
SLAC--367 

DE90 014870 

SEARCHES FOR NEW QUARKS AND LEPTONS 
IN Z BOSON DECAYS* 

Richard J. Van Kooten 

Stanford Linear Accelerator Center 
Stanford University 

Stanford, California 94309 

June 1990 

Prepared for the Department of Energy 
under contract number DE-AC03-76SF00515 

Printed in the United States of America. Available from the National Techni­
cal Information Service, U.S. Department of Commerce, 5285 Port Royal Road, 
Springfield, Virginia 22161. Price: Printed Copy A08, Microfiche AOl. 

fAsia 
* Ph.D. theiif g 

: "--- ' - ' - r,ow ryr T ( 1 i S ooeu^r ,V.UM P* 



Abstract 

Searches for the decay of Z bosons into pairs of new quarks and leptons in a data 
sample including 455 hadronic Z decays are presented. The Z bosons were produced in 
electon-positron annihilations at the SLA.C Linear Collider (SLC) operating in the center-
of-mass energy range from 89.2 to 93.0 GeV, and the data collected using the Mark II 
detector. 

The Standard Model provides no prediction for fermion masses and does not exclude 
new generations of fennions. The existence and masses of these new particles may provide 
valuable information to help understand the pattern of fermion masses, the presence of 
generations, and physics beyond the Standard Model. 

Specific searches for top quarks and sequential fourth generation charge —1/3 (!/) quarks 
are made considering a variety of possible standard and non-standard decay modes. In ad­
dition, searches for sequential fourth generation massive neutrinos v,i (Dirac and Majorana) 
and their charged lepton partners L~ are pursued. The i/4 may be stable or decay through 
mixing to the lighter generations. The data sample Is examined for new particle topolo­
gies of events with high-momentum isolated tracks, high-energy isolated photons, spherical 
event shapes, and detached vertices. Measurements of the Z boson resonance parameters 
that provide crucial indicators of new particle production are also considered. 

No evidence is observed for the production of new quarks and leptons. 95% confidence 
lower mass limits of 40.7 GeV/c 2 for the top quark and 42.0 GeV/c 2 for the t'-quark 
mass are obtained regardless of the branching fractions to the considered decay modes. A 
significant range of mixing matrix elements of v.\ to other generation neutrinos for a vA 

mass from 1 GeV/c 2 to 43 GeV/c 2 is excluded at 95% confidence level. Measurements of 
the upper limit of the invisible width of the Z exclude additional values of the u4 mass and 
mixing matrix elements, and also permit the exclusion of a region in the L~ mass versus 
v.\ mass plane. 
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These results substantially extend previous limits, and exclude a large fraction of the *. 
mass range available for Z decays into top quarks and fourth generation quarks and leptons. 
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Chapter 1 

Introduction 

Elementary particle physics is the study of the fundamental constituents of matter, the 
elementary particles, and the forces that act between them. The goal of particle physics is 
to discover the unifying principles and physical laws that result in a rational and predictive 
picture of the elementary particles and basic forces that constitute our universe. 

1.1 The Standard Model 

At the present time, it is believed that all matter is made up of pointlike, spin one-half 
particles (Jermions) called quarks and leptons grouped into three generations or families as 
shown in Table i. Integral spin particles {bosons) axe responsible for the four fundamental 
forces which act between these elementary particles. The electromagnetic force is transmit­
ted or mediated by the massless photon (7) over an infinite range between particles with 
electric charge. The weak force acts between all particles, but over a limited range, and is 
mediated by the massive intermediate vector bosons (W+,W~, and Z). The strong force 
operates between quarks to hold them together in quark-antiquark combinations (mesons, 
such as the pi meson, IT) or three-quark combinations (baryons, such as the proton and neu­
tron) by the exchange of particles appropriately named gluons (g). All the particles which 
undergo strong interactions, baryons and mesons, are collectively called hadrons. Leptons 
do not experience the strong interaction. Finally, the gravitational force acts between all 
particles, but is so weak for typical distances between the elementary particles that it can 
effectively be ignored. 

In the last two decades, great progress has been made in understanding the nature of 
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2 Chapter 1. Introduction 

the electromagnetic, weak, and strong forces. The electromagnetic aad weak forces have 
been unified by the Electroweak theory [1] which rests upon an underlying symmetry called 
local gauge invariance. A neutral scalar, the Higgs boson, is included which "breaks" this 
symmetry and provides mass to the W+, W~, and Z bosons. The combination of the 
Electroweak theory and the analogous gauge theory of Quantum Chromodynamics (QCD) 
describing the strong or colour force between quarks is known as the Standard Model. 
Predictions of the Standard Model have been dramatically verified by many experiments, 
culminating in the discovery [2] of the W and Z particles in 1983 near their predicted 
ma~es. 

Table 1: The fundamental fermions. The six quarks are named up, down, 
charm, strange, top, and bottom; the three charged leptons are named the 
electron, muon, and tau; and the three neutral leptons are the electron neu­
trino, muon neutrino, and tau neutrino. There is an associated antiparticle 
for each particle in this table. The top quark and tau neutrino have not yet 
been directly observed. 

Electric Charge 

<**• (0 (:) (?) 1 
l ~ - (:-) (?) ((?) 

1 s t Generation 2 n d Generation 3 r d Generation 

Despite its many successes, several troubling questions remain unanswered, indicating 
that the Standard Model must be incomplete. For a fundamental theory, the Standard 
Model has too many free parameters including the values of the fermion masses and the 
three separate coupling constants for the electromagnetic, weak, and strong interactions. A 
complete theory would unify these interactions in a single gauge group with a single coupling 
through so called Grand Unified Theories (GUTs), would try to explain the particular values 
of the fermion masses, and would offer an explanation of the "generation puzzle". 
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1,2 The Generation Puzzle 

Why is there more than one generation of fermions? Protons, neutrons, and electrons 
constitute the matter in our everyday lives and these are composed only of the members 
of the first generation. Particles of successive generations generally appear only in high 
energy particle experiments. The reason for this bizarre replication of families is still an 
open question. A distinctive feature of the generations is that the fermions of each successive 
generation are more massive than those in the preceding ones as shown in Fig. 1. 
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Figure 1: Masses of the known fundamental fermions, showing the mass 
hierarchy between quarks (constituent masses, dots) and leptons (squares). 
The upper limits on the masses of the neutrinos are shown. 

Why do the quark and lepton masses increase with each generation? Why are the ratios 
of quark masses within a family so small and the ratios of lepton masses so large? It is 



Chapter 1. Introduction 

natural to search for yet another replication of even more massive fermions, a fourth family 
or generation, to provide clues to this proliferation of mysteries. 

1.3 Z Boson Decays 

The observation of Z boson decays at rest in e + e~ annihilations is an ideal environment 
for the study of the fundamental fermions. Firstly, the Z boson provides a resonance and 
consequent huge enhancement in the cross section or event rate for e + e~ collisions as 
shown in Fig. 2. Secondly, the Z will decay into a particle-antiparticle pair of all the 

£ 2.0 

i 
i 

0.0. 20 40 60 80 100 120 
Center-of-Mass Energy, E c m (GeV) 

Figure 2: Relative e + e~ annihilation event rate (for constant luminosity, 
e + e~ -»(i +n~ shown as an example case) as a function, of center-of-mass 
energy Ecm. The large resonance occurs at Ecm "> Mz « 91 GeV. 

known fundamental fermions listed in Table 1, plus any new fermion that has Standard 
Model couplings and mass less than one-half the mass of the Z boson (M z ) . Thirdly, 
in e+e~ annihilation at center-of-mass energy Ecm * Mz, it is generally only the decay 
products of the Z that are observed, resulting in a clean environment for the detailed 
study of the produced fermions and their decays. The original discovery (2] of Z bosons in 
proton-antiproton (pp) collisions identified only the decays Z-*e+e~ and Z—• ju +P~; e + e~ 
annihilation permits the first identification of the additional decays of the Z to quarks. 



1.4. Searching for New Quarks and Leptons 5 

1.4 Searching for N e w Quarks and Leptons 

The Standard Model is essentially unchanged with the addition of a fourth generation 
as shown in Table 2. These members of a fourth generation will be decay products of the 
Z as long as their masses are less than Afz/2. This thesis presents searches using the Mark 
II detector for the sequential fermions &', 1/4, and L~ taking into account their possible 
different decay modes in a data sample of 455 hadronic Z decay events provided by the 
SLAC* Linear Collider (SLC) between April 1989 and November 1989. Since the top quark 
remains undiscovered, it will be searched for instead of the fourth generation t'-quark. At 

Table 2: The members of a possible fourth generation of new quarks and 
leptons. There is an associated antiparticle for each particle in this table. 

Electric Charge 
( f \ +1 

Fourth Generation Quarks | y j f 

Fourth Generation Leptons 

the time of analysis, there were hints of the possibility of a fourth generation from a larger 
ratio of hadronic to p-pair events found at TRISTAN [3] compared to three-generation 
expectations. In addition, if the top quark mass is not too large, the recently measured 
large value of B - B mixing [4] suggests the possibility of another generation. It will be 
seen that despite the relatively small number of Z decays collected by the Mark II detector, 
the only way for a top quark or a fourth generation to escape detection in Z decays would 
be if all the considered particles have masses greater than approximately Mz/2. 

Many of the topological search techniques presented are based on the fact that the 
above new quarks and leptons are necessarily much heavier than the known fermions. 
In the decay Z—*ff, fermions with small masses will have large momentum from the 
constraint pj = (EJ - m * ) 1 / 2 where pj is the momentum, mj is the mass, and Ej is the 
energy {Ej ~ Mz/2) of the fennion. As a result, if the produced fermion and antifermion 
decay, their decay products will be limited to tightly collimated cones {jets) of particles. 

'Stanford Linear Accelerator Center at Stanford, California, USA. 

r- -°. 



6 Chapter 1. Introduction 

In contrast, particles from heavy fermion decay are distributed over a wider solid angle 
than the decay products from lighter fermions of the same energy. If both the heavy 
fermion and antifermion decay hadronically, their decay products are distributed rather 
isotropically, and a spherical event topology results which can be characterized by certain 
event shape parameters. Semilsptonic or leptonic decay of a heavy fermion leads to at least 
one lepton among the decay products, and the lepton will in general be isolated from the 
rest of the decay products, forming a distinctive signature. 

Heavy fermions such as 1/4 can also have very long lifetimes, leading to spectacular 
detached vertex topologies. Finally, indirect search techniques are also used in some cases 
to detect the presence of new leptons. If the Z can decay into new particles, its lifetime 
will decrease from Standard Model predictions. The measured width Tz of the resonant 
form of the total e + e~ cross section for collision energies near Mz is directly related to this 
lifetime and will increase if the Z decays into particles other than the known fermions. 

1.5 Outline of Thesis 

Chapter 2 is a theoretical description of the production of the Z boson in e + e~ annihila­
tion and its ensuing decay into massive fermions including QCD and radiative corrections. 
The characteristics, decay modes, and present (at the time of the analysis) mass limits of 
each of the nt<v quarks and leptons of interest are also discussed. A description of the 
experimental apparatus of the SLC and the Mark II detector is provided in Chapter 3. 
Chapter 4 outlines the Monte Carlo event simulation of Z production and decay into the 
known fermions, new quarks and leptons, and their subsequent decays. Chapter 5 contains 
a discussion of new quark and lepton selection methods and criteria, and the efficiencies for 
new particle and known fermion events to satisfy the criteria. Results and mass limits on 
the various new particle scenarios are presented in Chapter 6. Starting in September 1989, 
the experiments at LEP* started collecting Z decay data. Months after the publication of 
most of the results of this thesis [5], the LEP experiments also published similar results 
using a much larger sample of Z decays. Chapter 6 also includes comparisons of the Mark 
II limits with LEP limits. 

'Large Electron-positron Project, a large-scale conventional storage ring device at CERN, Geneva, 
Switzerland. 



Chapter 2 

New Quarks and Leptons 
in Z Decays 

In this chapter, the process e + e~ —* (Massive fermions) is described in the framework 
of the Standard Model for center-of-mass energies near the mass of the Z boson (Mz) in 
order to calculate the production rates of new quarks and leptons from Z decays. The 
relevant characteristics, decay modes, and present (at the time of the analysis) mass limits 
of each considered new quark and lepton are then described. 

2.1 e + e~ —• Massive Fermions 

2.1.1 Standard Model Couplings 

The gauge group SU(3)c ® SU{2)i ® U(l) characterizes the Standard Model and 
includes the unification of the electromagnetic and weak forces into a single electroweak 
interaction. The mathematical structure of this theory rests upon an underlying symmetry 
called local gauge invariance. Through a rotation by the Weinberg angle 6w, the (7(1) field 
B^ and SU{2) field W* give rise to the mass eigenstates: 

Z„ = axOwWl + sin OwB^ 

A„. = -sinOwW* + cos Bw 

which are, respectively, the gauge bosons W£, Z, and 7 that mediate the electroweak 
interactions between the fermionic particles. As shown in Table 3, left-handed fermions are 

7 



Chapter 2. New Quarks and Leptons in 2 Decays 

grouped in weak isodoublets whose upper members have T 3 = 1/2 and lower members have 
T3 = —1/2 where 73 is the third component of the weak charge or isospin. Right-handed 
fermions are arranged in weak isosinglets with T3 = 0. If neutrinos are massless, then there 
are no right-handed neutrinos, and no neutrino isosinglets. 

The unitary Kobayashi-Maskawa (KM) matrix [6] with complex matrix elements Vi3: 

I d? \ (vud V„ Vub\(d\ 
s 

\»° I 

vud v„ vub 

vci v„ vcb 

vtd Vu vtb \ b ) 
relates the weak eigenstates to the mass eigenstates of quarks. The weak eigenstates cor­
responding to the charge —1/3 quarks are written with 9 superscripts* to indicate that 
they are not the same as the mass eigenstates. Elements of the KM matrix enter into 
calculations including weak charged current processes involving W bosons. 

Table 3: Arrangement of left-handed fermions into weak isodoublets and 
right-handed fermions into weak isosinglets. 

(eO («?) (e)n {U)R (d)R 

( ? ) . ( ; ) , «• «• w » 

( ? ) . ( * ) , w " m m" 

'The q notation is used instead of the usual q notation to avoid confusion of quark weak eigenstatcs 
with fourth generation sequential quarks b' and ('. 



2.1. e +e~ —> Massive Ferm/ous 

Neutral current processes are represented by the vertex factors: 

/ ' 

-i\/2y/GFMryu[vj - a/7*) ~^Qn^ 

where GF is the Fermi constant, Q; is the fermion electric charge, 

a, = 2T( 

vf = 2(TJ + 2 0 / sin2 6w) 

(2) 

are the axial-vector and vector neutral coupling constants, and 7; are the gamma matrices 
in the usual notation [7]. The values for these constants are listed in Table 4 for the known 
fundamental fermions and for possible new quarks and leptons. 

Table 4: Axial-vector a/ and vector v; neutral current coupling constants 
for the known fundamental fennions and possible new quarks and leptons. 

/ Qf TV 
Oj r Vj New Heavy Fermion 

Vt, V„., Vr 0 \ L 1 "4 

e~, n~,r- - 1 -4 - ] - 1 +2ain2 6W L~ 

u, c 2 
3 \ [ 1 - fsin 2 9W t 

d, s, b 1 
3 ~\ - ] - l + |sin 20n/ V 

2.1.2 Lowest Order Expressions 

In order to calculate the cross section for e + e _ —>//, we need to first find the decay 
rate or width T% of the Z boson. We can obtain the partial decay rate of the Z into a 
massive fermion-antifermion pair in the Born approximation (i.e. at tree-level) from the 
Feynman diagram of Fig. 3. The amplitude for this mode is: 
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Figure 3: Feymnan diagram used to calculate the decay rate of the Z. 

MzfI = ~^(^w) e£ta>fl(pW»/+°/'*)wW' < 3 > 
with momenta labelled as in Fig. 3, and where the spinors fi(p), vQa), and polarization 
vector e* are defined in the usual notation [7]. The differential decay rate for the two body 
decay can then be written [8]: 

dT \M\2 sj3 
dilcm 647T2JW|' (4) 

where s = E^ with Ecm the total energy in the center-of-mass (CM) frame, m/ is the mass 
of the final state fennion, @ = (1—4m/ 2/ 3) 1^ 2 is the velocity of the final state fermion in the 
CM frame, and dilcm is the differential solid angle element in the CM frame. Integrating 
over the solid angle, we arrive at: 

* * - * - % & < & < 

The total width or decay rate of the Z is then simply 

* + M. (5) 

r| = £r 0 ( z^ / / )£ ' , (6) 
/ 

where / ranges over all the fermions that the Z is kinematically allowed to decay into 
[m; < Mz/2), and the color factor D^ takes into account the three different color states 
for each quark. Hence, D1 = 3 if / is a quark, and Ds = 1 if / is a lepton. 

The beauty of Z physics is exemplified in Eq. 6. The total width Vz can be measured 
from the resonant form of the total e +e~ cross section near s = A/|. It is an important 
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window on possible new physics. Any new particle with non-trivial St/(2) ® U(l) quantum 
numbers will couple to the Z and appear in Z decays if light enough, revealing its presence 
through an increase in Tz above Standard Model expectations. Particularly interesting are 
Z decays into stable neutrinos which essentially do not interact in a colliding beam detector. 
Even though they are 'invisible' decays, their existence can be inferred from measurements 
of the Z resonance parameters. 

We now consider the process of e + e~ annihilation into a pair of massive fermions. 
In lowest order, this process is described by the Feynman graphs in Fig. 4. We have ignored 

Figure 4: Feynman diagrams describing the process of fennion production 
through e + e~ annihilation. 

t-channel diagrams which are only important at small production angles with respect to 
the incident beam direction. Higgs exchange can also be neglected because of the small 
Yukawa coupling to the electron. The corresponding Feynman amplitude is given by 

M = M^+Mz- (7) 

Without neglecting terms from the final fermion mass mj, the differential cross section 
can be written in the following way, where the color factor D1 = 1 (leptons), and Ds = 3 
(quarks) distinguishes between the final state fermions, and 6 is the polar angle between 
the incident electron direction and the outgoing fermion / : 

^ = ^ D / ^ { G 1 ( s ) ( l + cos2e) + ( l - /3 2 )G 2 (s)s in 2 f f+2/?G3(s)cose}. (8) 

The vector and axial vector coupling constants defined in Eq. 2, and the propagator in the 
lowest order Breit-Wigner approximation of the Z resonance with mass My, and width V% 

Xo{a) = R{s)-K=7^MjhM^-K w 
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with normalization 
K = ^P±, (10) 

determine the functions in Eq. 8 as follows: 

G,(«) = Q}- 2vevjQjRsXo(s) + (vl + a2

e)(v2

J + P'2aj)\xo(s)\2 (H) 

G2(a) = QJ-2vev}Q,Rexo(s)+(vl + al)vj\Xo(s)\2 

&3(s) = -2aeajQj'RBXo{s) + Aveaevsa!\xo{s)\2. 

Integrating over the solid angle, we obtain the total cross section for e + e~ —• ff: 

<fiot = <*i + °"->-Z + <*Z (12) 

where Ov is the familiar, pure electromagnetic cross section 

4xQ}a2 

3s 
P&-02) 

2 

<r->-z is the interference term, and az at V* = Mz is 

" » — S r i r « + - ? > + a 2 / ^ 

(13) 

(14) 

Three ei .ergy regions can be distinguished. In the low-energy region where a <£ M%, we may 
neglect the terms arising from the effects of weak interactions and the cross section behaves 
as 1/s. In the intermediate-energy region, the M-y - Mz interference term is no longer 
negligible, but \Mz\2 is still tiny. This is the situation at PEP, PETRA, and TRISTAN 
with Ecm ranging from about 20 GeV/c 2 to 60 GeV/c 2. The effect of weak interactions in 
this energy region is to create measurable asymmetries in the decay angular distributions of 
pair-produced particles. A huge enhancement in the cross section occurs in the Z resonance 
region where s « Aff. As an example of this enhancement, cross sections for a possible 
fourth generation heavy down-type quark and heavy charged lnpton are shown in Fig. 5. 
In the range oi Ecm. between 89.2 and 93.0 GeV dominated by Z decay, a-, is smaller than 
az by more than two orders of magnitude for the typical new particles being considered. 
Therefore, only decays of new particles through the Z will be considered. 

2.1.3 Higher Order Corrections 

Careful attention must be paid to the effects of radiative corrections as they have 
substantial effects on the predicted physics of the Z. As will be outlined later, the expected 
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Figure 5: Tree-level cross section for a new (a) 35 GeV/c2 charged heavy 
lepton; and (b) 35 GeV/c2 fourth generation down-type quark (&'). Note the 
change in scales. 

number of new quark and lepton events arising from Z decays will be normalized to the total 
number of hadronic Z decays observed in our data sample. That is, we are less concerned 
with the accuracy of the absolute cross section scale over a range of £•» than with the 
ratio of the Z hadronic partial width to the predicted new particle partial width. We will 
therefore concentrate on radiative corrections to Tz- These corrections can be divided into 
t*r> classes: QCD and electroweak. 

QCD Corrections 

QCD corrections occur only in final states involving hadronic production with the Z 
decaying into a quark-antiquark pair, qq. The bulk of the correction is due to final state 
gluon radiation as shown in Fig. 6. QCD corrections to the width T(Z-*qq) are known 
for non-zero quark masses up to first-order and for zero quark masses up to third-order 
in the strong coupling constant a,. Due to masses breaking chiral invariance and the 
large mass splitting between t- and b'-quarks, QCD corrections are different for vector and 
axial-vector couplings. Therefore, we first decompose the width given in Eq. 6 in the Born 
approximation into a vector and axial-vector part: 

HH> 24V/27T 2 * ^ 2V27T * (15) 

99 - x qq f L qq 
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^ W V W N / ^ * * * } - ^ , 

e-

Figure 6: Feynman diagram describing final state gluon radiation in hadronic 
Z decay. 

The QCD corrections are then: 

LOT - Lqq 

•nCW iqq 

(16) 

For a current determination of a,, we refer the reader to Ref. [9] which indicates a value 
of the QCD scale parameter A S - = 290 ± 170 MeV in the formula for the running coupling 
constant [10]: 

0,(71/, / ^ A ^ ) = Mog(logfc 2/A 2)) 
fc,log(/i2/A2) ~ fc(6blog(A»2/A2))2' 

(17) 

33 - 2n/ 
6 0 = ~l27~' 
fci = 

153 - 19n/ 
24ir2 

where n/ is the number of quarks with mass less than the energy scale fi in the modified 
minimal subtraction (MS) renonnalization scheme. We use nj = 5 and (i = M2 (if 
we are assumirg that the mass of the t-qu&rk is less than Mz/2) resulting in a value of 
as = 0.123 ± 0.015. If we assume mt < Mz/2 in the case of searching for the f-quark, then 
rt/ = 6 is used. 

Exact expressions for the first-order coefficients c\ and d\ in Eq. 16 have been calculated 
[11] and compact approximations [12] read: 

c> = -7T 20 4 12 4*/J (18) 
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* - ?[a-(S-^M(5-i)]-
Note that for light quarks, the familiar result 0—»1; c\, d\ —* 1 is reproduced. For massless 
quarks, first-order QCD corrections increase the hadronic width by 3.9% for nj = 5 and 
a, = 0.123. It is only for the 6-quark that the finite mass expressions above make a non-
negligible difference with dj = 1.21. However, for possible heavy new quarks, these massive 
quark QCD corrections are far more important as a consequence of the 1//? singularity 
from Couloznbic-gluon terms which predict a step function for the vector part of the width 
a s m , - i JWz/2, as will be discussed later. 

