been lost.
Therfore 3 % systematic error was set for the scanning efficien-
cy. Since this error is conservative, it could well cover the
uncertainty of the scanning. |

After the scanning, projected angles in both XZ and YZ-view
were measured. The angle resolution was studied by using the
Monte Carlo events and was found to be 0.02 radian. Then the
following kinematic variables were obtained.

1. The muon angle with respect to the beam direction (long
track) in both XZ- and YZ-view.
2. Angle of the shower in both XZ- and YZ-view.

3. Muon length in module numbers.
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4, Distance between the common vertex and the beginning of

the shower in the modules. ( Conversion Distance )

5. Visible energy of the shower was calculated by
Eshower = Etotal - Eu (3-1)
where Eshower’ Etotal and Eﬂ are the shower energy, total

energy of the TCL and the kinetic energy of the muon in
MéV, respectively. The kinetic energy of the muon Ey was
obtained by

E, = Epjp * L,/cosd, (3-2)

where Emi is deposited energy in a module by the muon

n
which is a minimum ionizing particle and roughly equals to
12 MeV per module, L# is the muon length in module numbers

and Gﬂ is the polar angle of the muon.

After those measurements, bad data having too many or no
CAMAC records which were mainly due to the hardware errors of the

microprocessors, were rejected.

In the next step, only events having a muon-like track
without any interaction or scattering. The projected kink angles
in both XZ and YZ-views were required to be less than 5 degrees.
The resulting events were reduced down to 404 eveﬁts by applying
additional minimum opening angle cut of 0.05 radian. This cut
was aimed to makeba clear determination of the shower conversion
point. Further kinematioal cut, muon length of 4 collision
lengths, was applied and a primary sample of 387 events was
obtained from 5.34 x 10° bursts (3.78 x 1018 p.o.T. ).

It contains two different classes of events, 140 "wue"-event
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in which a shower is connected to the vertex and 247 "uy"-event
in which a shower is not connected to the vertex. Since the
identification of the showers was more definitive in highef
energy region, the cut of 1 GeV was implemented on the sample.
After the above energy cut, we obtained 123 samples of single-
shower events in total (single-shower sample I), of which 46

1

events were of "we" type while 77 events were of "uy" type.

From that, subsample was obtained by applying 2 GeV shower
energy cut (single shower sample II). The resulting 49 contained
18 "we" and 31 "uy" events.

To obtain a sample to be used for a search for the heavy
neutrino decays, further scanning on the single shower sample I
was performed. Since the heavy neutrino decay does not produce
any spurious tracks at the vertex other than a single muon and a
single shower, then the events having an additional track longer
than two modules at the vertex were threw away. The resulting Yy
sample contained 43 events (VH sample), in which there were 17
"wue" and 26 "uy" events.

The final numbers of the three samples are summarized in

Table 3.1.

We summarize the category of the final event samples used
for searches for heavy neutrinos and anomalous ue events

1. Single-shower sample I (Esh > 1 GeV)

This sample was selected by applying loose cuts, and used to
search for general anomalous we events. Events classified into
this sample show a long straight track and an electromagnetic

shower in the final state. The energy of the shower was required
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to be greater than 1 GeV. Events with an additional short track
at the vertex, of which length was less than 5 modules, were
kept.

2. Single-shower sample IT (Esh > 2 GeV)

This sample is a subset of the sample I with higher energy
cut of 2 GeV. This was used to make direct comparison with

anomalous ue events reported by Faissner et al. [1.26].

3. Yy sample (Esh > 1 GeV with clean vertex)
This sample was selected for a search of heavy neutrino
decays. Only events showing a clean vertex are selected from the

sample I.

In addition, we selected events which contain one muon-like
track and two shower-like patterns. They were used as a control
sample'to study n° background, which will be discussed in the
next chapter. An example is shown in Figure 3.7. The data used
for this event selection contains 2.87 x 105 bursts (2.02 x 1018
P.O.T.), which is a part of the data used to obtain the single-
shower sample.

The data reduction flow of the two-shower sample is shown in

1

Figure 3.8. The surviving 34,000 events after the ‘ue'-filter
were scanned for this purpose. Criteria of the scanning for the
two-shower sample were the same as those for the single-shower
sample except we required two electromagnetic showers in an
event. After the eye scanning, we obtained 157 events (Two-
shower sample ), which contain 314 ¥'s since each event has two

¥Y's. Out of 314 y's, only 311y's remained after applying the

opening angle cut of 0.05 radian.

32



§3.2 Backgrounds

There are several sources of background which mimic we
events. Main sources of the backgrounds come from charged cur-
rent nd production, including Dalitz decay of n°. And also Vo~
induced charged current n+ production channels contribute to a
background. Contributions from semileptonic decays of charmed

particles and ¥,-induced charged current nt production were found

M
to be negligible.
In the following the detailed descriptions for each back-

ground are given.

