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Abstract

We have searched for new heavy particles decaying into an electron and
hadrons in e*e~ collisions with the VENUS detector at TRISTAN. The prompt electron
from the decay of a new heavy particle would be clearly distinguished by the signatures
of its large energy and of the large isolation from surrounding hadrons. The present
work have been focused mainly on search for new quarks, new neutral leptons, and a
leptoquark. There was no indication of such new particle productions in the analyzed
data with the integrated luminosity of 28.8 pb~! at the center of mass energy between
54 and 61.4 GeV. The result sets new constraints on masses of the new particles. The
existence of new quarks with charge 2/3 and 1/3 and with mass below 29.5 GeV/c? and
28.0 GeV/c2, respectively, are excluded. The new neutrino which is coupled domi-
nantly to electron is excluded in the mass range from 9.0 to 28.5 GeV/c2. Another type
of neutral lepton, the electron-type neutral lepton, is excluded below 54.0 GeV/c? in the
V+A type coupling case and 51.5 G,CY/?Z in the V-A type coupling case. The first-
generation scalar leptoquark witlh cha;ge 1/3 is excluded in the mass range from 6.0 to
22.5 GeV/c? and that with charge 2/3 in the mass range from 4.0 to 26.0 GeV/c2, pro-
vided that the branching ratios of the decays into electron and into neutrino are equal.
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1.1 The standard model

Chapter 1 Introduction

1.1. The standérd hxodel

The “standard model” is a successful theory which well describes behaviors of
elementary particles. This theory contains the electroweak theory and quantum chromo-
dynamics (QCD) both of which are based on the principle of local gauge invariance.
The electroweak theory unifies the electromagnetic and the weak interaction,! while
QCD describes the strong interaction.

1. The electroweak theory !

Matter consists of point-like spin 1/2 fermions, leptons, quarks, and their
antiparticles in the electroweak theory. Left-handed fermions transform as doublets and
right-handed ones are singlets under SU(2) symmetry on weak-isospin, T =
(T'1,T2,T3). The T3 eigenstates are cxp:essed as follows; '

vy
leptons: lL:’(l—l =&, ? quarks: q,,=(gl Ug,dp, (1.1)

where the indices, L and R, denote hehcxty states, namely left-handed and right-
handed. We call v, I-, u, and 4, as neutrmo charged lepton, up-type quark, and down-
type quark, respectively. These fenmon states in the multiplets share the same weak-
hypercharge Y which is the c1genva11ue of the quantum state of the U(1) symmetry. T3
and Y are related to the electric éharge Q through the equation, Q = T3 +Y/2. In addition
to the fermions, scalar bosons called as Higgs particles, are introduced as a complex
isodoublet in SU(2)L in the minimal standard model. The specifications on leptons,

quarks, and Higgs particles are summarized in table 1.1.
, . i

lepton o quark Higgs
\4 = 4 Iy R » U dL Up dR ¢+ ¢0

T 12 12 0 12 12 0 0 12 1R
T3 12 -12 0 12 =12 0 O 12 -112
Q
Y

0 -1 -1 lo93 13 23 -13 41 0
-1 -1 ‘2'h1;3 13 453 23 1 1

Table 1.1 Specifications of leptons quarks, and the minimal Higgs.

Spin 1 bosons Wthh corrcspond to the gcnerators of the symmetry group are
called gauge bosons. The introduction of Higgs causes the so-called spontaneous
break-down of the original SU(2); xU(1) symmetry and makes the gauge bosons and
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fermions massive. Another U(1) symmetry with a generator Q arises after the symme-
try breaking, constructing a well established theory called quantum electrodynamics
(QED) with a massless gauge boson, photon ¥. Three massive gauge bosons, charged
weak bosons Wt and a neutral weak boson ZQ, mediate the weak interaction. There is
only one neutral Higgs boson HO which physically remains after the spontaneous
symmetry breaking. However, the masses of the fermions and HO are left as unknown
parameters. Besides them, there are three independent parameters which determine the
strengths of the electroweak interactions. The‘y are usually chosen to be fine structure
constant ¢, weak mixing angle 6,,, and either Z0 mass Mz or Fermi constant Gr.
Quarks and leptons have several species. The mass eigenstates, flavors, are

classified in ascending order of mass as follows;

w()E)(2) = CUCLE) e

These groups with a repetitive structure are called generations. The corresponding par-
ticle in a different generation has the same 'qu%ntum numbers. In general, mass eigen-
states do not always coincide with gauge eige’hstates because masses are not given by
the gauge interaction but by ad hoc Yukawa interactions with the Higgs particle.
Assuming all neutrinos to be massless, any reutrino state can be a mass eigenstate.
Therefore, Vi, V2, and v3 are usually replacedJ by the gauge (weak) eigenstates V, Vi,
and v¢ and the different lepton generations are completely decoupled. On the other
hand, all quarks are massive and actually thére is a small mixing between the quark
generations in the weak interaction, which is represented by a unitary, Kobayashi-
Maskawa (K-M) matrix V as follows;’ |

dw ( Vud Vus Vub_; d
Sw |=| Vea Ves Veb || s (1.3)
bw Via Vis Vi J\b ),

where dy, , Sw, and b,, are the weak eigenstates coupled to u, ¢, and ¢, respectively. K-
M matrix can be determined by three rotational angle parameters and one phase
parameter which accounts for CP violating phenomena.

2. QXD | / -:

Quarks are SU(3) triplets in QCD, that is, each quark (antiquark) has one of
three color (anticolor) charges. The eight SU(3) generators physically correspond to
massless gauge bosons, gluons. A gluon g possesses a color and an anticolor, mediat-
ing the strong interaction between quarks. Because of its non-Abelian nature, gluons
also interact with each other and the visible strength of the strong interaction increases
according to the distance. This feature is responsible for the quark-confinement. Quarks
and gluons, so-called partons, always collapse into hadrons. At short distances, namely
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at high momentum transfer squared ¢2, the coupling strength become so small that a
perturbative approach can be made.

3. _Status of the standard model

Now, the status of the standardl model is summarized. The electroweak theory,
having 17 parameters to be measured, seems quite successful. There is no evidence
which contradicts the theory though there are two missing members, r-quark and HO,
As for the strong interaction, a perturbative approach of QCD successfully explains
many phenomena at high enérgy. But tl:lc strong interaction in low g2 region such as the
jet-formation mechanism and the mass-spectrum of hadrons have not been clearly
understood. Moreover, there remain some problems which are not well explained by
the present theory. For example, the origin and the number of the generations cannot be
given theoretically. The theory seems 'io be far from the ultimate theory, rather a well

I

established phenomenology. . - | i

In the experimental approach, it is an important test of the electroweak theory to
find the missing members and to do precise measurements of the parameters. Models
beyond the standard theory need experimental evidences if they were to describe the
real world. In order to inspire the theoretical approach, the shortest way may be to
study interactions in unprobed energy re:gion, where new phenomena may appear.

1.2. e*e— colliding . experiments

Because both an electron, ¢, and its antiparticle, a positron, e*, are point-like
particles, the beam energy is effectively utilized in e*e— collision and the ensuing reac-
tions are simple to understand. As a consequence of such advantages of e*e— colliding
experiments, various contributi‘onsitoviparticle physics have been made. In 1974, y-
series of the cc bound states with masses above 3 GeV/c2 were first observed at SLAC
using the e*e collider, SPEAR.3 The discovery of c-quark completed the second
generation. In 1975, 7-lepton was discovered also at SPEAR.* This was the first
observation of a third-generation particle. The second member, the down-type quark b,
was discovered in 1977 at the proton-nucleus collision e:xperime:nt,5 and then, Y-series
of the bb bound states with masses around 10 GeV/c2 were clearly resolved in ete-
collisions at DORIS s_toragé ring, DESY and at CESR, Comnell.’ The center of mass
energy was increased using PEP accelléxjator at SLAC and PETRA at DESY up to 46.8
GeV. Though the predicted t-cjuark Was not found there, the results showed good
agreements with the standard model. Il"l the electroweak theory, sin26,, was determined

7

by the forward-backward asymrthy of lepton-pair productions,’ combining the results

from the neutrino experiments. In a QCD related field, a hard gluon emission was
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clearly observed as a three-jet event and its cross section agreed well with the
perturbative calculation of QCD.8

In 1986, just after PEP and PETRA had finished their operation, TRISTAN in
Japan began to work. The first targéf of TRISTAN project was of course z-quark and in
order to find it and also with other probable subjects in mind, a general purpose
detector, VENUS, was installed. TRISTAN had been the world-highest-energy ete—
collider before SLC at SLAC and LEP at CERN began to work with center of mass

energy around Z0 pole in summer of 1989.

1.3. Motivation and our strategy to find new particles

The most important subject at the highest-energy machine is to search for new
particles. Various new particles are expected in the progressive theories. Among them,
the most prominent one is the top quark (-quark) which was predicted by the standard
theory, but so far eluded the experimentalists’ scrutiny. Either an extension of or a
departure from the standard model predicts agvariety of new particles, a new charge —
1/3 quark &’, a new neutrino N, an anbther'lfea\‘ry neutral lepton EO, a leptoquark %,
and so on. These which are relevant to the present analysis will be described in details
later. Then, there is always a possibility of finding new particles which no one has
expected. It is important to search for such 'new particles in a broadest approach as
possible as extensively. Because the new heavy particle will be produced nearly at rest,
its decay-products will be emitted isotropically. Thus, the heavy new particle
production will have a characteristic signatur; of spherical event shape compared with
ordinary processes, i.e. known quark produétion. However, it is generally difficult to
separate a hadronically decaying new particle from multijet events of higher order QCD
processes. Many new particles in our considefation are expected to decay semileptoni-
cally into an electron, e, and hadrons. In this thesis, the term, “electron”, usually
includes its antiparticle. Such e which is a dlI'CCt decay-product of a heavy particle tends -
to be energetic and isolated from other decay-products We have actually made a direct
search for new particles by tagging isolated e m a multihadronic final state, which will
make better separation of the new parncle from the known processes. It is unusual for e
from light known particles to satisfy both reciuirements of “energetic” and “isolated”
because of the smallness of releasing energy in decay and of the large boost of the
parent particle. Therefore, the background from higher order QCD processes will be
nearly completely removed while hlgher ordcr QED processes of two-photon-exchange
interaction will dominate the background in spxte of the small cross section.
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1.4. Mechanisms of inclusive electron productions

1.4.1. Production processes of known quarks

Before searching for new particles, we must know the behaviors of ordinary
processes of known particle productidns. We introduce here the ordinary production
mechanisms of inclusive e productions.

1 k-pair pr
In e*e~ collision, bb and cc productions yield e’s in their decay. First, we
review general properties of a fermion-pair production and a semileptonic decay as
shown in figure 1.1. Accordmg to thc lowest order calculation in the electroweak
theory, the differential cross section for a fermion-pair production is given as follows;

dcose = ”gs [o207{ 1+90529*7(1—/32)sin29}

+2Re()0.0r{ gveev( 1+00826+(1—ﬁ2)sm26)+2gAegAfﬁcose}
+Hy2{ (gv€2+gA32)gvfz(1+00529+(1—ﬁ’2)sm29)
+(gve2+gAeZ>gAﬂﬂ2<1+cos?e>+8gveg‘ngegAfﬁcos9}], (1.4)

1 : s
Y4 T4 sin26,, cos20,, =M 2+iM, T,

e

1
Qe——l gve —-+2sm By, ga¢ =5

»

g = T3f—2Qfs1n Ow, 84" = T35,

where Orand my are the charge and the mass of the fermion, O is a polar angle which is
defined by the angle between the incoming ¢~ and the outgoing fermion, and I is Z0
width. The variable s is a center of mass -energy squared, calculated by 4Epeam?, where
Epeam is the beam energy.

Ve, Vi ...

Figure 1.1 Dxagrams of a fermion-pair production and a semileptonic weak decay, where
f is the weak-isospin-flipped fermion.
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There are some special features if the fermion is a quark. The cross section
should be multiplied by 3 due to the color degrees of freedom and moreover there are
higher order QCD processes such as gluon emissions. The QCD effect amounts to 5 %
increase in the total cross section at TRISTAN energy. The event from a quark-pair
production often forms a two-jet structure where two clusters of hadrons are ejected in
opposite direction. Hard gluon emissions result in a multijet events. Fragmentation
mechanism of hadrons which explains the jet-formation is not completely resolved but
there are some phenomenological models to describe this. Figure 1.2 shows a
schematic diagram of multihadron production.

hadrons

electroweak

t

fragmentation

Figure 1.2 A schematic diagram of multihadron production in e*e~ annihilation.

Neglecting spin polarizations and all the decay product masses, the width for a
weak charged current decay of a fermion into three fermions, f—gf g’, is calculated as;

dIF = Vg2 Vr o 2G 2 %’Jff (2n)’f564(pfpg')(pg-pf)

d3p d3pf d3p ,
215: 2Ef 215; 8 pr-pgpr-pg); (1.5)

where py, pg, pf, and pg’ denote four momenta of the fermions, where f has the same
T3 value as that of f, while g and g’ ;have the flipped T3 value.

The weak charged current decay of a;heavy flavored hadron is well approxi-
mated by the spectator model as shown in figiire 1.3. The accompanying light quark in
the hadron, so called, a spectator quark, is considered to be irrelevant with decay.
Neglecting all the masses of the decay products, the semileptonic branching ratio, for
example, for b—ceV, , is given by;
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— 1y ev; chlz l
B(b-—-)ce‘T’) = Fudg+rc5w+reV¢+FuVu+FTVf qub!z‘*'chbIz 9, (1.6)
assuming that, |
2 B
:T‘;ffl%z 0, and Tty = Tuon = 3Teve = 3Ty = 3rve

where I's are partial decay widths of thc virtual W boson. The factor 3 comes from the
color degrees of freedom.

el ..

Ve, VA, ...

Figure 1.3 Diagram of weak charged current decay of heavy quark in the spectator
" model, where the spectator quark do not affect the decay.

n-ex n
In searching for isolated €’s, Vye cannot neglect ete~qq productions via two-
photon-exchange process. In o#-order QED, ete~qg production has four kinds of
diagrams as shown in figure 1.4. Theyéarc called “multiperipheral”, “bremsstrahlung”,
“conversion”, and “annihilation”. Most of the scattered e’s escape toward the beam-
pipe, which comes from the multipel‘ipheral and the bremsstrahlung diagrams. The

most dominant one, the multlpenpheral diagram, gives Qf" dependence to the cross
section. ‘

+
' e
- i v e - -
| 9 e', - 3» ¢
S L q
e'———g—— e : ,q e'———J-/\l<
: . q . q

Figure 1.4 Diagrams of eteqq pf(;ducﬁon, (a) multiperipheral, (b) bremsstrahlung, (c)
conversion, and (d) annihilation.

QN e

1.4.2. New heavy particles xdecaying into electron
We summarize here new partlcles which can be effectively searched for by
means of e-inclusive final state.
1. Third-generation up-tvpe guark ¢
The third generation up-type quark, “top” or t-quark, has been found neither in
e+e~ collisions,” nor in pp collisions.'® The t-pair production has a comparably large
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cross section amounting to a few tens of pb at TRISTAN energy ignoring the threshold
effect. The produced #-quark will be immediately confined into a z-flavored hadron
nearly at rest and will decay into a b-quark and a virtual W-boson, which will lead to a
large multiplicity of final particles and to a spherical event shape to be discussed later.

So far, the lower limit on z-quark mass as m; > 44 GeV/c2? was obtained by
UAT1 pp colliding experiment at CERN. But, because there may be some ambiguities in
QCD calculation for pp experiments, it is meaningful to examine by e*e~ experiments.
The results from TRISTAN was reported in the references,!! where VENUS set the
limit on ¢-quark mass as m; > 30.2 GeV/c2 by the analysis on multijet events.