In the MS renormalization scheme, the higher order coefficients for massless quarks are 
[13]: 

c2 = d2 = 1.985-0.11571/ (19) 

c 3 « d3 = 70.98 - 1.2n/ - 0.005n} 

The sum of these second- and third-order corrections increase hadronic partial widths by 
onlv 0.6%, and can be safely ignored since the uncertainty in as of 0.015 gives an uncertainty 
0.4% in the hadronic partial widths after the first-order QCD correction. 

Electroweak Corrections 

Electroweak corrections include purely electromagnetic effects from final and initial 
state photon radiation and genuine electroweak or oblique [21] corrections from the dressing 
of propagators, along with box and vertex corrections. 

Final state photon emission, as shown in Fig. 7, summed to all orders and partially 
cancelled by terms from final state vertex corrections constitutes a small correction of [14]: 

r / /= r / / ( 1 + V> ^ 
This correction increases individual partial widths by at most 0.17% and can be ignored. 

Initial state radiation substantially distorts the lowest-order Breit-Wigner Z line shape. 
. If an electron or positron radiates energy in the form of one or more photons before an 

interaction, the effective Ecm of the system decreases. Because of the resonance, the cross 
t section is enhanced above the Z pole {radiative tail), and is suppressed below the pole. 

These initial state radiative corrections do not affect the numerical value of Tz but rather 
affect how Tz is extracted from the measured resonance shape. 
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\wvw\ 

Figure 7: Feynman diagram describing final state photon radiation in Z 
decay. 

Genuine electroweak radiative corrections result from internal loops of leptons and 
bosons from the vacuum polarization of the photon and the self-energy of the Z as shown in 
Fig. 8. Electroweak radiative corrections modify the Born relations and the effective values 

y 
all particles whteh couple^ j 

Figure 8: Feynman diagrams describing oblique or internal loop radiative 
corrections. 

of the parameters of the Standard Model, such as sin2 6w and p (p = po = Afw/Affcos2 8w), 
whose values depend on the scale at which they axe measured. 

At tree level, the relation between sin2 8\v and Mz is: 

sin'' 0vvcos2 6\v 2 /».„ = -
V2GFPoMf (21) 

Beyond tree level, 

sin 2 tfvvcoe2 0\y = 
V2GFpoM2

z(l - Ar ) ' 
(22) 
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(23) 

Ar = Ar(a, a „ G F , M~z, m,, m//, 'new' physics), 

where Ar embodies all of the 0(a) radiative corrections [19] including the running of the 
electromagnetic coupling constant a up to the energy scale of the Z [17]: 

«(*4) = Y^EZ, = 1 0 6 4 a ' ( 2 4 ) 

Virtual particles heavier than the Z can circulate in the internal loops of Fig. 8; Ar shows 
a strong dependence on m, and a weaker dependence on m w o. Hsavier particles resulting 
from physics beyond the Standard Model can also contribute to Ar in calculable amounts 
[15]. 

In the on-shell renonnalization scheme [20], the simplest definition of 0w is used in 
terms of the physical W and Z masses: 

sm29w = l-~ftss2

w. (25) 

Corrections to the calculations of partial widths from Ar can be taken into account using 
an improved Born approximation [18] that includes the real parts of oblique corrections but 
ignores small corrections from imaginary parts of self-energies, vertices, and boxes. In all 
of the preceding expressions for Tz(Z —»//), simply replace 

GF ~> pGF (26) 

and in the calculation of the weak coupling constants, use an effective miring angle: 

*w = »w + CwAp. (27) 

That is, 

a/ = 1T{ (28) 

v, = 2(Ti-2Qss2

w). (29) 

The values of sjv, s2

v, and Ap are obtained from the program SIN2TH which follows the 
explicit formulae for one-loop weak corrections in the on-shell scheme in Ref. [16] when 
calculating Ar. Note that s2

v is equivalent to sw2(M\) of Lynn and Kennedy [21], and 
(sin2 0H)A7S of Marciano and Sirlin [22]. 



18 Chapter 2. New Quarks and Leptons in Z Decays 

\ 
b(b') 

b(V) 

Figure 9: Feynman diagrams describing radiative corrections for the Z-bb 
(or Z-b'V) vertex. 

For / = 6 or V, there are additional large terms from the vertex corrections [23] of the 
type shown in Fig. 9. To include these terms, for f = b,b' only, we make the replacements: 

P 

Pb 

=2 SW 

y/ppl 

P(l ~ jAp) 

(30) 

Including the Ar and Z — bb electroweak correction terms changes the Bom partial 
widths by up to 1.5% depending on the value chosen for the top quark mass. 

Numerical Results 

In the calculation of partial widths, the numerical values of Mz = 91.14 GeV/c 2 [24], 
mH = 100 GeV/c 2 and A-j^g = 290 MeV (giving ct,(M%) = 0.123) are used. In all cases 
except for mt < Mz/2, the value of mt = 100 GeV/c2 is chosen. From SIN2TH [16], for 
mt = 100 GeV/c 2, the result Ar = 0.0575 is obtained, and from the relation 

M?v(l-Mh/M}) = V2GF(l-Ar)' (31) 

we get 

32

w = 0.233 ; i$v = 0.230 (32) 

resulting in the partial widths listed in Table 5. For the case of V and i/4, the values of 
mt> = 100 GeV/c2 and mL = 100 GeV/c2 are chosen to keep the contribution [25] Ar due 
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Table 5: Partial widths of Z to the known fundamental fermions. 

Partial Width 

(GeV) 
Ve, Vp, " T 0.166 
er,n~,T- 0.0835 
u, c 0.296 
d, s 0.381 
b 0.376 
Hadronic (udsco) 1.73 
Total 2.48 

jrmion generation 1 
) • 

A _ a 3sin 20w 
4r 4 cos2 0w 

rn\ - m l 
(33) 

down to an absolute value less than 0.0002. 
The partial widths for the Z decaying into new sequential quarks and leptons as a 

function of mass are shown in Fig. 10. 

Uncertainties in Heavy Quark Partial Widths 

The partial widths for t- and 5^-quarks are subject to uncertainties due to an insufficient 
knowledge of higher order QCD corrections for massive quarks. It is anticipated that the 
potentially large higher order corrections might sum up to modify the leading correction 
term by only a factor (1 -exp(-2na,/30)) similar to the result in QED, and uncertainties 
are estimated [32] to be ±30% of the first order QCD correction as shown in Fig. 11. 

The uncalculated higher order corrections are expected to alter the 0(a,) result signif­
icantly in the region where the first order result exceeds the Born term close to threshold 
(TTIQ « Erjn/2) and perturbative QCD breaks down. In this mass range, the produced 
quarks see a strong force potential, briefly form a bound state, and exchange coulombic 
gluons resulting in an increased partial width. For s far larger than 4TTIQ the difference 
between energy and momentum for the scale p of QJ(M 2) is unimportant. When approach­
ing the threshold region, the choice ^ = 4tf where p, = 0M/J2 mimics the onset of the 
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I 
I 

Mass (GeV/c'!) 

Figure 10: Partial widths for new heavy fermions as a function of mass. 
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nonperturbative behavior [32]. Different treatments of the calculation of partial widths 
in this region [26] disagree by as much as a factor of two. The typical mass mg, of a 
possible heavy quark (t or 6') hadron is estimated to be m^, ~ mg + 400 MeV, and to 
avoid controversial treatments and to be conservative, the Born partial width is used in all 
subsequent calculations in the mass range close to threshold defined as ( £ c m / 2 — 600 MeV) 
< TOQ < Ecm/2. The Born partial width is an underestimation of the partial width to all 
orders. 

2.2 The Top Quark (t) 

While the t-quark has not yet been found, its existence is supported by the measured 
properties of the b-quark. In the framework of the Standard Model, the t-quark decays via a 
virtual W boson (W*) in a charged current (CC) process into a b-quark. The decay t—*bH+ 

would dominate the standard charged current if a light enough charged Higgs component of 
an extended scalar sector with several Higgs doublets exists. If the H± decays hadronically, 
then the standard search strategies at pp colliders, looking for hard isolated leptons, would 
not be sensitive to such a possibility. Much of the following discussion can also be applied 
to any other heavy quark such as a fourth generation b' with mass less than Afz/2. 

2.2.1 Why the i-quark Must Exist 

There is much indirect evidence for the existence of the t-quark. It is an essential part 
of the third generation of 517(2) doublets and singlets: 

W« (*)« (*)* • 
L 

A non-zero forward-backward asymmetry measurement of tagged b-jets in e + e~ —*bb at 
PEP, PETRA, and TRISTAN [27] indicates that the axial coupling of the b-quark to Z 
is non-zero, so the b-quark is in a doublet and there has to be a heavier quark to be its 
partner. The heavier quark is, by definition, the <-quark. In addition, if bt were a singlet 
like bn, then flavor-changing neutral-current decays of B mesons would result [28]. An 
upper limit [29] of Br(B -»/+1~ X) < 0.0012 again shows that b/, is in a doublet. Finally, 
cancellation of triangle chiral anomalies [30], which is crucial to the renormalizability of 
the electroweak theory, requires the same number of generations of quarks as of leptons; 
therefore, the existence of the uT-r generation requires the existence of a t-b generation. 

:. 0 
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2.2.2 Heavy Quark Fragmentation 

fragmentation is the process describing the organization of colored quarks into colorless 
hadrons involving the creation of additional quark-antiquark pairs by the color field as 
shown in Fig. 12. It is generally anticipated [31] that almost all of a heavy (i.e. mass 

H(QV) 

Figure 12: fragmentation of heavy quark Q to heavy hadron H{Qq). The 
quark half of the qq pair is free to carry on the fragmentation process, con­
tinuing until there is insufficient energy to produce new qq pairs. 

greater than mj) quark's original energy will reside in a meson or baryon carrying the 
heavy quark Q after fragmentation. From energy density arguments [32], Z bosons are 
expected to decay into a pair of Q hadrons and at most a few plons of very low energy ( 
~ l G e V ) . 

Perturbative QCD cannot be used to calculate fragmentation behavior and semi-empirical 
methods are needed to describe it. The fragmentation function f(z) is a parameterization 
of the fraction of energy and momentum parallel to the parent quark direction (pn) carried 
away by the produced hadron with 

_ _ (-E+Pn)h»dron 

CE+P||)quark 

Fragmentation functions considered are the Peterson model [33] 

H*) = —, p 72. (35) 

where e = (rno/mQ)2 with mo some reference scale and THQ the heavy quark mass; and the 
Lund Symmetric model [31]: 

/(*) = i ( l - zY exp (-lm$./z), (36) 

where mj is the transverse mass of the produced hadron and a = 0.45 and 6 = 0.9 GeV~2 

are parameters chosen to fit experimental distributions. 
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2.2.3 t-quark Charged Current Decays 

The charged current decay of hadrons containing a t-quark in the spectator model is 
considered as shown in Fig. 13(a) where the light q-quark acts as a spectator and plays 

Figure 13: (a) Decay of a top hadron in the spectator model; (b) effective 
Feynman diagram for decay of a top quark. 

no role in the decay. This model should be particularly valid for any heavy new quark 
constituting a hadron, and the simpler Feynman diagram of Fig. 13(b) conveys the same 
information. The t-quark decays primarily to a {/-quark and a virtual W with a rate: 

* ' - » n - ^ l % l V ( $ . $ ) . 07) 

where |Vt(,|2 ~ 1 and f(p,/j), given in Ref. [35], is a function that needs to be numerically 
integrated to explicitly take the W-propagator and non-zero b'-quark mass into account, 
but which approaches unity for mt » m* and m ( <C M\y- A fraction 2/3 of t-quarks with 
mt 3> mc will decay into three jets t —<• bud and bcs, and 1/9 to t —» be+i/e, ft, and T each. 
We are interested in the semileptonic decays which can result in an isolated lepton with 
both high momentum and high transverse momentum with respect to the associated quark 
jet, giving a distinctive signature. The branching ratio for semileptonic decay is modified 
slightly by QCD corrections [36]: 

B r ( f - ^ ) = 3 + 6 ( 1 W f f ) . <38> 

owing to virtual gluon exchange and emission in the light quark decay modes. 
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If the W decays hadronically, then spherical events result, which can be characterized 
by certain event shape parameters. The presence of a t-quark can then be checked using 
the two different topologies. 

2.2.4 t-quark Decays into a Charged Higgs 

Looking beyond the Standard Model, we are led to consider an extended scalar sector 
with more that one Higgs doublet [37]. If the charged Higgs components of these doublets 
are not too heavy, the decay t —»Mf+ as shown in Fig. 14 will dominate standard charged 

Figure 14: Feynman diagram describing decay of t through a real charged 
Higgs H+. 

current decays. The H+ would decay dominantly via H+ —> ca and M+ —» TV modes result­
ing in signatures making their detection at pp colliders difficult, even suggesting [38] that 
the existing mass limits on mt from pp colliders may not be valid if a light H+ exists. 

In the two-Higgs-doublet (THD) models, one doublet fa gives mass to T$ = —1/2 quarks 
and the other doublet fc gives mass to T3 = 1/2 quarks via vacuum expectation values v\ 
and v2 where 

The THD model leads to five physical Higgs bosons: two neutral scalars {CP even) H° 
and H°, one neutral pseudoscalar {CP odd) H%, and two charged scalars H+ and H~. All 
the masses and the ratio tan /3m{x = V1/V2 are a priori unknown. The present mass limit of 
m / / + > 19 GeV/c2 at 95% CL has been determined by CELLO [39] for the charged scalars. 
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If mt > m H + + mi,, then the on-shell decay width of t —* bH+ is [38]: 

T(t - W7+) = | ^ £ [m,2 cot 2 pmix + ml tan 2 0mix] • (m2 + m6

2 - m2

H+ + 2ro6ro<) (40) 

x (m 4 + m 4 + m 4 ^ - 2m2

hm] - 2m2

H + m 2 - 2m£m 2

v + ) . 

The term in square brackets depends on (3mix and has a minimum of 2mt>/mt. Note 
that T(t—>6F+) oc G F " I ? as a two-body decay, while the charged current decay width 
T(t -+ 6// ') oc Gpfn? as a three-body decay. As an example, assuming mt = 40 GeV/c 2 

and mH+ = 25 GeV/c 2, the minimum value of r(t-*bH+) is 3.0 x 1 0 - 3 GeV to be com­
pared with T(t —»bW) = 2.1 x 1 0 - 5 . In this typical case to be considered, the decay width 
of the t into a real H+ is at least a factor of 100 times larger than the charged current decay. 
The H+ couples preferentially to the heaviest available fermions, and branching fractions 
depend on the value of Pmlx. These branching fractions can be estimated as [40]: 

B r ( # + ^ T + » / ) ~ l / ( l + 3 tan 4 / ? m j I ) ; Br(H+ -»c») ~ 1/(1 + | c o t 4 0 m i x ) . (41) 

In the following searches for t —* bH+, arbitrary mixtures of H+ —»« and H+ —> i - will 
be considered, and if m< > m& +mH+, then it will be assumed that the i-quark decays 100% 
through a real charged Higgs. The topology of these decays will in general also produce 
spherical events and large momentum sums out of the event plane. 

2.2.5 Present t-quark Mass Limits 

The reaction e +e~ —»qq is a model independent way to search for new heavy quarks. 
Unambiguous limits come from studies at TRISTAN (41] giving mt > 27.7 GeV at the 95% 
confidence level (CL). More model-dependent and somewhat less direct t-quark searches 
rely on signatures in hadronic reactions in pp collisions from W decays to tb or via quark-
antiquark (qq —»tt) and gluon-gluon fusion (gg—>ti). The limit from UA1 [42] is mt > 44 
GeV/c 2 at 95% CL; from CDF [43], m, is excluded between 40 and 77 GeV/c? at 95% 
CL; and mt > 67 GeV/c 2 from UA2 [44]. It is stressed that all of these pp collider limits 
assume 100% CC decays of the (-quark. An effort has been made [45] to reinterpret the 
UAl data to place a limit on t decaying only through a charged Higgs, but it assumes a 
large branching fraction for H —> ruT. 

From theoretical considerations [46] of the ARGUS and CLEO measurements of BB-
mixing [4], mt should be greater than about 50 GeV/c 2. 
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An upper bound on mt can be determined from comparison of experimental data to 
theoretical predictions with radiative corrections. Electroweak radiative corrections depend 
on m. and mWo because t and H° appear in virtual loops as described earlier. Consistency 
of world electroweak data with a common set of Standard Model parameters place bounds 
on m ( . Several comprehensive analyses [47] broadly agree: 

mt < 200 (180) GeV/c2 if mHo < 1000 (100) GeV/c 2 (42) 

< 168 GeV/c2 if mWo < Mz. 

It can be seen that it is difficult to accommodate mt < Mz/2 in the three genera­
tion Standard Model; however, experimental measurements leading to unambiguous mass 
limits are always desirable. In particular, decaja of the t-quark through H+ can also be 
unambiguously excluded in e + e~ collisions. 

2.3 Fourth Generation Q = -1 /3 Quark (&') 

The possibility exists that a fourth generation weak isospin —1/2, charge —1/3 quark, 
usually known as the t'-quark, has a mass nty < Mz/2. The part of the cross section 
which is induced through the neutral vector current is nearly a factor of four larger than 
the corresponding one for t, and a relatively large branching ratio for Z —» b'U is expected as 
shown in Fig. 10. If mt,' > mt, the charged current decay V —* tW is expected to dominate, 
but then the t-quark as described in the previous section would also be pair-produced and 
detected. We therefore only consider the case mj< < mt. 

2.3.1 6'-Quark Decay M o d t a 

If my < mu then, as shown in Fig. 15(a), the 6'-quark will undergo the charged current 
decay V —+ cW" which is suppressed by the mixing matrix element Vd,> that is expected to 
be small since it is a transition across two generations. We also assume m^ > my following 
the pattern mc > ms and mt > mt. From an extension of the Wolfenstein parameterization 
[48] of the KM matrix to four generations [49], the estimate 

|V c 6-|~|^or lef (43) 

can be made where sia0 c ~ 0.23 is the Cabibbo angle. A significant reduction in the CC 
decay rate is expected, and depending on the mass assignment for t-quark and f'-quarks, 
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and the choice of unknown mixing angles, induced flavor-changing neutral-currents (FCNC) 
decays shown in Fig. 15(b) could compete or might even dominate the CC decay. FCNC 

y,g,H°,orZ° 

Figure 15: (a) Charged current (CC) and (b) flavor-changing neutral-current 
(FCNC) decays of the b'-quark. 

decays are enhanced since the relevant mixing matrix elements VfoVX and VvyV^ are less 
suppressed than Vci,<, and also because the loop amplitude grows with the mass of the 
virtual quarks (i or i*) in the loop. FCNC decays will dominate [50] if 

l V e i'l < 10- 2 . (44) 

The relative fractions of FCNC hadronic and photonic decays roughly follows the ratio of 
aa to a, but also shows a complicated dependence on mt and mt'. 

For our case of mt, < Mz + mi,, off-shell Z contributions are an order of magnitude 
or more below b' —*lrt transitions, and are not considered in the following studies. Under 
these assumptions the distinctive FCNC modes [51] 

V —»6 glvon and b'—*by (45) 

could become dominant, with the first channel leading to b'~*b + hadrons and four jet 
events, and the second channel to events with isolated high energy photons. Since there 
are so many unknowns, arbitrary mixtures of CC and FCNC decays are considered as well 
as arbitrary fractions of V~*b g and b' -»67 in the FCNC part. If m#o +mb < mi,', the 
decay V-*bH° can be the dominant FCNC mode [52]. If the H° is heavier than about 10 
GeV/c2, it decays primarily into 66, resulting in a six jet final state. We also search for 
the case V —»cH~ and the detection efficiency for b' —> bH° is expected to be similar. Any 
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mass limit obtained for b' -*cH~ can be applied to 6'—»6f/° if m,/ is replaced by niy/o; 
therefore, we do not directly consider the decay through a neutral Higgs boson. 

Small, suppressed decay widths translate into long lifetimes and the concern that decays 
may not occur within the detector volume, or else affect track trigger efficiencies and track 
selection efficiencies' IVom sensible extensions of the KM matrix to four generations such 
as in Eq. 43, lifetimes of only up to 10~ 1 2 seconds are anticipated. Decay vertices may 
then be observable in vertex drift chambers, but would only negligibly affect triggering or 
track selection efficiencies. Searches for long-lived ft'-quarks such as performed by the UA1 
Collaboration [53] are not included in this work. 

Finally, if a H+ charged scalar exists with my > mc + m,/+, then the decay b' -» cH+ 

will dominate both the FCNC and CC decays just as in the r-quark case. 

2.3.2 Present fc'-quark Mass Limits 

Comprehensive searches for both CC and FCNC decays of the fr'-quark have been 
performed at TRISTAN [54] resulting in the limits mv > 28.4 GeV/c2 {CC decay) and 
m f > 28.3 GeV/c? (100% FCNC decays, with arbitrary mixtures of b' -> b g and b' -* by). 
Again, the pp colliders give more model-dependent limits which consider CC decays: UA1 
finds [42] mi,' > 32 GeV/c 2, and UA2 gives [44] mh, > 53 GeV/c 2 at 95% CL. 

Limits on deviations of measured electroweak parameters from theoretical predictions 
using radiative corrections which gave an upper bound on m, can be extended to new 
generations, but only give an upper bound on the moss splittings between members of 
isospin doublets: 

(mt, - mh,f + -{mUi - mL)2 + (m ( - mb)2 < (195 GeV/c 2) 2 (46) 

(with TO/,0 = 1000 GeV/c 2). 

2.4 Heavy Neutral Lepton (Neutrino, 1/4) 

The pattern of masses within generations of the known fundamental fermions suggests 
that the lightest member of a new, fourth generation should be its neutrino. Since neutrinos 
have no electric charge and only weak charge, s-channel pair-production can only occur 
through a real or virtual Z in e+e~ annihilation. A dramatic increase in the production 
rate therefore occurs at the Z resonance in contrast to lower e +e~ annihilation energies 
where most processes occur through a virtual 7. With 6% of Z decays going into vv for 
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each light neutrino in a weak doublet, additional neutrinos are very amenable to detection 
at the SLC. 

2.4.1 Neutrino Mass and Mixing 

In the Electroweak SU(2)L®U(\)Y model, the photon and all three species of neutrinos 
have zero mass. For the photon, masslessness is a natural consequence of exact electromag­
netic guage invariance; its validity being well verified experimentally by the present bound 
m~, < 6 x 10" 1 6 eV. However, the masslessness of neutrinos is not on such firm theoretical 
or experimental footing. Theoretically, m v = 0 because only the left-handed component 
ui of each neutrino species is employed (the right-handed component VR is assumed not to 
exist) and lepton number conservation is required. Relaxing either of these constraints can 
lead to m, ^ 0. Indeed, the present bounds [55] 

m„; < 20 eV (95% CL) 

m„„ < 0.25 MeV (90% CL) 

Tr.„r < 35 MeV (95% CL) 

leave considerable room for speculation that neutrinos actually do possess mass. From the 
observation that particles of successive generations have higher masses, a possible fourth 
generation neutrino may have a mass considerably larger than the above limits. Indeed, 
many theories [58] assert the existence of one or more heavy neutral leptons, many with 
masses below Mz/2. Heavy neutrinos are also the original weakly-interacting-massive-
particle (WIMP) contenders for cold dark matter postulated for the closure of the universe 
[59]. 