3.2.1 #° background

The major background from the reaction ¥ n = u pr°® was

M
determined empirically. The reactions producing a short track of
the proton accompanying #n°, where one decay ¥ converts close to
the vertex and the other one is lost, simulate ue events, as
shown in Figure 3.9.

Since a ¥ which converts close to the vertex can hardly be
distinguisbed from an electron shower, the distribution of the
distance between the vertex and the beginning of the shower (
conversion distance ) is plotted. The conversién distance of ¥'s
is supposed to be on an‘exponential line. Since an electron is
emitted from the vertex, the conversion distance of the electron
is zero.

Figures 3.10, 3.11, 3.12 and 3.13 show the conversion dis-

tance distributions of the single~shower sample I, II, Yy sample
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and the two-shower sample that is used to estimate the ¥y back-
ground in the first bin in which the true electrons exist as
excess events. In these figures three modules are combined to
make one bin.

One parameter fitting applied to the data between 2nd and
6th bin of the conversion distance distribution, with a calcu-
lated conversion length of 5.94 modules, extrapolated to the
first bin, gives us the number of background coming from ¥'s in
the first bin.

The following formula with one free parameter N, is assumed;
Y = Ny ¢« EXP( - X/2 ) (3-3)

where Ny is a normalization factor, A and X are the conversion
length and the conversion distance of ¥ measured in an unit of
module. Since the contribution of the vertex module is half a
module on an average, the number of ¥'s contained in the first bin

can be obtained by integrating (3-3) from X = 0 to X = 2.5.

. 2.5
N)l/st bin - __I;P_J EXP( - X/A ) dX

o]

ANo

3 (1 - EXP( -2.5/1) ) (3-4)

The nomalization factor No/3 instead of No reflects the fact
that three modules are combined for one bin.

We extracted we events by subtracting those #° background
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by using the formula,

_ l1st bin 1st bin 1st bin 1st bin
N, = ( Nall + ANall ) = Ny _ + ANy )
. . 2 .2 172
- 1st bin 1st bin 1st bin 1st bin
(3-5)
,Where
Alet bin _ (let bin)l/2
all - all
and
. . n 1/2
Alet blnv: let bln-(l/J 2~No . EXP( - X/ ) dX)
Y Y n
f
{ neyn : the first and last bin used in the fitting ). The
1R

first error is statistical and the second one reflects error due
to the fitting procedure.

The excesses of ue events thus obtained are given in Table
3.2, together with the number of subtracted ¥'s in the first bin.

The dotted lines in Figures 3.10, 3.11, 3.12 and 3.13 show

the contribution from the z° backgréund, which were obtained from
the one parameter fitting. N

The resulting excesses in all the three samples listed in
Table 3{2 are 2.7, 1.7 and 2.0 standard deviation effects, which
will.be further studied in the following secfions. In the two-
shower sample the excess is consistent with zero. This proves
that the background having one muon-like track and two showers
really comes from the muon associated n° production and causes no

contribution to the excess.

In order to estimate the uncertainty of the ¥ conversion
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length, of which the designed value is 5.94 modules, we performed
a two parametér fitting for the conversion distance distributions
by assuming both N, and A as free parameters in the formula of
eq.(3-3). Two samples, one before 1 GeV cut [Figure 3.14] and
the other with two showers‘[Figure 3.13] were used in this stﬁdy,
since they were independent and had relatively high statistics.
The resulting conversion length are 6.12 + 0.63 and 6.66 + 0.81
modules respecti§e1y.

Accordingly, the assigned systematic error of 15% to the
conversion length covers those uncertainty. This results in
systematic erfor of 25% for the excess e?ents. The number of
excesses of the three different samples for assumed three

conversion lengths are shown in Table 3.3.

36



3.2.2 Dalitz decay of x°

Dalitz decay of z° produced by ¥,n - u pn® interactions,

y7

Vet n o 4 + p + #°

5> et vt e+ y . (3-8)

could contribute a background, having a proton track of length
less than 5 modules, with one decay Yy lost [Figure 3.15]
Assuming all the ¥ events in the showér sample, denoted by

Nuy’ come from the reactions Yy

n - x pn®, the number of Dalitz

decay in the sample can be estimated by

N
e"y) Lald C (1-gy) (3-7)

28:)/(1"'87/)

+

Npalitz = Br(z® - e

+

ywhere Br(z° - e'e ¥) is the branching ratio of 1.2 %

and £y is the detection efficiency of a v,

g, = 0.6 * 0.3 (3-8)

including the geometrical acceptance of the detector which was

estimated by a Monte Carlo. For single-shower sample I,
Nyy = (123 £ 11.1 ) - ( 24.5 + 9.0 )
= 98.5 + 15.5 events. (3-9)

The results for three samples are given in Table 3.4,
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3.2.3 ve—induced interaction

Charged current pion productions by electron neutrinos,

Vo +P > e +p+ g (3-10)

v, +n > e + n + n+, (3-11)

where pion fakes muon, may contribute to the background, although
electron neutrino flux (¢Vé) is small compared to the muon neu-
trino flux (¢Vﬂ) as shown in Figures 2.6 and 2.7. Their contri-
bution was estimated using the Monte Carlo simulations.