2. Fourth-generation down-type quark b’

The existence of the fourth generation is not necessary but is not excluded by
any reliable theory, either. The number of light neutrinos is related to Z0 width which
was measured at pp experime:nts,12 and recently, also in e*e— collision on Z0 pole at
SLC and LEP.!3 All of them well agreed with three-generation model. The combined
limit of neutrino counting experiments at e*e; colliders below Z0 pole, PEP, PETRA,
and TRISTAN, is not in favor for the fourth generation, t00.}4 However, if the accom-
panying neutrino is heavy, there still remains a possibility of its existence. We denote
the presumed fourth generation quark doublet as (¢',b’). The down-type quark, b’-
quark, will be produced with 1/4 cross section-of the t-quark production in QED calcu-
lation. In searching for b’-quark, the b,'-quari( mass is assumed to be lighter than ¢-
quark. This assumption is natural by considering the fact that the mass difference
between an up-type quark and a down-type quark in a doublet becomes larger as the
generation number increases. The decay of b' should be determined by the extended
4x4 K-M matrix, but the matrix elements are of course unknown. Because the decay
into ¢ is kinematically suppressed, the weak charged current decay into ¢ is expected to
dominate. Search for b’-quark can be possible with the same method as for t-quark.

UAT1 excluded b’-quark with mass b;:low 32 GeV/c2? with 90 % confidence
level, reinterpreting the result of -quark search. In e*e- experiments, VENUS excluded
b’-quark with mass below 28.2 GeV/c2 by tihek_analysis on multijet events.

3. Unstable heavy neutrino N '
As was already described in the previous section, the number of light neutrinos

was nearly determined to three. However, it is meaningful to make a direct search for
the fourth neutrino N which should be massive. The fourth-generation charged lepton
is naturally assumed to be heavier than N. If ;we assume N to be massive, there is no
reason to think other lighter neutrinos are massless and we must consider the lepton
mixing in the weak interaction just like the ciﬁark mixing represented by K-M matrix.
Therefore, N decays into charged leptons li ghtér than N according to the lepton mixing
matrix U,
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N can be pair-produced in e+é- collision and we already presented the cross
section formula in equation (1.4) which can be applied to N, assuming that Nis a Dirac
neutrino. If N is produced and if IUM is not so small both in absolute value and in
comparison with IUyNl or IU N, the decay, N—e-W+* with subsequent decay of
virtual W+* to any weak doublet, must be seen. Neglecting all the masses of the known
fermions, the life-time is calculated in analogy with the decay, u——av#e'\—’e;

SBW+ —svet) myd1 1
TN =TH = s, (1.8)
mnS E Jue *ome9 3 et

where m’s and 7’s denote the masses ahd the life-times for g and N. In searching for
N, there is an ambiguity of the m1x1ng angles which determines the branching ratios
and the life-time. b

Searches for a unstable heavy neutral lepton were performed at previous e*e~
colliders.!® Mark-II at PEP searched for N with a comparably long life-time which
makes separated decay ‘vertlces in the detector atys = 29 GeV. They concluded that N
with mean decay length of 1 to 20 cm in mass range 1 to 13 GeV/c2? was ruled out.
CELLO at PETRA searched for short—hved N by tagging light charged leptons from N
decay and excluded in the mass range 3.1 to 18.0 GeV/c2 for dominant N-e couping
case and in the range 3.2 to 17.4 GeV/c2 for dominant N-u coupling case. AMY at
TRISTAN also ruled out the existence:in the range 8.2 t0 26.5 GeV/c2 for the N-e case
and 7.8 to 28.1 GeV/c2 for the N-yt case.’®

4, _El n- n n
In some extensions of the standard model, the fermion multiplets represented in
(1.1) are extended to larger ones and new heavy leptons and quarks are introduced to
each multplets. Electron-type neutral heavy lepton E¥ is one of such new leptons which
weakly couples to e~. Among SO many theoretical models, here we introduce the so-
called 2-2 model. 17 In this model agam with SU(2)xU(1) symmetry, both left-handed
and right-handed leptons form SU(2) doublets in a generation;

_ (Ve ' B EO
Y= (e_)L’ : Yr —[e_l, (1.9)

along with a left-handed singlet EO,. The Higgs field is again a complex doublet as in
the minimal electroweak model. Though there arise a mixing of EO, with v, the mixing
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is estimated to be of the order of m¢/mg which is small enough to be neglected. Thus,
vV, remains nearly massless also in this model.

If such a lepton exists, it will be produced in e*e- collision together with v, via
the W exchange process as shown in figure 1.5. The coupling of the e EOW+ vertex is
model-dependent. The most likely coupling structure is full V+A (right-handed, R) type
as in the 2-2 model. But in general, V—A (left-handed, L) type should be also consid-
ered. The cross section for the reaction, ete——V,EQ is given for the V—A and the V+A

cases as follows;!

8
do, _ %%1_1"-52-)2( _—’—5}2[%(1+cose>-<s-mE2)sin29], (1.10)

dcos@ mw
do']g _GFZ{ m52 t 2
To0s8™1 67:\1“ S (1-mw2y 4s, (1.11)

with t = ~(s-mg2)(1—cos6)/2,

where 6 and mg are the polar an glc“ and the mass of EO. Of course, there also exists the
charge conjugated process, ete~—EOV,. The heavy EO will be unstable because the life-

time is given in both cases by;
1

5 5
_myp +y = P T 1.12
T8 - T#B(EO—M‘Vee? g3 O (1.12)

= 1017 seconds for mg = 10 GeV/c2.

e EO

Figure 1.5 Diagrams of production and decay of electron-type neutral lepton.

Searches for EO were made at the prior.e*e- experiments as well as for Nin the
previous subsection. Mark-I at SPEAR excluded EO with mass less than 1.2 GeV/c2,
and CELLO excluded EV in the mass range 0.6 to 34.6 GeV/c2 (V-A) and 0.4 to 37.4
GeV/c2 (V+A). It is noted that EO can be searched for with mass up to /s in principle
and that there is no advantage in on-Z0-pole experiments at SLC/LEP because of large
backgrounds from known quark production. ‘

First-generation lept k

Leptoquarks, which couple to a lepton and a quark possessing both a color
charge and a lepton number, appear naturally in such models unifying leptons and
quarks as technicolor, !’ composite models,?’ grand unified theories,?! and superstring
theories.?? For example, in the model by Schrempp and Schrempp according to the
framework of nearby compositené‘ss and special technicolor schemes, leptoquarks
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appear as colored pseudo-Goldstone boson multiplets of charge Q = 2/3, one per
generation. In the minimal superstring inspired model, Q = —1/3 leptoquarks are
expected. The general specifications of leptoquarks are summarized in the references.?
Most of these models were proposed, inspired by the “CELLO event” which has two
isolated ’s and two jets,2* and most of the arguments are valid also at TRISTAN
energy.
Here we consider a scalar color triplet leptoquark ¥ which couples to the first-
generation leptons and quarks. The two kinds of specifications on Y are summarized in

table 1.2.

electric charge “ -1/3 2/3
available decay mode " €U, Ved etd, Vou

Table 1.2 Two kinds of specifications on the first-generation leptoquark.

As shown in figure 1.6, ¥ can bc produced in ete—— Y reaction. Only for the
first generation leptoquark, there ex‘ists a quark-exchange process besides the -
annihilation process. From the view point of QCD, a leptoquark behaves as a quark.
The produced leptoquark must be immediately confined into a color singlet system, that
is, a bound state with a light quark, which decays into a lepton and a quark along the
spectator quark as shown in figure 1.6.

eve
A
l'-""'_'. o ud
et X spectator
q
e 1 ___2 4 f
A

Figure 1.6 Diagrams of production and decay of the first-generation leptoquark, where
exist two production diagrams of yannihilation and quark-exchange.

Ignoring the undefined weak coupling, the cross section is given as follows;

do _3ma?.5 . 5
dcos@~ 4s Psin?6
Lo B 1 A 4]
24— fe” At
02+ T P—2Bc0s 2 * A1+ P2poos0 & |, (1.13)

where, €is the the polar angle of either ¥ or x, which couples to e~. The strength of e-
g-y coupling is determined by A,2 which should be constrained by low energy
1eactons.
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For example, the total hadronic cross section in

e*e- collision might be affected by y-exchange process o }; 7
as shown in figure 1.7. Since no anomaly was reported : x
so far, the coupling strength A¢2 must be small. Thus, e : q
we neglect the second and the third term in equation A

Figure 1.7

(1.13) which always enhance the cross section of e*e~ Leptoquark-exchange diagram
—x X reaction. in quark-pair production
A scalar leptoquark is expected to decay into a lepton and a quark isotropically.

The partial decay widths are given by,

% A
[y—eq) =522 Nx—veq) = %6’;1 (1.14)

where 1,2 is a strength of V,-g-x coupling. The branching ratio of the decay into e is
determined by A¢2/(MA+A.2). C |

There is no publication papers on thé first-generation leptoquark but on the
second-generation one only,25 inspired by the CELLO event.

1.5. Outline of the thesis

In chapter 1, we have reviewed the preslent theory of particle physics and histor-
ical contributions of e*e~ colliding experiments. We also introduced theoretical and
experimental background in finding new partiéles in our consideration. In chapter 2, the
apparatus of the accelerator TRISTAN and VENUS detector are presented. The tech-
niques of data reduction and event reconstruction from the detector signals are
described in chapter 3. The method and the performance of electron identification are
described in chapter 4. The analysis of the' search for new particles with electron-
inclusive final state is described in chapter 5. The results of the analysis is summarized
in chapter 6. Some tools and preparations are %given in the appendices. The techniques
of Monte Carlo simulation are described inappendix A. The methods of radiative
correction which were included in the simulation are described in appendix B. The
calorimeter responses for hadrons were parametrized and implemented into the detector
simulation program as described in appendix C. In order to evaluate the identification
efficiency of e, e sample was collected as described in appendix D.
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Chapter 2 Experimental Apparatus

2.1. TRISTAN

TRISTAN is an ete~ colliding beam facility at National Laboratory for High
Energy Physics (KEK) in Tsukuba city, Japan.26 It consists of a 400 m long linear
accelerator (LINAC), an accumulation ring (AR) with circumference of 377 m, and a
main ring (MR) with circumference of 3.0 km as shown in figure 2.1.

TRISTAN began since
November 1986. Since then, the beam
energy and intensity have been

improved steadily. The beam operation
‘ in MR has four stages, e*-filling, e—-
filling, acceleration, and storage. The
et beam is produced by bombarding a
tantalum target with an e~ beam. The
LINAC accelerates both the e+ and e~
beams up to 2.5 GeV and injects them
into AR. AR stores the beam up to 20
mA and accelerates the beam up to 8
GeV and injects them into MR. The
injection is repeated until MR acquires

PHOTON FACTORY

2.5 GeyV
ELECTRON LINAC

POSITRON GENERATOR

T ¥ . B enough intensity. MR accelerates the

T ! beams up to around 30 GeV. Two e~

Figure 2.1 SR » bunches and two e* bunches,
Site layout of TRISTAN at KEK.

circulating in opposite directions,
intersect with each other every 5.0 ps at
the central points of four straight sections. A large portion of the straight section is
allocated to RF cavities which accelerate the beams and compensate for enormous
energy loss by synchrotron radiations. The operation with beam energy greater than 30
GeV became possible by installation of superconducting RF cavities in summer 1988.
The beam life-time was typically three hours and the beams were dumped and refilled
about every two hours. The peak luminosity was 1031 cm~2-s-1 and the integrated
luminosity per day was up to 300 nb-!. Four experimental halls, named Fuji, Oho,
Tsukuba, and Nikko, were constructed at the colliding points. VENUS detector is
located in Fuji hall. ‘

13
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2.2. VENUS detector

2.2.1. General description

VENUS is a general purpose detector for e*e~ collision physics.27 The main
feature is high resolution measurement of both charged particle momentum and
electromagnetic shower energy with wide solid angle coverage. VENUS was first
operated in November 1986 with s = 48 GeV and accumulated data with Vs = 50 and
52 GeV. It was upgraded by the installation of the end-cap calorimeters and the muon
detector during the summer shutdown in 1987. This analysis is based on the data which
have been taken after the end-cap calorimeters began to work. A side view of VENUS

is shown in figure 2.2.

® Inner Chomber

® Central Drift Chomber

® Tronsition Rodistion Defector
@® Outer Drift Tube

(® Time-of-Flight Counter

© Superconducting Coll

(@ Borrel Streamer Tube

@® Barrsl Leod Glass Counter
® Forward Chomber

\-qct
et @ Uquld Argon Counter
e <@ @ Luminosity Monltor

SIS

2 NS @ Mognet Return Yoke
o . — | @ Muon Chamber

- @ Muon Fllter
‘” ® Equipment Transportation Cart

2888%

! J TOTAL WEIGHT 1~ 2000t
! MAGNETIC FIELD ¢ 0757

4

0 t 2 3 4 Sn

Figure 2.2 Side view of VENUS detector, where Forward Chamber and Transition
Radiation Detector had not yet been installed in the data taking period of this
analysis. :

The coordinate system for the analyéis was defined as shown in figure 2.3,
where the origin is set at the colliding point, x axis directs horizontally outward from
the center of MR, y axis directs vertically upward, and z axis is the direction of the e~
beam at the origin. Since most of the detector components have axial symmetry around
z axis, cylindrical coordinate with radius defined by the distance from z axis is also
used to describe the geometry of the detector. In the analysis, polar coordinate is mainly
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used, where polar angle @ is defined with respect to z axis, and azimuthal angle ¢ is
measured counterclockwise from x axis in x-y (r-¢) plane.

y
A TRISTANMR \

- - ¢ B g

|

Figure 2.3 Definition of the coordinate system.

2.2.2. Beam-pipe

The vacuum beam-line around the colliding point is shielded by an aluminium
beam-pipe with a radius of 9 cm and vs}ith a length of 270 cm. The thickness is 2.5 mm
for Izl <25 cm and 5 mm otherwise.

2.2.3. Inner Chambeg

The inner chamber (IC) is a cyljndrical multiwire drift chamber located outside
the beam-pipe.28 The inner‘radius, thé outer radius, and the length are 10 cm, 24 cm,
and 160 cm, respectively. Figure 2.4 shows the structure of IC. The 6 layers of anode
wires give information of charged tracks in 7-¢ plane. Each of the 6 cathode layers is
divided into 16 (6) X 8 (¢) = 128 elemfznts, on each of which a cathode pad of 18 pm-
copper sheet is attached. The cathode pads are arranged in tower-geometry, that is, the
total 128 towers, each consisting of the 6 layers of the pads, are pointing at the
colliding poiht. Three-dimensional informations from the pads are used for the first
level trigger. Charged particles which did not come from the beam-beam interactions,
namely the beam-associated backgrouhds, are mostly suppressed by the requirement of
the hit pattern pointing to the colliding point.

15
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y cnc
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6 (layer) x 16 (z) x 8 (?) = 768 pads

ool ]
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10 cm

Figure 2.4 Layout of the cathode pads of the inner chamber (IC).

2.2.4. Central Drift Chamber

The central drift chamber (CDC) is a main tracking detector which measures the
momenta of charged particles.29 The chamber has an inner radius of 25 cm , an outer
radius of 126 cm, and a length of 300 cm, where HRS gas, the mixture of Ar/CO,/CHy
(90:9:1), is filled with. CDC has 7104 sense wires and 21312 field wires. The end-
view and the cell-structure are shown in figure 2.5. 20 layers of axial wires are strung
parallel to z axis and 9 layers of slant wires are tilted by £3.3° in ¢ direction from z
axis. Two axial layers are arranged always adjacent each other, staggered by half a cell
in order to resolve the left/right ambiguity of the drift direction. The axial wires are used
for the tracking in r-¢ plane and the slant wires are for z reconstruction. The total 29
layers cover a angular region of Icosé! < 0.75, The drift-time is measured by a time to
digital convertor (TDC) system and is converted to the position information of the
trajectory. The spatial resolution in the chamber was measured to be 270 um.
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Figure 2.5 End-view of one quadrant and typical drift cell geometry of the central drift
chamber (CDC).