According to the Standard Model, lepton masses come about through a Yukawa-like 
coupling of the lepton fields to the vacuum expectation value of the Higgs field. The 
fermion masses generated by the Higgs mechanism are totally arbitrary, their values are 
chosen to agree with experiment. If right-handed components exist, then neutrinos can also 
be given arbitrary masses by the Higgs mechanism. 

For an additional fourth generation neutrino with mass, the weak and mass eigenstates 
do not necessarily coincide, just as for the quark sector. This can be conveniently expressed 
in terms of a unitary mixing matrix U which "rotates" the neutrino mass eigenstates i/, 
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(i = 1,4) to the weak eigenstates u( (t = e,fi,T, and L), so that t 

h>=£^.|".>- (47) 

There are no flavor-changing neutral currents (FCNC) because of the GIM mechanism [61] 
in this scenario since all the neutral leptons have the same value of weak isospin. Using 
the above notation, the particle of interest is the mass eigenstate p 4 . Theory provides little 
guidance for a choice of miving scenarios, though a reasonable assumption is preferential 
mixing to the closest generation such that \Ud\ < \UU4\ < \UT4\-

2.4.2 Dirac and Majorana Type Neutrinos 

Particles with electric charge are clearly distinct from their antiparticles by their elec­
tromagnetic properties, but it is not obvious in what way elementary neutral particles 
should differ from their antiparticles. A Majorana particle [56] is one which is identical 
to its antiparticle, while a Dirac particle is one which is distinct from its antiparticle. A , 
massive Dirac neutrino consists of the four states (v£,i/+) and (z/f, v^) where the sub­
scripts indicate negative and positive helicities. A Majorana neutrino consists only of the • 
two states (v^,i/^). For massless neutrinos, the distinction makes no difference, since the 
standard weak interactions couple only to left-handed states. States may be physically 
distinct because of their helicities, whether or not v = v. 

The masses of the neutrinos of the presently known three generations have been con­
strained to be small, but experimental results allow the neutrinos to be of either Dirac or 
Majorana type. New neutrinos could have large masses and be of either type. In particular, 
the widely regarded "see-saw mechanism" models [57], which attempt to explain the small 
masses of the neutrinos of the first three generations, predict the presence of both Majorana 
and Dirac type new heavy neutrinos. 

2.4.3 Neutrino Partial Widths 

The partial width for the Z decaying into a sequential fourth generation Dirac neutrino-
antineutrino pair (i.e. distinct fermions) is simply obtained by substituting the appropriate 
values of the weak coupling constants vu = au = 1 into the expression for partial widths 
given in Eq. 5. » 

When the Z decays into a pair of sequential Majorana neutrinos, they coherently inter­
fere with each other since they are identical fermions. The production amplitude through 
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Z decay therefore has to be antisymmetrized and integrated over only half the phase space 
[60]. The Majorana neutrino vector coupling then cancels out for any combination of left-
and right-handed couplings, and the axial-vector coupling is doubled. At tree level, this 
results in: 

' /?(3 + /32)/4 Dirac; 
{P Majorana, 

T{Z- • VV) = — 7= A (48) 

where 0 = (1 — iml/a)1^2. These two widths are compared in Fig. 16. Note that the widths 
for the two types of neutrinos are identical at zero mass where the distinction between the 
two types vanishes. 
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Figure 16: Partial widths for Z decay into Dirac (solid line) and Majorana 
(dashed line) neutrinos. 

Massive neutrinos can also be produced through other channels in e + e~ annihilation. A 
massive neutrino can exist in a SU(2)L singlet, as predicted by some theories [62], and we 
will denote these neutrinos by N. The processes e+e~ —»NN and e + e~ —»v̂ N are possible 
through t-channel W exchange. However, the W exchange proceeds by the matrix element 
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U\r in the lepton sector, analogous to the quark sector, and the two previous produc­
tion rates are suppressed by |t/)v<|4 and \U.N(\2 respectively compared to the unsuppressed 
Z decay into SU{2)L doublet states. Limits from lepton universality [62] demand that 
\Usi\2 < 0-1 for all generations and masses, and compared to Z decays, the production 
rates above are small. The decay Z —• Ni> is also possible [63], but is also highly suppressed 
by a small coupling factor. Therefore, the following searches will not consider massive 
neutrinos N in SU(2)L singlets, the production rate is too small. 

2.4.4 Neutrino Angular Distribution 

The angular distribution for sequential Dirac neutrino pair-production can be calculated 
using Eq. 8: 

y ' P ) = G y 2 • fl(l - 4*?, + 85V)(1 + 02 cos2 <?)] + 2(1 - tfw)0 cos e\, (49) 

with R{s) the form of the Z resonance from Eq. 9 and s\v the effective value of sin- 9w after 
radiative corrections defined earlier. For comparison, the sequential Majorana distribution 

The Dirac angular distribution is approximately proportional to (1 + cos2 0) as /J —»1, and 
becomes isotropic as /?—»0. In contrast, the Majorana angular distribution behavior in 
angle is independent of mass and always proportional to (1 + cos2 9). The differences 
between the two distributions is small for low masses, while the differences can lead to 
noticeable disparities in geometric acceptances for high masses. 

2.4.5 Neutrino Decay 

If the pattern of leptons masses in isodoublets in the first three generations is not 
followed, and mi < m„,, then v+ will decay through a virtual W+ to L~ and a fermion-
antifermion pair. The L~ will be stable unless there is significant mixing of the L~ to e,fi, 
or T. A limit excluding stable fourth generation charged leptons has been set at IUL > 36.3 
GcV/c2 at 95% CL [64] making this decay channel unlikely. The case of L~ mixing will 
not be considered. 

If, as in the first three generations, m.i,i < m/,, then 1/4 is either stable or will decay 
through the emission of a W" into a charged lepton I with the standard coupling strength 
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multiplied by Ufi if there is ant/ miring to the lighter generations as shown in Fig. 17(a). 
With mixing, the weak charged current decay modes v\ —> W"l\ I = e, /x, r are then possible. 
For sequential neutrinos, FCNC decays through Z emission as shown in Fig. 17(b) are highly 
suppressed by the GIM mechanism (neutrinos N which behave as singlets under weak 
isospin can, however, undergo FCNC decays) as described earlier, and are not considered. 
If m, > Mz/2, then the W can decay into each of the three lepton doublets or two quark 

$ = ©", Jl\ T" 

/ e + , ^T td ,s ( a ) 

r v^v^v,, u,c f 

Figure 17: Feynman diagrams describing decay of massive sequential Dirac 
neutrinos (a) via the allowed charged current; and (b) highly suppressed 
FCNC decay. 

doublets (with three colors each) and the decay rate is given by: 

r(^/-X) = 9|̂ ggfjF, (51) 

where /" is a phase suppression factor [65] for massive final state particles which differs 
from unity only when one or more of the final state particles is a r lepton or o-quark, and 
m», is relatively small. The lifetime of v® can be expressed in terms of the p lifetime as: 

>evv)Br(vi^>t-e¥u) 
\U(4\2F 

Majorana neutrinos can decay via both the modes shown in Fig. 18 because of CPT 
conservation. No interference occurs between the diagrams because the final states are dis­
tinct. The predicted total lifetime will be simply one-half the corresponding Dirac neutrino 
decay since for every Dirac neutrino decay, there is a cr-«esponding Dirac antineutrino 
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Figure 18: Possible decay modes for a Majorana neutrino. 

decay of equal width, both of which are allowed for the Majorana neutrino. That is, for 
equal mixing matrix elements, r{uj?) = 2T(J/ 4

W ) . 
The v\ mean decay length in the CM frame is 

4 , = 0ycrvt (53) 

where 7 = 1/(1—01)1^2 and c is the speed of light. Figure 19 shows the mean decay lengths 
of 1/4 particles as a function of mass and mixing matrix element. 

Possible v^Vi event topologies can be categorized into three general classes depending 
on the mass and the lifetime: 

Short-lived Neutrinos 

Large mixings to the lighter generations leads to prompt 1/4 decays (i.e. mean decay 
lengths less than 1 cm). At least one charged lepton is always present in the decay products 
of each 1/4, and as m„4 increases, this lepton will become more and more isolated from the 
other decay products. Note from Fig. 18 that Majorana neutrino decay can lead to same-
sign isolated dilepton events in contrast to Dirac neutrinos whose decays can lead only to 
opposite-sign isolated dilepton events. 

Long-lived Neutrinos 

For small but non-zero values of mixing, the f4 will have a long mean decay length 
resulting in decays in the detector volume and the observation of detached vertices. 
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Figure 19: Mean decay lengths of massive Dirac and Majorana neutrinos as 
a function of mass and mixing matrix element. 

Very Long-lived or Stable Neutrinos 

For tiny or zero miring values, the u4 particles can escape the detector before decaying. 
Their presence can be inferred by this Z decay mode increasing the width of the Z reso­
nance. These decays would contribute to Z decays which are not visible in the detector, 
but which increase the "invisible" width of the Z. Splitting the total Z width into a visible 
and invisible width, 

Ttot = Tvjs + Tinvis, (54) 

a stable z/4 (no mixing, therefore v4 = vi) will add a contribution of 

A r i n v i s = 166 MeV • f 0(3 + /? 2)/4 Dirac; 
(55) 

Majorana, 

only to rjnvi8. For finite decay lengths, there will be some efficiency for u4 events to 
contribute to r v i s , while the contribution to r^vis will not be as large. Mass limits will be 
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set using the resonance parameters of the Z measured [66] with the Mark II detector. For 
unstable, promptly decaying 1/4 events, the contribution will be mostly to r v i s - However, 
for these events, the direct searches described above are more efficient. 

2.4.6 Present i/4 Mass Limits 

A massive neutrino mixing with known neutrinos vi would reduce the vi& effective 
weak interaction coupling strength by a factor (1 — |(7<4p/2) and universality arguments 
[62] limit mixings at the 2<r level to: | r / e 4 | 2 < 0.043, \Uui\2 < 0.008, and | I / T 4 | 2 < 0.30 for 
new Dirac sequential neutrinos. An excellent review of exclusion regions for a low mass i/4 

can be found in Ref. [67] and present exclusion regions for large mass vA are summarized 
in Fig. 20 for 100% mixing to ve. The exclusion regions for 100% mixing to i/A and vr are 
similar, except the CELLO result was not extended to mixing to vT. 

10 20 30 

v 4 Mass (GeV/c2) 

Figure 20: Examples of 95% CL excluded regions for a Dirac sequential u4 

(100% mixing to i/e) in the m„, versus mixing matrix element \U^\2 plane 
given by (1) AMY, Ref. [68], (2) CELLO, Ref. [69], (3) Mark II secondary 
vertex search at PEP, Ref. [70], (4) mono jet searches at PEP, Ref. [71], and 
(5) e-/i universality, Ref. [62]. 
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2.5 Heavy Charged Lepton (L~) 

Fig. 10 that shows the partial widths of new heavy fermions as a function of mass 
clearly illustrates the relatively small production rate of L~ compared to t, V, and v*. 
The small data set of 528 Z decays collected by the Mark II precludes direct searches for 
L+L~ events to set significant mass limits. However, L~~ can potentially be detected by an 
increase of Tz if m„L < mz, < MzJ2 and IT —» VLW" is the dominant decay mode. It is 
also assumed that the neutrino is stable with no miving (z/4 = vi) to avoid the complication 
of mixing in both the charged lepton and neutrino sectors. This indirect method is also 
sensitive to events with particularly small mass differences {6 — mi — mUL) where direct 
detection could be difficult [72]. If both VL and L~ are kinematically accessible through Z 
decay, then Tz will increase by: 

A T z = r £ + I V (56) 

It is the substantial size of TVL which makes this method sensitive to significantly large 
values of mi for the relatively small data set. 

2.5.1 Present L~ Mass Limits 

Previous searches have set an experimental limit of mi > 30 GeV/c2 at 95% CL from 
e+e~ collisions [73], and a less direct limit of mi > 41 GeV/c2 at 90% CL from pp collision 
[74] assuming that \>L is mossiest. These limits degrade as vi increases in mass, and [72] 
contains a comprehensive review of limits with m„L jt 0. 



Chapter 3 

Experimental Apparatus 

The SLAC Linear Collider (SLC) provides colliding e~ and e + beams at a center-of-
mass energy Ecm of approximately 91 GeV, the mass of the Z. This analysis uses data 
collected by the Marie II detector that occupies the Bole interaction region of the SLC. The 
Mark II detector was upgraded extensively after productive runs at the SPEAR and PEP 
storage rings, and the upgraded components first tested during trial runs at PEP. The 
detector was physically moved from a PEP interaction region to the SLC collision point 
in 1987, followed by a lengthy and difficult commissioning of the SLC. The first hadronic 
decay of the Z ever observed occurred in the Mark II detector on April 11,1989, and the 
data (19.7 nb"1) for this thesis were collected in the time period from April 1989 to October 
1989. 

This chapter describes the SLC machine and the Mark Q detector, stressing components 
used in this analysis. 

3.1 The SLAC Linear Collider (SLC) 

The SLC [75] is a novel electron-positron accelerator and a prototype of a new genera­
tion of colliding-beam accelerators. Linear colliders are a way to overcome the scaling law 
for electron colliding-beam circular storage rings, that, because of synchrotron radiation, 
have a size and cost which increases roughly as the square of Ecm. Linear colliders have 
no synchrotron radiation emitted in the acceleration process; therefore, the size of these 
devices increases as the first power of Ecm. The SLC has been a success in both proving 
the viability of the linear collider concept and demonstrating its ability as a tool for high 

38 
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energy particle physics research, in particular, for studying the Z resonance and decays of 

the 2 . 

3.1.1 Description 

Twenty years ago, the two mile long SLAC linear accelerator (LINAC) was first used 

to accelerate electrons for collision with protons (hydrogen) in fixed target experiments. 

Later, the LINAC was used to separately accelerate electrons and positrons for the "filling" 

of storage rings where the electrons and positrons would collide head-on as they coasted in 

opposite directions in the r ig. Rather than a linear collider in the truest sense (two linear 

accelerators pointing at each other), the SLC shown in Fig. 21 is a clever adaptation of the 

pre-existing SLAC LINAC. The LINAC was upgraded with new high-powered klystrons, 

the addition of damping rings, and the construction of beam transport lines (ARCs) t o 

bring the intense, very small beams into head-on collision. 

In a typical operation cycle, e~ and e + bunches with about 1 0 1 0 particles in each 

bunch ere first circulated in small storage rings where they are "cooled" as their transverse 

emittance is damped by synchrotron radiation. After pulse compression which reduces the 

bunch lengths t o 1.5 mm, ••% e + and a e~ bunch are simultaneously accelerated down the 

LINAC t o reach energies of about 47 GeV. Two-thirds of the way down the LINAC, a third 

trailing e~ bunch at an energy of 33 GeV is made to collide with a station -ry tungsten target 

to produce positrons which are returned to the front end of the LINAC to join electrons 

produced a t a thermionic ;jm for the next machine cycle. The original bunches are then 

switched to separate ARCs where they lrr.* about 1 GeV of energy through the emission 

of synchrotron radiation in the process of being steered towards head-on collision. The 

bunches pass through a complicated transport section called the Final Focus system that 

corrects chromatic aberrations and demagnifies the transverse size of the bunches from 

about 1 mm to a few microns before colliding a t the interaction point (IP) surrounded 

by the Mark II detector. After the e~ and e + bunches pass through each other, they are 

"kicked" into extraction lines and deposited into beam dumps. This "single-pass'' operation 

is in sharp contrast to storage rings where bunches intersect billions of times as they coast 

around the ring in opposite directions. 

The luminosity £ of th SLC is given by: 
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Figure 21: Schematic layout and operation of the SLC. 
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where / is the frequency of collisions, N~'+' is the number of particles in the e~ (e + ) bunch, 
<rx and oy are the transverse beam dimensions, and H(D) > 1 is a "disruption factor". 
This disruption factor provides an enhancement of luminosity through the electromagnetic 
focussing of one beam as it passes through the other. Due to power considerations and 
kicker capabilities, the frequency of collisions was limited to 60 Hz at the SLC, necessitating 
micron size beams at the interaction point to achieve reasonable luminosities. Operational 
parameters achieved [76] for the data set considered are listed in Table 6. It should be 

Table 6: SLC Machine Parameters 

Parameter Achieved Design 
Repetition rate, / 
Intensity, JV* 

Spot Sizes, Oi,tjy 

Disruption factor, H(D) 
Luminosity, L (cm _ 2 sec - 1 ) 
Z Rate 

stressed that the values in Table 6 were reproducibly achieved but not simultaneously with 
good efficiency, so that a luminosity of 1.5 Z/hr (1.3 x 10 2 8 c m - 2 s e c _ 1 ) was generally 
considered 'good' running. 

3.1.2 Mach ine Backgrounds 

The problem of machine backgrounds had the potential to prevent the Mark II de­
tector from acquiring usable data. These backgrounds arise when stray beam particles 
strike apertures in the Final Focus (FF) system creating electromagnetic debris, penetrat­
ing muons, and slow neutrons. These extraneous particles can be numerous enough to 
confuse and saturate the pattern recognition capabilities of the Mark II. Reduction of these 
backgrounds requires extensive shielding and protection of the Mark II detector along with 
efficient collimation of the beams. 

Initially, primary collimation of the beams was provided in the FF, but it was impossible 
to operate the detector due to the large flux of electromagnetic debris and muons. These 
were caused when particles in the tails of the spatial distributions of the bunches struck 

60 Hz 120 Hz 
1.8 x 10 1 0 (JV~) 6 x 10 1 0 

1.6 x 10 1 0 (JV+) 
3.3 fim 1.65 /jm 

1 3 
1.3 x 10 2 8 4 x 10 3 0 

1.5/hr 470/hr 
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collimators. A loss rate of 1 per 104 particles in the FF was sufficient to prevent data-taking 
with the Mark II detector. The penetrating muon flux, which is resistant to shielding, is 
now controlled by large blocks of magnetized iron (muon toroids) mounted in the FF 
which sweep locally produced muons away from the detector. The primary collimation is 
now further upstream at the end of the LIN AC and in the ARCs [77]. Even with these 
measures, it was often high machine backgrounds which imposed an upper limit on the 
useful luminosity of the SLC. 

3.1.3 Extraction Line Energy Spectrometers 

To determine Ecm to accurately measure the Z resonance and calculate expected cross 
sections, the energy of each beam £% c a m needs to be known precisely. In a storage ring, the 
energy of the beams is known from the radius of the stored orbit and the field strengths of 
the bending magnets. This cannot be done at single-pass collider. Instead, after the e~ and 
e+ bunches pass through each other at the IP, energy spectrometers [78] in each extraction 
line measure the energy of the particles in the e~ and e + bunches before they strike their 
respective beam dumps. A pulse-to-pulse measurement of £ m with an absolute error of 
±35 MeV and relative error of ±27 MeV is achieved. 

In the energy spectrometer, the beam passes through three dipole magnets as shown 
in Fig. 22. The first small magnet sweeps the beam horizontally, and creates a horizontal 
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Figure 22: Schematic layout of the extraction line energy spectrometer. 

swath of intense synchrotron radiation which is imaged as a stripe on a phosphorescent 
screen 15 m downstream. The large magnet B32 with a precisely measured field then 
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bends the beam vertically by an angle 9 = (0.29978) / B dt/p where / B dl is the field 
integral of B32 in kG-m and p is the beam momentum (GeV/c). The next small dipole 
then sweeps the bent beam horizontally creating a swath of synchrotron radiation parallel 
to the first, and imaged as another stripe on another phosphorescent screen. Measuring the 
distance between the two stripes (about 26 cm) on the screens, and knowing the distetnce 
to the magnetic center of B32, the energy of the beam can be extracted. The width of the 
synchrotron stripes on the screens provides a 10% measurement of the energy spread of the 
particles in each bunch, typically 100 to 200 MeV. 

Iris Control 

Figure 23: The phosphorescent screen monitor (PSM). 

The absolute field integral f Bdt of the two large magnets (B32) were accurately mea­
sured [79] before they were installed. J Bdt was determined to an accuracy of 72 part per 

4 million (ppm) with a point to point variance of 54 ppm. A flipcoil mounted permanently 
inside B32 was simultaneously calibrated and provides field monitoring during running with 
an accuracy of 42 ppm. In situ NMR probes and current monitors provide redundant cross 
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checks. 
The separation between synchrotron stripes and their widths is measured using a Phos­

phorescent Screen Monitor (PSM) shown in Fig. 23. Two identical cameras view phospho­
rescent screen targets mounted a known distance apart. A fiducial array of 100 p.m wires 
with a spacing of 500 pm between centers and backed by a phosphor screen constitutes 
each target. Light is emitted when the synchrotron radiation of maximum energy of 3 MeV 
strikes the phosphor, and the video image of the light stripe parallel to the fiducial wires is 
digitized. The readout of the video digitizers is part of the CAM AC system readout for the 
entire Mark II detector and, after background subtraction, the Mark II online VAX com­
puter fits gaussians to the stripe digitizations. The total systematic error on the distance 
(about 26 cm) between the measured centroids of the stripes is estimated to be less than 
28 urn. 

The end result is that Ecm ± 35 MeV is recorded for each event logged by the Mark II 
detector. 

3.2 The Mark II Detector at the SLC 

The Mark II shown in Fig. 24 is a general purpose particle detector providing excellent 
tracking, electromagnetic calorimetry down to 15 mrad, and good lepton/hadron separa­
tion; however, it lacks hadronic calorimetry and ir/K/p separation above 2 GeV/c. An 
overview of the detector is first given, and succeeding sections give a more detailed descrip­
tion of each major part of the detector that is important to this analysis. The detector 
trigger and data acquisition system is then described. A more detailed description of the 
entire Mark II can be found in Ref. (80] and references therein. 

3.2.1 Overview 

Moving outwards in radius from the interaction point, the following major detector 
components are encountered: 

Beampipe 
The beampipe is an aluminum cylinder with an inner radius of 3.37 cm and a thickness 
of 0.76 mm resulting in 0.0085 of a radiation length at normal incidence. "Wire 
Flippers" are located inside the beampipe at ±0.18 m in z and use thin carbon 
fibers to measure single beam profiles and determine the beam position to first order. 
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Figure 24: The Mark II Detector and detector coordinate system at the SLC. 

They consist [81] of two wire-carrying heads at right angles to each other and can 
be remotely "flipped" into the beam path. The flippers add only about 7.5% to 
the scattering thickness of the beampipe above 20° from the beam axis. There can, 
however, be as much as 1.7 radiation lengths of stainless steel, including structural 
material and flanges, in front of parts of the endcap calorimeters. 

Drift Chamber 
A 72 layer jet-cell drift chamber provides precise information about the direction, 
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curvature, and amount of ionization of charged particles produced at the IF. In con- > 
junction with a solenoidal magnetic field, a momentum measurement and limited 
particle identification of charged tracks is furnished by the drift chamber. 