The numbers of those events corresponding to our data sample

were calculated to be

Ne=prt 810.5 events (3-12-1)

o]
N
1

and v
Ne_nn+ 292.5 events. (3-12-2)

The cross sections for veN e.e_Nn+ (N=p or n) were assumed
to be the same as vﬂN > u—Nn+ (N=p or n), which are based on the
Rein-Sehgal model [3.1], and shown in Figure 3.16.(a) and (b) as
a function of the neutrino energy. Flux integrated cross sec-

tions for each reaction yeN - e Nzt (N=p or n) are calculated to

be
: 10
J v ole"pr™) dE, = 7.42 x 10735 (s101%p.0.T.)
E
v (3-13-1)
10
J P, clenz*) dE, = 3.40 x 1073% (s1013p.0.T.),
. _
4 (3-13-2)
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where Eth, the threshold energy, is 0.15 GeV.

As shown in Figures 3.17.(a) and (b), 4000 Monte Carlo
events in each of these two channels were passed through the same
data reduction processes.’ The constraint on the length of a
track to be longer than 4 collision lengths considerably reduced

the background of this kind. The number of backgrouhd from Ve

reactions were obtained by

N_~- +
n
Nog = Nop e p(n)z (3-14)
4000 x 0.6
, Where Nob is the surviving events after the reduction. The

value of 0.6 is the ratio of the fiducial volume to the full

detector. The results are given in Table 3.5. Errors show
systematic uncertainties, i.e., 15% coming from the neutrino flux
uncertainty and 10% from the number of targets (p or n), 20% from

the cross sections of single pion productions, 10% from P.O.T.

and the statistics of the Monte Carlo.

39



3.2.4 Charmed baryon (A;) production

A charged charmed baryon (A;) production with a subsequent
semileptonic decay into an electron appears as genuiﬁe e évents.
The background from A; production is greatly suppressed because
the events with more than two long tracks at the vertex were

rejected. The integrated neutrino flux above the A; production

th

threshold ( EV

= 2.56 GeV assuming mpt = 2282 MeV ) was eva-
C
luated to be only 10% of the total.

The number of A; produced in the detector was calculated to

NA+ = 1325 + 380 events. (3-15)
C

The cross section of VB - y_Ag and various branching ratios
are adopted from theoretical calculations [3.2] and are given in
Figure 3.18 and Table 3.6, respectively. The flux integrated

cross section of v u—Ag was calculated to be

10
J $, « o(u'AL) - aE, = 1.54 x 1073%% [/101%p.0.T.7.
Eth u

v (3.16)

The errors shown in Table 3.7 include the systematic uncer-
tainties from ¢V , o(y"Ag), the number of neutrons and P.O0.T., of
J7,
which the values are 15%, 20%, 10% and 10%,respectively.

Subsequent decays such as
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-+
L7 Ag

+
o
- Ae v,

- prn (3.17.1)
> nzx° (3.17.2)
+
= ne vy (3.17.3)
were then evaluated. The fesultant numbers of background events

coming from each decay process of Ag were given’in Table 3.7
together with the acceptance and branching ratios. The system-

atic error of the acceptance and branching ratio amounted to be

52.2%.
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3.2.5 Charge exchange process

Charged current ni production in which produced pion under-
goes a charge exchange reaction producing n° fakes an electron
shower originating from the vertex. The oontribution of this
process was estimated by generating Monte Carlo events.

The cross sections G(u—pn+) and G(u_nn+), used to calculate
the number of u—pn+ and y—nn+ events are based on the Rein-Sehgal
model [3.1]. To meet the scanning criteria, a cut of 5 degree on
67, measured angle with respect to the n+ incident direction, was
applied. We have not observed any event satisfied this angle
cut. The background coming from the charge exchange process was

found to be negligible.
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§3.3 Final Events (Excesses)

The background events of each process and the remaining
number of events for the three final samples are summarized in
Table 3.8. The remaining backgrounds in the excess wue events
after subtracting the n° backgrounds are 7.8 * 2.0, 3.6 £ 1.2 and
4.5 + 1.3 events for the single-shower sample I, II and vy sam-
plé, respectively. The final excesses, which were corrected for
the efficiency of the filter and the scanning, are