2.2.5. Outer Drift Tubes

The outer drift tube system (ODT) consists of staggered 3 layers of cylindrical
drift tubes which have a length of 284.4 cm and are placed cylindrically at radius
between 157 cm and 162 cm. ODT covers a region of lcos@ < 0.66 and the accuracy of

the momentum measurement for a charged particle can be improved with a help of
ODT.

2.2.6. Time-of-Flight Counters

The time-of-flight counter system (TOF) consists of 96 scintillation counters
with a rectangular cross section of 10.7 cm x 4.2 cm and a length of 466 cm.>® They
are arranged in parallel to z axis cylindrically at inner radius of 164 cm. Phototubes are
attached to both sides of each counter through light-guides of 145 cm long. TOF covers
lcosB! < 0.81. The time resolution was checked by Bhabha events to be 200 ps. From

17
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the time difference between the both sides of the counter, z position can be measured

with resolution of 5 cm.

2.2.7. Superconducting Magnet

For momentum measurement, a uniform magnetic field of 7500 gauss is
produced in parallel to z axis by a superconducting solenoidal coil.3! It is 520 cm in
length, 170 cm in inner radius, and 20 cm in thickness which corresponds to 0.64
radiation lengths. The magnetic field is uniform within 0.3 % deviation over the whole
volume of CDC. '

2.2.8. Barrel Streamer Tubes

The barrel streamer tube system (BST) consists of two staggered layers of
conductive plastic tubes cylindrically arranged outside the magnet.>? Each tube has a
rectangular cross section of 1.9 cmx 1.35 cm and a length of 444 cm. The total 1200
tubes are grouped into 16 modules. At the center of the tube, an anode wire is strung.
Copper cathode strips are attached onto the inner and the outer side of the module. The
inner strips are arranged perpendicular to z axis and outer ones are inclined by 45° to
them. BST is operated in the limited streamer mode, where the pulse height is large
enough not to require considerable amplification for read-out. BST gives informations
on hit positions of charged particles and converted ¥’s which inject into the barrel

calorimeter.

2.2.9. Barrel Lead-Glass Calorimeter

Electromagnetic calorimeter measures energies and incident positions for ¢ and
¥. The barrel lead-glass electromagnetic calorimeter (LG) has a cylindrical shape with a
radius of 2 m and a length of 6 m.>® The structure of LG is shown in figure 2.6. There
are 43 rings along z axis each of which has 120 counter modules. The total 5160
modules are arranged in a semitower—geometfi, approximately pointing to the colliding
point. They are tilted by 3° in ¢-direction and by typically 7° in 6-direction so as not to
miss particles through the counter gaps, typically 1.5 mm. The calorimeter covers a
region of Icos@ < 0.79. The structure of the counter module is shown in figure 2.7. 1t
consists of a lead-glass block, a plastic light-/guide, and a phototube which detects the
Cerenkov light emitted by charged particles in the counter. An electromagnetic shower
induced by e or yis well contained in the lead-glass for the energy up to more than 30
GeV. Electromagnetic shower is a multiplication of e’s and ¥’s by the cascade process
of pair-conversion (y—e*e~) and bremsstrahlung (e—e%) in material. The shower
constituent becomes lower in energy by the multiplication and stops by energy losses.
The integrated electric charge from the phototﬁbe is interpreted as the energy deposit in
the counter.
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Figure 2.6 Structure of the barrel lead-glass calorimeter (LG).
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Figure 2.7 Structure of the lead-glass counter module.

The lead-glass block is 30 cm in depth corresponding to 18 radiation lengths or
1 nuclear interaction length and the typical cross section is 12 cm x 11.6 cm at the front
face.3* The main ingredients of the material of the lead-glass, DF6, are PbO (70.9 %)
and SiO7 (27.3 %). The density is 5.18 g/cm3, the radiation length is 1.68 cm, and the
rgfractive index is 1.805. The critical energy is 12.6 MeV, below which the ionization
energy loss dominates the energy loss by bremsstrahlung,
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A plastic light-guide of 6 cm long is inserted so as to keep the phototube away
from the leakage magnetic field, extending the magnetic shield of l-metal which
surrounds the phototube and the light-guide.

Two different types of 3-inch phototubes, Hamamatsu R1911 and R1652 are
used.3> The box-and-grid type phototubes (R1911) cover the central 31 rings with a
little better resolution. For the peripheral 6 rings of each side where the leakage field is
up to 30 gauss, the mesh type phototubes (R1652) are used.

In order to monitor the gain fluctuation of the phototubes, two independent
xenon flash lamps provide the light to each lead-glass module through optical fibers.
During the running time, the monitoring system was operated usually once a week
utilizing the beam-filling time. More than 95 % of all the modules were stable within 2
% in pulse height. The relative fluctuations were calibrated by this system and the
overall normalization factor was adjusted by monochromatic electrons in Bhabha
events. The energy resolutlon for e was measured by Bhabha events to be 3.8 % at 28
GeV.

2.2.10. End-cap Liquid-Argon Calorimeters

Two end-cap liquid-argon electroma‘gnetic calorimeters (LA’s) are located
between CDC and both end-caps, covering 0’.?80 < lcos@ < 0.99.36 LA has 480 towers
consisting of 70 lead-plates with 1.5 mm thickness and with 3 mm spacing dipped in
liquid-argon. Figure 2.8 shows the structure of the liquid-argon calorimeter. The tower
depth corresponds to 20.3 radiation lengths. All the towers are pointing 80 cm beyond
the colliding point. The 70 lead-plates in the tower are held at +3.0 kV or 0.0 kV alter-
nately and grouped into four read-out channels to record longitudinal shower develop-
ments. The electrons from the jonizations by charged particles in liquid-argon are
collected at the anode plates and the deposited energy is measured. The energy resolu-
tion for e is measured by Bhabha events to be 3.5 % at 28 GeV.
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Figure 2.8 Structure of the end-cap liquid-argon calorimeter (LA).

2.2.11. Muon Detector

The muon detector (MU), which is placed outside the return yoke, consists of a
barrel part and forward/backward parts of drift tubes sandwiched between thick iron
absorbers.3” The barrel part has 8 layers of the tubes, covering Icos@ < 0.69 and 90 %
in ¢. The tubes of inner 6 layers are parallel to z axis and ones of outer 2 layers are
perpendicular to them. The forward/backward part has 4 layers of drift tubes covering
0.69 < Icos& < 0.93. The total material, before a particle encounters the fifth layer of
the barrel part, amounts to at least 5.3 absorption lengths. It was checked by cosmic-
rays that 4 with momentum above 2.0 GeV/c penetrates all the absorbers, while
hadrons are expected to be absorbed with a probability about 99.5 %.

2.2.12. Luminosity Monitor

A pair of electromagnetic shower counters, the luminosity monitoring counters
(ILM’s), is installed to detect small angle Bhabha scattering. Each counter is located
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between the beam-pipe and LA and consists of 8 sectors which are made of 27 plastic
scintillators sandwiched between 27 lead-plates, covering 0.985 < Icos@ < 0.997. In
this angular region, the cross section of Bhabha scattering is very large and luminosity
can be measured with very small statistical error. Therefore, this system is useful to

monitor short-term variations of luminosity.

2.3. Data acquisition

2.3.1. Trigger system
The trigger system provides flexible triggcr—signals, which are efficient for most
of e*e- reactions.>® The first-level decision must be carried out quickly before the next
beam-crossing, which means every 5 ps. The trigger conditions were optimized to
have sufficient efficiencies for the physics reactions of significance and enough reduc-
tion rate of the backgrounds. Several kinds of triggers were implemented according to
the expected event signatures as follows:
(1) Two-track trigger :
There exist at least two tracks from the origin with p; > 0.7 GcV/c icos@ < 0.81

corresponding to the coverage of TOF, and with their opening angle larger than
120° in r-¢ plane, where py is the transverse momentum to z axis.

(2) LG total sum trigger
The total detected energy in LG is more than 4 GeV.

(3) LA total sum trigger
The total detected energy in either side of LA is more than 5 GeV.

(4) LM Bhabha trigger ’
There exists at least one pair of back-to-back hits with energy more than 10 GeV at
LM sectors. LM is divided into 8 sectors.

(5) LA sector sum trigger ,
There exists at least one LA sector hit with energy more than 2 GeV. LA is divided
into 48 sectors.

(6) LG segment X two-track trigger
There exist at least one LG segment hit with energy more than 0.7 GeV and at least
two tracks with p; > 0.7 GeV/c. LG is divided into 58 segments.

It is noted that most of the triggered events were backgrounds, namely interac-
tions between the beam and the beam-pipe or the remaining gas, cosmic-rays, or other
noises. Therefore, the trigger rate depended on the beam conditions. The minimum
opening angle of two tracks for the two-track trigger had been limited to 170° till July
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1988. The track trigger was produced by a fast pattern recognition of signals from IC,
CDC, and TOF using a track-finder electronics with RAM (random access memory)
look-up-table. The energy triggers were produced by discriminating analogue-sum
signéls of the counter outputs. The LG segment x two-track trigger was produced by
LG signals and CDC track finder outputs. The block-diagram is shown in figure 2.9.
The second level reduction system using the online-processor module, 68K20FPI,39
was implemented in June, 1989. It dose more precise evaluation in track-finding only
for track-triggered events and reduced about a half of them with dead-time of about 5

Data acquisition

ms.
COC  |——| Track | 2% 4 ['maru ___/laz
Finder
96 ‘-l32 L—=(correlation
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Figure 2.9 Block-diagram of the trigger system, where MALU (Majority Logic Unit)

These various trigger signals are complementary and make nearly no bias on the
selection of multihadronic events. The efficiencies of these triggers were checked
against each other by offline analysis. For example, figure 2.10 shows the efficiency of
LG total sum trigger and the the segment hit efficiency with respect to the measured

counts the multiplicity of hits.

total energy in LG and to the segment energy, respectively.
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Figure 2.10 Efficiency of LG total sum trigger and that of the segment hit.

2.3.2. Data acquisition system

The data acquisition system has a tree-like structure as shown in figure 2.1 1,9
where more than 30000 channels of read-out electronics exist. In order to deal with
such vast data efficiently, FASTBUS, CAMAC, and TKO! systems are used. The
data are collected at the VAX11/780-V AX8530 mini-computer cluster and sent to main
computer FACOM M382 (replaced bva780::‘in March 1988) and stored in magnetic
tapes there. Typical data size was 8 kbyte perigévent and the dead-time for read-out was
25 ms per event.
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Figure 2.11 Block-diagram of the data acquisition system. Abbreviated module names are
as follows; 68K — 68000 FASTBUS processor interface, ADC(FASTBUS)
— 96 ch ADC, ADC(TKO) — 32 ch ADC, CAT - calibration and trigger
module, CH - control head, FCI — FASTBUS-CAMAC interface, IOR ~
input/output register, MAL — majority logic, MP — memory partner, MRB
—~ multirecord buffer, SADC -~ scanning ADC, SMI - segment
manager/interface, SOI ~ segment optical isolator, SSI — simplex segment
interconnect, STOS - streamer tube operating system, TAC - 64 ch time-
to-amplitude converter, TDC - 16 ch time-to-digital converter, TFC - track
finder for CDC, TFI - track finder for IC, TDM - trigger decision module,
(A)T - cable segment (active) terminator.

2.4. Luminosity measurement and integrated luminosity

Luminosity L represents the rate of e*e— collision and is related to a number of

events N through,
N=clLdr, (2.1)
where ois cross section for a given reaction. Luminosity is originally defined by,
levle [cm2s-1] (2.2)

B 4nfrev np ezo-xo-y’
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where I+ and - are the beam currents, e is the magnitude of e+ charge, fye, is beam
revolution frequency, np is number of bunches per beam, and oy and 0y, are horizontal
and vertical beam sizes at the colliding point. However, because the precise measure-
ment of 0y and oy is very difficult, the integrated luminosity is usually measured using
equation (2.1) inversely for a well-known reaction with large cross section. Bhabha
scattering,i.e. ete——ete reaction, was used to measure luminosity in this experiment.
Figure 2.12 shows the development of center of mass energies and the daily integrated

luminosity used in this thesis.

600
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400 g
200 -

Luminosity [1/nb/day]

1’ v - L}
200 . 400 600
date (since 28-Nov-1987 till 29-Jul-1989)

Figure 2.12 Integrated Luminosity per day (black histogram) and center of mass energy
(solid line) since 28-Nov-1987 till 29-Jul-1989 corresponding to the data-
taking period of this analysis.



3.1 Overview

Chapter 3 Reconstruction and Reduction of
Data

3.1. Overview

In order to make a physics analysis, kinematical informations must be recon-
structed from the detector signals. For example, a charged particle leaves discrete hit
points along the trajectory in CDC and a particle injected into LG or LA leaves energy
deposits over several modules which should be grouped into a cluster. Track-recon-
struction from CDC hits and cluster-reconstruction from LG or LA hits are foremost
steps of event-reconstruction. In any analysis, a specific selection must be carried out
beforehand according to expected signature of the reaction to be studied. Because there
are too many unwanted events in thé taken data, the data reduction, which makes
specific data sample, must be accomplished.

27
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3.2. Event reconstruction

3.2.1. Track reconstruction

In order to recognize charged f)articlcs and to measure their momentum, the
trajectory of the particle must be drawn from the discrete hit points of CDC. First, two-
dimensional tracks in r-¢ plane are reconstructed, where only the axial wire hits are
used. The trajectory in r-¢ plane is expected to be an arc in the uniform magnetic field,
neglecting energy loss and multiple scattering. A two-dimensional track is obtained by
fitting the hit points to a semicircle, where at least 6 hit points must exist within the
allowable deviation from the trajectory. From the curvature, the transverse momentum
with respect to the beam axis, p;, is obtained. The associated hits in the slant layers are
surveyed along the two-dimensional track. They can be seen as in figure 3.1 at the
endplate of CDC. The z coordinate for a slant wire hit is given by the formula;

=5z (3.1)
where [ is the length of the slant layér, d is a distance between the axial trajectory and
the slant hit position at the +z side end-plate of CDC, and « is the slant angle, either
+3.3° or -3.3°. The trajectory is expressed as a straight line in s-z plane, where s is the
distance along the trajectory. By linear-fitting, the three-dimensional track is obtained if
at least 3 slant wire hits are accepted. The starting point of the track is defined by the
position which minimizes Rumin, the distance to the origin in r-¢ plane, where the z
coordinate is called Z,,;p,, as shown.in figure:3.2. The detailed description of the track-

ing can be found elsewhere.*?
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Figure 3.1 Example of a track and its associated hit wires at the end-plate of CDC for
Bhabha event in r-¢ view. There are three lines of hit wires belong to +3.3°
slant layers, axial layers, and —3.3° slant layers. The right-side particle went
away from this end-plate and the left-side one approached toward it.
Figure 3.2

Definitions of Rin and Zp;p. in (a) x-y view and (b) y-z view, where CDC

is schematically drawn and the origin (colliding point) is indicated by a
Cross. '

The efficiency of three-dimensional reconstruction was estimated by Monte
Carlo simulation to be 92 % for charged particles with lcos@ < 0.766 and with p; >
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0.15 GeV/c in multihadronic events. The momentum resolution 0p in 7.5 kG magnetic
field was measured by using real data and is represented as follows;

2;2 = (0.008p,)2+0.0132, (3.2)

with p; in GeV/c. The position and the angulai resolutions near the colliding point for
comparably high p; tracks were found to be;

Oxy = 500 [pm], , 0, = 8 [mm],
Oy = 1.3 [mrad], 09 = 9 sin20 [mrad]. (3.3)

3.2.2. Cluster reconstruction » ,

A particle injected into LG or LA usually leaves energy deposit over some
neighboring modules. Such modu1:e5 shouid be grouped into a “cluster”, which is a
group of modules intended to ciorréSpor!ld to a single particle. Here, the definition and
property of LG cluster are described briefly. i

Each module in a cluster must adjoin to others side by side. Basically, an outer
module from the most energetic module must have a smaller energy deposit than the
adjoining inner modules in € and ¢ directions. However, considering the energy fluc-
tuations, we made an exception where a module is included with only one adjoining
module with larger energy. The exception is applied for a module with energy less than
0.1 GeV in order to recover fluctuations in low energy. The exception is also applied
for a module if it is next to an energetic module with 30 % of the cluster energy which
may be a true central module. ‘

Two examples of the reconstructed clusters are shown in figure 3.3, where in
(a) a clean cluster made by a 30 GeV e is seén and in (b) a more complicated pattern
was produced by hadrons and ¥’s in a hadrfbnic jet. An electromagnetic shower is
strongly collimated and nearly always resul‘t in a single cluster with a characteristic
pattern of the energy-sharing among the mo@ules according to the incident position.
Thus the incident position of e and ¥ can be measured with a good resolution by
evaluating the sharing pattern. |
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Figure 3.3 Examples of LG clusters in a view from the colliding point, (a) for a 30
GeV e, and (b) hadrons and ¥’s in a jet. The cluster boundary is drawn by a
line including modules of which energy deposits are written. Cluster centers
and track-injection points are indicated by crosses and circles, respectively.