Time-of-FIight 
At a radius of 1.52 m, 48 slabs of plastic scintillator 3.0 m long and 45 cm thick parallel 
to the beam direction are viewed by photomultiplier tubes, one on each end of each 
slab. The transit time of particles from the IP to the scintillator is measured with a 
resolution of 220 psec and provides charged particle identification and identification 
of cosmic rays. 

Solenoid Coil 
A conventional aluminum cylindrical coil produces a magnetic field of 4.75 kG parallel 
to the 2-axis of the detector. The coil is water-cooled and 1.3 radiation lengths thick. 
The produced magnetic field is uniform within the tracking volume to within 3% and 
has been mapped with an error of less than 0.1%. Hall probes at the each end of the 
drift chamber monitor the field to an accuracy of 0.1%. 

Barrel Calorimeter 
A lead/liquid argon sampling device with strip readout geometry provides electro­
magnetic calorimetry. 

Muon System 
A four layer, planar hadron absorber consisting of steel interleaved with proportional 
chambers covers 45% of the detector solid angle and allows high energy muons (p > 1.8 
GeV/c) to be distinguished from charged hadrons. 

Moving outwards in z from the IP, the additional major systems encountered are: 

Endcap Calorimeter 
A lead/proportional tube sampling device supplies electromagnetic calorimetry in the 
angular region between approximately 15° and 45° from the beam axis. 

Small Angle Monitor 
A tracking section of drift tubes followed by a sampling calorimeter of lead and 
proportional tubes allows the measurement and identification of small angle Bhabha ' 
electrons and positrons for a luminosity measurement at a counting rate of 1.3 times 
the Z decay rate. 
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Mini-Small Angle Monitor 
A tungsten/scintillator calorimeter also identifies Bhabha electrons and positrons for 
a luminosity measurement but at smaller angles where the counting rate is approxi­
mately seven times the Z decay rate. 

3.2.2 Drift Chamber 

Description 

The drift chamber (DC) consists of 12 concentric cylindrical layers of jet cells, each ceil 
containing six sense wires. The innermost layer contains 26 such cells, and each subsequent 
layer contains 10 more cells than the previous layer. The layers alternate between axial 
layers parallel to the beam axis and layers arranged at an angle of ±3.8" to the beam axis 
to provide stereo information for tracking. The chamber extends in radius from 19.2 cm 
to 151.9 cm with an active length of 2.30 m. The wires are strung between 5.1 mm thick 
aluminum endplates which are held apart by a 2 mm thick beryllium inner cylinder and & 
1.27 mm thick outer aluminum shell. 

Charged Particle 
Trajectory 380 urn 

Offset ° 

3.3 cm 

1/ 
mm • 

Ji 
8.33 rum . 

7.5 cm 

• Sense Wire 
• Potential Wire 
o Guard Wire 
• Field Wire 

Drifting Ionization Charge 

Figure 25: Drift chamber wire configuration. 

The layout of wires in a cell is shown in Fig. 25. The average uncertainty in wire 
placement is 35 fun. The 30 pm diameter gold plated tungsten sense wires are grounded 
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and a typical voltage of -4.5 kV and —1.5 kV is applied through a resistor-divider chain 
i.o the field and potential wires respectively. These voltages create a uniform drift held of 
900 V/cm in the cell and a gas gain of 2 x 104. A charged particle passing through the 
cell ionizes the gas (89% Ar, 10% C 0 2 , and 1% CH 4, at a pressure of slightly more than 
1 atmosphere) and the ionization charge drifts towards the sense wire with a velocity of 
52 /im/nsec. A measurement of the time taken for the ionization to reach the sense wires 
allows a precise measurement of the distance of the track from the wire. The sense wires 
are staggered by ±380 nva. to distinguish tracks that pass to the right or left of the sense 
wire plane. 

The sense wire signal is amplified and discriminated and sent to two different digitizing 
systems to provide timing and pulse shape information. Drift times are digitized by 96-
channel LeCroy 1879 FASTBUS TDCs with multi-hit capability and a timing bin width of 
2 as. Pulse shapes are digitized by SLAC-designed [82] 16-channel 100 MHz Flash ADCs 
(FADCs) with 6-bit resolution. The pulse shapes are integrated to determine the amount 
of ionization collected and provide a sample of energy loss [dE/dx) of the charged track 
for particle identification. Pulse shape digitization also provides timing information which 
allows better double hit and two track separation when hits cannot be resolved by the 
TDCs. 

SLAC Scanner Processors (SSPs) [83] in each FASTBUS crate perform zero suppression, 
pedestal corrections, and data formatting. The FADC SSPs also calculate the area integral 
and timing of the pulse shape. The host computer, a VAX 8600, then reads out the 
preprocessed data stored in the SSPs via cable segments. 

Calibration of the FASTBUS modules measures time propagation differences for each 
TDC channel, and pedestal and gain corrections for each FADC channel. 

Performance 

The position resolution of the DC ranges from 220 /im for the longest drift distances 
down to a minimum of 130 /an for tracks closer to the sense wire. Hits in a cell are used to 
find direction vectors (segments) for each charged track, one for each layer. Track-finding 
is accomplished [84] by finding clusters of segments in a p - <j> plane where p and <p are 
respectively the estimated track curvature and extrapolated azimuthal position for each 
segment. The track reconstruction efficiency is shown in Fig. 26 as a function of cos9 and 
has been measured to be > 99% for isolated tracks traversing all 12 layers and measured 
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Figure 26: Track reconstruction efficiency for the drift chamber as a function 
of cos 9. The hadronic events (boxes) are from a Monte Carlo study at SLC 
energies; the Bhabha scattering events (dots) are from a sample of PEP 
data. 

to be approximately 95% for tracks in hadronic Z events. 
In the FADC system, the SSPs apply a "difference of samples" algorithm [85] to the 

digitized sense wire pulse string to find leading and trailing edges for each hit and to 
separate overlapping pulses. The ability of the FADC system to resolve closely spaced 
tracks is shown in Fig. 27 compared to the separation using TDC hits alone. 

A single track momentum resolution of 

— = ^{0.0046p)2 + (0.019)2, (pinGeV/c), (58) 

has been measured using Bhabha scattering events from PEP data in a 4.5 kG magnetic field 
and verified using muon pairs from Z decays at the SLC. The first term in Eq. 58 represents 
the intrinsic resolution of the DC, while the second term [86] arises from multiple scattering 
in material preceding the DC. Thi3 multiple scattering is not uniform in $, and increases 
when particles pass through the wire flippers devices mounted inside the beam pipe or 
through small diagnostic proportional-tube straw chambers mounted between the beam 
pipe and the DC. The momentum resolution improves if tracks are constrained to come 
from a single point (vertex constrained), but since this analysis considers tracks which 
may be decay products of a new, potentially long-lived particle, the vertex constrained 
momentum values are not used. 
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Figure 27: Efficiency for separating two tracks as a function of their dis­
tance ".part for the drift chamber TDCs alone (X's) and including FADC 
information (closed circles). 

The FADCs provide limited discrimination of electrons, pions, kaons, and protons for 
momentum between 1 GeV/c and 8 GeV/c through the measurement of average ioniza­
tion loss (dE/dx) of a charged track. 72 measurements of ionization are made for tracks 
traversing all 12 layers (| cos0| < 0.6), each collected over agas length of 8.33 mm for tracks 
perpendicular to the sense wires. The resolution achieved for minimum ionizing tracks at 
the SLC is 8.5% of the measured value. Particle identification is not used in this work, and 
more details of the dE/dx system can be found in Ref. [87]. 

3.2.3 Calorimetry 

Electromagnetic calorimetric coverage is furnished by the Liquid Argon Barrel Calorime­
ter (LA) and the Endcap Calorimeter (EC), each covering 64% and 22% of the detector 
solid angle respectively as shown in Fig. 28. 

LA Description 

The Liquid Argon Barrel Calorimeter [88] consists of eight identical and indepen­
dent modules maintained at cryogenic temperatures (~ 85 K) by liquid nitrogen and an 
insulating vacuum of 10"6 in the aluminum casing of each module. The modules (each 
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Figure 28: Total calorimeter thickness (solid line) and number ,f saopling 
layers (dashed line) versus cos 6. The shaded area shows the reQiov used for 
calculating the solid angle coverage. 

1.5 x 3.8 x 0.21 m 3 in dimension) are arranged in an octagonal barrel surrounding the 
magnetic coil to cover the polar angle range of | cos 9\ < 0.68 and the full azimuthal angle 
<j> except for 3° gaps between pairs of modules. 

Each module contains 37 planes of 2 mm thick lead separated by 3 mm gaps filled with 
liquid argon, resulting in a total of 14.4 radiation lengths (1.1 nuclear interaction lengths) 
of material at normal incidence. Every second layer of lead is segmented into instrumented 
strips maintained at a voltage of 3.5 kV, and the remaining lead planes are grounded 
creating a 12 kV/cm electric field between lead planes. A photon or electron entering 
the calorimeter will shower elect romagrwtically in the lead planes* and create ionization 
electrons in the liquid argon gaps. The ionization charge drifts to the readout strips to 
produce a signal 

As shown in Fig. 29, the planes of readout strips are ganged together to reduce the 
number of electronic channels to 326 per module in the following mariner: 

F Planes: Nine planes have 3.8 cm wide strips aligned parallel to the z-axis to measure 
the azimuthal angle <f> of the shower. They are ganged into three readout layers, Fl 
(front), F2 (middle), and F3 (back). 

'Due to nuclear interaction processes, an entering hadron will typically deposit less energy and ionization 
due to nuclear interaction processes. 

I 
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T Planes: Six planes have 3.8 cm wide strips aligned perpendicular to the z-axis to mea-
sure the polar angle 9 of the shower. They are ganged into two separate readout 
layers, T l (front) and T2 (middle). 

U Planes: Three planes have 5.4 cm wide strips arranged at 45° to the 2-axis to resolve 
ambiguities due to multiple showers. They are ganged into a single readout layer, U. 

- Solid Pb Segmented Pb 
Liquid Argon in Gaps 

F3 

Figure 29: Ganging scheme for the layers in the liquid argon barrel calorime­
ter. 

In addition, in the front of each module's lead stack, there are three 1.6 mm thick 
aluminum planes separated by 8 mm liquid argon gaps, known collectively as the "trigger 
gap". It is designed to minimise the probability of initiating a shower in order to identify 
showers starting in the magnet coil so that a correction for the energy lost in the coil can 
be applied to the observed energy in the calorimeter. 

The signal on each readout strip is amplified and shaped at the detector to drive an 
output line. The analog signals are sampled at the peak by CAMAC-based sample-and~ 
hold modules (SHAMs [89]) and digitized by 12-bit ADCs in BADC (Brilliant ADC [90]) 
microprocessors which also perform pedestal subtraction, gain corrections, and threshold 
cuts determined from periodic calibration of the electronics by the injection of a varying 
charge at the amplifier. The memories of the BADCs are readout by CAMAC protocol by 
the host VAX computer. 
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LA Performance 

Reconstruction of electromagnetic showers [91] is fairly elaborate. Basically, tracks 
found in the DC are projected into the calorimeter and any deposited energy in a narrow 
cone about that projection is associated with the charged track. Next, clusters of strips 
within each layer are found based on a threshold energy deposition and contiguity of strips. 
Neutral shower candidates are found from self-consistent combinations of clusters in differ­
ent layers in the front half of the calorimeter. Any energy deposited in the back half of the 
calorimeter is added if it is geometrically consistent with an existing shower. 

Figure 30 shows the energy measured by the LA system for 14.5 GeV Bhabha scattered 
e~ and e + at PEP with visible radiative Bhabha events excluded. From the width of the 

12 14 16 18 
Incident Energy (GeV) 

20 

Figure 30: Measured energy distribution for the liquid argon barrel calorime­
ter for 14.5 GeV Bhabha scatters e~ and e + at PEP. The histogram is a 
Monte Carlo r ->jlation of the detector response. 

distribution at half maximum, cr(E)/E = 4.6%. The non-gaussian low energy tail is due to 
inactive regions in the calorimeter. Saturation in the readout electronics for the trigger gap 
also degraded the resolution. The histogram of Fig. 30 shows a Monte Carlo simulation of 
the detector response taking account inactive regions and saturation effects. The saturation 
problem has since been corrected, and Fig. 31 illustrates the energy resolution of the LA 
at the SLC calculated using the above Monte Carlo simulation without saturation effects. 
The measured energy resolution for e +e~ pairs entering the LA at the SLC is consistent 
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with these values. On average, the energy resolution of the LA system is: 

<r(E) _0.14 
_ = _ (25m GeV), 

with a shower position resolution of o$ = 3 mrad and tr* = 0.8 cm. 

"I VI I 11 1 1 1 I I I I l | 

: » . ! . i ^ 
o 8.1° 

Angle of Incidence: • 25.0* 
a 35.7°" 

i i i 1 1 1 ' i ' i 

0.5 1 2 5 10 20 
Incident Energy (GeV) 

Figure 31: Monte Carlo simulation of the liquid argon barrel calorimeter 
energy resolution as a function of energy and angle of incidence. 

EC Description 

The Endcap Calorimeter (EC [92]) consists of two annular modules (endcaps) with 
inner radii of 40 cm and outer radii of 146 cm situated at ±1.37 m in z to cover the angular 
region 0.707 < |cos0| < 0.965. Each module contains 36 layers of lead 0.28 cm thick, each 
separated by a plane of proportional tubes of rectangular (0.9 x 1.5 cm2) cross section for 
a total of 18 radiat'sn lengths of material at normal incidence. The orientation of the first 
four layers of tubes follows the pattern: vertical, horizontal, +45°, and -45°. This pattern 
is repeated for the first 20 layers, and the remaining 16 layers are alternately arranged 
horizontally and vertically. 

A 50 /zm nickel-chromium alloy wire is strung through the center of each tube which 
is filled with the same gas mixture as the DC. Each wire is maintained at a voltage of 
1.65 kV and collects ionization charge from charged particles and electromagnetic showers 

(59) 
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passing through the gas. The gas gain of the system is monitored online with small tubes 
containing Fe 5 5 sources at the inlet and outlet of the gas system. 

The number of electronics channels are reduced to 1276 per endcap by ganging in a 
projective geometry giving 10 interleaved measurements of the longitudinal shower devel­
opment. The proportional tube signals are amplified and shaped at the detector, then 
digitized and readout with the same SHAM-BADC combination in CAMAC as the LA 
system. The calibration procedure of the electronics is also similar to the LA system. 

E C Performance 

To develop shower reconstruction algorithms, one of the endcaps was tested in both 
pion and positron beams prior to installation with the response shown in Fig. 32. A study 
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Figure 32: Response of the endcap calorimeter to test beam pulses con­
taining between one and five 10 GeV positrons. The five peaks are clearly 
distinguishable. 

of Bhabha scattering events at PEP gives an energy resolution of 

with a position resolution of 0.27 cm in both the x and y directions. 

(60) 
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Small Electromagnetic Shower Systems 

The requirement of hermeticity and low-angle coverage prompted the installation of four 
small detector systems which provide shower counter coverage in the solid angle not covered 
by the main calorimeters. The small counters at low-angles (Active Mask and Catcher, see 
Fig. 33) are generally swamped by extraneous signals from machine backgrounds and are 
used only as machine noise monitors. 

For | cos0| < 0.7, at each junction between LA modules, a 3° region in <f> is not instru­
mented with calorimetry. Liquid Argon Hole Tagger counters are mounted on the outside 
surface of the liquid argon cryostat to fill in these "cracks" and to detect photons and 
electrons escaping through them. Each counter is a 2.5 x 20 x 165 cm 3 slab of plastic scin­
tillator faced with 1.9 cm of lead preradiator, which, along with other detector elements, 
gives a total of 6.0 radiation lengths of material preceding the scintillator. The scintilla­
tor is viewed at both ends by photomultiplier tubes. The crack between LA modules at 
<f> = 270° could not be instrumented due to physical constraints. The Hole Taggers have 
proven useful in distinguishing ft+(i~ pairs from e+e~ pairs which sscape through the LA 
cracks. 

3.2.4 Luminosity Monitors 

The luminosity of the SLC is monitored by counting small-angle Bhabha scattering 
events detected by the Small-Angle Monitor (SAM) in the a.ngul»r region 50 mrad < 
9 < 160 mrad and by the Mini-Small-Angle Monitor (Mini-SAM) in the angular region 
15 mrad < 9 < 25 mrad as shown in Fig. 33. 

SAM Description 

The SAM is a pair of modules with their front faces located at ±1.38 m in z. As shown 
in Fig. 34, each module consists of a nine layer tracking section of drift tubes and a six layer 
(lead and proportional tubes) calorimeter section. A tungsten mask at 50 mrad precisely 
defines the inner edge of the SAM angular acceptance. 

The square drift tubes are 9.5 mm wide and contain the same gas as the DC at a pressure 
of slightly more than one atmosphere. Each tube has a 38 fan gold-plated tungsten wire 
strung at the center of the tube and held at a voltage of 1.8 kV with respect to the grounded 
outer wall. There are 30 tubes in each layer. The first layer is oriented horizontally, and 
the next two layers rotated ±30° with respect to the first. This pattern is repeated for all 
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Figure 33: Layout of luminosity monitors and other small angle devices. 
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Figure 34: Side and front view of the Small-Angle Monitor and how it clamps 
around the beam pipe. 
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the remaining layers of tubes. Each calorimetry section is six layers of 13.2 mm thick lead 
interleaved with layers of proportional tubes identical to the drift tubes, except that they 
are operated at a voltage of 1.7 kV. The lead and proportional tubes have a total thickness 
of 14.3 radiation lengths. 

The timing signals from the drift tubes are converted by time-amplitude-converters 
(TACs [89]) to analog signals and these pulses in turn digitized and readout by BADC 
microprocessors described earlier. The signals from the proportional tubes are digitized 
and readout by a SHAM-BADC combination similar to that of the LA and EC systems. 
For calibration, pulses are injected into the system with variable time delays and constant 
pulse height for the TACs and with constant time delay and variable pulse heights for the 
SHAMs. 

SAM Performance 

From its response in a test beam of positrons with energies between 5 and 15 GeV [93], 
the energy resolution of the SAM was found to be c{E)/E = 0.45/VE (E in GeV) with a 
tracking angular resolution of 0.2 mrad. 

At the SLC, machine backgrounds sometimes rendered the SAM tracking section use­
less, and the angles of the scattered Bhabha tracks had to be measured using the calorimeter 
section with an angular resolution of 1 mrad. Fluctuations in longitudinal shower leakage 
from 45 GeV Bhabha electrons and positrons degrade the energy resolution stated previ­
ously. The energy resolution for Bhabhas at the SLC is measured to be a(E)/E = 0.15. 
The sum of all the corrections for detector effects of the SAM leads to a 2% systematic 
error in the absolute cross section measurement (to be added in quadrature with the 2% 
uncertainty in the calculation of the radiative corrections to the Bhabha scattering cross 
section, details can be found in Ref. [94]). The cross section for Bhabha events in the SAM 
acceptance is roughly 20% higher than the visible Z cross section. 

Mini-SAM Description 

The Mini-SAM consists of a north and south module, each divided into four azimuthal 
segments as shown in Fig. 35. The modules are formed of alternating layers of tungsten 
0.79 cm thick and scintillator 0.64 cm thick, resulting in 15 radiation lengths of material. 
An additional 4.5 radiation lengths of preradiator (two layers of tungsten) precedes the first 
layer of scintillator. A photomultiplier tube views a wavelength shifter bar which runs the 
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Signal used: 
12S • 23N or 23S »12N 
or 34S«14N or 14S« 34N 

Figure 35: Geometry of the Mini-Small-Angle Monitor. As an example, in 
the 'Signal Used' definition, 12S means the signal sum of quadrants 1 and 2 
being over a Bhabha threshold in the south monitor. 

length of each azimuthal segment of each module and is optically coupled to the scintillator 
of that quadrant. Two conical masks of 5.08 cm thick tungsten sharply define angular 
acceptance windows. 

The Mini-SAM readout electronics consists of a SHAM IV^-BADC combination similar 
to that of the LA and EC systems. 

Mini-SAM Performance 

EGS [97] Monte Carlo simulations predict an energy resolution of o(E)/E ~ 0.35/VE 
(E in GeV) for the Mini-SAM, confirmed by test beam studies of a prototype module. 
Cosmic ray tests were used to set an energy scale for the actual Mini-SAM modules. 

The Mini-SAM is particularly sensitive to machine background because of its location 
close to the beampipe. Timing information on the photomultiplier tube pulses aids in 
the distinguishing of Bhabha events from machine background debris striking the backs 
(sides away from the IP) of the Mini-SAM modules. Large backgrounds in the Mini-SAM 
decreases its efficiency for identifying Bhabha events. This effect is discussed in more detail 
and parameterized in Ret [98]. 

There were large uncertainties in the absolute cross section of Bhabha scatters into 
the Mini-SAM due to errors in the alignment of the acceptance masks. The Mini-SAM 
Bhabha rate is approximately eight times the visible Z rate, and the Mini-SAM is used to 

The SHAM IV holds the integrated charge of an input pulse for subsequent digitization, while the 
SHAM II used in the LA and EC systems holds the pulse height of an input pulse. 

J 
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measure relative luminosity over an energy scan, while the SAM is used to measure absolute 

luminosity. 

3.2.5 Trigger Sys tem 

At the SLC, the beam crossing rate ranges between 10 Hz and 60 Hz allowing sufficient 
time between every beam crossing* for fast electronics to decide for a particular beam 
crossing whether it is interesting enough to warrant triggering the Mark II data acquisition 
system to further process data for logging to magnetic tape. A CAMAC-based Master 
Interrupt Controller (MIC) module provides the interface between the trigger logic and the 
host VAX computer. The trigger logic results in a typical rate of 1 - 2 Hz for logging beam 
crossing events to tape. Deadtime imposed by the trigger processing time is negligible. 

The Mark II trigger is the logical OR of a data, luminosity, cosmic ray, and random 
trigger. 

Da ta Trigger 

The data trigger uses information from charged tracks in the DC and energy information 
from the calorimeters to form its decision. 

The charged track component of the data trigger uses a fast hardware track processor 
[95] to identify and count charged tracks in the 12 layers of the drift chamber. Track 
segments are first searched for in the cells of the DC by considering a cell "hit" if four 
of the six sense wires have signals detected by the TDCs (without considering the TDC 
timing information). The pattern of hits for each of the 12 layers are loaded into shift 
registers scanned by programmable "curvature" modules (see Pig. 36) which search for 
track candidates in the x — y plane by requiring a certain number of hits (i.e. track 
segments) to fall into a curved "road" extending from the IP. Each module is designed to 
look for tracks of a certain range in radius of curvature, corresponding to a certain range 
in transverse momentum Pi-

For the data set considered, the modules were programmed to require that at least 8 
out of the 10 first layers have hits contained in a road to count a track. In order to traverse 
at least eight layers, the track must be in the angular region of | cos<?| < 0.75. In addition, 
it must have p< > 150 MeV/c, the minimum transverse momentum searched for by the 

*A beam crossing signal is provided to the trigger electronics by fast "beam pickoff" electrodes 13.6 m 
on tiiher side of the IP which detect the particle bunches passing by. 
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Figure 36: Block diagram of the charged track data trigger. 

curvature modules. Finally, tracks must be separated by at least 10° in azimuth to be 
counted as separate tracks. The charged particle trigger then requires at least two such 
tracks. 