17.5 + 9.5 + 6.4 events (shower sample I),

6.9

I+

6.2 + 2.8 events (shower sample II) and

6.8 + 5.8 £ 3.1 events (VH sample),
respectively. The first errors mean the statistical uncertainty
and the second ones mean the systematic uncertainty. Considering
the statistical and systematic errors, these results are consis-
tent with null excess. Therefore we conclude we have obseved no
significant excess or anomaly beyond the level expected from the

known processes.
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Chapter 4. RESULTS ON SEARCHES FOR YH

AND ANOMALOUS wxe EVENTS

§4.1 Heavy Neutrino Searches

and Limits on Mixing Matrix Elements

Not’having observed any significant evidence of the heavy
neutrino decay, upper limits were set on the mixing matrix ele-
ments squared |UHeI2 and IUHM[Z. Here, the general descriptions
with respect to the production and decay of the heavy neutrinos
are given.

The energy of the AGS proton beam (30 GeV) is not high
enough to produce charmed particles. Therefore only pions and
kaons are possible origins of heavy neutrinos. Thus the mass of
the heavy neutrinos are constrained to be below m, = my and my -
mg, £ = e or u, respectively. The decay n+ - ”+VH does not
contribute, because the maximum mass of the produced neutrino is
m”+ - mﬂ+ = 34 MeV which is lower than m# + m, = 106 MeV, for Yy
%‘uevz (£ = e or u) decay. The contribution from the decay zt >
e+vH is negligible due to the small acceptance of our apparatus
to the heavy néutrino mass below 180 MeV to be described in the
subsection 4.1.3., Accordingly, only the decay of Yy produced
from K was searched for.

’Feynmann diagrams of the héavy neutrino production processes
from %+ and Kt are already shown in Figures 1.3.(a)-(d). The
Feynmann diagrams of the decay Yy > MeVg, £ = e or u, are shown

in Figures 1.4.(a) and (b). The mixing matrix elements [UH£|,

£ = e or u, contribute to the decay process as well as to the
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production processes. In order to derive the upper limits, the
heavy neutrino flux and the acceptance of the decay particles,
which will be described in the following subsections in detail,

are needed.

4.1.1 Decay probability of the heavy neutrinos

If we substitute Yy > M4, 4 = v in Figure 1.4.(a), then the
deoayanha.peyzpareuidentical td the muon decay shown in Figure
1.4.(c), except for the fact that the muon mass in the final
state of the heavy neutrino decay is not negligible and affects

the decay rate. The proper life time of Yy T is obtained by

'VH’
using the muon proper life time Ty [1.19]7,
Ty = T, (my/my, )%/ U |2 f(m /m ) (4-1)
v [ oy HZ oy
H H H
where f(X) = 1 - 8X2 + 8X6 - X8 - 12X4lnX2 is the phase space
factor, which is monotonically inecreasing as m,yH increase. Since

we are looking for-small values of IUHEIZ’ eq.{(4-1) ensures that
heavy neutrinos are not disapeared in the flight path (~ 100 m) from
the production target to our detector.

The probability of the decay vy > uevy with the energy EV

H
within our detector is given by
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for cT >> L (4-2)

where TVH

is the proper life time obtained in eq.(4-1), L[m] is
the length of our detector. The factor of m/E is the effect of
the Lorentz boost. It is clear from eq.(4-2) that the lower the
energy of Yy the more abundant the decays of>vH is.

The number of heavy neutrino decays expected in the detector

is written as

Ndecay = J-¢'VH(E'VH’m'VH) .P.S(E'VH’m'VH)dE'VH (4_3)

where P is given by eq.(4-2). ¢VH is the energy spectrum of
heavy neutrinos to be obtained by eq.(4-5) in the subsection
4.1.2. & is the detector acceptance for the decays of yy - Hevy .

More explicitly eq.(4-3) is written as

- 2 2
Nacoay = L LT [1xgl® 112ty (B omy)
M=zz,K f=e,u R =e,u
> 6 5
-pM,g(myH)-e(EVH,mvH)-f(mﬂ/mVH)-myﬁL/EVH/Tﬂ/m#-dEVH

(4-4)

The acceptance & for the decay v - MEYV gy £ = e or u, will be

described in the subsection 4.1.3.
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4.1.2 Heavy neutrino spectrum

Heavy neutrinos are assumed to be produced in the decays of

kKt o e+vH and Kt - y+yH through the mixing of YH with Ve or/and
.. . . 2 2

v, Whose mixing strength is characterized by |UHe| and‘lUH#l ’

respectively. The energy spectrum of heavy neutrinos

¢VH(EVH’mVH) is obtained by the following formula [1.19]:

By (Ey omy ) = ) L ¢M,VJ2,(EVH’mVH)'lUHzlz‘EM,B(mVH)

v 4 v
H H H M:ﬂ)K /Q/:e,ﬂ

(4-5)

where ¢M’v2(EVH,

£ + vy (M = 7,K) except My £ 0, IUHQIZ is a mixing matrix

mvH) is known energy spectrum from the decay M -

element and ;M E(myH) is a kinematic factor given in terms of the
b

2

ratio of masses squared m%/mﬁ and mv;/mM and vanishes for m >

v
H
my - mp, which is described in detail in APPENDIX A.