The incident position into LG is determined by the energy-sharing pattern over
the modules in a cluster assuming a single electromagnetic shower. An approximate
electromagnetic shower density projected onto an arbitrary axis x which is perpen-
dicular to the incident direction is given by the following formula;

%:%exp(— '———"‘l{“"l (3.4)

where A characterizes the lateral spread of the shower determined to be 1.0 cm by
optimizing the position resolution and xp is the incident position. In practice, a cluster is
divided into three regions along an axis, in practice, in either 6 or ¢ directions, as
shown in figure 3.4. The first region is the most energetic row of modules, the second
is more energetic side regio:n than the third region. Fitting the energy deposits in those
three regions to the above formula, fhe ﬂbest value of xp in each of the two directions can
be obtained. i

,  incident

T L L VL

i \ project
¢ Ox

3rd 1t © 2nd
region  region: region

™

Figure 3.4 Approximated lateral profile of an electromagnetic shower in LG. The
deposition is divided into three parts of integrations along the axis.

The energy resolution for e measured by using ete~— ete—, ete~y, and ete~
ete— events is represented by the formula;*
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or 0.054
=== + 0.028, 3.5
E"~E (3-5)

where the energy E must be expressed in GeV. The angular resolutions of the
measurement of incident position for e with energy around 30 GeV were;

og = 4 sin@ [mrad], 0¢ = 4 [mrad]. (3.6)

Each CDC track is extrapolated to LG surface and is related to the nearest LG
cluster with track-cluster opening angle less than 0.1 radian typically corresponding to
about two times of the LG module size. Such a cluster is called a “charged” cluster
while a cluster without associating tracks is called a “neutral” cluster. The association
efficiency for e with p > 1 GeV/c and Icos@ <0.75 is nearly 100 %.

3.2.3. Process-1 3

The event-reconstruction described above was applied to all the collected data.
As a first step of data reduction with minimum bias, the trigger condition was examined
again, that is, after CDC tracks and LG/LA clusters were reconstructed, the events
which were found not to satisfy the physical trigger condition were discarded and the
selected data were stored onto magnetic tapes. This procedure is called Process-1.
Specific data reductions for various physics analyses, so-called Process-2’s, were
made from Process-1 data according to each specific signature.

3.3. Multihadronic event selec.tii_on

3.3.1. Process-2 (Pre-éelecﬁoﬁ)

The events with multihadronic final state were pre-selected by requiring that the
total calorimeter energy was greater than 1.5 GeV and that there were at least two good
tracks. The definitions of the total calorimeter energy and also the good track are
slightly different from those in the final selection described in the next section where the
crteria will be tightened. Here, the total energy is a sum of all the calibrated energies in
the calorimeters. The good track is defined by, the same criteria used in the final selec-
tion except for the lcosO! cut which is not used here. The selected events, namely
Process-2 data, were stored onto another magnetic tapes. It is noted that a large fraction
of the data were yet dominated by backgrounds such as pure-leptonic processes, two-
photon-exchange processes, beam-gssociated noises, and cosmic-ray events.
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3.3.2. Multihadronic selection criteria

Multihadronic event éample were made from the Process 2 data by the standard
multihadronic selection which were determined in order to select gg events via single
4/Z0 annihilation. There are many final particles in such a multihadronic event, where
charged particles are mostly #%’s and neutral ones are mostly ¥’s from n0’s. Since
VENUS detector can well detect them, multihadronic events are characterized by large
energy deposit in the calorimeters with many charged tracks. The multihadronic event
sample to be used by subsequent analyses have selection criteria as follows:

(1) Total calorimeter energy Ecq/ is greater than 5.0 GeV.

(2) Number of good tracks Ngpsq is at least 5.

(3) Total visible energy E,;; is greater than the beam energy Epegn.
(4) Longitudinal momentum balance Py is less than 0.4.

1. Total calorimeter energy
The total calorimeter energy Ecq; is redefined as a detected energy sum in LG

and the outer rings of LA’s corresponding to the region, lcos@ < 0.89. This is a tighter
condition than that in Process-2.

2. Number of good tracks ‘
A track is accepted as a “good track” when it satisfies all the following condi-

tions;
Nhpiy2 8, Nhitr 2 4,
IRpinl < 2.0 cm, . 1Zmin! <20.0 cm,
p:> 0.2 GeV/e, . lcos@ < 0.85. (3.7)

where Npjnxy and Npjir, are numbers of axial and slant wire hits, respectively. The
conditions on IRyl and IZ,;s! suppress the particles from the beam associated back-
grounds or cosmic-rays. The condition on p; suppresses the curling tracks in CDC.
Fake tracks from accidental noise hits can be completely removed. The distributions for
all the three-dimensional tracks in the multihadronic data sample are shown in figure
3.5. This cut reduces TLpair and Bhabha events which have considerable cross
sections. Backgrounds which did not come from e*e~ interaction are also reduced.
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Distributions of the cut-off parameters of good track conditions, (a) Nhitxy,
(®) Niitrz, (€) Rpin, (&) Znin, (€) pr, and (£) cos@ for all the three-dimen-
sional tracks in the multihadronic data sample, where cut-off points are

indicated by arrows.

3. Total visible energy

Total visible energy is defined by a sum of energies of the reconstructed

particles, namely tracks and clusters, defined by;

where i runs over tracks with momentum more than 0.2 GeV/c and clusters with energy
more than 0.1 GeV, neglecting their masses. This requirement reduces hadronic two-
photon-exchange interaction where the high energy e* and/or e~ escapes toward the

beam direction.

EViS = zEla
1

(3.8)
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4 ngitudinal momentum
Longitudinal momentum balance is defined by the following formula;

~Zpd (3.9)

Pal Eyis

where the sum is taken over all the accepted tracks and clusters and p, denotes z
component of their momentum or energy. This cut also reduces two-photon-exchange
events because they are usually unbalanced longitudinally. Multihadronic events with a
hard yescaping toward the beam direction are also lost.

3.3.3. Selection results

The expectation values from v!arious known processes had been studied using
Monte Carlo simulation and the real data. Figure 3.6 shows distributions of total
calorimeter energy, number of good. tracks, total visible energy, and longitudinal
momentum balance for the events of the data and of the simulation of five-flavor gg
production, each after applying the ,'selection on the other three criteria. Due to
contamination of backgrounds mainlyi from pure-leptonic processes and two-photon-
exchange processes, the distributions don’t coincide well with the expectation of ¢gg
production below the cut-off value of the selection. It is evident that the criteria on
number of good tracks and on total visible energy are essentially effective to discrim-
inate gg production from the backgrounds. The numbers of events obtained and
expected from ordinary processes are summarized in table 3.1. The expectation value of
“ete=" which includes higher order QED processes was obtained by scanning the
events with the conditions, Eqq; > 1.75Ebeam and Ngood < 9, in the multihadronic data
sample. 31 events in the selected 35 events were clearly found to be such QED
processes with initiating electromagnetic showers in front of the tracking volume. Three
events were gg events with hard y emission. The remaining one event was clearly a
cosmic-ray shower. We did not remove these clear background events because we
don’t apply such a scanning for simulaited events of new particles we are searching for.
They will be removed by the subsequem selection criteria in the analysis.
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Figure 3.6 Distributions of the cut-off parameters of multihadronic selection, (a) Egj,
(b) Ngoods (€) Evis, and (d) Ppgy Each distribution was taken for the events
with the other three criteria.
4G e eteog ete— COSMmic-ray data
3473 36.1 22.2 31 > 1 3776
Table 3.1 Numbers of events after the multihadronic selection for expected dominant

1

reactions and for the data.



4.1 General

Chapter 4 Electron Identification

4.1. General

The performance of particle identification is evaluated by efficiency for the
object and by misidentification probabilities of unwanted particles. In a search for new
particles with small production cross section, the efficiency for detecting e essentially
determines the sensitivity. The misidentification probability of hadrons should be of
course small but in this analysis, may be loosened by requiring the signatures,
“energetic” and “isolated” in multihadronic events. This requirement intrinsically
suppresses most of background hadrons. On the other hand, when a large number of
hadrons are expected such as in the study of b-quark properties, strong suppression of
hadron contamination becomes important as much as the efficiency.

Particle identification is performed utilizing differences of the behaviors of
particles in a detector. Charged and neutral particles are separated by a tracking detector
which is sensitive only to charged particles. An electron characteristically behaves in a
material due to its small mass. As a consequence of electromagnetic interaction with a
material, e emits ¥’s (bremsstrahlu}xvg) and 7y converts into an ete~ pair (pair-
conversion). These successive reacuons result in a multiplication of particles which is
called an electromagnetic shower. Radlauon length which is a characteristic length for
material is defined by the path length of e with losing (1-1/e) = 63 % of its energy in
average by bremsstrahlung. Mean path length before v converts is 9/7 of X¢. Other
kinds of charged particles are too hcavy to induce an electromagnetic shower. Hadrons
do the strong interaction with nuclei in a material which leads to a hadronic shower, that
is, an inelastic multlphcauon of had:ons Mean free path of hadrons in material is called
a nuclear interaction length A, which i 1s generally much larger than the radiation length.

These features are utilized to siaparate e from hadrons with an electromagnetic
calorimeter which is made of heavy material. The difference berween electromagnetic
showers and hadronic showers appearg both in shower shape and in shower energy to
be detected. For instance, most hadrons escapes the calorimeter without depositing
much energy. Hence, a mismatch between the momentum as defined by tracking and
the energy as measured by the calorimeter provides a very powerful method to separate
e from hadrons.
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4.2, Identification procedure

4.2.1. Selection criteria of electron identification
Combined informations on CDC tracks and the associated LG clusters are used
to identify e’s. We focused on the following subjects;

(1) track fiducial,

(2) cluster configuration,

(3) track-cluster matching,

(4) cluster energy to track momentum ratio, E/p, and

(5) contamination of yconversion.
Because of occasional hard bremsstrahlung where e loses its energy in front of
LG, thereby distorting the responses of the detector, some corrections should be made
before applying the selections on these subjects. The corrections for bremsstrahlung are
described in the next subsection. |
In order to determine the identification’criteria and to estimate the efficiency for
e, a minimum biased sample of e which is described in appendix D were used.

1. track fiducial
A subsequent selection to the standard “good” tracks is made requiring to
satisfy both p > 1.0 GeV/c and Icos@ < 0.75. The angular cut confirms to be in a
sensitive region of both LG and CDC. The momentum cut was introduced because it
becomes difficult to separate e from hadrons in low momentum region. An example,
the scatter plot of E versus p for e’s and for hadrons is shown in figure 4.1. The loose
cut-off value of 1 GeV/c was placed to be tightened later in the analysis.
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Figure 4.1 Plots of cluster energy versus track momentum, (a) for ¢ and (b) for hadrons.
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2. cluster configuration
Many hadrons and ¥’s are usually produced in a narrow angle region due to the

jet-structure. In this case, the induced showers in LG may overlap and result in a single
cluster or clusters where the energy sharing dose not reflect the true nature of the
showers. In order to eliminate those low-quality clusters, we required following criteria
on the associated cluster with the track:

(1) Number of associated tracks is only one.

(2) Number of adjoining clusters is at most one and it must be neutral.

The reason for that one adjoining neutral cluster is allowed is not to lose e’s with a
bremsstrahlung ¥ to result in such a topology. The efficiency of this cut for e was
evaluated using the e sample to be 99.5 + 0.2 % while the reduction rate for hadrons
was 63.0 £ 0.3 % using the particles in the multihadronic event sample, each of which
had passed cut 1.

3. track-cluster matching

For e, LG can measure the injcction point with much better resolution than for a
hadron. The deviation, D betwcen the i chctlon points measured by LG and by CDC is
defined as follows and i 1s reqmred to be less than unity;

4¢
(a s1n29)2 ( <1 “.1)

i

where,

AB = Bclyster — etrack, . AP = Pcluster — ¢track,
a = 20 [mrad], i b = 15 [mrad].
The factor 1/sin26 was introduced so as to cancel out the dependence of A8 resolution

caused by Or4cr. Figure 4.2 shows the distribution of D for the e sample and for the
tracks in the multihadronic events.
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Figure 4.2 Distribution of track-cluster matching parameter D before (solid histogram)
and after (square points) the bremsstrahlung correction, (a) for e and (b) for
hadrons. The arrow indicates the cuot-off point.