From Monte Carlo studies and a software emulation of the trigger hardware, the charged 
track trigger efficiency is >99% for tracks passing through all 12 DC layers, and 97% for 
hadronic Z events. 

Another independent data trigger called the SSP Software Trigger (SST [96]) uses the 
pattern of energy deposition in the calorimetry to form its trigger decision. Analog sums 
of channels in the LA and EC calorimeters are digitized by LeCroy 1885N FASTBUS 
ADCs. A SLAC Scanner Processor (SSP) reads out the digital sums and uses algorithms 
in software to find clusters of energy deposition over adjustable software thresholds. This 
trigger is much more flexible than the older Total Energy Deposited (TED) trigger which 
now provides a redundant trigger and a cross check on SST trigger efficiency. 

The current SST algorithm requires at least one cluster of energy greater than 2.2 GeV 
in the LA or at least one cluster of energy greater than 3.3 GeV in the EC system. The 
SST is emulated by offline software leading to an estimate of the energy-deposited trigger 
efficiency of 95% for hadronic Z decays. 

Together, the two triggers are estimated to be 99.8% efficient for hadronic Z decays. 
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Luminosity Trigger 

The SAM and Mini-SAM can also trigger a readout of the detector for Bhabha scatter­
ing events for the monitoring of luminosity. Analog sums are made of the energy deposited 
in the front and back half of each of the two SAM modules, as well as the total energy 
deposited in each module. The SAM trigger requires at least 4 GeV of energy in the front 
or back of a module, or 7 GeV in an entire module, for both modules. An analog sum is 
made of the total energy deposited in each of the North and South Mini-SAM modules, 
and at least 20 GeV of energy is required in both modules for a trigger. A programmable 
Memory Logic Module (MLM) forms the final luminosity trigger decision. 

Cosmic Ray Trigger 

Between beam crossings, a small time window is made available for cosmic ray triggers 
defined using the charged track trigger described previously, but only demanding one or 
more tracks. These cosmic ray events allow checking of the charged particle tracking per­
formance. In addition, these events permit the determination of offline DC tracking and 
gas gain constants. 

Random Trigger 

A scaleable number of random beam crossing events are also allowed to trigger the 
detector readout to provide events for studying machine backgrounds and noise in the 
detector in an unbiased way. 

3.2.6 D a t a Acquisi t ion Sys tem 

A typical hadronic Z decay generates on the order of 50 kbytes of data from the Mark 
II detector and electronics. A VAX 8600 host computer reads CAMAC and FASTBUS 
data, and in addition, merges raw data with the results for online event tagging; logs event 
records to magnetic tape; logs tagged event records to disk; monitors detector performance, 
electronics, and environmental status; performs online analysis and histogramming; and 
provides operator control of the experiment. IBM 3090 mainframe computers are used in 
the offline analysis of data recorded on magnetic tape. 

The VAX is connected to the CAMAC network via a VAX CAMAC channel (VCC [99]) 
capable of a data transfer rate of 1 Mbyte/sec over a UNIBUS. The VCC communicates 
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with two system crates containing 11 branch drivers which connect with 44 CAM AC crates 
as shown in Fig. 37. In many cases, there is a BADC in each crate which reads out the 
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Figure 37: FASTBUS and CAMAC architecture of Mark II data acquisition 
system. 

channels of the data acquisition modules in the crate, zero suppresses the data, and converts 
to physical quantities using constants stored in the BADC from previous calibration runs. 
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The VCC sequentially reads out the memories of the BADCs or instrumentation modules 
and automatically formats the data as instructed by a database. The formatted data is put 
directly into the VAX memory via a direct memory access. 

The FASTBUS interface is a 32-bit parallel port connecting through a simple buffer 
module (BAFFO) to the FASTBUS crate segment (Fig. 37). The crate segment communi­
cates with SSPs and can transfer data to the VAX at a rate of 5.5 Mbytes/sec. A system 
crate contains five system SSPs which control each of five FASTBUS cable segments con­
necting to 25 remote data acquisition FASTBUS crates [100]. Remote crate SSPs perform 
local data readout and processing and report to their system SSP. A master system SSP acts 
as an "event builder" collecting and reformatting the FASTBUS data and then interrupting 
the VAX when it is done. 

At every beam crossing, the trigger logic is started, as well as BADC processing which 
typically takes 8 msec. If a trigger occurs, the CAMAC and FASTBUS systems are readout 
and the trigger reset when the data transfer is finished. 

Deadtime in the data acquisition system occurs if the time taken to readout the CA­
MAC and FASTBUS systems exceeds the time between beam crossings. When machine 
backgrounds are high, many of the detector systems are swamped with noise hits, and the 
time taken to readout the correspondingly large amount of data can be long. Deadtimes of 
30% are marginally acceptable, while larger deadtimes require tuning of the SLC machine 
to reduce machine backgrounds before the detector can acquire usable data. Deadtimes of 
2-5% occur during "quiet" running. 



Chapter 4 

Monte Carlo Simulations 

To search for new quarks and leptons in Z decays, it is necessary to simulate their 
production and decay properties and then compare the experimentally observed data to 
this simulated data. It is also important to simulate events arising from Z decays to 
the known fundamental fermions to check for consistency of the experimental data and to 
choose suitable event selection criteria to distinguish new particle events if they are present. 

Monte Carlo (MC) computer programs can be used to simulate particle physics pro­
cesses. Probability distributions (e.g. angular or momentum distributions) predicted by 
theory for event production or particle decay are sampled' appropriately resulting in the 
generation of "fake" events. Ideally, these programs should not only give the same mean 
behavior as experimentally observed events, but also contain the same degree of event-by-
event fluctuations. 

The final result of the Monte Carlo event generators are the charges, particle types, and 
four-vectors of the final state particles of the e + e " annihilation. Using this information, 
the response of the Mark II detector to the particles of the event is simulated, again using 
Monte Carlo techniques. The simulated data is processed using the same analysis programs 
as applied to the experimentally observed data. 

This chapter first describes the Monte Cario models and generators that are used. The 
implementation of new quark and lepton processes in the framework of these generators is 
then discussed. Finally a brief account is rendered of the Mark II detector simulation. 

'The sampling is driven by software random number generators, which provide "the dice" for the statis­
tical sampling; hence the name Montr Carlo. 

65 



66 Chapter 4. Monte Carlo Simulations 

4.1 Monte Carlo Event Generators (Z —»qq, q = u, d, s, c, b) 

Any generator producing hadrons must deal with the conversion of partons (quarks and 
gluons) into hadrons, and this process can be subdivided into two steps. In the first step, a 
partem configuration is selected using perturbative QCD results. In the second step, using 
phenomenological models, these partons are then allowed to fragment into hadrons. Both 
steps are treated differently in different MC models. Several models are considered since 
fine distinctions in final event shape parameters of dissimilar models lead co systematic 
errors in detection efficiencies and background estimates. 

The parameters of the MC models were tuned using Mark II data from PEP at an Ecm 

of 29 GeV [104]. If properly treated, these parameters should be valid at an Ecm of 91 
GeV and the MC models should provide a good description of the data at these energies, 
as verified by measurements of hadronic event parameters at the SLC [105]. The values of 
important parameters used in the hadronic MC models are listed in Table 7 following the 
descriptions of the models. 

4.1.1 L U N D (JETSET 6.3) 

The LUND (JETSET 6.3) program [101] is a widely used Monte Carlo event genew 
tor. It allows the choice between two theoretical approaches to the calculation of part a 
distributions and the choice betweeD several different fragmentation functions. 

Matrix Element 

The QCD matrix element for on-shell partons has been exactly calculated to 0(a2

s) 
[102]. These calculations give the momenta and directions of up to four partons. Although 
two paxton (qq) states are the most common, the event generator also produces t'jree (999) 
and four (qqqq, qqgg) parton states. The relative production of the two, three, and four 
partem states is determined by the parameter Aj^j and a parameter #,„;„ = rn^Js which 
is the minimum scaled invariant mass two partons must have to prevent the 11 from being 
combined into one. 

Par ton Shower 

In this approach to the calculation of parton distributions, jet develr pment is perceived 
as being a shower process. The primary quarks are produced off-shell and decay into virtual 
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partons (mostly gluons) which in turn decay. At each branching, instead of using the 
explicit 0(otl) calculation, the matrix element is regularized by giving a mass to the gluon 
and summing up the leading logarithmic contributions (leading-log-approximation, LLA). 
The partons continue to lose virtuality on each branching until they reach a chosen cut-off 
mass Qo- Compared to the Matrix Element method, a much higher parton multiplicity is 
the result. 

Fragmentation: String Model 

In recent years, the String Model has turned out to be the most successful and popular 
description [103] of jet properties at Ecm > 25 GeV. In this case the hadrons are formed 
along a "string" stretched between the outgoing partons. The string tension represents 
the strength of the color field (growing linearly with distance) and as soon as the tension 
becomes large enough, the string "breaks", and the energy is converted into mass by the 
formation of qq pairs at the breakpoints of the string. Gluons are formed at momentum 
carrying bends or "kinks" in the color string. The qq pairs are then arranged into hadrons. 
The observed distribution of transverse momenta of hadrons from the quark axis (px) 
is simulated by sampling from a probability distribution proportional to exp(-p^/2ov,), 
where <r, is an input parameter. 

Both the Lund symmetric and Peterson fragmentation functions as described in Section 
2.2.2 are employed. When it is stated that Lund symmetric fragmentation is used, then 
it is applied to all five quark flavors: u, d, s, c, and b. When it is stated that Peterson 
fragmentation is used, Peterson fragmentation is applied to c- and b-quarks, and Lund 
symmetric fragmentation to the remaining light quarks. 

4.1.2 Webber (BIGWIG 4.1) 

The Webber (BIGWIG 4.1) model [106] also uses the LLA parton shower technique 
to produce the initial parton distribution, and uses exact 0 ( a , ) calculations to weight the 
momenta of the first gluon splitting. However, the implementation of the parton shower 
mechanism is slightly different between the LUND and Webber models in the treatment of 
parton mass at each step and maintenance of energy and momentum conservation. 
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Fragmentation: Cluster Model 

In the Webber model, the hadronization mechanism after the parton shower is described 
by the Cluster Model [107]. The fragmentation of the generated quarks and gluons proceeds 
in three steps. Each of the final gluons is forced to split into a qq pair. Pairs of quarks 
and anti-quarks are then combined into color singlet clusters. Finally, each cluster decays 
isotropically (in its rest frame) into two observable hadrons, with the relative probability 
for different decay channels given by phase space and spin counting factors. The rate of 
this branching process can be calculated using perturbative QCD, the cluster formalism 
does not rely on fragmentation functions. The observed px. is also generated solely as a 
byproduct of cluster decays. A recent change to the Webber generator is the string-like 
fragmentation of clusters heavier than a parameter Mc, after which fragmentation via the 
cluster model decay is followed. 

Table 7: Monte Carlo model parameters used. 

Model Parameter Description Value 
QCD Scale 
Cutoff for combining partons 
Lund symmetric fragmentation 
Lund symmetric fragmentation 
Peterson frag., c-quaxk 
Peterson frag., b-quark 

LUND 
(JETSET 6.3) 
Matrix Element 

AJ?5 
Vnun 

a 
b 

«6 

»9 Width of- 2 p | gaussian 
QCD Scale 
Cutoff for parton evolution 
Lund symmetric fragmentation 
Lund symmetric fragmentation 
Peterson frag., o-quark 
Peterson frag., b-quark 
Width oip2

± gaussian 

0.5 GeV 
0.015 

0.9 
0.7 GeV"2 

0.15 
0.02 

0.265 (GeV/c)2 

LUND 
(JETSET 6.3) 
Parton Shower 

&LLA 
Qo 
a 
b 

ft 

0.4 GeV 
1.0 GeV 

0.45 
0.9 GeV~2 

0.15 
0.02 

0.23 (GeV/c)2 

Webber AUA QCD Scale 0.20 GeV 
(BIGWIG 4.1) Qo Cutoff for parton evolution 0.75 GeV 

Mc Cluster mass cutoff 3.00 GeV 

Quark Masses (GeV/c2): m„ = 0.325, md = 0.325, m, = 0.5, mc = 1.6, m 4 = 4.98 
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4.2 Implementation of New Particles 

To determine detection efficiencies after event selection criteria have been imposed, 
it is required that Monte Carlo event simulations be made of the new quark and lepton 
processes. In all cases, the LUND parton shower model with Peterson fragmentation is 
used as a benchmark for generating events to determine detection efficiencies. Different 
models and fragmentation schemes are used to estimate systematic errors due to modelling 
uncertainties. 

4.2.1 t and 6' with Charged Current and H* Decays 

The LUND model provides for the generation of t and fourth generation quarks. The 
event generator forms heavy hadrons from the new quarks, and in the decays of the hadrons, 
gluon emission effects are incorporated by the parton shower model based on the leading-
log-apprcodmation. In the Peterson fragmentation function, the parameter CQ for heavy 
quarks is given by CQ = (mo/mq)2 where mo = 0.7C GeV/c 2. 

The default decay mode for heavy quarks in the LUND generator is the charged current 
decay mode. Slight modifications also allow the decay of heavy quarks into a H± of any 
mass which is kinematically accessible. The charged Higgs then decays to either cs or TP, 
with the cs fragmentation performed by the LUND program. 

The Webber MC also permits the generation of t-quarks, and alterations have been 
made to allow the generation of 6'-quarks. 

4.2.2 6' w i th F C N C Decays 

The FCNC decays of the t'-quark are not normally part of the LUND event generator. 
Decay routines have been added to admit the decay modes 6' —* 67 and b' —• bg. The decay 
mode V —»67 is implemented as a two-body decay mode inside the parton shower using 
the leading-log-approximation; therefore, the b'-quark can suffer gluon emission before the 
photonic decay. Another way to consider the decay is to regard the b'-hadron as undergoing 
the decay to a photon and b-hadron. The case of the more simplistic treatment of a two-
body decay V —* by immediately after the production of the 6' (with no gluon emission before 
the decay) is also checked to estimate systematic errors due to modelling uncertainties. 

The decay V —* bg is treated similarly, with the gluon incorporated in the parton shower. 
The case of the virtual gluon decay, &' —• bg", is also checked as suggested by Ref. [50], again 
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to estimate the magnitude of modelling uncertainties. 

4.2.3 Leptons IT and vA (LULEPT) 

Heavy Charged Leptons 

The decay mode Z —* L+L~, including lowest order initial state radiation, is simulated 
using the program LULEPT [108]. Spin effects leading to spin-spin correlations of decay 
properties are treated properly. The allowed decay modes, branching fractions, and decay 
modes for L~ decay are determined by TXIL and by the difference in the mass of the Lr 
and the neutrino vi, to which it couples. Single-hadron decays of the W* are allowed. The 
normalization of each hadronic decay rate is adjusted relative to the purely leptonic rate 
to give good agreement with the measured r branching fractions for the particular case 
of T decay. The program is written in the LUND generator framework, which is used to 
produce the multihadronic final states from W" —mdorcs. 

Dirac and Majorana Neutrinos 

The program LULEPT has been modified [109] to simulate Dirac neutrino Z —* V4V4 
pair production and ensuing 1/4 decays, including polarization and spin-spin correlations. 
Decays allow mixing to the lighter generations as discussed in Section 2.4.5 and the possi­
bility of long lifetimes. Branching fractions and decay kinematics are calculated using an 
analogous procedure as for L+L~ production. For small m„ (, the invariant mass of the W" 
is small, and single-hadron final, states such as JT*, / j* , a*, K^, and Km± are possible along 
with the decays into tv(, ud, and ca. For a given m„4, all the above decays are simulated 
and the v4 branching fractions axe calculated in the Monte Carlo. Given |£/M| 2, the 1/4 
lifetime is calculated using Eq. 52. 

Further alterations in LULEPT permit the production of Majorana neutrino pairs, 
Z-n/^i^, with the angular distribution described earlier in Section 2.4.4. Proper spin 
correlations [110], lifetimes (r\vf ] = 2r[t 4

M]), and the possibility of same-sign isolated 
lepton decays are incorporated. 

4.3 Mark II Detector Simulation 

The Monte Carlo detector simulator models the response of the Mark II detector to 
the passage of charged and neutral particles. The four-vectors from an event generator 
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Monte Carlo are followed through the subsystems of the detector allowing for the curvature 
of charged particles in the magnetic field. Multiple scattering, gamma conversions, brem-
strahlung, nuclear interactions, and energy loss (dE/dx) of particles are included according 
to the amount of material traversed. The decays of unstable charged and neutral parti­
cles within the Mark II detector are also taken into account with lifetimes sampled from 
appropriate exponential distributions. A library of electromagnetic showers created with 
the EGS4 [97] program allows rapid and fairly accurate simulation of electron and photon 
interactions in the calorimeter systems. Nuclear interaction effects are studied with the 
hadronic interaction Monte Carlo program FLUKA [111]. Computer time considerations 
do not permit the full simulation of nuclear interactions and the generation of secondary 
particles; when a nuclear interaction occurs, the interacting particle stops at the point of 
interaction and disappears without generating further fragmentation particles. 

The geometry of each detector subsystem is denned in software, the signals induced 
by charged or neutral particles in the subsystems are modelled, and the conversion of the 
signals into digital data is simulated. Random errors are introduced to smear simulated 
quantities at each stage according to measured resolutions. After all of the particles have 
been followed through the detector, their effects are added, and conflicts are resolved. 
For example, overlapping DC sense wire signals from pairs of very close tracks cannot be 
distinguished if they are too close to one another in time. Most of the known defects in the 
detector such as dead sense or proportional-tube wires, dead electronic readout channels, 
detection inefficiencies, etc. are included in an effort to simulate the Mark II detector as 
accurately as possible. The final Monte Carlo data record is then output in an identical 
format as the actual Mark II data. 

Machine backgrounds resulting in stray particles striking the detector caused extra 
energy deposition and signals in the detector in addition to the signals from an actual 
event. To take this effect into account, the Monte Carlo raw data is "mixed" with the raw 
data from random beam crossings that were recorded near in time to the Z decay events. 
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Event Selection and Analysis 

This chapter describes the event selection criteria, or cuts, used in the searches for new 
quarks and leptons in Z decays. A number of requirements are common to the analyses, 
and are described first. Distinctive topologies resulting from new particle production and 
decay outlined in Chapter 2 include: 

• events containing high-momentum isolated tracks; 

• events containing high-momentum isolated photons; 

• spherical events; and 

• events containing detached vertices. 

These topologies are considered in choosing the cuts to maximize the hypothetical new 
particle signal, while minimizing the background signal. Using Monte Carlo events with 
fu'l detector simulation, the detection efficiency for a particular new particle channel to 
satisfy a specific set of event selection criteria is determined. Finally, in order to reinterpret 
the measured width of the Z to exclude L~ and 1/4 production, it is necessary to describe the 
hadronic event selection criteria used in the Z resonance fits and determine the efficiency 
for new particle events to satisfy these criteria. 

The discussion of the use of these detection efficiencies to calculate the expected number 
of new particle events and background events will be delayed until the following chapter. 
Mass limits and exclusion regions from observations of the data will then be presented. 
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5.1 Geneial Event Selection 

It is desirable to first separate Z decays in the data from backgrounds of two-photon 
processes (Fig. 38), beam-gas interactions, and beam-beampipe interactions. It is also 
desirable that reconstructed track and event quantities are restricted to ranges where they 
are simulated well by the Monte Carlo and where accurate event reconstruction is possible. 
A set of cuts common to a number of following analyses are presented below. 

Figure 38: Feynman diagram for two-photon hadron production, a poten­
tial background. This diagram is classified as 'multi-peripheral', and is the 
dominant source of possible background compared to other permutations of 
the photons, quarks, and leptons in a two-photon diagram. 

5.1.1 Charged Track Requirements 

Reconstructed charged tracks must satisfy the following: 

CI : project into the cylindrical volume defined by r < 1 cm and \z\ < 3 cm, centered 
at the IP; have 

C2: p^ > 150 MeV/c, where pxy is the transverse momentum of the track with 
respect to the z-axis; and 

C3: I cos0\ < 0.82, where 6 is the angular direction of the track at the origin. 

Cut C I reduces the number of beam-gas and beam-beampipe events entering the data set. 
Fig. 39(a) shows the distribution of the distance of closest approach (DCA) of tracks to 
the z-aris {i.e. r projection of the track) and Fig. 39(b) shows the distribution of the DCA 
of tracks to the IP (r = 0, z = 0) after the r cut (i.e. z projection of track). Peaks are 
evident centered at the IP resulting from tracks bom Z production and decay. Tracks due 
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to background events of beam-gas and beam-beampipe interactions at large values of z are 
also apparent. 
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Figure 39: Distributions of (a) the two-dimensional distance of closest ap­
proach (OCA) to the z axis of charged tracks from all data triggers; and 
(b) DC A of tracks to the IP after the cut indicated in (a), resulting in the 
.z-projection of the tracks. Cuts are indicated by arrows. 
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Figure 40: Distributions of (a) the transverse momenta of charged tracks 
with respect to the z-axis, and (b) the | cos 91 values of tracks in the data 
(points) and from MC events (histograms). Cut values are shown by arrows. 

Cut C2 eliminates low momentum tracks that loop in a full circle inside the drift 
chamber ("loopers"). Fig. 40(a) shows that the efficiency for finding tracks with p l y > 150 
MeV/c is well understood. Cut C3 restricts the angular range of tracks to a region where 
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the MC is able to estimate track-finding efficiencies accurately as shown in Fig. 40(b). This 
cut is equivalent to demanding that a track pass through at least four layers of the 12 layer 
drift chamber before exiting. The region below | cos 8\ < 0.7 not shown in Fig. 40(b) is well 
simulated. 

5.1.2 Neutral Shower Requirements 

A reconstructed shower or cluster not associated* with a charged track is considered 
for inclusion as a neutral shower from a photon. In addition, if a shower associated with a 
charged track has greater than twice the energy of the measured momentum of the track, 
the shower is dissociated from the charged track and counted as a neutral shower for the 
following reasons. In the case of hadronic particles, the energy deposited in the calorimeters 
is usually less than the particle's momentum. For electrons, we have E « p. If the shower 
associated with a track has E > 2p, the extra energy is most likely due to a neutral shower 
overlapping the charged particle track. 

Neutral showers must satisfy the following: 

C4: Ey > 1 GeV, where Ey is the energy of the reconstructed shower; 

C5: | cos 0,h I < 0.68, where 0,u is the angular position of the shower in the LA barrel 
calorimeter; and 

C6: 0.68 < jcos#sh| < 0.85, where 05h is the angular position of the shower in the 
endcap calorimeter. 

Cut C4 suppresses the number of fake neutral showers from noise in the calorimeter sys­
tems and from stray particles due to machine backgrounds depositing extra energy in the 
calorimeter. The distribution of energy of neutral showers in the calorimeters for data 
and MC events is shown in Fig. 41. Although the region E-, > 0.2 GeV is well simulated 
after the mixing of MC events with data random triggers is performed, the cut is placed 
at E-, = 1 GeV to decrease the sensitivity of individual shower energy measurements to 
fluctuations in machine backgrounds. Cuts C5 and C6 eliminate the double counting of 
showers in the overlap region between the LA and EC systems. 

Using the procedure briefly described in Chapter 3. 
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Figure 41: Distribution of the energy of neutral showers in the data (points) 
and from MC events (histogram). The cut is shown by the arrow. 