The behavior of % as a function of myH is shown for the

decays %+ - ”+VH’ n+ - e+

Vi Kt > y+vH and KT - e+vH in Figures
4.1.(a)-(d), respectively. As shown iﬁ those figures, the rates
of the #n/K decay into the electron and heavy neutrino are enhan-
ced (i.e. E'>> 1) except at small mass region where helicity
suppression takes effect, while that into massless neutrinos is
strongly suppressed.

According to eq.(4-5), energy spectra of heavy neutrinos can

be expressed explicitly by the following formula
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By, (Eysmy) = ¢Kfve(EV,mV)-IUHel2~EKTe(mV) ' (4-6-1)

for the decay mode of kKt > e+vH,

- 2 -
yy(Eyimy) = ¢ij#(Ev,my)°|UHﬂ] ARt (my) (4-6-2)

for the decay mode of Kt - #+VH.

The heavy neutrino spectra ¢VH given by eqgs.(4-6-1) gnd (4-
6-2) are calculated by using the extended version of NUBEAM
[4.2], which generates all speoies of neutrino through the decay
of parent particles with appropriate weights. The main modifica-
tion in the extended version is to ascribe a finite mass to the
neutrino.

The heavy neutrino spectra divided by the mixing matrix
elemeﬁt ¢VH/IUHel2 for Xt - e+vH, with several masses from 200 to
470 MeV, are shown in Figures 4.2.(a)-(g). Similarly ¢VH/IUHﬂ|2

for Kt = u+VH with several masses from 200 to 370 MeV are shown

in Figures 4.3.(a)-(e).

4.1.3 Acceptance

In order to obtain the number of heavy neutrino decays

) of the decay

expected in the detector, the acceptance e(Ev,myH

particles (i.e. a muon and an electron in the final state) was
estimated by using a Monte Carlo calculation as a function of the

heavy neutrino energy and mass. In the Monte Carlo program,
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decay products were generated according to the three-body phase
space neglecting the effect of polarization of the heavy neutri-
nos. The kinematic cuts, applied to the generated events, were
equivalent to the selection criteria applied to the data.

The acceptance for heavy neutrinos with several masses are
shown in Figures 4.4.(a)-(h). In the low energy region the
acceptance is limited by the 1 GeV energy cut, while in the high
energy region it is limited by the reduirement of the 0.05 radian
opening angle ( mentioned in 3.1.3 ) between the muon and elec-
tron. The 6pening angle cut reduces the acceptance for lighter
mass néutrinos and sets a low mass limit of 180 MeV on this
search.

The systematic errors due to the kinematic cuts were evalu-
ated by varying the cuts within reasonable amounts. The energy
cut was varied up to 15% of 1 GeV and the opening angle from 0.03
to 0.07 radian. The resultant variation of the acceptance are
shown in Figures 4.5.(a)-(h) and in Figures 4.6.(a)-(h), respec-
tively. As shown in Figures 4.6.(a)-(h), the change due to the
opening angle cut are significant especially in the high energy
region. However, this variation does not contribute directly to
the systematic error of the expected number of heavy neutrino
decay events, because the higher energy the heavy neutrino has,
the smaller the decay probability becomes.

In view of eq.(4-4), a flux averaged acceptance is calcu-

lated as
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- 1
glm, ) = = j ¢M,v2(EV,mVH)~£(EV,mVH)/EV-dEV (4-7)

« = J P, v, (Eyimy ) /E, dE,

where 1/E, comes from the relativistic effect of the decay proba-
bility and a is a nomalization factor. Figure 4.7.(a) and (b)

show & as a function of the heavy neutrino mass m with the

v
H
systematic errors estimated from the energy and opening angle

variations.

4.1.4 Upper Limits

The final number of events obtained for the vy sample is
6.8 £ 6.6, as described in the previous chapter. The statistical
and systematic errors were summed in quadrature. Since no sig-
nificant excess was oBtained, the results of this experiment were
expressed as upper limits on IUHQIZ’ £ = e or . In order to
obtain the upper limits on the mixing matrix elements, we decom-
pose the eq.(4-4) explicitly as a function of [UHﬂlz( =X ) and

[Ugel2( = Y ) like

2

AX + (A+B)XY + BY = C, (4-8)
where
8. .L/E, /7 /md.aE (4-9)
Y UYH M M VY
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and

B = J¢K:V6(E'VH’m'VH).pK;e(m'VH).E(E'VH’mVH)'f(mﬂ/m'VH)