4. E/pratio

Because each module of LG has a depth of 18 radiation lengths or 1 nuclear
interaction length, an electromagnetic shower is well contained in LG while hadrons
penetrates the total depth of LG with probability of about 1/3 without hard interaction.
The energy deposition of e is equivalent to the incident energy since there is no
escaping energy. Therefore the ratio of the cluster energy E to the track momentum p,
E/p, distributes around unity. On the other hand, since a hadronic shower contains
escaping components such as zt, n, and p, E/p for hadrons is principally smaller than
unity. Figure 4.3 shows the E/p distribution for the e sample and for the tracks in the
multihadronic events, respectively. In order to extract e’s, we set the following criterion
on E/p;

0.8 <E/p < 1.3. 4.2)

; )

(0 0.5 1 15
Elp

Figure 4.3 E/p distribution before (solid thistogram) and after (square points) the
bremsstrahlung correction, (a) for e and (b) for hadrons.

ibility of nversion
The material before CDC, amounting to about 0.063 radiation lengths at 6 =
90°, causes a yconversion to an e*e~ pair with probability of 5 %. Since we have no
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interest in such e’s, they must be removed. Such e from Jconversion always accom-
panies e¥ nearly in the same direction at the conversion point. The e* candidates which
have such ¥ are removed if the following conditions are satisfied at the point where the
two tracks are parallel in r-¢ plane;

5 [cm] < Rpara < 100 [cm],

ldxyl < 0.5 [cml],
166t < 100 sin2@ [mrad],
E'lp’ > 0.7 (if p’ > 1.0 [GeV/c]), 4.3)

where Rpara is the distance of the parallel point from z axis and |éxy! is the distance
between the two tracks in r-¢ plane. The conversion vertex should be after the beam
pipe (R = 9.0 cm) and mostly before CDC (R = 25 cm). 168 is a polar angle difference
between the two tracks and must be small for those from a pair creation. £’ and p’ are
the cluster energy and the track momentum of the oppositely charged particle, which
should be &¥. The definitions of the parameters are illustrated in figure 4.4.

i1

Figure 4.4 Definition of the parameters for conversion finding, (a) in x-y view and (b)
in y-z view. ’
' G

The solid histogranﬁs in figure 4.5 show the distributions of the cut-off
parameters for converted isolated 7’s, each after requiring all the criteria to find a
conversion except for itself. The dashed histograms shows the same distributions for
non-converted particles using the hadron-like tracks with E/p < 0.4 in the multihadronic
event sample. The efficiency to find a conversion of isolated vy is estimated by Monte
Carlo simulation as shown in figure 4.6.
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Figure 4.5 Distributions of parameters to find a conversion e*e™ pair, where distribu-
tions of (a) dxy, (b) 86, and (¢) E'/p’, (d) Rpara Were made with all the other
criteria of conversion finding, each for the converted ¥'s in the simulation
(solid) and for hadron-like tracks in the multihadronic events. The
conversion point in (d) clearly reflects the density of the material of the
detector as the peaks at BP (beam-pipe) and IW (inner wall of CDC).
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Figure 4.6 Conversion finding efficiency estimated by the simulation with respect to
the converted track momentum for e from a conversion of isolated (single)y.
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4.2.2. Corrections for bremsstrahlung

The material before LG may also cause a bremsstrahlung. The radiated 7,
which carries away part of the energy of e, makes additional energy deposition around
the e and may deteriorate E/p and A¢ for the true e. If the radiated yis identified, it can
be possible to correct the effect before applying the cuts in the identification procedure
described above. Therefore, a search for a neutral cluster corresponding to such a
radiated ¥ is made assuming that the radiation had occurred at one of the following
probable four points; beam pipe (9.25 cm), the inner wall of CDC (25 cm), the outer
wall of CDC (125 cm), and outer drift tubes (ODT) (160 cm). If the expected hit point
on LG, (6,6, of y originating from one of those points matches well to a real
neutral cluster position, (6,,0,), with energy E,, this cluster is identified as coming
from a radiated 7. The criteria for the matching parameter Dp was defined as follows,

(P T

(4.4)

where,
Abp = 6, - 6y, Ay = ¢p _ @y,

¢ = 20 [mrad], . d=20 [mrad].

Figure 4.7 shows the distribution of Db for the e sample and for hadron-like sample
with E/p < 0.4 in the multihadronic event sample.
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Matching parameter Dy, between the real and the expected cluster from
bremsstrahlung, for the e sample (solid) and for the hadron-like sample in
the multihadronic events (dashed).

Figure 4.7

A hard bremsstrahlung is considered to result in one of the three cases shown in
figure 4.8, for each of which a different correction should be made.
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Figure 4.8 Three cases from a hard bremsstrahlung.which we have considered.
Illustration (a), (b), and (c) correspond to cases (1), (2), and (3) in the text,
respectively.

(1) A neutral cluster was identified as a radiation before CDC.
Both the track momentum p and the cluster energy E corresponding to the e are
corrected so as to include the neutral cluster energy E, corresponding to the radiated

Y energy. 2
. . {
(2) A neutral cluster was identified as a radia_ition after CDC.
E is corrected so as to include E, and the extrapolation of the CDC track to LG is

retried assuming that the track had lost £, at the radiation point.

(3) No radiated y candidate was found but the expected hit point of the ¥ was on
the e cluster with E/p > 1.
Assuming that the bremsstrahlung of energy E, = E —p had occurred at either the
beam pipe or the inner wall of CDC and that the cluster is corriposcd of two over-
lapping showers of e and ¥, the injection point of the track is replaced by the hypo-
thetical mean position of the e and the yby the next empirical formulae;

Otrackp&+6 rackp%+

Oirack <

The correction on p is also made so as to minimize IAQ = 19,54~ Pc1usrer! in above
formula.

Figure 4.9 shows the correlation between E/p and Q-A¢ for e and for hadrons
each before and after the correction. The ordinate, Q-4¢ is A¢ multiplied by its electric
charge. Because a bremsstrahlung of case (3) always increases both E/p and Q-A¢,
there is a tail in the upper-right region in figure 4.9 (a), which is to be corrected as
shown in (b).
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Figure 4.9 Correlation between E/p and Q-A¢ for e, (a) before and (b) after the
bremsstrahlung correction.

4.3. Efficiency and backgrounds

4.3.1. Efficiency for detecting an isolated electron

The efficiencies of the cuts introduced in the previous section and the overall
efficiency were estimated both by the e sample and by the simulated single e events
with detector simulation program VMONT, where cuts 1 and 5 can not be evaluated by
the sample due to the bias caused by the selection condition. Table 4.1 shows each
efficiency and the overall efficiency with and without the bremsstrahlung correction for
single (or isolated) e in the fiducial. The efficiency is momentum-dependent as shown
in figure 4.10. The discrepancy between the two estimations in low momentum region
was mainly due to cut 3, the track-cluster matching cut, where this cut essentially
determines the overall efficiency. This means that the lateral spread of electromagnetic
shower is not completely simulated. This may be responsible to the lack of optical
treatment of Cerenkov light in the simulation. The discrepancy will be included into the
systematic uncertainty in the analysis. ’

source sample VMONT

correction on off on off
cut 1 = - 99.7 99.7
cut2 99.5 99.5 99.6 99.6
cat 3 90.3 - 834 86.8 79.5
cut 4 94.3 - 90.0 96.5 93.0
cut 5 - L = 99.9 99.9
total 866 783 81.6 75.6

Table 4.1 Efficiencies of each cut in the electron identification for e in the fiducial by

the e sample and by the simulation, with and without the bremsstrahlung
correction. Values for cut 1 only represent the efficiencies to be recognized
as a good track. i
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Figure 4.10 Efficiency of the identification procedure for isolated e. estimated by the e
sample (circle with error bars) and by Monte Carlo (solid line).

4.3.2. Efficiency for electron and the background contamination in
multihadronic events

We applied this identification procedure to the multihadronic event sample with
s between 54 and 61.4 GeV corresponding to the integrated luminosity of 28.8 pb-1.
Total 310 e candidates were selected from the 3776 multihadronic events.

Because there are vast number of hadrons or ¥'s in multihadronic events, it is
difficult to eliminate their contamination to the e candidates completely. Moreover, the
efficiency for tagging e will be degraded in multihadronic events because of the over-
lapping of showers in LG and the scrambling of hit points of CDC in a jet.

Since the responses of CDC can be simulated precisely in VMONT, the
contamination of converted ¥'s can be éstimatied by VMONT fairly well. However, as
described in appendix C, the lateral spread of hadronic shower in LG may not as well
be reproduced in VMONT. The cut on track-cluster matching gives the discrepancy in
reduction rate. Considering that E/p for hadrons are independent with track-cluster
matching, we utilized E/p distribution to normalize the spectrum. Since the contribution
of e can be neglected in the region 0.4 < E/lp < 0.8, we have determined the normaliza-
tion factor to adjust the entry number in this fegion. Figure 4.11 shows the E/p distri-
bution in the data and the normalized one in ﬁhc simulation, where the line shows the
exponential curve fitted by the data point in the region.
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Figure 4.11 E/p distribution after the cut on track-cluster matching for the data (black

square) and for the simulation of hadrons in multihadronic events

ihigtggxam)‘. The line was fitted using the data points in the range 0.4 < E/p
_ The reduction efficiency of converted ¥ and the false-reduction rate of non-
converted particles are influenced by the surrounding particles in the event. In multi-
hadronic events, the mean reduction efficiency for e from a converted ¥y was estimated
to be 66 + 4 % using the Monte Carlo simulation and the mean false-reduction rate was
estimated to be 1.3 £ 0.1 % using the hadron-like tracks with E/p < 0.4 in the real data.
The expected ingredients of the candidates are summarized in table 4.2, where
the sources of e are classified with primary quark, including the decay-product of the
cascade decay. Figure 4.12 shows momentum distribution for the e candidates in the
data and for the expected yields of e’s from the ordinary multihadron production
together with the backgrounds by, the simulation. We observed no significant

discrepancy from the expectation.

— hadrons Y b—e c—e u.d.s—e total data
produced 74750 79100 342 631 475 155298 -
p and lcosél 17491 471 121 185 38.9 18267 21732

before cut 5 179 157 ,65.2 62.2 10.7 474 422

identified as e 173 52.6 62.6 59.7 10.3 358 310
1<p<2 [GeV/c] 70.5 374 ;132 21.6 7.1 150 131
2<p<4 [GeV/c] 61.9 10.6 16.5 21.3 2.6 113 88
p>4 [GeV/c] 40.9 4.5 .32.9 16.8 0.6 95.7 91

Table 4.2 Summary and the expected ingredients of the e candidates in the multi-
hadronic event sample, where p and Icos6l means the requirement to be well
reconstructed with p > 1 GeV/c and kosél < 0.75.
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Figure 4.12 Obtained momentum distribution of the e candidates (black square) and the
expected signals and backgrounds by the simulation. The white, dark, and
dotted area in the histogram exhibit the contribution of hadrons, converted

¥'s and e’s from decays.
In searching for new ﬁarticles, all those ordinary yields become backgrounds.
Since the expected yields from the new particles in this thesis will be small compared
with those ordinary yields, the other condition should be required to enhance them as

described in the next chapter.



5.1 Total cross sections of the new particles

Chapter S Search for New Particles in
Electron-inclusive Multihadronic

Events

5.1. Total cross sections of the new particles

Total cross section o is related to expected number of events Ngyp through;

Nexp = Zo'iLiei, 5.1
i

where the sum is taken over the center of mass energies with integrated luminosity L
and selection efficiency & The basic mechanisms and the cross section formulae of the
new particle productions were described in chapter 1. We conservatively ignored the
QCD correction which would increase +5 % in total cross section. Because of
unknown behaviors due to meson resonances near the threshold, we ignored the cross
section with center of mass cnergy below 1 GeV over the threshold for the colored
particle productions, namely for new quarks and a leptoquark.

The significant contribution of higher order diagrams, what is called the
radiative correction, was included 'mt'é o and €. We used the calculation by Berends,
Kleiss, and Jadach for 920 annihilation processes, where vertex correction, vacuum
polarization, and initial-state radiation are included as described in appendix B. The
initial-state radiation is most signifiéant in heavy particle productions because it
enhances the threshold effect which Suppresses the production. For EQ production,
which is a W—cxchange pro'cess, we used the basic procedure by Edm, Pancheri, and
Touschek also described in appendix B where only initial-state radiation is included.

The corrected total cross sections of the new particle productions at Vs = 60
GeV are drawn in figure 5.1 as functions of the new particle mass.
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Figure 5.1 Total cross sections for the new. particle productions as functions of these
masses at Vs = 60 GeV.

5.2. Integrated luminosity

As already described in chapter 2, the integrated luminosity was measured by
using Bhabha events. Because Bhabha scattering is detected mainly by a calorimeter,
the luminosity can be independently measured by the three calorimeters in VENUS
detector. In this thesis, we used the integrated luminosity measured by large angle
Bhabha scattering detected by LG in the 'refgion, lcosB! < 0.743,* which has suffi-
ciently a large cross section-to give a sma.llj statistical error and also a clear event
topology to give a small systematic error with the help of CDC. The cross section of
this reaction was calculated according to the electroweak theory including c3-order
radiative corrections. >

The data were grouped into 6 parts with respect to center of mass energy region
in this analysis, where the minimum efficiency and the minimum total cross section
were chosen for the new particle productdon. The corresponding integrated luminosities
L’s are summarized in table 5.1. The background contamination was expected to be
less than 1 % and was corrected. :



§.2 Integrated luminosity

Vs [GeV] Nee L *stat * syst. [pb~1]
54.0~55.0 972 2.612 + 0.084 + 0.068
56.0~58.0 3572 10.236 £ 0.171 £ 0.266
58.5~5§.5 945 2.922 £+ 0.059 = 0.076
60 1084 3.486 £ 0.105 + 0.090
60.8 1336 4412 £ 0.121 £ 0.115
61.4 1524 5.115 + 0.131 + 0.133
total 9431 28.78 + 0.30 + 0.75
Table 5.1 The integrated luminosities measured by large angle Bhabha events, where

Nee is the number of observed Bhabha events.

5.3. Selection criteria

We are searching for new heavy particles decaying into e with hadrons in the
multihadronic event sample. In order to find such signals, we must optimize the selec-
tion criteria to be effective and distinctive from backgrounds. The optimization and
quantitative evaluation of the result were performed using Monte Carlo technique
described in appendix A.

In the following subsections,;we demonstrate the distributions for the new
particle productions, assuming these tybical specifications on these masses as, m; = my’
= 28 GeV/c2, my=my = 25 GeV/c2,!and mg = 55 GeV/c?, where the electron-type
neutral heavy lepton EO is V+A type and the leptoquark has Oy = 2/3 and B(y—e*d) =
50 %. |

We start to search for new particles described in chapter 1 from the multi-
hadronic event sample described in chapter 3. Next, high-thrust events are removed,
where thrust is a variable to measure the degrees of two-jet structure defined later,
which gives a low value for a heavy pzirdcle production event. Our essential strategy is
to search for energetic and isolated é, where the “isolated” means that there is no
activities of other particles around the e. A “prompt” e from a decay of a heavy particle
tends to be energetic and isolated from the other decay-products because the heavy
parent particle nearly at rest gives the decay-products isotropically ejected. An example
of a prompt e is the e in the decay,t—bv,.e*, while the e from the cascade decay,
t—bX—e~Y, is not considered as the “prompt” e in our definition. The isolation
requirement makes the signal clear, sﬁppressing most of the backgrounds from ordi-
nary multihadronic events, where a small value of the releasin g energy in the decay and
a large boost of the parent particle make it difficult to yield such an isolated e. We used
quite the same selection in searching for the various new particles because the above
roentioned feature is common to all of them. The selection criteria are classified into
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three parts, namely, those used in selecting events as described in chapter 3, the low-
thrust condition, and the isolated e condition.

5.3.1. Multihadronic event condition

The standard multihadronic selection criteria were optimized for ordinary quark-
pair (u,d,s,c,b) productions as described in chapter 3. Though these criteria did not aim
particularly to select a possible new particle production, they are sufficiently general to
be adopted. They are rather loose so as not to reduce critically the new particle produc-
tion. As an evidence of the looseness, each distribution of the criteria is shown in figure
5.2 for the events which passed the other criteria of the multihadronic event.
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Figure 5.2 Distributions of (a) total calorimeter energy and of (b) number of good
tracks, for the simulated new particle productions, each of which were taken
for the events with the other three criteria of the multihadronic event.
(continue to the next page)
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Figure 5.2 Distributions of (c) total visible energy and of (d) longitudinal momentum
balance, for the simulated new particle productions, each of which were
taken for the events with the other three criteria of the multihadronic event.

%

5.3.2. Low-thrust condition
Thrust, T, is defined by the following formula, representing a collimation of
energy-flow along an axis;
T= max[w] (5.2)
L 2lpi ],
where a unit vector ¢, the thrust axis, is chosen to maximize T. Thrust value is in a
range 0.5 < T < 1.0 and the event with T = 1 corresponds to a collinear two-jet event.

Thus, ordinary gqg production mainly results in a high thrust value because of the two-
jet structure. On the other hand, a low thrust value is generally expected for a heavy
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particle production near its threshold because the decay-products will be ejected
isotropically.