5.1.3 General Event Topology Requirements 

If N<& is the number of charged tracks passing the charged track requirements, then 
we demand: 

C7: NA > 6. 

Cut C7 rejects most cosmic ray, two-photon, beam-gas, and beam-beampipe events. It also 
eliminates a large fraction of lepton-pair Z decay events. In almost all of the new particle 
scenarios considered, the final topologies usually have multiplicities greater than six, as do 
most normal hadronic Z decay events. 

Defining 

£vi.= £ V f |P l 2 + m ' + £ fir. (61) 
charged neutr&l 
tracks showere 

we demand that 

C8: E.is>0.WEcm, 

to reduce the number of two-photon events as shown in Fig. 42. 
In the majority of eeqq two-photon events, the final state electron and positron are 

usually emitted as very low angles and escape unseen down the beampipe. The remaining 
particles visible in the detector have small total energies. 

i • • • • ' . . . . i . . . , i , , , . : 
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Figure 42: Distribution of the fraction Evis/Ecm after cuts C1-C7 are ap­
plied for the data (points), vdscb LUND MC events normalized to the data 
(solid histogram), and two-photon eeqq MC events [112] normalized as shown 
(dotted histogram). 

The variable thrust T is defined as: 

T = max (62) 

where ft is the momentum of the i ' h particle (charged and neutral), and ft is a unit vector 
chosen to maximize T. The direction defined by ft is called the thrust axis. We require 

C9: | cos 0thr[ < 0.8, where Sthr is the polar angle of the thrust axis. 

Cut C9 ensures that the event is well-contained in the detector, and events with many 
particles escaping undetected at low angles are avoided. Clustering algorithms (described 
later) are used to find the number of jets in MC (LUND Matrix Element) events. The 
number of jets found are compared to the number of produced partons in the MC event, 
and the value of cut C9 is chosen to provide a good match of these two quantities. 

5.1.4 Sys temat ic Er ro r s 

Systematic errors arising from an imperfect detector simulation are studied. Npass is 
denoted as the number of data events which pass cuts C1-C9, and e p a s s is the efficiency to 
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pass the cuts determined from MC events. The stability of the ratio Npass/fpasa is observed 
as cuts C1-C9 are individually varied -within reasonable ranges. For example, varying the 
E^ cut (C4) from 0.5 to 2.0 GeV produces changes in .A/pass/epass of 0.6%. Adding the 
individual variations in quadrature results in an estimated 1.9% systematic error due to 
uncertainties in detector simulation affecting the efficiency for general event selection. 

5.2 Isolated Track Topology 

5.2.1 Expected Signature and Background 

We consider the semileptonic decays of t and V, and the leptonic decay of i/4. The 
quark charged current decay modes are t—*bW* and V —*cW. The probability for the 
semileptonic decay W -* Ivi is roughly 1/3, and the probability for the hadronic decay 
W" —t qif is roughly 2/3. Therefore, if and b'V events have the probability of approximately 
5/9 to contain at least one lepton from the primary decays of the heavy quarks. The charged 
current decay 1/4 —»IW" through mixing always results in at least two charged leptons in 
the final state of 1/464 events, and about 8/9 of the events should contain h&drons from 
quarks. The remaining 1/9 of the P4P4 events have a final state containing four charged 
leptons and missing energy; a spectacular signature, but not searched for (would fail the 
N& cut) due to its low production efficiency. 

In all cases, the heavy new particles are produced nearly at rest in the laboratory 
frame, and the decay particles of the new particle and anti-particle tend to be relatively 
uncorrelated. In the heavy quark rest frame, the decay products q and Ivt travel in opposite 
directions. Similarly, the decay products I and W* of the 1/4 travel in opposite directions in 
the rest frame of the 1/4. Therefore, in a large fraction of events, a high-momentum charged 
lepton should be isolated relative to the other decay products. 

Lepton identification is not used for the following reasons: 

• detection efficiencies are reduced if the candidate track is required to be within 
lepton identification fiducials; 

• the detection of additional non-leptonic one-prong decays of isolated T leptons 
is made possible; and 

• lepton identification and mis-identification systematic errors are avoided. 
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These reasons are particularly valid considering the small data sample of Z decays available. 

It is desirable to keep detection efficiencies as high as possible, and the small Dumber of 
events prevent a detailed evaluation of lepton identification at SLC energies. Fortunately, 
the topology U sufficiently distinctive that the elimination of tlie lepton requirement does 

not invalidate the method. 
Therefore, the search topology is an event containing at least one high-momentum 

isolated truck. 
The remaining substantial physics background after cuts C I — C9 is Z decays into qq 

pairs of the five known flavors (Z —• qq, q = u,d, 3, c, b) which we will term vAscb events. 
Moderately isolated charged leptous can result from semileptonic decays of c and b quarks 
{b—*ct~P[, c—*st+vt) and cascade decays (b—> cX —*at^U(X). It is also found that udscb 
events can contain very isolated high-momentum tracks if one of the jets fluctuates down 
to a single charged particle. The rest of the energy of the parton after fragmentation is 
carried by hadronic neutral particles (e.g. K°,n) which do not deposit very much energy 

' in the electromagnetic calorimetry. 

* 5.2.2 Topology Criteria: p Parameter 

Thrust Cut 

The quarks in udscb events are highly rel&tivistic, resulting in tightly collimated jets 
of particles, usually in a two-jet, back-to-back topology. The thrust quantity T defined in 
Eq. 62 is 0.5 for isotropic events, and is 1.0 for an ensemble of momentum vectors in which 
the vectors are all either parallel or anti-parallel to a common axis. The T values of udscb 
events tend toward 1, and the number of udscb events with the search topology can be 
reduced by demanding 

o T < 0.9. 

This cut is also found to be highly effective for eliminating events described earlier where 
a jet occasionally fluctuates down to a single charged track. 

Track Isolation 

. There are a number of different ways to quantify the isolation of a track from the rest 
of the decay products in an event. A commonly used method is to define a cone of certain 
half-angle with its axis in the same direction as the candidate track, and then demand that 
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less than a specified amount of energy appear in that cone. However, this simple method 
does not provide a continuous variable to quantify isolation, and does not take into account 
the momentum of the candidate track itself. A technique without these shortcomings is 
the calculation of an isolation or /^parameter [113] for each track. 

LCLUS 

To calculate the p-parameter for tracks, it is first necessary to divide an event into N 
clusters or jets. The clustering algorithm (LCLUS) supplied with the LUND JETSET 6.3 
MC program is used. At the start of the algorithm, all particles are treated as clusters with 
momenta pe- The "distance" between each pair of clusters I and m is calculated using: 

2 | a i 2 | p m | 2 ( l - c o s g < m ) 

where 0(m is the angle between the clusters. The pair of clusters with the stillest value of 
D are "joined" (i.e. vector momenta added) if D < dj0in, where <fj0jn is an input parameter 
to the algorithm. The procedure is iterated until no more clusters are joined. 

p-Parameter 

To calculate the p-parameter of a track in an event, the LCLUS clustering algorithm 
with djoi,, = 0.5 GeV/c is applied to the charged and neutral tracks of an event excluding 
the candidate track i. We then define: 

p,;= min .[(225,(1 - cosfy)) 1 / 2 ], (64) 
clusters j 

where E, is the track energy in GeV, and fly is the angle between the track and each cluster 
axis as shown in Fig. 43. From Fig. 64, it can be seen that it is the closest cluster to the 
candidate track which is considered in the calculation of p,. 

High-momentum isolated ti -ks will have large values of p,•. An example of an isolated 
track from a MC event containing a b' CC decay is shown in Fig. 44. 

The distribution of p, the maximum value of p, of all charged tracks in an event, is 
shown in Fig. 45 for our data sample, for xidsdb MC events, and for a 35 GeV/c2 b'-quark 
as an example. 

The value of dj0in = 0.5 GeV/c is chosen to maximize the signal to noise ratio between 
the new fermion signal events and background udscb events. This value of dj0jn is much 
smaller than the default value scaled to an Ecm of 91 GeV. A lower value of dj o i n results 
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Figure 43: Schematic of the quantities used in the determination of the 
p-parameter. 

in LCLUS finding more clusters, each containing a smaller number of charged and neutral 
tracks. It is found that in the background process b-*ct~ut, the potentially isolated I can 
have a high momentum, resulting in the c-quark forming a relatively soft jet. It is desired 
that this soft jet be resolved as a separate cluster using the smaller value of djoin- When 
using the default value of djoin, LCLUS often groups the soft c-jet with another cluster 
further away, leading to disproportionately large values of p for Uptons from semileptonic 
b-quark decay. 

The JADE clustering algorithm [114] was also employed to check for consistency using 
a different method for clustering. Input parameters to the algorithm were found which led 
to p distributions similar to those obtained using the LCLUS clustering algorithm. 

5.2.3 Efficiencies 

A total number of MC signal events Ntfg are generated and passed through the Mark 
II detector simulation. The number of MC events which pass the cuts C1-C9, the thrust 
cut, and the isolated track p cut is N"£d. The detection efficiency ep is then simply: 

tD^N^JK?. (65) 

Trigger efficiencies are included in tD. The outcome of the finite size of the MC event 
sample is a statistical error on eD- Using Binomial statistics [115], 
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Figure 44: Example of a MC event with an isolated track. Shown is a Z decay 
into two 35 GeV/c2 {/-quarks, with one of the b'-quarks decaying semilep-
tonically into an electron with />, •= 5.8. Note the simulated background 
"noise" in the detector from the "mixing" of the MC data with random 
beam crossings. 

The uncertainty in e D due to MC statistics is given by Eq. 66 with JVt*J£ = 2000. These 
errors on eD are omitted for clarity in the tables of this chapter. 

After the charged and neutral track requirements, the effect of each event topology cut 
on the efficiency for signal events and udscb events to pass the criteria is shown in Table 8 
for iermion masses of 35 GeV/c2 as examples. 

Net detection efficiencies for the signal processes considered are shown in Table 9. 
Efficiencies are email for the lower mam t- and b'-quarks because as the quarks become 
more relativistic, leptons from semileptonic CC decays are less isolated. Efficiencies for 
C4&4 events are higher than for (2°and b'9 events because each 14 R| event contains at least 
two leptons from t/t -* V W and P* -»t+ W decays. The value of «„ for v* -> eW is lower 
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Figure 45: Maximum isolation parameter p of all the tracks in an event for 
data (circles, with statistical errors), udscb QCD Monte Carlo (solid line), 
and a 35 GeV/c2 iV-quark (CC decay, dashed line, normalized to data.) 

Table 8: Cumulative efficiencies for events passing each cut. 

Cut 
35 GeV/c* 
t->bW tV — cW 

35 GeV/c2 

v4^nW 
udscb 

LUND Shower 

C7: N& > 6 
C8: Ey-n/E^a > 0.10 
C9: |cosfcWI<0.8 

0.992 
0.992 
0.907 

0.981 
0.981 
0.890 

0.812 
0.811 
0.747 

0.915 
0.912 
0.788 

T < 0 . 9 
/>>1.8 

0.882 
0.295 

0.838 
0.298 

0.703 
0.612 

0.168 
0.0022 

than for vt —> )j.W" because an isolated electron has a much higher probability of radiating 
a photon than does an isolated p.. The radiated photon weakens the electron's isolation. 
Detection efficiencies for v* —» TW are even lower due to multiprong decays of the r and 
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Table 9: Isolated track net detection efficiencies as a function of mass of 
a hypothetical t-quark, ft'-quark, and short-lived (Pycr < 1 cm) Dirac and 
Majorana v$. The corresponding efficiency for LUND udscb MC events 
is (0.22 ± 0.10)%. The statistical error Ae D / e D is given by Eq. 66 with 
JVJSf = 2000. 

Mass t->bW v-.cr v?-*eW* V?->fiW v¥-*nW V?->TW* 
(GeV/c2) t D (%) eD (%) e D (%) eD (96) eD (96) e D (96) 

15 1.9 0.8 4.2 5.1 5.4 1.8 
20 6.9 4.3 21.3 29.2 28.4 13.8 
25 24.9 20.9 48.0 55.9 54.3 30.4 
30 27.5 28.6 50.2 58.4 55.9 31.7 
35 29.5 29.8 52.0 61.2 57.0 33.1 
40 28.6 27.8 55.2 64.2 60.2 34.9 
45 27.8 25.1 52.2 60.9 54.1 32.9 

the fact that in a single-prong r decay, momentum is carried away by a neutrino. The -
slight drop in efficiency for v^1 as compared to vf as mUi increases is due to tbe differing 
angular distributions (the Majorana distribution remains proportional to (1 + cos2 0) while 
the Dirac distribution becomes more isotropic) resulting in differing geometric acceptances. 
The observed decrease agrees with estimates made by comparing the integrals over the rel­
evant angular range of the Majorana and Dirac production differential cross sections. The 
ratio of the efficiencies for v™ -* pW and i/f —» fiW is equal to within statistical error to 
the ratio of efficiencies for mixings to the other generations. 

Systematic Errors 

In addition to the uncertainties (« 3%) from MC statistics as listed in Table 9, sys­
tematic effects on the uncertainty A e 0 / e 0 are also estimated. By varying MC detector 
simulation parameters within known errors, and finding eD values without the "mixing" of 
events with machine background noise, a systematic error of 2.5% (Ae D / e 0 ) is assigned due 
to detector simulation and beam backgrounds. Theoretical uncertainties [36] in semilep-
tonic branching ratios for t and V result in a 2.0% systematic error for t and fc7. 

There are significant systematic errors from uncertainties in quark fragmentation mod­
elling. In the case of t and V, this effect is estimated by comparing the eD predicted by 
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using the LUND parton shower MC with Peterson fragmentation to generate the heavy 
quarks to that predicted by using the Monte Carlo programs: 

• LUND parton shower with LUND symmetric fragmentation; 

• LUND matrix element with Peterson fragmentation; 

• LUND matrix element with LUND symmetric fragmentation; and the 

• Webber cluster model. 

Differences in predicted eD between the different models is found to vary with the heavy 
quark mass. For masses approaching the beam energy, differences are negligible, while for 
masses in the range 25-30 GeV/c 2, variations of up to 12% (Ae D /e D ) for t and 10% for 
6' are observed. A conservative approach is followed, and these maximal deviations are 
assigned as the systematic error due to fragmentation for all heavy quark masses. Varying 
the Peterson fragmentation parameters e, (see Eq. 35) by factors of two results in smaller 
differences in predicted cD than the differences noted between models. 

In the case of v4 events (generated using LULEPT and subsequent quarks fragmented by 
LUND), €D values predicted using LUND symmetric fragmentation or Peterson fragmenta­
tion are compared. Differences of up to 3% are observed due to fragmentation uncertainties. 
Varying fragmentation parameters e c and ej by factors of two gives differences of up to 2%. 

For each new heavy fermion case, individual systematic errors on e D are added in quadra­
ture along with the MC statistical error. 

5.3 Isolated Photon Topology 

5.3.1 Expec t ed Signature and Background 

High-energy isolated photons can be the result of the FCNC decay V —> by. For the 
purpose of illustration, we first assume that Br{V —»67) = 100%. Arbitrary decay mixtures 
of the 6' will be considered later. A possible background is udscb events with initial or final 
state radiation (i.e. 997). 

5.3.2 Topology Cri ter ia : p., P a r a m e t e r 

We again require that T < 0.9 and now demand that there be at least one isolated 
photon in an event. An isolated photon is defined as a neutral shower with p^t > 3.0 where 
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p.u is defined as for a charged track. A larger p-, cut is required as compared to the p cut 
because the calorimeters cannot resolve closely spaced ir°'s as well as the drift chamber can 
resolve closely-spaced charged pions. 

The distribution of p1} the maximum value of p.h of all neutral showers in an event, is 
shown in Fig. 46 for our data sample, for udacb MC events, and for a 35 GeV/c2 b'-quark 
as an example. 
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Figure 46: Maximum isolation parameter /?7 of all the neutral showers in 
an event for data (circles, with statistical errors), udscb QCD Monte Carlo 
(solid line), and a 35 GeV/c2 6'-quark (dashed line, normalized to data.) 

5.3.3 Efficiencies 

Net detection efficiencies for the process V -* 67 (assuming that this is the only decay 
mode for the fe'-quark) are shown in Table 10. Since the final state of each event contains 
two photons, the detection efficiency is high, and decreases at low and very high masses for 
similar reasons as the isolated track detection efficiencies. 
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Table 10: Detection efficiencies for b1 —»by MC events as a function of my. 
The corresponding efficiency for LUND udacb MC events is (0.082±0.030)%. 
Statistical errors are given by Eq. 66 with JV£Jt

c = 2000. 

Mass (GeV/c2) 
Process 25 30 35 40 45 

V-*byeD(%) 48.8 66.8 69.7 65.0 58.8 

Systematic Errors 

Comparing values of e D for isolated photons using different fragmentation models, there 
are differences in eD of up to 4%, depending on % . Different treatments of gluon radiation 
before and after the V decays results in a systematic error of 3%. These systematic errors 
are added in quadrature to the one due to machine backgrounds and detector simulation 
stated previously. 

5.4 Spherical Event Topology 

5.4.1 Expected Signature and Background 

In the CC decays t—*bW and If —>cW, the probability for the hadronic decay 
W' —tqtfia roughly 2/3. In approximately 4/9 of heavy quark events, both quark and 
antiquark decay hadronically, and these decays result in events which tend to be spherical. 
This is an additional topology along with the isolated track topology, and provides another 
independent method to search for new heavy quarks. 

However, the primary motivation to search for spherical events is the possibility of the 
decays t —»bH+, 6'-»cH~, and V—*bg. Ensuing hadronic decays H—tqq1 lead to spherical 
events. The possibility of the decay H^TVT weakens the degree of sphericity somewhat, 
and is also investigated. The decay mode V —>bg results in 4-jet events which are apt to be 
aplanar. 

The dominant background to the above topology is multi-jet (>3 jets) udscb events 
from multiple-hard-gluon radiation. Fortunately, the majority of udscb events have 2-jet 
and 3-jet topologies since multiple-hard-gluons arise from higher order QCD processes. 
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5.4.2 Topology Cri ter ia : Mass ou t of t h e P lane 

To quantify the shape of an event, collective variables such as sphericity, aplanarity, 
and thrust have been introduced. For each event a normalized momentum tensor Maj, is 
defined: 

W.» = ^ ? , (67) 

where a and 6 run over the three space directions, and p t is the momentum of particle i, 
summed over final particles t in the event. Mat, is a symmetric matrix and can be diago-
nalized, with unit eigenvectors fti, n2, £3 and eigenvalues Qj. Sphericity and aplanarity 
are defined as specific combinations of the Qj. The tails of the distributions of sphericity 
and aplanarity are particularly sensitive [116] to which MC fragmentation model is used 
because of the quadratic form of Mah where particles are weighted by the squares of their 
momenta. 

Instead, a variable linear in momentum is employed. An event plane is first defined 
using the three eigenvectors ny of Mat,. The variable of mass out of the plane Moul is 
defined as: 

Pj"1 is the momentum component out of the event plane as shown in Fig. 47, and the sum is 
over all charged tracks aad neutral showers. Fig. 47(a) schematically illustrates a spherical 
event which would give a large value of MOM, and Fig. 47(b) shows a 3-jet udscb qqg event 
which would result in small values of Afout. Similarly, 4-jet 6' —• bg events are also expected 
to have large values of Moul. 

Figure 48 shows the distribution of Afout for the data sample, for a udscb QCD MC, 
and for the example process V-*cH~ -*ccs for a 35 GeV/c2 ft'-quark (mpf = 25 GeV/c 2). 

To determine efficiencies, it is required that: 

o JWout > 20 GeV/c 2. 

The thrust requirement included in the previous search criteria is not used. 

5.4.3 Efficiencies 

Net detection efficiencies for the signal processes considered are shown in Table 11. 
The efficiency for arbitrary branching ratio Bt = Br(H —»rvT) of the fl'± is given by 

cD(B,) = $BJ + 2ee

D

hB({l - Bt) + # ( 1 - Bt)\ (69) 
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Figure 47: Schematic of py u t as used to determine Mout. (a) shows a spherical 
topology typical of heavy quark hadronic and H+ decays, while (b) shows 
the topology of a 3-jet light quark qqg event. 
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Figure 48: Distribution of mass out of the plane Jtfout for data (circles, with 
statistical errors), udscb QCD Monte Carlo (solid line), and a 35 GeV/c 2 

6'-quark (dashed line, normalized to data.) decaying via b' ~*cH~ —»ccs 
{mH = 25 GeV/c2). 
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Table 11: AfQut detection efficiencies (A^f = 2000) as a function of mass of 
a hypothetical t-quark and 6'-quark. The corresponding efficiency for LUND 
udscb MC events (parton shower, Peterson fragmentation) is (2.0 ± 0.3)%. 
e£A is the detection efficiency for both charged Higgs decaying hadronically 
(H+ —» cs, H~ —» cs); 4 f c represents one H* decaying via H —*cs, while the 
other decays leptonically via H —• TVT • and 4 ' is the efficiency for both Higgs 
decaying through H -*TVT. 

Detection 
Efficiency (%) 

Mass (GeV/c2) 
Process 

Detection 
Efficiency (%) 20 25 30 35 40 45 

t->bW~ «c 12.5 26.6 39.8 52.0 56.1 45.7 
t->bH+ 

{mH = 25 GeV/c2) 

..hh 
C D 

4" 
4 

- 21.2 65.2 77.1 70.3 
15.8 46.9 65.4 57.8 
9.0 29.5 35.5 36.2 

b'->cW « D 5.8 20.7 32.5 40.3 47.3 35.2 
b'->cH-

(mH = 25 GeV/c2) Jh 
- 40.1 60.4 70.3 58.6 
- 27.5 46.9 59.0 46.8 

8.3 19.4 27.4 19.2 
b'-+bg « C - 12.3 24.5 32.6 34.8 21.0 

where it is assumed that Brifl —» ri/T)+Br{H —»cs) = 100%, and the detection efficiencies 
il are denned in the caption of Table 11. 

Referring to Table 11, efficiencies decrease for smaller quark masses as jets become more 
collimated, and MoM decreases. Detection efficiencies also drop for very large heavy quark 
masses near the production threshold since the heavy quarks are produced essentially at 
rest. The decay products of each heavy quark then occur back-to-back with little boosting. 
The two back-to-back systems define the event plane, and the decay products tend to be 
distributed in the plane, resulting in smaller values of Afout. 

Efficiencies for the process Q -* qH are given for the specific case of ran = 25 GeV/c 2. 
The present mass limit for the charged Higgs is mH > 19 GeV/c2 from PETRA [39]. 
However, hadronic event shape analysis and other new particle searches at TRISTAN would 
have surely provided evidence for H + pair-production if is kinematically accessible. A 
conservative estimate of a mass limit from their data is mm > 25 GeV/c 2. For larger 
values of m//, the efficiencies for the upper mass values of mq remain unchanged; but 
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the efficiencies for lower TCIQ decrease faster as the kinematic limit T»Q > mq + mu is 
approached. 

Systematic Errors 

Systematic errors on the M o u t detection efficiencies are estimated using the same pro­
cedure outlined in the prior section describing isolated track efficiencies. Again, differences 
in predicted eD between different fragmentation models are found to vary with heavy quark 
mass. Variations of up to 6% (Ae c /« D ) for t and 5% for 6* are observed. In a conservative 
approach, these are the systematic errors assigned for all quark masses. 