6 5 _
‘myL/By /T, /m) B, (4-10)

and C is the observed number of events in the vy sample.
The contours. of upper limits at 90% C.L. on the mixing
matrix elements squared in the !UH#IZ and ]UHel2 space were

calculated by xz—method. We defined the xz as

2 ( F(XyY)_ - F(XoyYo) )2 '
X = 5 (4-11)
OF(Xq,Yo)
where
F(X,Y) = AX? + (A+B)XY + BY? - C (4-12)

and A, B and C are constants having the errors AA, AB and AC, and

OF (X, Yo) is the error at (X,Y) = (Xy5,Y,) defined by
Gg(XO,YO) = (X% 4+ X,Y, )2(an)?
oY+ XoYo 12(aB)2  + (aC)? (4-13)
where (X,,Y,) satisfies F(Xy,,Yy,) = O.
As the degree of freedom is two, the value xz = 3.22 corres-

ponds to 90% C.L. upper limit according to the eq.(4-11). The
results of 90% C.L. upper limits on the mixing matrix elements

for several heavy neutrino masses are drawn in the |UH#|2 and
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[UHelz space, which is shown in Figure 4.8.(a). In this figure
the region outside the contour of 90% C.L. upper limit in the
[u |2 and |U ]2 space is excluded
Hu He p *
To compare these results with other experiments which only
determined the limit for a single mixing matrix element squared,
we calculated the upper limits for each mixing matrix element,

lz, assuming that the other one is zero. 1In this

case the degree of freedom is one, then xz = 1.64 corresponds to

2
IUH# ! and ‘UHe
90% C.L.. These results are shown in Figures 4.8.(b) and (c),

together with previous experimental results. The results are

also given in Table 4.1.
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8§4.2 Anomalous "ue" Search

For a possible anomaly search more general than Yy hunt,'we
used both the single-shower sample I with 1 GeV cut and sample 11
with 2 GeV cut, of which the final number of events are 17.5 %
11.5 and 6.9 + 6.8, respectively. The statistical and systematic
errors were summed quadratically. Although the result of the
single-shower sample I exhibit about 1.56 effect, it is hardly to
be considered as new phenomena rathér than the statisﬁical fluc-
tuation. In the absence of any positive signature, upper limits
for the existence of an anomaly in "we'" events were set in this
search by using the remaining events.

In order to normalize "ue" events, the number 6f all charged
current interactions Nquéu"X occurred in our.deteotor was eva-
juated. The method to calculate the number of all charged cur-

rent interactions is basically the same as that used repeatedly

in the previous chapter to estimate the number of background

events which occurred in our detector. Nv#N%ﬂ"X was calculated
as a sum of Nv#néu_X and Nv#pep—X’ then
N - = N - + N -
VMNeﬂ X vunaw X v#pau X

29.99 x 109 + 1.61 x 10°

( 4.60 + 1.00 ) x 10° events (4-14)

The value of the cross sections d(vuneﬂ—X) and G(vup%u—X),
which were taken from the 7-foot bubble chamber experiment at BNL

neutrino beam [4.2], were used to calculate the flux integrated
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cross sections as described in Chapter'3.

The systematic uncer-

tainties are from the b, (15%), the cross sections(7%), the
M

number of targets(10%)

and P.O.T.(10%).

When the single-shower sample I is normalized to all charged

current interactions of ( 4.60 £+ 1.00 ) x 105, the rate for the

production of anomalous "we" events, R

ue’ subject to the particu-

lar selection criteria discussed in chapter 3, is calculated to

be
} + 2.9
Roe = (3.8 _ 325
or
-5
Rye < 7.6 x 10

) x 107° (4-15)

(4-16)

for 90% C.L. upper limit [APPENDIX B], where 21.8% systematic

uncertainty in the normaligzation is included.

Similarly if the single-shower sample II is normalized to

all charged current interactions,

anomalous "we" events becomes
R ¢ 3.6 x 1070
ue

for 90% C.L. upper limit.

the rate for the production of

(4-17)
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Chapter 5. DISCUSSIONS AND CONCLUSIONS

Heavy neutrino search

We have observed no signals for the heavy neutrino decay Yy
> uevy (£ = e, u) and imposed upper limits at 90% C.L. on the
mixing matrix elements squared IUHMIZ and IUHeIZ.

Various experiments have been performed to search for the
massive neutrinos as is described in Chapter 1. In the mass
region around a few hundred MeV experiments to search for heavy
neutrino decays utilizing a neutrino beam have an advantage over
spectroscopy experiments because of the large incoming neutrino
flux. The sensitivity of our experiment are much better than
those of beam dump experiments, where the distance between the
production target and the detector is much longer than ours.