Figure 5.3 shows the obtained thrust distribution for the data and those
expected for the new particles. To enhance the new particle signals from the back-
ground of ordinary multihadronic events, we imposed a criterion on thrust to be less

than 0.95.
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Figure 5.3 Thrust distributions, (a) expected for the new particles and (b) obtained for
the data (square) and expected for ordinary multihadronic events (histogram).

5.3.3. Isolated electron condition

In principle, an e produced in a decay of a light particle cannot simultaneously
satisfy the two signatures, “energetic” and “isolated”, because of smallness of released
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energy in the decay and large boost of the light parent particle. They are only expected
for heavy particle decays.

There are many particles in a multihadronic event and if there is no activities of
other particles around a particle, the particle is said to be “isolated”. In order to measure
the degree of such isolation of e, we defined an isolation angle § by a maximum half
angle of the cone around the e , where energy sum of other particles inside the cone
must be than 1.0 GeV as shown in figure 5.4. The cut-off energy of 1.0 GeV allows
small contamination of accidental noises.

We applied the cuts on scaled momentum of e, X, = pe/Epeam, and the isolation
angle &. Figure 5.5 shows the distribution of x,, where we put the cut-off as x, > 0.15.
Figure 5.6 shows the distribution of & after the scaled momentum cut, where we put
the cut-off as & > 30°. Events with at least one such energetic isolated e are now treated
as possible candidate for a new particle.

Figure 5.4 Definition of the isolation angle &. In this example, the nearest particle to e
has small momentum (or energy) below 1 GeV and the cone energy exceed 1
GeV with the second particle with opening angle é.
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Figure 5.5
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Figure 5.6 Distribution of isolation angle & of e with x, > 0.15, (a) for the new
particies and (b) for the data and expected backgrounds in the same format as
in figure 5.5.

5.4. Results and discussion

5.4.1. Selection results

There remains one event with Vs = 60.8 GeV in the data as shown in figure
5.6. Table 5.2 shows a summary of the selection for data and the expected numbers of
events for ordinary processes and for the new particles with given masses.
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' data expected background signal
aq eeqq  others t b N EO /4

- 4624 - - 248 765 312 149 308

multihadronic || 3776 | 3473 22 68 | 234 726 273 9.1 22.6
Thrust 2420 | 2197 19 25 | 234 724 272 8.1 21.6
Isolated ¢ 1 1.0 26 <O0.1 ] 16.7 5.8 18.6 4.5 12.7

Table 5.2 Number of events in the selection for the data and Monte Carlo simulations,
where EO is assumed to be of V+A type and the charge of y is assigned to
2/3 with B(y—e*d) = 50 %. The “others” in background includes 7-pair and
Bhabha events. Here, the masses of the new particles were assumed as, m; =

my = 28 GeV/c2, mN= my = 25 GeV/c2, and mg = 55 GeV/c2.

Figures 5.7 shows the event display of the remaining event in the real data. We
really do not know what this event is but it dose not conflict with the assumption of
ee—eeqq reaction. This event clearly includes two e€’s and two jets, where e~ with p =
17.9 GeV/c was recognized as the isolated e while e* with p = 3.3 GeV/c was dropped
by the requirement, p = X,Epeam > 4.56 GeV/c. Each jet has three strongly collimated
charged tracks and no neutral clusters. The cluster with energy of 5.1 GeV may be also
considered as a overlapping cluster of a cha.rgéd hadron with momentum of 7.8 GeV/c
and a ¥.
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Figure 5.7 Display of the selected event in r-¢ view, the track numbered as 5 is the
isolated e (17.9 GeV/c) and number 4 is also a e (3.3 GeV/c).

We did not intend to study rare events of ordinary particle production, where a
large error in estimation of the selection efficiency is expected. If we found an excess in
the result, the error in background estimation would be precisely evaluated in order to
prove the excess as an indication of a new particle. However, since the result shows no
such indication, we proceed the argument to set constraints on the new particle produc-
tions. In evaluating the limits, it is simplest and most conservative to consider the
remaining event to be a signal of each new particle without subtracting the background.

5.4.2. Systematic errors for the new particle productions

In performing a statistical argument on the observed phenomena, the systematic
error of the expected number of events for a possible new particle production must be
taken into account. The total cross section for the new particle production has some
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ambiguity in radiative correction. The luminosity measurement of course has its statis-
tical and systematic errors. The error of the efficiency comes from many sources of
uncertainty such as, the statistics of the Monte Carlo simulation, the hadronization
processes, the decay branching ratios, inaccuracy of the detector simulation, and the e
identification efficiency. Table 5.3 shows each contribution of the source of uncer-
tainty. Total systematic error was evaluated by summing them quadratically because
they are nearly independent. Each number of events for the new particle was lowered

by the amount of the systematic error when evaluating the upper limit of the yield.

source of uncertainty t b N EO 4
radiative correction 3% 3% 3% 10% 3%
integrated luminosity 4% 4% 4% 4% 4%
statistics of Monte Carlo 9% ;: 6% 5% 6 % 5%
QCD, fragmentation 5% 5% 5% 5% 5%
branching ratio to e+hadrons 9% 9% 5% 5% free
detector simulation 4% 4% 4% 4% 4%
¢ identification 6% . 6% 6% 6% 6%
total 17%: 15% 12% 16% 12%
Table 5.3 Systematic errors in the numbers of events from the new particles.
1. Radiati .

The error of the correction by Bcrend§, Kleiss, and Jadach was estimated to be
3 % which is implied by the deviation of total cross section when the full electroweak
correction by Fujimoto and Shimizu is use,d.46 The error of the correction for EO
production, where only the effect of real 7em§ssion is included, was estimated to be 10
%, led by the fact that the effect of virtual corrections in neutrino-pair production via Z0
annihilation is +8.4 % at Vs = 60 GeV.

2. Luminosity measurement

The luminosity measurement was already described in chapter 2. The statistical
part should be combined quadratically 'weighied by the expected contribution of each
data-taking period. In the new particle productions, the data with the maximum center
of mass energy of 61.4 GeV most sn'ongly:contributes to the expected number of
events, where the statistical error was relativel& 2.6 %. Additional contribution from the
other data always reduces the statistical error which was neglected safely. The system-
atic error in the luminosity measurement was also 2.6 % and is nearly common
throughout the data-taking periods. The total error in the luminosity was 3.7 %
combining these two errors quadratically because they are independent to each other.
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. _Monte Carlo statistics

The selection efficiency € and its statistical error A for the simulated events are
given by a binomial distribution as;

_ Nsel _ Nsel(Nprog—Nsel)
E= Ae = 5.3
Nprod, N, prod3 ) (5.3)

where Ny, is number of the selected events in the produced Npro4 €vents. The relative
error of Ag/e directly affects the expected number of events. The number of events to
be simulated is constrained by the capability of the main computer. Moreover, in fact,
the full simulation procedure with detailed detector simulation was not always applied
in order to save the CPU time. The full simulation was only applied to the typical
combinations of the parameters, one or two points per new particle. The systematic
dependences on the parameters were estimated with large statistics using the fast simu-
lation program also described in app(:andix A. However, since the efficiencies were
normalized to the full simulation at the benchmark point, the statistical error of the full
simulation commonly remains there.

4. _Simulation of hadronization processes

As described in appendix A, we have mainly adopted LUND parton-shower
scheme with string fragmentation for _\:QCD correction and subsequent fragmentation
processes. Matrix-element scheme of QCD correction was also used to estimate the
uncertainty. The model has several parameters to determine the QCD effects, which are
correlated to each other. MARK-II group at PEP and TASSO group at PETRA tuned
these parameters which are presented also in appendix A% besides the default values
suggested by LUND group which we mainly adopted. We estimated the significance of
the effect by the deviation of the selection efficiency between them. A typical reaction,
that is, in practice #-pair production with mass 28 GeV/c2 was used in the estimation,
where the maximum effect is expected among the new particles in our consideration.
Table 5.4 shows the relative deviation of the efficiency € with each parameter-set to the
efficiency &y with default set in the parton-shower model, where each of which has a
statistical error of about 2.6 % in the simulation. We found a rise of the efficiency when
the parton-shower evolution was tumed off in the decay of t-flavored hadrons. Such a
operation has the effect to reduce the rriulu'ph'city and the spatial extent of final particles
and thus, e produced by the decay becomes more isolated.
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parton-shower scheme ! matrix-element scheme
TASSO "OSP%T| gtk Mark@  TASSO
default  Markll SSO decay t
£/ep—1 0 +21% -15% +4.7% |+43% +09% —04%
Table 5.4 Relative deviation of the efﬁciency for t-pair production with m; = 28
GeV/c? between the parameter-sets of LUND 7.1, where in “no shower in
decay” the parton-shower evolution was disabled in decays of ¢-flavored
hadrons.
D branchin .
For the branching ratios of the heavy new particle weakly decaying into e, we
]
have generally assumed that;

B(W*—ev,)=11%1%,
B(W*—ud orcs) =67+ 3 %. (5.4)

Though the effect of this uncertainty will appear somewhat complicatedly due to the
contribution of e from cascade decays, we conservatively estimated the effect simply
looking into the prompt e from the new particle.

6. Detector simulation
Though the distributions shown in ﬁgures 5.2 to 5.6 may be smeared by the

incompleteness of the detector simulation, each selection criterion is sufficiently loose
no to lose the designed new particle productions. It is noted that we treat the effect on
the e identification separately in the next subsection. If the overall energy calibration of
the calorimeters was artificially lowered by 5 % which is the estimated limit of the
deviation from the real detector, this manipulation makes negligible effects in the multi-
hadronic selection because we require energeﬁc e in the final sample. For the effect of
uncertainties in detector simulation, we adopted the value of 2.7 % for ordinary muld-
hadronic events estimated by Kurashige,*** which would be comparable or larger than
the value for the new particle production in our consideration.

We also used a fast detector simulation program described in appendix A to
evaluate systematic dependences of the efficiencies of the new particles on various
parameters in the models. Since the systematics from the detector simulation is expected
to be common for events with similar event topology, it should be mostly canceled out
in estimating such relative variations as parameter dependences. For the remaining
systematic error from the fast detector sm:lulauon we put 3 % which came from the
deviation between the fast simulation and the full simulation for s-pair event with -
quark mass of 28 GeV/c? as a typical new particle production. The absolute efficiencies
were normalized to those by the full simulation at certain points in studying the
parameter dependences. |
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Therefore, two uncertainties from the full simulation and from the fast simula-
tion are included in the calculated efficiency. The total systematic error of the efficiency
from the detector simulation was estimated to 4 % which is a quadratic sum of these

two errors.

7. Electron identification

Since the isolated e can be treated as a single track, the efficiency to identify e
was estimated both by Monte Carlo simulation and by the real e sample directly. The
deviation of the two estimations in the relevant momentum region amounted relatively
within 6 % as shown in figure 4.10, which was also included into the systematic error.

5.4.3. Constraints on new particles

We could not find an indication of the new particle production. Instead we put
some constraints on new particles. Actually, we have obtained more strict lower mass
limits than those from PEP/PETRA resuits.

The cut-off values of the selection criteria were generally placed at the steep tail-
ends in the distributions of the background ordinary processes. Since the efficiency for
the background was determined mairily by the contribution near the cut-off point, a
small error of the simulation, which rhay smear the distribution, may lead to a large
error in the selection efficiency for the background events. And also the tail distribution
is intrinsically hard to reproduce reliably. Therefore, in evaluating the constraints on the
new particles, the selected one event was considered to be a signal and no background-
subtraction was made conservatively. The fact that we observed one event excludes the
reaction which yields more than 4.74 events in average at 95 % confidence level by
Poisson statistics. This number was taken to be the upper limit of observable signals
for each search of new particle. |

1. Third generation up-type quark ¢
The efficiency to detect isolated e in ¢-pair production is nearly constant for the ¢

mass more than 25 GeV/c? as shown in figure 5.8 (a) with Vs = 60 GeV, for example.
Since we took the minimum efficiency in the mass range, the mass dependence of the
expected number of events from #-pair production reflects simply its total cross section.
Figure 5.8 (b) shows the expected number of events, where the horizontal line
represents the upper bound of allowable yield. We found that r-quark must be heavier
than 29.5 GeV/c2 with 95 % confidence level.
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Figure 5.8 (a) Efficiency and (b) expected number of events for t-pair production where
the line with points shows the expected value and another line below is
lower bound subtracting the systematic error.

2. Fourth generation down-type quark b‘

The total cross section of b’-pair producﬁon is smaller than z-quark case by
factor 1/4 in QED calculation. In this thesis, b'-flavored hadrons were assumed to
decay always into c-jet, virtual W-boson, and a spectator-jet in the same way as ¢-
flavored hadron decays into b-jet, virtual W-boson, and a spectator jet. The difference
between c-jet and b-jet appears in multiplicity of final particles but dose not drastically
influence the efficiency in this analysis, because we are looking into e from virtual W-
boson. We found the efficiency for b’-quark to be slightly better than for -quark. The
main difference between these events appears in the multiplicity of final particles. While
t decays as t—b—>c—s,d with yielding many hadrons in the three cascade decays, b’
decays with two steps as b’—c—s,d with less mean multiplicity than z. The
discrepancy between the efficiencies as shown in in figures 5.8 (a) and 5.9 (a) can be
well understood by the fact, that is, e tends to be more isolated in the event with less
multiplicity. Figure 5.9 (b) shows the éxpected number of events from b'-pair produc-
tion and from this, the existence of b’-quark with mass less than 28.0 GeV/c2 was
excluded.
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Figure 5.9 (a) Efficiency and (b) expected number of events for b*-pair production.
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3. Unstable heavy neutrino N

Here we concentrate on the extreme case where the heavy fourth neutrino N
dominantly decays into e. Namely, we assumed for the mixing matrix that;

IUNel? 5> IUNuI2 + 1UNAZ. (5.5)

Figure 5.10 shows the expected number of events of short-lived N production, where
the existence of short-lived N with dominant N-e coupling in the mass range 9.0 to
28.5 GeV/c? was excluded. For the long-lived case, the detection efficiency of N
production decreases because tracks from the decay vertex distant from the colliding
point usually do not satisfy the good track condition. We have actually evaluated the
efficiencies for various masses and life-times using the fast simulation program. The
critical cut-off parameter in this case is R,j, < 2.0 cm, which CDC can measure with
resolution within 2 mm. Because the R,;, calculation from the generator information
was also included with smearing by the resolution in the fast simulation program, we
can evaluate the degradation by the flight correctly. Since the life-time of the decay is in
inverse ratio to IUN,I2, we can draw the exclusion contour of mx versus IUN,| 2 with
95 % confidence level as shown in figure 5.11.
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Figure 5.10 (a) Efficiency and (b) ‘expected number of events for short-lived N-pair
production,
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Figure 5.11

4, El n- n h

We have considered thé extreme case in which the coupling structure of e-E0-W
vertex is V+A type or V-A type. The difference between the two cases mainly appears
in total cross section. The angular distribution become less important as mg increases
since the boost toward the production direction of EQ becomes smaller. Figure 5.12
shows the efficiency and the expected numbers of events each for the two cases. We

have excluded single production of new neutral heavy lepton weakly coupled to e with
mass up to 54.0 (51.5) GeV/c2 for V+A (V-A) case.
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Figure 5.12 Efficiency and expected number of events for EO production.