5.5 Combined Analysis for 6' 

The case of b' decaying into cW" , 6ff, or fry with any set of branching ratios is considered. 
If the possibility of V —* cH~ exists, it will dominate all of the above decay modes, and is 
not included in this combined analysis as it has already been scrutinized. 

Events are examined either for the isolated photon topology using the ^-parameter 
described earlier, or for the large Afout topology analysis of the previous section. There 
are six different possibilities (along with their charge conjugate processes) with detection 
efficiencies labelled: 

e" V-*cW,V->cW' 

e» f-,bg,F-*bg 

t" V - . fry,?-, fry 

tT b'-*cW',V-*by 

t3"1 b'-+bg,V->by 

ecs V-tcW'J'-tbg 

If we denote 

B, =Br(b'^cW); B2 = r(y->tg) 
T{V->bg) + T(b'->byy 

and assuming 

Br(b' - cW) + Br(b' - bg) + Br{b' -»fry) = 100%, 

(70) 

(71) 
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then the detection efficiency for 0 < B\, B 2 < 1 is given by: 

eD(BuB2) = £ C CB 2 + e M ( l - Bi) 2B§ + «"(1 - B,) 2 ( l - B 2 ) 2 + 2e<*B1(l - Bi)B 2 + 

2e"B!(l - Bi)(l - B 2) + 2 ^ ( 1 - B,) 2 B 2 (1 - B 2 ) . (72) 

The efficiencies shown in Table 12 are calculated by applying only one of the two analyses 
at a time to simplify the treatment of backgrounds. For given values of B\ and B 2 , the 
analysis resulting in a higher value of e D (Bi ,B 2 ) is employed. 

Table 12: Combined analysis detection efficiencies (-/V"f = 2000) as a func­
tion of b'-quark mass. The detection efficiencies e'3 are defined in the text. 

Detection Mass (GeV/c2) 
Efficiency (%) 20 25 30 35 40 45 

M>ut 

£37 

5.8 20.7 32.5 40.3 47.3 35.2 
12.3 24.5 32.6 34.8 31.0 

2.5 8.1 16.4 23.3 25.0 19.1 
42 13.5 20.8 26.0 30.9 23.4 
- 10.9 21.5 28.1 22.3 27.8 

3.3 16.1 29.2 36.0 41.7 32.2 
Isolated 7 

£ 7 7 13.2 48.8 66.8 69.7 65.0 58.8 
8.6 34.4 47.1 49.1 45.8 41.4 
7.5 29.2 39.6 43.3 39.4 21.7 

Systematic Errors 

The systematic errors and backgrounds are identical for the relevant isolated photon 
and M o u t analyses described in prior sections. 
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5.6 Detached Vertex Topology 

5.6.1 Expected Signature and Background 

We consider the decay via mixing of a sequential neutrino 1/4 - • IW' as described in 
Section 2.4. In that section, the proportionality relation 

T f a - « - ) o c m - s | 0 i 4 r a (73) 

was shown. Although the unitarity of the mixing matrix and e - n, (t — r weak universality 
restrict the allowed mixings [62], there is a large region where the mixing is of a value such 
that the decay length of the 1/4 is experimentally observable, as in the MC event exhibited 
in Fig. 49. /newpage 

RUN-17320 rec 1D1 E- 5 1 . ID 0 PRDN5 T"EO THIQ5ER C0 : 4) 
TRIGBER 0 W F CHAR NARK I ] K[ SLC 

TTW P ELATOT ID 
I e S P I -
2 D s P I -
3 I s P I -
4 0 B P I -
5 B E P I -
C 1 Z P I -
7 1 a P I -

• a 7 K. 
0 I L P I -

10 D 3 P I -
11 D * 0 
12 0 2 0 
13 0 .4 0 
14 0 .3 G 
IS 0 .3 G 
IB 0 1 0 
17 D.4 a 
IS a. 1 G 
I B 0 . 2 G 
20 0 4 Q 
21 0 .2 0 
22 0 .2 0 
23 0 .1 G 
24 0 2 0 
25 0 4 Q 
26 0 1 0 
27 0 .7 G 
28 0 .3 G 
28 0 .7 G 

» 0 4 0 
31 0.C 0 
32 0 .4 0 
33 o.e G 
34 0 3 0 

Figure 49: Example of a MC i/4i/4 event (m^ = 35 GeV/c 2, or = 25 cm) with 
detached vertices and a large number of tracks with large impact parameters. 

To search for this topology, one possibility is to look for events with two back-to-back 
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vertices that are separated from the interaction point and with i'.o tracks coming from the 
interaction point. However, if m^ is large, there is frequently an ambiguity of which track 
or decay product belongs to which vertex, since the decay products are fairly isotropic. The 
probability that a particle is assigned to the wrong i/4 varies from 0.3% up to 20% as mVt 

varies from 10 to 40 GeV/c 2 [119]. Along with large errors in vertex reconstruction, this 
method results in low detection efficiencies. 

An alternative procedure is to examine events for the topology of a large number of 
tracks with large impact parameters. Impact parameter is defined as the distance of closest 
approach to the average beam position in the plane perpendicular to the beam axis. This 
method is found to result in a high detection efficiency, and is not overly sensitive to 
backgrounds from conventional sources. 

Backgrounds which give rise to partially detached vertices and tracks with large impact 
parameters are charm, bottom, and strange decays; decay products undergoing nuclear 
interactions in detector materials such as the beampipe; misreconstructed tracks; beam-
gas interactions; beam-beampipe interactions; and 'noise' tracks from machine background 
debris striking collimators and masks. 

The basic steal.: ry is to eliminate beam-gas and beam-beampipe backgrounds without 
using vertex criteria, and then test for events with detached vertices indicative of long decay 
lengths. 

5.6.2 Topology Criteria: Normalized Impact Parameter Method 

Since we are interested in tracks with large impact parameters, we do not impose cut 
C I which demands that tracks project close to the IP. However, the charged track quality 
cuts C2 and C3 are retained, as are the neutral shower quality cuts C4, C5, and C6. The 
remaining general event topology requirements (cuts C7, C8, and C9) are replaced by the 
requirements described below which have been optimized for the detached vertex topology. 

The dominant background of beam-gas and beam-beampipe interaction events are usu­
ally forward-scattered. They also ordinarily have low multiplicity and low total visible 
energy. In an effort to eliminate them, we require: 

C7': Nch > 7, and 

C 8 ' : EVIS > 0.35^0,1, 

where iVrj, is the number of charged tracks satisfying cuts CI and C3. In addition, the 
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rpinimmri of charged particle energy in the forward and backward hemispheres (Ej and Eb, 
respectively) with respect to the electron beam direction mcst be greater than 7% of Ecm, 
i.e., 

C9': min(Ef,Eb) > Q.07Ecm. 

To examine the effect of these cuts, and to ensure that the remaining events are free 
of beam-gas and beam-beampipe background, we determine the most probable primary 
vertex of each event for all the data trigger events. Fig. 50(a) shows the primary vertex 
distribution in the plane perpendicular to the beam axis. Demanding N& > 7 essentially 
eliminates all the events with primary vertices which are not at the known SLC beam-
beam interaction point or at the beam pipe region, leaving only the beam-beampipe hard 
scattering background events end events near the IP as shown in Fig. 50(b). One can also 
discern localized clustering of primary vertices in the regions of the wire flippers inside 
the beampipe. The combination of total energy requirement and the minimum forward-
backward charged energy requirement, but not the N& requirement, eliminates most of 
the beam-beampipe interaction events, but leaves some events which are mostly misrecon-
structed or noise events. (Fig. 50(c)). When all cuts are applied, there remain only events 
near the IP, evident in Fig. 50(d). The distributions of the z-coordinate of the primary ver­
tices after each cut show similar effects. When the same cuts are applied to MC long-lived 
1/41/4 events, no obvious changes in the primary vertex distribution are observed. 

When all requirements are applied, there remain no events with primary vertices outside 
a cylindrical volume centered on the IP of radius 1 cm and length 4 cm along the beam 
axis. The beampipe has a radius of 3.4 cm. It is therefore conservatively estimated that 
there are less that 0.01 beam-gas and beam-beampipe interaction events in the 350 event 
sample which pass all the cuts. 

Normalized Impact Parameter Method 

As stated earlier, the impact parameter b is the distance of closest approach in the x-y 
plane of a charged track to the average beam position as shown in Fig. 51. 

The average beam position for events in a particular time period is defined as the average 
of the fitted primary vertex positions of the hadronic events in that period. The data is 
divided into blocks in which there is no evidence of beam position movement of more than 
200 pm as determined by the SLC Final Focus beam position monitoring system. Each 
data block contains more than 50 hadronic events, and the typical error in the average 
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Figure 50: Distribution of the primary vertices in the x-y plane for ail the 
data trigger events after (a) only imposing track quality cuts; (b) adding the 
JVch > 7 cut only; (c) adding the Evii > 0.35-Ecm and xnm(Ef, Eb) > 0.07.15cm 
cuts only; and (d) after all criteria demanded. The beampipe is represented 
by a dashed circle. 

beam position is less than 40 fim in both horizontal and vertical directions. Since the SLC 
beam size is very small, its contribution to the uncertainty in the average beam position 
is negligible. Studies have also been performed on how well the measured average beam 
position tracks deliberate movements of the Final Focus quadrupole triplets. It is estimated 
that an upper limit on the beam position uncertainty is approximately 200 um. We therefore 
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conservatively assign an error <Tbp of 200 fim to the average measured beam position for 
each event. 

'^SSSST','' *-y Plane Position 
Track 

Figure 51: Definition of impact parameter and related errors. 

The significance of a charged track's impact parameter is defined as the impact param­
eter divided by its error ov 

<rb=»bp + oik- (74) 

where o- t r k is the track position error perpendicular to the track trajectory determined from 
errors on the fitted track parameters. Fig. 52 shows the distribution of o w The peak is 
due to high momentum tracks. 

An event search parameter Ximp is then defined as: 

_ Number of charged tracks with b/fft > 5.0 
, m p Number of charged tracks 

As seen in Fig. 53, hadronic background events containing bottom, charm, and strange 
decays rarely yield Ximp greater than 0.5, since there are many other tracks that project 
to the primary vertex'; however, many V4P4 events with a reasonable lifetime would yield 
Ximp values greater than 0.5. 

In Fig. 53, a clear disagreement between the data and udscb MC events is evident as 
a deficit of data events with very small values of Ximp and an excess of data events with 
Ximp values between 0.2 and 0.35. This discrepancy is mainly due to the shortcomings of 
the MC modelling when particles in hadronic events undergo nuclear interactions in de­
tector materials. In the MC simulation, when a nuclear interaction occurs, the incident 

'The same is true for a hadronjc event with one or more particles undergoing a nuclear interaction in 
the beampipe or detector materials. 
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Figure 52: Distribution of (7trk, the track position error perpendicular to the 
track trajectory, for hadronic Z decay data (points) and for udscb MC events 
(solid bisto; ram). 
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Figure 53: Distribution of i>4 search parameter x ; m p for data (solid dots with 
error bars), udscb MC events (solid line), a 35 GeV/c2 i/4 with a lifetime of 
100 psec (dotted line, normalized to data), and a 35 GeV/c 2 i/4 with a lifetime 
of 1000 psec (dashed line, normalized to data). 
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particle stops at the point of interaction and disappears without generating further nuclear 
fragmentation particles. These secondary particles would have moderately large impact pa­
rameters. When the estimated 0.3 nuclear interactions per event is taken into account, the 
data and udscb MC distributions are consistent. Z decay products striking the beampipe 
and generating secondary particles which have moderate values of b/ob are revealed when 
data events causing the excess are hand-scanned. If cut CI is used to demand that tracks 
project close to the IP, the resulting Ximp distributions for the data and MC agree well. 

To tag long-lived 1/4P4 events, we demand: 

0 Ximp > 0-6. 

That is, we require that greater than 60% of the charged tracks in an event have significantly 
large impact parameters. This value of the cut also avoids the region of discrepancy between 
the data and MC. 

5.6.3 Efficiencies 

Trigger efficiencies have to be treated carefully since a long-lived v4 may not decay 
within the detector fiducial volume defined for triggering. A full charged trigger hardware 
emulator program (CHGEHUL) and energy-deposited trigger emulator (SSTEMUL) [117] are 
applied to simulated v4vA events. Event selection cuts are applied only to those events that 
would trigger our data acquisition system, and final detection efficiencies eD are determined. 
Data must pass the charged trigger emulator CHGEHUL (since this emulator is slightly more 
restrictive than the actual charged trigger [118]) or have satisfied the SST trigger. 

As an example, for a 35 GeV/c 2 1/4 with a cr of 1 m, trigger efficiencies are 76% for the 
charged track trigger and 78% for the energy-deposited trigger, giving an overall trigger 
efficiency of 90%; the final detection efficiency eD which includes the trigger efficiency is 
13%. It should be noted that the energy-deposited trigger does not employ detailed position 
resolution, and in general does not depend on the radius at which the 1/4 decays as long as 
the 1/4 decays before passing through the calorimeter systems. 

Detection efficiencies for accessible values of mut and \Ut.<t\2 are listed in Table 13. 
Efficiencies drop for short lifetimes since the 1/4 decays close to the IP with the consequence 
of small impact parameters. The impact parameter 6 is approximately proportional to cr, 
regardless of mass, and efficiencies are roughly constant for constant cr. For very long mean 
decay lengths, one or both of the 1/4'B may escape the detector before decaying, leading to 
low trigger efficiencies. Decays in the last few layers of the drift chamber result in low track 
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Table 13: Normalized impact parameter detection efficiencies (JVt*££ = 2000) 
for v® —*eW*. The corresponding efficiency for LUND udscb MC events 
(parton shower, Peterson fragmentation) is less than 0.05% (95% CL). 

Mass Mixing Matrix 
Element 

\u«\2 

Lifetime Mean Decay Length 
(I) = flyer 

(cm) 

Detection 
m„4 

(GeV/c2) 

Mixing Matrix 
Element 

\u«\2 

T 

(psec) 
cr 

(cm) 

Mean Decay Length 
(I) = flyer 

(cm) 
Efficiency 

eD (%) 
10 1.69 x 10- 7 

2.03 x 1 0 ' 6 

1.69 x 1 0 - 8 

16.6 
200. 
2000 

0.50 
6.0 
60. 

2.2 
26.6 
266 

14.5 
37.0 
19.1 

20 6.14 x 10- 8 

5.10 x 10- 9 

2.45 x lO" 1 0 

16.6 
200. 
4166 

0.50 
6.0 
125 

1.0 
12.3 
255. 

19.0 
46.6 
4.6 

30 6.70 x 1 0 - 1 0 200. 6.0 6.8 49.4 
35 6.15 x l O - 9 10. 0.3 0.25 5.0 

6.15 x l O " 1 0 100. 3.0 2.5 43.1 
3.07 x l O - 1 0 200. 6.0 5.0 43.5 
6 .15x10-" 1000. 30. 25. 41.1 
3 .07x10"" 2000. 60. 50. 26.7 
2 .05x10-" 3000. 90. 75. 18.7 
1.54x10-" 4000. 120. 100. 13.3 

40 8.08 x 10 _ , ° 39.0 1.2 0.63 18.9 
1.57 x 10 - 1 0 200. 6.0 3.2 47.3 
1.44 x 1 0 - " 2185. 65.5 35.5 35.5 

45 8.75 x 1 0 - " 200. 6.0 0.9 31.6 

reconstruction efficiencies. The trigger, multiplicity, and visible energy cut efficiencies are 
more dependent on the mean decay length (I). 

It is found that detection efficiencies are equal to one another within statistical errors for 
the different decay modes u4 —*eW and 1/4 -*/iW", and are approximately 10% lower for 
KJ —» TW". In the case of v4 —• rW", multi-prong decays of the T ± tend to give more tracks 
with large impact parameters, and the Ximp cut is more efficient; however, the presence of 
two more neutrinos in each event from the r* decays result in a lower efficiency to satisfy 
the visible energy requirement C7'. 

The measured detection efficiencies for the x,mp analysis applied to simulated Majorana 
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neutrinos are found to be equal, within MC statistical errors, to those for Dirac neutrinos 
even for high mass values. This analysis is less sensitive to the effect of differing i/f and 
v^ angular distributions because a large number of tracks in each event is considered as 
compared to the short-lived v^ isolated track analysis. The differences in angular acceptance 
are therefore 'smeared out'. 

5.6.4 Systematic Errors 

Inefficiencies in the triggering system are estimated by comparing the relative efficien­
cies of redundant trigger components. Parameters in the trigger emulators are varied within 
their uncertainties to determine systematic errors in tD due to the trigger simulation. In 
particular, the performance of a number of "trigger cards" used to interface with the TDC 
FASTBUS backplane and provide the trigger logic "hit" signal for each DC cell were at 
times inoperative. During running, these intermittent modules were moved to the outer 
two layers of the DC to reduce their effect on the overall charged trigger efficiency. This 
is taken into account as well as the individual cell trigger efficiencies in the estimation of 
a 3.5% (Acp/eD) systematic error due to inexact modelling of the two trigger systems. 
Uncertainties in calorimeter energy scales, momentum resolution, and multiple scattering 
effects (the latter two affecting <7&) contributes a further 3.2% systematic error due to the 
detector simulation. 

Track-finding and reconstruction efficiencies for tracks passing only through the outer 
layers of the DC are studied to check the detector simulation for i/4 decays occurring 
at large radii. MC and data tracks passing through all 12 layers of the DC are first 
selected. Raw data from the inner first layer is removed, the real and simulated data 
is again passed through the track-finding and reconstruction software, and the tracking 
efficiency is recalculated. This process is then repeated by removing information from the 
inner two layers, and so on. The comparison between data and MC tracks is shown in 
Fig. 54. Since at least three segments are required to form a track, the tracking efficiency 
in Fig. 54 is zero when the raw data from the inner 10 of the 12 layers of the drift chamber 
is removed. Note that the tracking efficiency is still >50% for particles which leave tracking 
information only in the outer three layers of the DC. 

A comparison of tracking efficiency between the data and MC for tracks with large 
impact parameters is also made. In the data, cosmic ray events are isolated from beam-
crossing events to provide a sample of large impact parameter tracks. Signals in collinear 
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Figure 54: Tracking efficiency as a function of number of drift chamber inner 
layers not containing tracking information (see text) for data (dots, with 
statistical errors) and udscb MC events (solid histogram) for comparison. 

time-of-fiight counters indicate the passage of a cosmic ray muon through the DC, and 

tracking efficiencies of the cosmic ray tracks are determined as a function of impact param­

eter. These are compared to efficiencies determined from long-lived vt MC everts. 

As a result of these tracking studies, a 10% AeD/eD systematic error is assigned due 

to tracking uncertainties for tracks with large impact parameters originating from decay 

vertices at large radii. 

Finally, different fragmentation models are used for the treatment of the hadronic decays 

of the W" in the decay v\ —*IW*, leading to the assignment of a 1.5% systematic error on 

e D from fragmentation simulation uncertainties. 

5.7 Mass Limits from Measurements of the Z Resonance 

The presence of new particles from Z decay can be detected in the increase of the 

width of the Z resonance above Standard Model 3-generation, 5-quark expectations. From 

measurements of the Z resonance, an upper limit on the number of massless neutrino 

species JV„ < ngS% at the 95% confidence level (CL) can be determined. This result can 

be reinterpreted to find mass limits for a stable 1/4, an unstable V4, and a heavy charged 

lepton L~. 

As shown earlier, the visible Z cross section <?z can be represented by a relativistic 
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Breit-Wigner: 

°z = ^(s-Miyl%i/M^ + 6)' ( 7 6 ) 

where Te is the partial width into electrons, rv-,s is the partial widths for Z decays visible in 
the detector, Tz is the Z total width, and S is the substantial correction due to initial state 
radiation. An accurate analytical approximation [120] that includes radiative corrections 
can be written as a function of four input parameters: 

<*Z = 0 - z ( < T p e a k , M z . F z , s ) , (77) 

where trPeak is given by: 
125rr er vis ,_„* 

for s = M\. A fit is performed minimizing the differences between the observed and 
predicted cross sections at a number of scan points of different center-of-mass energies (i.e. 
different s). The details of the fitting procedure can be found in Ref. [66]. 

To determine the invisible width (represented by NVV„, where IV is the partial width 
into a pair of massless neutrinos), the total width is set to: 

TZ <= rui.cb t r e + r , + r T + jv„r„, (79) 
where the partial widths are given in Section 2.1.3. The parameters N„ and Mz are allowed 
to vary in the fit, and r v i s is constrained to its Standard Model value with no new particles. 
In this maimer, the upper limit on the parameter N„ < ng5% is determined. 

5.7.1 Stable v4 

A stable i>4 would contribute only to the invisible Z width, adding a fraction of a 
massless neutrino width, the fraction depending upon the mass of the new neutrino. Using 
the measured upper limit on N„, a mass limit can be easily derived as described in the next 
chapter. 

An unstable v$ could lead to visible decays in the detector as determined by visible 
event selection criteria. 

5.7.2 Visible Event Selection Criteria 

Visible event criteria are used to define "events visible in the detector" and to define 
the numerical value of r v j s . Hadronic (udscb) Z events are selected as visible events. In 
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addition, /i- and r-pair Z events with thrust axes in the angular range |cos#,hr| < 0.65 
(i.e. decay products are required to pass through the LA barrel calorimeter) are included 
as visible events. For pet feet event selection, the visible width is then 

1 vis = Lvdscb 
+ 0.556(I\ + T T). (80) 

The 0.556 factor is simply the integral of dalill{TT)/dcos9 from cos9 = -0.65 to cos6 = 0.65. 
In the fitting of the data to the theoretical line shape, hadronic, ji-pair, and r-pair 

events need to be counted separately. For our purpose, we only need to find the efficiency 
for exotic events to contribute to the visible width. Visible event selection criteria are: 

Reconstructed charged tracks must satisfy the following (nomenclature defined earlier): 

VI : project into the cylindrical volume defined by r < 1 cm and \z\ < 3 cm, centered 
at the IP; have 

V2: p^ > 110 MeV/c, and 

V3: |cos0|<O.92. 

A reconstructed shower or cluster is considered for inclusion as a neutral shower whether it 
is associated with a charged trade or not. Neutral showers must then satisfy the following: 

V4: E-, > 1 GeV; 

V5: | costfshl < 0.68, where 0 s h is the angular position of the shower in the LA barrel 
calorimeter; and 

V6: 0.68 < |cosflsh| < 0.85, where 06j, is the angular position of the shower in the 
endcap calorimeter. 

Events must satisfy: 

V7: min(£/, Eh) > 0.05£cm-

Two multiplicity cases are considered: 

V8a: Nrh > 2. 

If R l : 2 < W-j, < 6, 

R2: T > 0.95, and 
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R3: |cos0u, r| > 0.65, then reject as a T-pair event outside the fiducial 
volume; 

otherwise accept the event (hadronic or T-pair within the fiducial volume). 

V8b: JVch = 2. 

If LI : r > 0 . 9 5 , 

L2: Ecai/Ecm < 0.8 (I5cai is the total energy in the LA barrel calorime­
ter), and 

L3: |cos0thr| < 0.65, then accept the event (jj-pair or T-pair event 
within the fiducial volume). 