Therefore, gur heavy neutrino search, in the mass range of
200 ~ 500 MeV, could be able to obtain good upper limits on the
mixing matrix elements squared lUHu’Z and IUHelz. Especially,
the limit on IUHMIZ was improved considerably compgred to the
previous experiments. However, the better limit on |UHe|2 was
already reported by PS191 experimental group at CERN PS [4.3].
The reason that our experiment could not give better results
compared to PS191, is due to existence of the background events
caused in the detector material, since PS191 had no materials in
the decay region and observed no candidates. Therefore the
limits Qill be improved at least an order of magnitude if we pull
out a part of scintillator planes to suppress the conventional

neutrino interactions.
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In our search for the heavy neutrino decays in the neutrino
beam, there is no signature exhibiting the existence of such
massive neutrinos. However, it is still natural to look for
existence of massive neutrinos for various reasons. Therfore
searches for heavy neutrinos should be promoted with much higher

sensitivities in future.

7" "

Anomalous "ye" search

For a more general anomaly search of "we" events, the data
sample obtained with the loose cut on extra tracks around the
vertex were used. We found no evidence.

We also found no evidence for the production of anomalous
events in the data sample with higher shower energy greater than
2 GeV which is comparable to the Aachen-Padova experiment. They

claimed an excess of "we" events of

- -5
Rue = (6.9 £ 2.5 ) x 1077, (5-1)

An upper limit at 90 % C.L. was placed on the production rate on

such events,

-5
Rye < 3.6 x 107°, (5-2)

We did not confirm the anomalous "we" events reported by the

Aachen-Padova group.
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Table 2.1

SUMMARY OF THE DETECTOR

LOCATION Brookhaven National Laboratory, USA

INCIDENT BEAM Neutrino Horn Focussed From 28 GeV Protons
110m from proton target

ASSEMBLY Modular construction; each module consisting of a
plane of calorimeter and two planes (x,y) of
tracking proportional drift tubes
112 Modules + y-Catcher + Spectrometer
Weight 172 + 30 tons

MODULE PROPERTIES

CALORIMETER (LIQUID SCINTILLATOR)

Active Area 4.22 x 4,09 m2 Thickness 7.9 cm
Weight (Liquid & Acrylic) 1.35 metric tons
16 cells/module 2 Amperex 2212A phototubes/cell

1 Pulse Height Measurement/2 Time Measurements Per Tube Readout

PROPORTIONAL DRIFT TUBES (PDT)

Active Area 4.2 x 4,2 m=?
Thickness (x and y) 7.6 cm 54 x wires 54 y wires

1 Pulse Height Measurement/2 Time Measurements Per Wire Readout

GAMMA CATCHER 10 standard calorimeter modules with 1 radiation

length og lead between each module

30 metric tons target mass.

MUON SPECTROMETER 2m x 2m Aperture Muon Spectrometer

< j B.-dg > = 70 MeV/c

(Ap/p)2 = (.102 + (.067p)2) p in GeV/c



Table 2.2

" Properties of the Liquid Scintillator Mixture

hydrogen/carbon ratio

index of refraction

optical absorption coefficient
density

absorption length

radiation length

mean dE/dx

1.93

1.47

0.58/m

0.858 gm/cm®
84 cm

53 cm

1.79 MeV/cm




Table 3.1

Sample Total ue LY
Single-shower
sample I 123 46 77
Single-shower
sample II 49 18 31
YH
sample 43 17 26




Table 3.2

Sample Excess Subtracted ¥'s

Single-shower

sample I 24.5 + 9.0 21.5 + 11.3
Single-shower
sample II 10.2 &% 5.9 7.8 &+ 7.3
YH
sample 11.0 =+ 5.5 6.0 =+ 6.9
Two-shower -8.3 £ 12.9 94.3 £+ 15.9

sample




Table 3.3

Excess Single-shower Single-shower vy sample
sample I sample II
A [module]
5.05 17.4 £ 9.5 7.6 £ 6.2 8.7 £ 5.8
5.94 24.5 £ 9.0 10.2 +£ 5.9 11.0 £ 5.5

6.83 29.0 £ 8.7 11.9 + 5.7 12.5 £ 5.3




Table 3.4

Single-shower

sample I 1.0 = 0.5
Single-shower
sample II 0.4 = 0.2
YH
sample 0.3 + 0.2

98.5

H+

I+




Table 3.5

, Background Events
Sample <eTpaty ' <e"nz’>
Single-shower )
sample I 4.1 £ 1.7 .98 + .45
Single-shower
sample II 2.4 £ 1.1 .49 + .28
¢:!
sample 2.0 1.0 .85 £+ .40




Table 3.6

Mode Branching Ratio
+ . +‘ . o
A, = e’ anything 4.5 £ 1.7 (%)
F(A; - e+nve)
; " 0.25 + 0.05
C(Ag = e A°v,)
A° - px” 64.2 + 0.5 (%)
A° - nz® 356.8 * 0.5 (%)




Table 3.7
The upper, middle and lower numbers of each process are

corresponding to the single-shower sample I, II and YH sample.