S. First generation leptoquark 7

We have considered two models, Q1 = 2/3 and 1/3. This difference, namely
whether e couples to d or u, appears only in total cross section. As both models allow ¥
to decay into eq and Vg, there will be three types of final states, namely, including two

e’s or one e and one V, (missing) or two V,’s as shown in figure 5.13. This analysis
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has no sensitivity for the v,-v, mode. The selection efficiency is higher for e-e mode
than for e-v, mode because of richer yield of e. Figure 5.14 (a) shows the efficiency
for the e-¢ mode and for the e-v, mode. Using these efficiencies and fixing the
branching ratio, we can expect the number of events to be selected as shown in figure
5.14 (b), where the branching ratio is fixed to B(y—eq) = 0.5 for both cases, |0l = 2/3
and 1/3. Assuming B(y—eq) = 0.5, we have excluded first generation leptoquark with
1@, =2/3 (1/3) in the mass range 4.0 to 26.0 (6.0 to 22.5) GeV/c2. More generally, we
can draw the exclusion contours of my versus B(xy—eq) as shown in figure 5.15. As
was already described in chapter 1, the strength of e-g-x coupling determines the life-
time of )y which affects the efficiency. We have assured that the efficiency is nearly
constant in the region Ag2 > 10-13,

@ ' L)

I" V;

Figure 5.13 Three types of decay signatures in y-pair production, (a) e-e mode, (b) e-v
mode, and (¢) v—v mode.
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Figure 5.14 (a) Efficiencies for two final states from a leptoquark-pair production (e-e
mode and e-v, mode) and (b) the expected numbers of events for IQl=1/3 and
2/3 cases both with assuming B(y—eq)=0.5.
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Figure 5.15 Exclusion contour of mass versus branching ratio to e with 95 % confidence
level for y-pair production with IQI=1/3 (white triangle) and for one with
101=2/3 case (black triangle).
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Chapter 6 Conclusion

We have searched for new pérticlcs looking into electron-inclusive multi-
hadronic signature in e*e~ collision, which is a characteristic final state for the produc-
tion of many new heavy particles including new quarks and new leptons and a lepto-
quark. Among them, new quarks, r-quark and &’-quark which were suggested by a
natural extension of the standard model, were the most likely targets. A new heavy
neutrino which belongs to a weak doublet with the mixing between lepton flavors and
also a right handed partner of the electron were our next objects. Finally, a leptoquark,
a particle possessing both a color and a lepton number, which is naturally expected in
unifying quarks and leptons, was investigated.

Events were selected from the multihadronic event sample, subsequently with
requirements to be of low thrust and to include an energetic and isolated electron. No
excess of events were observed. The remaining one event was consistent with expecta-
tion from ordinary quark production and the result was interpreted to set new con-
straints on them. To be conservativc; no subtraction of the background was made.
Table 6.1 summarizes the obtained loWer mass limits with 95 % confidence level for
the particles we have searched for. ; ‘

new particle published limits

sign specification ‘gen. # || thissearch | PETRA TRISTAN
t up-type quark 3 29.5 23.3M 30.2Y
b | downtypequark | 4 28.0 2™ 28.2Y
N | unsableneurino | 4 28.5 18.0° 26.5%
E% ineutral lepton (V+A) 1 54.0 37.4C none
EQ |neutral lepton (V-A)| 1 51.5 34.6¢ none
leptoquark (I0E=1/3) 1 22.5 none none
1 26.0 none none

X
¥ leptoquark (10=2/3)
1

" Obtained lower mass limits of new particles in GeV/c? and published limits
by Dec. 1989, where N was assumed to decay always into e with short life-
time and the branching ratio of the decay of the leptoquark into an electron

and a quark was assumed to be 50 %. These values are from MpMark-7 ,
CcELLO, YVENUS, AAMY.

Table 6.
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Appendix A Monte Carlo Simulation

A.l1. Framework of event simulation

Data analysis is performed by comparing with the expectation from theoretical
models. An event generator simulates particle productions based on the models. We
mainly used LUND programs in an event generator of the new particle. It outputs four-
momentum informations of the produced particles. Because some informations are
inevitably lost in reconstruction, a simulation of the detector performance must be
included in order to compare data with Monte Carlo directly. We have two kinds of
programs. For a complete analysis, we used the full detector simulation program,
VMONT, which simulates the particle behaviors in VENUS detector and the responses
of the detector are produced. As VMONT oubuts the detector responses in the same
format as the real data, the tracks and the clusters in the Monte Carlo events can be
reconstructed in quite the same way as the real data. For quick analysis, the fast simu-
lation program was used, which directly produces the expected tracks and clusters for
given particles simply by smearing their four-momenta from a event generator. Figure
A.1 shows the flow-chart of an analysis using Monte Carlo simulation.

Experiment Theoretical model

Evem generauon)

Detector sunulauon

Smearing with
acceptance

( Reconstruction )

Figure A.1  Flow-chart of the analysis procedure.

A.2. Event generation

A.2.1. Quark-pair production

LUND Monte Carlo is by now a fairly old and well established program.48 The
program package for jet fragmentation and e*e~ physics, named JETSET, is a popular
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event generator of multihadronic events at e+e— colliding experiments. Eight quarks of
four generations are originally supported. Two versions, JETSET 6.3 and JETSET
7.1, were used in this analysis. The difference between them is very small. Version 7.1
includes all the possible treatments in version 6.3. Their common features are described
here.

The productions of a quark and its antiquark are calculated according to the
electroweak theory with radiative and QCD corrections. The radiative correction is
performed according to the scheme by Berends, Kleiss, and Jadach as described in
appendix B.

The QCD correction is usually performed by parton shower model (PS) with
leading logarithmic approximation. In this scheme, a parton shower develops by
successive processes of g—qg, q—aqg,‘ g8—8g, and g—¢qq as shown in figure A.2. The
probability for these reactions are proportional to ¢ which is determined by QCD scale
parameter A. Since the perturbative treatment becomes impossible in low g2 region, the
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cut-off parameter Qp for the invariant mass is imposed in these emissions. The parton-

shower develops until the virtual mass of any parton becomes lighter than Q.

00 Q) 0o

Figure A.2  QCD correction by parton shower model.

Besides the parton-shower ﬁo&el, an alternative correction by tree-level calcu-
lation of the QCD matrix elements (ME) up to o 2-order is also possible. In calculating
the matrix elements, a cut-off parameter Ymin = (M;j/$)min, the minimum scaled
invariant mass between two partons i and j, is introduced. These diagrams are shown in
figure A.3. The main difference from PS scheme appears in the fraction of multijet
events, because ME can not reproduce more than four jets in principle.
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Figure A.3  Tree-level QCD diagrams up to second order of o.

Non-Abelian nature of QCD disables a perturbative approach in low g2 region,
where partons fragment into hadrons. The phenomenological models are used in the
fragmentation processes. The string fragmentation model is based on the dynamics of
string. Between the partons in a color-singlet system, a one-dimensional string is
placed, where a quark is located at the end-point and a gluon is located at the inter-
mediate point to be a kink as shown in figure A.4. The relative momentum between the
partons determines the tension. The tension breaks the string with generating quark-
antiquark pairs at the breaking point. The original parton brings one of the pair and
forms a hadron (meson). The scaled longi;udinal momentum of the hadron, z =

Phadron/Pparton, With respect to the direction of the parton is given by a fragmentation
function. LUND symmetric function has two parameters, @ and &;

fiay = L2 exp(—bnziﬂl (A.1)

where m7 = Vm2+p72 is the transverse mass of the produced hadron. The transverse
momentum of the hadron, pr, is produced independently by Gaussian distribution with
standard deviation oy. The breaking of the string is repeated as far as the string has
enough energy to generate a quark-antiquark pair. Baryons can be also produced by
replacing the quark-antiquark pair by a diquarlf-anﬁdiquark pair.

meson

W¢A¢/”\
c>/ \éum>2‘°'o‘2°.°z

Figure A.4  String fragmentation scheme of multihadron production.

As was described above, there are some parameters to determine the effects of
QCD and fragmentation. Because they are correlated one another, they should be
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treated as a parameter-set. As shown in table A.1, these parameters were tuned by prior
experimental groups,49 in addition to the original default values.

PS default _ Markll _TASSO ME default  Mark I TASSO
AlGevl 04 0.4 0.26 AlGev] 05 0.5 0.62
Q0 [GeV] 1.0 1.0 1.0 Ymin 0.02 0.015  0.02

a 0.5 0.45 0.18 a 1.0 0.9 0.58
biGev-y] 09 0.90 0.34 b{Gev-?2] 0.7 0.70 0.41
0g[GeV]  0.35 0.33 0.39 0, [GeVl 0.4 0.33 0.40

Table A.l The tuned parameter-sets for the parton shower scheme (PS), and for the
matrix element scheme (ME), where the default values are originally given
in the programs, JETSET 6.3 (PS) and JETSET 5.3 (ME).
LUND program also supports decays of unstable particles. A pair of quarks
from virtual W-boson in heavy quark decays also develops a parton shower in version
! ]
7.1 quite in the same way as in the production while in version 6.3, hadrons are
directly fragmented from the two quarks without perturbative QCD corrections. Except
for this, there is no significant modification which influences this analysis.

A.2.2. Two-photon-exchange interaction

In two-photon-exchange interaction, the event with outgoing e in the central
region of the detector is particularly important in this analysis. But actually, such a
event rarely occurs. In order to conserve the CPU time, the event generator with a
tagging angle cut for ‘the outgoing e, developed by Berends er al.,® is used. The
original program is a e*e—u* 1~ generator and the modification to a e*e~gg generator
was made. The mass and the charge of i were replaced with those of a quark. This
generator includes all the o#-order QED diagrams as shown in chapter 1. The outgoing
four particles are then treated by LUND program, where partons are fragmented into
hadrons and unstable particles decay.

A.2.3. New particles o

We coded the programs which treat the new particle productions given in
chapter 1 of the text. Fragmentations and decays were performed by LUND program,
mainly JETSET version 7.1. We believe it better because QCD correction by parton
shower evolution is included also in decays.
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A.3. Detector simulation

A.3.1. Full detector simulation program

A detector simulation program, VMONT, simulates the responses of VENUS
detector in fine steps. VMONT accepts four-momenta of final particles which were
produced by an event generator. The particles are traced in the detector, where they
undergo various processes including decays of long-lived particles, multiple Coulomb
scattering, bremsstrahlung, pair-conversion, Compton scattering, and energy loss.
Hadron absorption effect by nuclear interactions is also included. The expected
responses are converted into the same format as the real data, such as drift time, energy
deposit, time of flight, etc. The resolution of each detector part was tuned so as to
reproduce the realistic response. Electromagnetic showers in the calorimeters are simu-
lated by EGS program,5 ! and hadron responses are simulated by empirical functions
obtained by the test-beam as described in appendix C.

A.3.2. Fast detector simulation program

VMONT is so much time-consuming because it traces the particles with fine
steps. The CPU time typically amounted about 3 seconds to simulate one multihadronic
event with a main-frame computer, FACOM-M780. Moreover, it is necessary to
“reconstruct” the particles from the detector responses in quite the same way as actual
data, which also takes about 2 seconds for a multihadronic event. For the purpose of
systematic evaluation where large statistics is needed, we developed a rough but fast
simulation program where track and cluster informations are directly produced from the
input four-momenta informations. A chargecf particle expected to leave hit points in
CDC is recognized as a track with its momentum smeared according to the expected
resolution. The track parameters which can be calculated by input four-vectors, such as
Rmin, Zmin, etc. in the text are reproduced by the program. Particles expected to inject
into the calorimeter is recognized as a cluster of which energies are smeared by the
empirical functions in the same way as in VMONT. For the estimation of systematic
dependences on parameters which are not sensitive to detector simulation, we utilized
this fast simulation program. For a detailed analysis which is essentially affected by
detector simulation, such as particle identification, this fast simulation program can not
reproduce the responses with required accuracy. Since we know the source of the
reconstructed tracks in the simulation, we applied the e identification efficiency to the
produced e in the simulation, directly without any identification procedure. The
efficiency for an isolated e was estimated both by the real data and by VMONT as was
described in chapter 4 of the text, where we adopted one by data. Since we are looking
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only into an isolated e, €’s in a jet and the contamination of misidentified hadrons were
ignored.
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Appendix B Radiative correction

B.1. Significance of the higher order effect

We must evaluate the expectation value of the particle production of our interest
as exactly as possible. The higher order effect, which is called radiative correction, is
impbrtant because this effect in total cross section is expected typically to be a few tens
of percent in total cross section. Because the magnitude of the correction decreases with
the order of coupling, we can neglect the contributions beyond the second order. In
practice, it is very difficult to include more complicated diagrams.

B.2. Radiative correction to }'/ZS0 annihilation processes

We have adopted the correction proce'dure developed by Berends, Kleiss, and
Jadach,>? for the Monte Carlo simulations of the pair-production processes via ¥/Z0
annihilation, where diagrams shown in figure B.1, so-called vertex correction, vacuum

polarization, and initial-state radiation are included.

et vl Z 0 q ! 7
e g Y f

Born term initial-state radiation  vertex correction  vacuum polarization
Figure B.1 Radiative diagrams included in the correction by Berends-Kleiss-Jadach.

The lowest order cross section 0p should be corrected into ¢ as follows
ignoring the threshold effect due to the mass of the final particle;

o= (1+d) op | (B.1)
0 = Overtex + Svacuum + asoft + Ohard,

where Svertexs Svacuum, Osoft, and Spard are effects of vertex correction, vacuum polari-
zation, soft initial-state radiation, and hard initial-state radiation, respectively. The
energy spectrum of the “hard” radiation is limited to avoid the divergence in infra-red
region, where the correction was performed by the “soft” part neglecting real ¥ emis-
sion. The cut-off on the scaled energy of the ¥, kmin = (EyEbeam)min, is normally set
to 0.01. The maximum energy of the “hard” yshould be determined by the mass of the
produced particle but we normally set the upper limit, &pqx = 0.99, for light particles.
The magnitudes of these corrections to five-flavor quark-pair productions at vs = 60
GeV are calculated to be, Syerrex = 0.0844, Syacuum = 0.0845, Osoft = —0.4793, and
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Ohard = 0.5654. This leads the total cross section to increase 25.5 %. However, in
particular for a heavy particle production, this effect of hard radiation is not correct
because it enhances the threshold effect which amounts to 8(3—/32)/2 for a fermion-pair
production or  for a scalar-pair production, where S is the velocity of the particle in
the center of mass system of the pair. The effect of hard radiation is corrected by Monte
Carlo integration in the same way as in the next section.

B.3. Basic correction of initial-state radiation

The radiative correction by Berends e al. is applicable only to %#/Z0 annihilation
processes. For any heavy particle production near its threshold, initial-state radiation is
the most significant correction. In order to calculate the effect in searching for electron-
type neutral heavy lepton which is a W exchange process, we adopted a naive correc-
tion of initial-state radiation by Etim, Pancheri, and Touschek,53
the semiclassical electromagnetic dynamics. The radiative process is approximated by a
model where a real yis emitted from the initial e independently followed by the e*e~

collision with reduced center of mass energy. The corrected cross section is given by

which was based on

the averaging integration;

o(s) = | ou(s—ks)pry a3k, (B.2)

where 0p is the lowest order cross section, k = |k | is the yenergy divided by the beam
energy, and p(k) expresses a probability to emit ¥ with scaled energy k. A calculation
of semiclassical electrodynamics leads to number of emitted ¥'s per event as;

4o dk _ sin26;
(2n)2 k (1-PPcos26y)?

dn= dcos6y doy, (B.3)

where f is the velocity of the initial e, and O and ¢y represent the direction of the
emitted ¥ The integration over 6 and ¢k yields;
n(k) = @ é B.4)

where £ is given by;

ZaﬂZJ' 1—x2 C!ﬁz[l'*ﬁz [1*”5 :l

1 (1 5212)2dx T B 1-8

[h{ } } (B-D) (8.5)

If multiple radiation in a collision is neglected, the number-density n(k) is equivalent to
the probability-density p(k). The integration of n(k) over k, corresponding to the
number of ¥’s in a event, however diverges in infra-red region. Because the correction
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to the cross section, (O,(s—ks)~0,(s))/0p(s), is ;'ery small in the infra-red region of k =
0, we can remove the infra-red divergence by setting the cut-off parameter k,;,. In
order to minimize the error, k;;;, must be chosen properly to satisfy the following rela-

tions;
+1
Oo(S) = Oos—kmins), Jn(dk < 1. (B.6)
min
Here virtual corrections such as vacuum polarization and vertex correction are not

included. This uncertainty was treated as a systematic error of production cross section
in this analysis.
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Appendix C Parametrization of Hadron
Responses of VENUS Lead-glass
Calorimeter

C.1. Hadron responses

In Monte Carlo simulation of detector-responses, it is so much difficult to
describe complicated interaction of hadrons in matter. There are some program pack-
ages which treats the interactions generally. However, it is required to tune them in
order to obtain the realistic responses of the detector. The precise simulation of a
hadronic shower in a calorimeter is not so much important for the standard analysis
with VENUS detector and we decided to parametrize the responses with empirical
functions obtained at a beam-test, where the calorimeter components were exposed to
pion beam with known momentum. '

Hadron responses of a calorimeter have two aspects attributed to two processes,
namely minimum-ionizing penetration and inelastic interaction. The most important
subject is to reproduce a realistic energy response for a hadron. However, the sharing
of the energy among the calorimeter modules is so much difficult a subject in

parametrization.

C.2. Experimental set-up of the beam-test

We studied the response of lead-glass counters for pions which were installed
in VENUS detector. The beam was operated in three periods, October 1987, November
1987, and March 1988 at 12 beam-line of KEK 12 GeV proton synchrotron. This
beam-test also intended to study transition radiation detector (TRD) for the use in
VENUS detector. The experimental layout is shown in figure C.1. Pions and electrons
were produced at the internal target and the component with fixed momentum were
extracted to the beam-line by a bending magnet. The variation of momentum was 1, 2,
3, and 4 GeV/c and the typical intensities were 5 KHz and 40 Hz for pions and
electrons, respectively, where the electron beam was used for calibration.

Pions and electrons were identified by two gas Cerenkov counters, C1 and C2.
The beam is defined to 1 cm X 1 cm by two sets of two trigger counters, T1-T2 and T3-
T4. Two anti-counters, V1 and V2, were placed in order to reject simultaneous hit of
other particle in horizontal direction. In vertical direction, two drift chambers, D1 and
D2, each of which had four sense wires horizontally strung, were used for rejection of
raulti-particle events. TRD is also used to reject electrons in the pion beam. The typical
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size of the lead-glass counters is 11 cm x 12 cm in cross section and 30 cm in depth
which corresponds to 18 radiation lengths or 1 nuclear interaction length. A 3-inch
phototube is attached at the center of the counter through a plastic light-guide of 6 cm
long. As shown in figure C.2, 3x3 counters (Oct, Nov-1987) or 2x2 counters cor-
responding to modules 1, 2, 4, and 5 (Mar-1988) are mounted with 1.5 mm spacing on
a movable table. As also shown in this figure, the beam incident point into the lead-
glass was moved in order to study position dependence of the response. Energy deposit
in each counter was measured by a charge-sensitive ADC.

vi LG

T1 TRD T3
f e o e A e -
T T

V2

T4

Figure C.1  Experimental layout at the beam-test.
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Figure C.2  Alignment of the lead-glass array at the beam-test.

C.3. Total energy distribution and its parametrization

The total energy E is the sum of the energies detected in the counter array. The
black circles with error bars in figures C.3 shows E/p spectra for p = 2 GeV/c pions
which were injected into the center of the central counter, namely point A in figure C.2,
and near the edge, namely point C. Two features are noted here. First, the minimum
ionizing peak produced by a penetrating pion for case A appears at about 600 MeV
while it is about 200 MeV for case C. This is due to the additional Cerenkov light
emitted by pions penetrating in the light-guide. Second, the spectrum of pion response
caused by inelastic interaction extends far from the incident energy. This is also under-
stood by the effect of light-guide, that is, the pion-induced shower may extend to the
light-guide and produce additional Cerenkov light while the electron-induced shower is
mostly contained in the lead-glass. Because the light-guide is attached directly to the
phototube, the light emitted in the light-guide is enhanced by several times of the light
in the lead-glass.
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Figure C.3  Total energy spectrum of the pion beam with momentum of 2 GeV/c
(squares with error bars) and the reproduced one (histogram), where the beam
is incident at (a) point A or (b) point C in figure C.2.

We parametrized the total energy distribution for hadrons, separating the contri-
butions of;
(1) the incident minimum-ionizing hadron in the lead-glass,
(2) the hadronic shower produced by inelastic nuclear interaction, and
(3) the additional light in the light-guide by a penetrating particle.
These contributions are added into the total energy, where (2) and (3) cannot appear
simultaneously. The response for hadrons is reproduced according to this scheme,

where the path and the incident position into the calorimeter module are given by the
event generator.
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First, the path-length in the lead-glass till the inelastic interaction occurs, d, is
decided by random number with the exponential distribution;

fald) = % exv(—%) (C.1)

where A is a nuclear interaction length of the lead-glass. If d exceeds the maximum
path-length, corresponding to the penetrating case, d is set to the path-length in the
lead-glass. Muons and about 1/3 of hadrons are expected to penetrate the lead-glass.
The contribution of Cerenkov light in the lead-glass before the interaction, E,y, is
produced by Gaussian distribution for charged particles;

exp(—%%&d)z) (C.2)
NonouVmd e o Hm

where U, is the mean contribution to £ per unit path-length in the lead-glass and
O'mm corresponds to a standard deviation of the distribution.

The contribution of the hadronic shower for the inelastically interacted
hadron,E;, is produced by the following spectrum;

fm(Em) =

FAED = -exp(~0Eifp). (C.3)

£
1+YEi/p)P
The exponential behavior in high energy region, for which no dependence on p was
observed, is determined by constant & and the rise in low energy region is determined
by parameters f and 7, both of which depend on p as follows;

Br.y) . (p<1.5)
(B2.2) (1.5<p<2.5)
1= C4
@ (B3,73) (2.5<p <3.5) (C4)

(B4,74) (3.5 <p),

The energy to be generated is limited in the range E;/p < 2 and in order to reproduce the
observed kink at Ej/p = 1, the probability to generate the response with Ej/p > 6= 11s
suppressed by parameter £ which is a function of the lateral distance from the center of
the light-guide because this high energy response is due to the light-guide, namely;

1 (Eilp < 6)
E=9g—ea\Nx2+y2 (S < Eilp < 2) (C.5)
0 (Eilp > 2).

For charged particles peneﬁ'at'm g the l;ight-guidc, the contribution of the addi-
tional Cerenkov light, E}, is reproduced by Landau distribution;
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1 E!:Eldl E-ud;
JiED =ex ——-{ Xp| — H (C.6)
p[ >loua) ( o #ldl] ’

where L is the mean energy per unit path-length in the light-guide and 61\/Z1_d—1—
determines the width of the spectrum. The path-length in the light-guide, d, is given by
the spatial information of the particle and geometry of the calorimeter. The probability
to pass through the light-guide for a penetrating particle is about 1/3.

The interaction length A is calculated from the ingredients of the lead-glass,54
which is actually consistent with the experimental data. Parameters ¢, s, ¥'s, 6, €],
£2, > Om,» M1, and o] were determined by minimizing x2 between the real distribution
obtained at the beam-test and the reproduced one after smearing by the resolution of (6
%)/\E. The parameters are fixed mainly using the data of the beam with p = 2 GeV/c.
First, the parameters, U, and 0, for the minimum-ionizing peak, &, §7, and y» for
inelastic interactions, and & and &; for the suppression of high energy response, were
fixed by the fit using the point C data, where the contribution of the light-guide did not
exist. Then, the parameters for the light-guide effect, 1, 0}, and £ were fixed using
the point A data. Using the data of p = 1, 3, and 4 GeV/c, the other ’s and ¥'s were
fixed. The reproduced spectra are also shown in figure C.3.

However, the minimum-ionizing peak in cosmic-ray events and in multi-
hadronic events in VENUS'éxperimen_t is placed at higher energy and is broader than
that in the beam-test. This can be well understood by an optical effect. The acceptance
of light into the light-guide depends on the injection angle because the refractive index
of the light-guide is smaller than that of the lead-glass. The injection angle of the test-
beam was fixed nearly perpendicular to the front-face of the lead-glass, which gives the
minimum response in energy. Therefore, parameters U, and 0, were determined to
reproduce the peak for particles in multihadronic events. The fixed values of the
parameters are shown in table C.1.

o 4.06 5§ 106
Bi_0.628 Y1 0.0985

B 0731 Y2 0.161

B3 0.928 ¥z 0.153
B4 1.271 v4__0.0809
g] _0.65 £ 003 [cm1]
HEm 8.0 [MeV/cm) Om 2.6 MeViZ)
L 65 [MeV/cm] ol 2.0 [MeVlZ

Table C.1 Fixed values of the parameters for energy responses of hadrons.
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C.4. Parametrization of energy-sharing

As the nuclear interaction length of the lead-glass is comparable with the counter
dimension, hadronic showers tend to extend over the lead-glass modules irregularly,
sometimes few and sometimes many. It is thus impossible to describe these behaviors
as a simple function. Therefore, we installed the tables of experimental distributions at
the beam-test, into the simulation program. Since the energy-sharing depends on the
incident position, the parametrization was made using 2 GeV/c pion data with several
incident points. The energy-sharing among the lead-glass modules for a hadron-
induced shower with given total energy E, is reproduced as follows.

The sharing program accepts E, p, and the injection point for the hadron, where
E is determined by the procedure described in the previous section. Because the lateral
extension of shower cannot be independent on E/p, we classified E/p into three regions,
which are 0 < E/p < 0.4, 0.4 < E/p < 0.8, and E/p > 0.8. The injection point is quan-
tized to the nearest one of the five points, Ai, B, C, D, and E at the beam-test con-
sidering the spatial symmetry of x and y directions. Following random numbers will be
generated by means of the real distributions at the beam-test.

First, we decide the random number of hit counters Ny;; from one of the 3 x 5
distributions according to the total energy and the injection point. For example, figure
C.4 shows the Ny spectra.

=
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Figure C.4 Distribution of number of hit counters for a hadron, (a) incident at point A
(A-2), B (B-2), and C (C-2) resulting to 0.4<E/p<0.8, (b) incident at B with

E/p<0.4 (B-1), 0.4<E/p<0.8 (B-2), and E/p>0.8 (B-3).

Next, we decide the hit modules from those, numbered between 1 and 9 as
shown in figure C.2, in the descending order of energy by using the distribution. For
example, figure C.5 shows the the frequencies of the modules for each order of hits
when a hadron injected at B, where the small correlation to E/p is neglected. In
generating the random number of the counter number, the probabilities of already hit
modules are removed and those of unhit modules are stacked. Modules beyond the
fourth hit are selected using the same probabilities as for the fourth module.
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Figure C.§  Stacked histogram of counter number for each hit in descending order of
energy for a hadron incident at B,

The energy deposit of each hit module is generated by the distribution of the
module energy fraction with respect to the rest energy. The fraction is defined in the
region 1/Npes to 1, where Ny is the number of the remaining hit modules. Redefining
the energy fraction into the range (0,1), we defined parameter X; as follows;

E.
Nrest-l' -1
—rest

: Nrest—l 3

where E; and E,¢;; are the energy of module i and of the remaining energy to be shared.
For example, figure C.6 shows the distributions of X; for the case, 0.4 < E/p <0.8 and
the number of hit modules of 4. We have ignored the dependence on injection point and
on E/p for the hit modules beyond the second hit which was not clearly seen in actual.
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Figure C.6  Distribution of energy fractions with respect to the remaining energy to be
shared, when a hadron injects at B with 0.4<E/p<0.8 (first and second) and
with number of hit counters of 4.

In above simulation procedure, we cannot help ignoring the correlation between
the modules because it is too difficult to implement it into the simulation.

C.5. Performance of the simulation

Here we show the examples exhibiting the performance of the simulation
program. Figure C.7 shows the comparisons of distributions between the data and the
simulation for charged clusters. The distributions of the Monte Carlo simulation was
made using event generator JETSET 6.3 and detector simulator VMONT which this
simulation program was installed.
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Figure C.7 Comparison between the distributions in the data (square) and in the
simulation (histogram), (a) charged cluster energy E, (b) E/p, (c) number of
modules in a cluster Ng;,,, (d) energy fraction of central module Regpser,
and (e) track-cluster matching parameter D (see chapter 4 of the text).

Since cluster energy was used in the parametrization, both £ and E/p in figure
C.7 shows good agreement between the data and the simulation. Number of modules
belonging to a cluster, Ny;,., and fraction of energy of the most energetic module to
cluster energy, Reenter, also shows good agreement. However, there is a deviation
between the data and the simulation in track-cluster matching parameter D defined in
chapter 4 of the text. The observed deviation can be understood as follows. The corre-
lation of energies between the modules in a cluster, due to the inclination of particles in
a hadronic shower, is expected to make a large displacement of the shower center.
Therefore, the lack of such a correlation in the simulation must be responsible to the
deviation. Moreover, the shower extension beyond more than 3x3 modules and nuclear

&7
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interaction before the calorimeter which also tend to make a laterally extended shower
are not supported in the simulation. These defects must enhance the deviation, too.
Since this simulation procedure dose not trace the physics processes and thus
dose not always reproduce observables except for the spectrum of total energy or the
lateral spread of the shower which were used in the parametrization. The lack of the

~ capability to reproduce the realistic fluctuation of shower center position for hadrons

invalidate the direct use of this simulation in estimating hadron background in electron
candidates.
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Appendix D Preparation of electron sample
for the study of electron
identification

The Monte Carlo simulation program, VMONT, is sufficiently reliable to repro-
duce the response for e, where the energy deposit given by EGS program is artificially
smeared to reproduce the realistic resolution. Since the lateral spread of the shower is
not corrected, there remains some deviations mainly caused by the lack of the optical
treatment of Cerenkov light. Therefore, we estimated the efficiency of the electron
identification procedure for e by using real data sample. In order for these estimation,
we made e sample from the collected data as follows.

The e sample was collected from the reactions, ee—e(e)) and ee—ee(ee),
where the particles in the parenthesis might escape along the beam-pipe and not be
detected. We commonly required in order to select them:

(1) Total energy in LG is greater than 3.0 GeV.
(2) All the CDC tracks satisfy both p > 1.0 GeV/c and lcos& < 0.75.
(3) There is no LG clusters with E > 0.3 GeV outside the 10° cone around the
expected hit point of the track.
For e from ee —ee(ee) reaction, we added the requirements:

(4) The number of CDC tracks is two.
(5) Both two tracks satisfy p <5 GeV/c.
(6) The acolinearity angle between the two tracks is greater than 10°,

(7) 'The opposite track in the event is e-like to have E/p > 0.8.
While for the ee—e(e?) sample, we simply required:
(4’) The number of CDC tracks is one.

The selection was applied to a part of Process-1 data and the obtained sample includes
2012 e’s. The momentum distribution is shown in figure D.1. The e(e?) sample was
considered to be nearly background-free and the background contamination in ee(ee)
sample mainly from ee— 77, 777, and ee77 processes was estimated to be less than a
few percent. It should be remarked that we must correct the biases caused by a hard
bremsstrahlung, such as tracking-failure and making additional clusters from radiated
Y's with E > 0.3 GeV outside the cone. These losses were estimated by using VMONT
program to be less than 1 % for the e sample.
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Figure D.1  Momentum distribution of the ¢ sample, where the peak around 2 GeV/c
came from eeee reaction requiring that the opposite track to be p>1GeV/c
and one around 4 GeV/c came from eeyreaction with the trigger condition
(LG total energy trigger).
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