Process Acceptance Branching Ratio B.G. Events

AL > nety, 9.6 x 1072 0.009 1.1 % 0.66
1.0 x 10" 0.009 1.2 + 0.72
1.8 x 1072 0.009 0.21 + 0.13
AL » Acety, < 1074 0.023 0.0
> pr 1.0 x 1072 0.023 0.30 + 0.18
2.5 x 10~3 0.023 0.076 + 0.045
+ o .+ -2 :
AL = Acety, 1.3 x 10 0.013 | 0.22 + 0.13
S nzo 1.4 x 1072 0.013 0.24 + 0.14

> vy 1.6 x 1073 0.013 0.028 + 0.017




Table 3.8
Excess 1 means that the excess after subtracting n° back-
ground, Excess 2 means that the excess after subtracting all
other background and Excess 3 means that the excess after crrec-

tions for the filter and scanning.

Single-shower
sample T

Sample. . Single-shower Yy

sample IT sample

Excess 1 24.,549.0x6.1 10.2+%5.9%2.6 11.0+£5.5%2.8

e pr 4.1 + 1.7 2.4 + 1.1 2.0 + 1.0
e nx’ 0.98 + 0.45 0.49 + 0.28 0.85 + 0.40
AL - nety, 1.2 £ 0.72 0.21 + 0.13 1.1 + 0.66

A; %.A°e+ge

> px 0.30 + 0.18 0.076 + 0.045 0.0

Ag %.A°e+ve
- nzO 0.24 + 0.14 0.028 + 0.017 0.22 + 0.13

> vy
7° - ete y 1.0 + 0.5 0.4 + 0.2 0.3 + 0.2
Excess 2 16.719.01+6.4 6.645.9+2.8 6.5+5.5+3.1

Excess 3 17.5%9.54+6.4 6.946.2+2.8 6.8+5.843.1




Table 4.1

Mass [MeV] |UH#I2 : |UHe12
200 2.28 x 1076 2.75 x 1076
250 3.20 x 1077 4.20 x 1077
300 1.10 x 1077 1.35 x 1077
350 4.44 x 1078 5.71 x 108
370 3.41 x 1078 4.39 x 1078
400 3.05 x 1078
450 2.56 x 1078
470 3.69 x 1078




APPENDIX A. Kinematic Factor ( p )

The decay rate for the mode Mt > 2+7H, relative to the one

for M+ - 2+Vg, ) massless flavor neutrino, is given by

r(mM* s 2 vy)

‘ . _
= |Uno | “ oM, g (my, ) (A-1)
(Mt - 2%vy) ‘ AE

, Where VH4could be any heavy neutrino and vy, is a conventional

massless neutrino,

a m g(m ) = D) (A-2)

an p m R A-
p(X,Y) = h(X,Y).-a1/2(1,x,7) (A-3)
h(X,Y) =X + Y - (X - Y)2 o (A-4)
A(1,X,Y) = 1 + X2 + Y2 - 2(X + Y + XY) (A-5)

where X = mz/m2 and Y = m2 /mz. h(X,Y) originates from the decay
%2 M 'VH M
matrix element and 11/2(1,X,Y) is a phase space factor.
In comparing h(X,Y) and 11/2(1,X,Y) with the massless case,

h(X,Y) and 11/2(1,X{Y) are defined as the followings

_ h(X,Y) h(X,Y) |
h(X,Y) = = ‘ (A-6)
h(X,0) X(1-X)

A7 1,%,7) A% (1,%,7)

1 /°%(1,%,7) (A-7)

1/2 -



and then

B o (X, Y) h(X,Y) -21/2(1,%,7)
P, g My =
& VH p(X,0) x(1-X)2
- h(X,Y) 2Y%(1,X,Y).
When Y = O, i.ei, in the case of massless neutrinos, p = 1.
vanishes for m = my - Mg.

YH

o



APPENDIX B. Error of The Ratio R = X/Y

X and Y are independent normal variables whose means are pu,
and M s and variances are Oy and Oy respectively. The ratio R =
X/Y does not behave as a normal distribution. However, (ux -

-1/2 ¢ normally distributed about zero with an

2 N 2
ugR) /(6% + oFR)
unit variance assuming that My is so large compared with Gy that
the range of Y is effectively positive.

Therefore the error of R within S times of a standard

deviation is

Mybty ® VuZul - (uy - S%0%) (w3 - S%0y)

(B-1)

When Oy = 0, this form reduces to a well known form such as
R £ SOR | (B-2)
SR = RO /uy (B-3)

An upper limit at 90% C.L. is given by taking S = 1.282 and

an upper sign (+) in the equation (B-1).
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