The efficiency for hadronic events to p&ss these visible event selection criteria is (95.4 ± 
0.8)%. The efficiencies for r-pairs and /i-pairs with |cos0thrl < 0-65 is (95 ±2)% and 
(97±2)%, respectively. The overall efficiency for Standard Model events (no new particles) 
to pass these selection criteria is €vls = (95.4 ± 0.8)%. 

5.7.3 Unstable v4 

We first assume that the neutrinos of the first three generations are massless. Secondly, 
when the possibility of a massive 1/4 is considered, we assume that it is the only new particle 
with mass less than Mz/2. If 1/4 is unstable, it will begin to contribute to the visible width 
and total width of the Z: 

Tvis = l i i s + ^h/ls^ft, (81) 

where r j i 5 = ev\3 [rud,cb + 0.556(1^ + IV)] is the visible width predicted by the 3-generation, 
5-quark Standard Model for decays in the fiducial volume (after selection cuts), j?vi, is the 
efficiency for 1/4V4 events to satisfy the visible event selection criteria, IV, (a function of 
m„A) is the partial width for Z decay into 1/41/4, and 

T°Z = r u d M t + r e + r „ + r T + 3r„. (82) 
From the relation Eq. 77 for <Tpeaki the region where the relation: 

n (r°z + iv,)' < (r°z + (n9 5 % - s)r„)» m 

is true is excluded at 95% CL. 
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Efficiencies 

The efficiency 7;vis for VA V\ events to pass the visible width cuts V1-V8 are measured 
using MC data sets with different values of m^ and |tf<4|2. As in the detached vertex 
analysis, a full emulation of both trigger systems is included to properly simulate the 
detector response to long-lived 1/4 decays. 

Typical measured efficiencies for a 15 GeV/c2 1/4 are shown as a function of lifetime of 
the i>4 (which is determined by the value of |C/"<4|2 input to the MC generator) in Fig. 55. 
The efficiency drops as the lifetime becomes longer as fewer tracks and events satisfy the 
visible event criteria. Values of r^tt. for Dirac unstable neutrinos are compiled in Table 14. 

10 
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—i. M, I ,.!.,<,.,I ,|.,I.L. • J . , . - 1 , -J . . , .* . 1,1 J, I, J 

10* 1<f 
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Figure 55: Measured efficiency Jfri, for a 15 GeV/c2 i/4 as a function of the 
lifetime of the 1/4. Errors are from MC statistics. 

Detection efficiencies for v± —• eW* are equal to within statistical errors to efficiencies 
for v^1 —»eW". The Dirac and Majorana neutrino angular distributions are much the same 
for mUK < 20 GeV/c 2. 

By varying cuts V I - V 8 within reasonable ranges, a systematic error of 1.4% on visible 
event selection is estimated. Remaining systematic errors on eD are very similar to those 
outlined for the large impact parameter analysis. 
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Table 14: Efficiencies for Dirac J/4&1 events to pass visible event criteria. 
Statistical errors on T^U are given by Ng£ = 2000. 

mvt Lifetime (T) i/f -*nW i / 4

f l - . r r 
(GeV/c2 (sec) | £ U 2 1?™ {%) \UT412 7/vis (%) 

3.0 0.32 x 1 0 - " 
0.32 x 10- 1 0 

0.32 x 10-3 

0.63 x 10" 2 43.4 
0.63 x 10" 3 4.3 
0.63 x 10" 4 0.5 

0.10 x 10° 81.7 
0.10 x 10"' 61.2 
O.iO x 10"2 6.1 

5.0 0.35 x 10" 1 0 

0.35 x 10-3 
0.35 x 10-* 

0.36 x 10" 4 34.6 
0.36 x 10- 5 2.5 
0.36 x 10" 6 0.1 

0.10 x IO- 3 36.5 
0.10 x lO"4 2.7 
0.10 x 10- 5 0.1 

10.0 0.86 x 10 - 1 0 

0.86 x IO- 9 

0.86 x 10-* 

0.39 x 10" 6 44.0 
0.39 x 10" 7 5.2 
0.39 x 10"* 0.1 

0.50 x 10~6 54.7 
0.50 x 10- 7 6.1 
0.50 x 10-* 0.2 

15.0 0.23 x 10" 9 

0.54 x IO- 9 

0.11 x 10-* 
0.23 x 10-* 
0.23 x 10- 7 

0.19 x 10" 7 27.9 
0.80 x 10"* 11.3 
0.40 x 10"* 5.3 
0.19 x 10-* 2.2 
0.19 x 10-3 0.05 

0.21 x 10- 7 36.4 
0.90 x 10-* 14.5 
0.45 x 10-* 6.7 
0.21 x 10~* 2.6 
0.21 x 10~3 0.1 

20.0 0.64 x 10~9 

0.13 x 10- 8 

0.25 x 10"* 
0.25 x 10- 7 

0.19 x 10" 7 12.6 
0.80 x 10"* 6.2 
0.40 x 10-* 2.4 
0.19 x 10-* 0.05 

0.21 x 10- 7 14.0 
0.90 x 10"* 7.0 
0.45 x 10~8 2.7 
0.21 x 10~* 0.05 

5.7.4 Heavy Charged Lepton L~ 

We consider the possibility of a heavy charged lepton that decays into a neutrino of its 
own generation via L~ -*v4W" with the pattern of masses m„4 < mL < Mz/2. It is also 
assumed that the v\ is stable to avoid the complication of additional mixing parameters for 
both the charged lepton and neutrino sectors. The small production rate of L+L~ events 
at the Z prohibits direct searches for this process; however, both new particles would now 
contribute to the visible and total width: 

r v i 6 = r ? i s + T7vi8(rL + rv 4 ) (§4) 
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where Fi is the partial width of the Z to decay into L+L~ pairs, and Tjvis is now the efficiency 
for L+ —»v4W", L~ —»utW events to satisfy the visible event criteria. In analogy to the 
unstable 1/4 case, the relation: 

rgu + frisPTz. + r,,,) r°. n (85) 
(T0

z + rL + T„ty ( r « + ( n 3 5 % - 3 ) r o 2 

delimits an exclusion region at 95% CL. Comparing the above with the expression for 
an unstable v\ we see that the addition of TL allows better limits to be resolved as IV 
contributes quadratically to the denominator. 

I 
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Figure 56: Measured efficiencies ijy„ to satisfy the visible event criteria 
for different values of m i and mVi. MC statistical errors are given by 
N"f = 3000 The curves are polynomial interpolations through the mea­
sured efficiencies. The dashed line is an example of a curve of constant mass 
difference 6 = mi — mUi • 

Efficiencies 

The relation of Eq. 85 depends upon the magnitude of both Ti and T„t, which in turn 
are functions of mt and m^ respectively. MC events are generated for various (mL,mV4) 
pairs, maintaining mvt < mi . The efficiency T]vls for each pair is found, and the results 
displayed in Fig. 56. 
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From Fig. 56, we see that efficiencies are also strongly dependent upon the mass dif­
ference <5 = mi — ra„4. The maximum visible energy in the event is controlled by 6; the 
smaller the 6, the smaller the maximum visible energy. Efficiencies drop for small 6 be­
cause of the visible energy cut V7 and multiplicity cut V8 which are necessary to reduce 
the backgrounds due to two-photon processes, beam-gas interactions, and beam-beampipe 
interactions. 



Chapter 6 

Results 

This chapter compares the number of expected new particle and background events 
after selection cuts with the number observed in the data. Using this information, null 
direct search results in the form of mass limits and exclusion regions are obtained. The 
results of fits to the Z resonance data and the upper limit on the invisible width of the Z 
are presented. This knowledge allows the determination of limits on particle production 
that contributes to the invisible width. 

In Chapter 2, the motivation for searching for the scenarios considered including mass 
limits at the time of analysis were presented. Following the publication of the results of this 
analysis, the LEP experiments and collaborations were able to incrementally improve on 
the results of this thesis with their much larger sample of Z decays. This chapter compares 
our conclusions with these newer LEP limits. Implications for the future are discussed. 

6.1 Expected Number of Events 

6.1.1 Number of Produced Events 

The expected number of new particle events is normalized to the number of data 
events JVj,ad which have the characteristics of hadronic Z decays. A typical event in the 
data displaying a Z decaying into hadrons is shown in Fig. 57. More precisely, JVhivj = 455 is 
the number of data events which fulfill the hadronic visible event selection criteria V l -V8a 
discussed in the previous chapter. These criteria were also used to choose the events used 
in the Stting of the Z resonance to the data [66] where hadronic events and r-pair events 
with |cos0 ti, r| < 0.65 needed to be distinguished and be counted separately. This was done 

110 
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RUN 17914 REC 6SE E - 92.20 
TRtQER 0 OCB CHAR 5 5 1 

tnt p Eu ru i ID 
1 l .D P I -
E 0 . Q P I • 
3 2 .3 0.3 P I ' 
1 2 .3 O.B P i ­
5 2 .2 ll 3 P I -
G 5 .5 2.6 P I - M*A 
7 0.D PI • 
e 0 .3 P i ­
a O . B l l 2 P I -

10 10.Q 0 S P I -
11 24.0 0 2 P I ­
12 0.7 CO P I -
13 0 .3 5. J E-
M 2 .3 0.0 P i ­
13 0.3 l l .4 P I ' 
10 t o . o 17.5 E-
17 0 . 1 o.o P I -
18 0.2 O.O P I -
10 1.0 0 0 P i ­
2 0 l l 3 G i s 2 1 0. 1 0 , M - .. 
2 2 0.2 C 
2 3 0.4 G \ \ 2<s 0 7 6 
2 0 0. 3 G 
2 0 O.S G 
2 7 0.4 G 
se 0 8 G 
2 0 1.0 G 
3 0 0.7 G LB 

3 1 O.Q G 
3 2 0 4 G 

19 PRONG HAORON 

^ 

(5 -01 
NM*K I I AT SLC 

Figure 57: A typical hadronic Z decay in the data. 

by a handscan of the candidate data events. However, the efficiency for new particle events 

t o pass the hadronic event cuts needs to be found, and handscanning thousands of MC 

events is impossible. An event is therefore rejected as a r-pair event if criteria V 1 - V 7 , 

2 < iVd, < 6, and T > 0.992 are satisfied. From application of these cuts to MC r-pair 

events [121], the efficiency for T'S pass the hadronic event cuts is only (3.4 ± 0.4)%, while 

the efficiency for udscb events drops negligibly. 

Many of the new particle prospects have decay modes which lead to events which will 

pass these cuts with good efficiency. If / C dt denotes the integrated luminosity over time, 

then 

Whad = / Cdt- (e?<x, + e^o-,), (86) 

where e, = 0.951 ± 0.007 is the fraction of MC udscb events that pass the hadronic event 

cuts, IT, is the hadronic udscb Z cross section, tx is the fraction of new particle events 

that pass the hadronic event criteria, and aT is the cross section for Z new particle events. 
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Rearranging, we then have the number of produced new particle events in our data sample 

given by: 

Ns>ri>li = / £ dt • <rx = ^"f/r ' ( 8 7 ) 

where T, is the udscb hadronic width of the Z, and r j - (m x ) is the partial width for the new 

particle scenario being considered. 

In the above calculation, the ratios of partial widths are calculated, and many systematic 

errors cancel. If the integrated luminosity measured by the SAM and Mini-SAM were 

used directly, systematic errors from luminosity detector effects and from uncertainties in 

radiative corrections to the Bhabha cross section would have to be included. The final 

measurement value for the total integrated luminosity from the SAM and Mini-SAM is 

j Cdt = 19.7 ± 0.8 n b - 1 . (88) 

The error on this number is comparable to the 4.7% statistical error on A^d- The j Cdt 

measured for each scanpoint by the luminosity devices predicts Mia.3 = 464 ± 19 events, 

assuming that N^^ contains only udscb quark events. This is consistent with the A^ad = 

455 events observed, giving another indication of the lack of new particle production. A 

further advantage of using Eq. 87 is that the effect of the varying Z cross section at the 

scanpoints corresponding to the ten different £ c „ , is automatically taken into account. 

The calculation of T, and Vx has been discussed in Chapter 2. The factor /? = (1 — 

4 m ^ / £ ^ B ) 1 ' J is found for each event contributing to -^hadi where Er.m is the value indicated 

by the energy spectrometer for that event. The partial width Vx is subsequently calculated 

individually for each event. 

The efficiencies e x are in general weak functions of the new particle mass. For example, 

i r varies smoothly from (97.5 ± 0.3)% for a 15 GeV/c 2 t-quark to (98.4 ± 0.3)% for a 45 

GeV/c 2 t-quark (CC decay). Other typical values for tx are listed in Table 15. Using MC 

events, the efficiencies c r are found only at a number of discrete values of m.. Polynomial 

interpolation [122] is used to estimate values of tT between these discrete mass values. 

The number of produced events expected in the data sample is shown in Fig. 58. 

6.1.2 Errors on the Number of P roduced Events 

Uncertainties in the number of produced events jVpr„,j arise from the 4.7% statistical 

error on W| la,j and from the small errors on e, and tf. The leakage of x-pair events into the 

hadronic event sample causes an increase of <0.14% in Af,,r„,i and is ignored. Systematic 
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Table 15: Efficiencies e x at mT = 35 GeV/c2 for new particle events to 
satisfy the hadrooic event criteria. These efficiencies should not be confused 
the detection efficiencies eD discussed in the previous chapter. 

Process EfiBciency 
«» (%) 

t-*bW 97.9 ±0.3 
t->6#+ mH = 25 GeV/c2 95.8 ±0.5 
b'-+bW" 94.8 ±0.5 
b'-*cH~ mH = 25 GeV/c2 94.3 ± 0.6 
b'-*in 97.3 ± 0.3 
&'-&<? 96.6 ± 0.6 
j / 4 -+ eW \V*$ = 1 94.2 ± 0.5 
i/t-*nW \U* \2 = 1 92.1 ±0.5 
1/4-+TW | 0U| J = 1 91.6 ±0.6 
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Figure 58: Expected number of produced new particle events in the data set 
corresponding to N^ = 455. 
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errors on NpTod exist due to uncertainties in the calculation of the r , . These are estimated 
by varying the input parameters within the following ranges: Mz = 91.14 ± 0.12 GeV/c^, 
A.jj-g = 290 ± 170 MeV, mt from 50 to 200 GeV/c2 (except when the expected number 
of i-quark events is being determined), and mjj from 30 to 1000 GeV/c 2. The resulting 
variations in NpK>d lead to the estimation of systematic errors of 1.3% for ^quarks, 1.6% 
for 6'-quarks, and 0.3% for 1/4 due to uncertainties in IV 

By far the largest uncertainty for t- and 6'-quarks is from an insufficient knowledge of 
higher order QCD corrections for massive quarks as discussed in Section 2.1.3 and illustrated 
in Fig. 11. This translates into an uncertainty on NpToA which varies with quark mass. In the 
case of the i-quark, for masses of 30, 35, 40, and 45 GeV/c 2, we obtain &Nprod/NpTOd = 5, 
6, 9, and 19%, respectively. 

Errors are propagated in the expression for iV p r o d , with statistical and individual sys­
tematic errors on quantities combined in quadrature. 

6.1.3 Expected Number of Events after Cuts 

The expected number of events Nexp after new particle selection cuts is simply: 

Nexp(mx) = eD(mx) • Npmi{mx), (89) 

where e D is the detection efficiency for the new particle process in question. JVexpfm*) is 
found for a number of discrete mass values from MC data sets and polynomial interpolation 
is used to find values of Nexp between these masses. Errors in eD discussed in Chapter 5 
are combined with the errors on NpTOa to give a total error Nexp ± 6exp. 

6.2 Mass Limits and Exclusion Regions (Direct Searches) 

The number of data events fulfilling the various new particle selection criteria are 
compared to the number of new particle events expected Nexp, taking predicted backgrounds 
into account. If there is no apparent signal for a new quark or lepton in the data, we wish 
to exclude the existence of these particles within a mass range or range of parameters. It 
is possible to determine the confidence level of exclusion in a number of possible ways. For 
instance, the shapes of distributions and total number of events observed in the data can 
be compared to that expected from the sum of backgrounds and hypothetical signal. In 
this analysis, we pursue a simple and conservative procedure of only comparing the total 
number of events satisfying our selection criteria. 
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The determination of mass limits will be described in more detail using the isolated 
track topology as an example. 

6.2.1 Isolated Track Topology 

Referring back to the distribution of the p-parameter in Fig. 45, we observe that the 
data agrees well with the udscb MC prediction. One data event passes the final cut of 
p > 1.8. To estimate expected udscb backgrounds, selection cuts are applied to the five 
Monte Carlo/fragmentation combinations described in Chapter 4. These models predict 
from 1.1 ±0.2 events (LUND partem shower with Peterson fragmentation, statistical error) 
to 2.1 ±0.3 events (Webber model) to have p > 1.8. Less than 0.01 two photon events and 
less than 0.02 beam-gas and beam-beampipe events (at 95% CL) are estimated to satisfy 
all the isolated track criteria. 

We conclude that there is no compelling evidence for the production of new particles 
that result in high-momentum isolated tracks in hadronic Z decays. 

Background Subtraction 

Since the total number of events observed is very low, techniques based on Poisson 
statistics are necessary. We follow a recommended [123] procedure for the treatment of 
Poisson processes with background. Let N0 be the number of events observed in the data, 
XB be the number of events expected from background, and As be the unknown number 
of signal events. Conservative upper limits for As at a given confidence level (CL) are 
obtained from: 

. - ( A a + A C L ) Y~N° (AB + A c i ) " 

CL = 1 - - ~"=° "! . (90) 
c - > „ • rJVo i (>a)" v ' 

where ACL is adjusted until the above relation is true. For a background of XB, XCL has 
true probability > CL of being larger than A.̂ , and is the desired upper limit for As. 

A more conservative upper limit is obtained if less background is subtracted. Therefore, 
we take the smallest value of the number of background events predicted by the various 
udscb MC generators. For N0 = 1 event, and XB = 1.1 events, we find that Aci, = 4.1 
events at a CL of 95%. Put another way, if we expect 1.1 events from background, there is 
only a 5% probability of 4.1 events fluctuating down to the single observed event. 
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Isolated Track Mass Limits 

The number of expected CC decay t -* bW* and V —> cW" events fulfilling the isolated 
track criteria is shown in Fig. 59 as a function of mass mx, (x = t, b'). The dashed lines 
are the number of expected events minus the total error, i.e. Ncxp — fiexp. This quantity 
takes into account possible fluctuations in Monte Carlo and data statistics, and the various 
theoretical and systematic uncertainties that affect the calculation of Nexp. The dotted 
line is the 95% CL upper limit for the observed number of events, including background 
predictions. The intersection of this line with the lines representing Nexp — Sexp delimits 
the mass range excluded by the present measurement at the 95% CL. 

20 30 40 
Mass, m x (GeV/c2) 

50 

Figure 59: Expected number of t and b' (decaying 100% via CC process) 
quark events with at least one isolated (# > 1.8) track as a function of the 
quark mass (solid lines). The dashed curves indicate the central value minus 
the uncertainty from statistical and systematic errors. The dotted line is 
the upper bound at 95% CL with background subtracted for the observed 
number of events, and its intersection with the dashed curves delimit the 
quark mass intervals excluded. 
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, Therefore, from Fig. 59, the range of masses: 

20.1 < mt <. 40.6 GeV/c2 (91) 

19.9 < mi,. < 45.0 GeV/c 2 , 

are excluded at 95% CL for the case of 100% CC decays t-*bW" and 6 ,-»cW*. 
Following an identical procedure for short-lived i>4 events, the expected number of events 

for the possible mixings of 1/4 are shown in Fig. 60 for Dirac neutrinos. The variation in JV e x p 

for the different mixing scenarios is due to differences in detection efficiencies explained in 
Chapter 5. Figure 61 shows the difference between the expected number of events for Dirac 
and Majorana 1/4 for a particular case of mixing to the second generation. This dissimilarity 
is dominated by the difference in Dirac and Majorana mass threshold effects and not by 
differences in detection efficiencies. The 03 factor always results in fewer vf1 events than 
i/f events; hence the mass limits for Majorana neutrinos do not cover as large a range of 
parameter space as Dirac neutrino limits. 

• Limits on 1/4 production are sensitive to the mixing parameter Up4. The isolated track 
analysis is meant to detect short-lived (prompt) "4 particles; the detached vertex analysis 

• is sensitive to 1/4 particles with longer lifetimes. In order to quantify the requirement of 
short lifetimes in terms of the mixing matrix element |t/f4|2, we conservatively define the 
detection efficiency for the isolated track topology to be zero if the decay vertex of either 
1/4 falls outside the cylindrical fiducial region of r < 1 cm, |z| < 3 cm centered at the IP. 
This allows the track quality cut C I (requiring charged tracks to project into the above 
fiducial region) to remain highly efficient. Studies indicate that detection efficiencies for the 
isolated track topology remain high for much longer decay lengths, but events with these 
long decay lengths are not pursued since the resultant detached vertices would be observed 
as signal events by the normalized impact parameter analysis. 

Regions excluded by the isolated track analysis in the m„, — \U(4\2 plane are shown in 
Fig. 62. Since the u4 lifetime is inversely proportional to | ! / * j | 2 , the described short lifetime 
requirement leads to a lower bound of sensitivity for | t ^ 4 1 2 seen as diagonal lower edges on 
the exclusion regions in Fig. 62. These edges are essentially lines of constant cr, and are 

« slightly different for Dirac and Majorana neutrinos because r[u^] = 2r[w4

M]. 
Numerical results for mass limits for prompt u.\ decays are given in Table 16. All results 

. are presented for 100% mixing to a particular generation. Any arbitrary combination of 
mixing \U\2 = |r / c 4 | 2 + |f/w4|2 + \UTi\l would give mass limits intermediate to the pure 
mixing cases and bounded by the limits for 100% 1/4 —»fiW" and 100% uA —> TW" decays. 
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20 30 40 
Mass, mv< (GeV/c2) 

Figure 60: Expected number of Z-*v^vf events (short lived 1/4, with 
0-ycr < 1 cm) with at least one isolated (p, > 1.8) track as a function 
of mass (solid lines). The results for decays via 100% mi'vtng to each of the 
three lighter generations are shown. The meanings of the dashed and dotted 
lines are given in Fig. 59. 
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Figure 61: As in Fig. 60, but comparing the number of expected events for 
Dirac i/f and Majorana v^ events, both for 100% mixing to i/„. 
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Figure 62: 95% CL exclusion regions for Dirac i/f production as a func­
tion of mass and mixing matrix element |KM| 2 for Br(i>4 —»TW*) — 100% 
(hatched region, interior to curve), 2?r(i/4 —<• eW") = 100%, and 
Br(v4—>fiW*) = 100% (solid curves as indicated). The corresponding 
smaller exclusion regions for Majorana v^ are shown by the dotted curves. 

Table 16: Mass limits from the isolated track analysis for Dirac and Majo­
rana 1/4 decaying promptly. 

Mixing Process 
(Br = 100%) 

V4 - » e W 

1/4 —* fiW" 

1/4 - • TW 

Mass Range (GeV/c2) Excluded at 95% CL 
Dirac, i/f 

18.7 < m„ < 44.1 
17.7 < m „ < 44.4 
19.5 <m„ < 42.2 

Majorana, u^f 

18.3 < r a „ < 37.1 
18.0 < m„ < 38.1 
19.4 <mlr < 33.4 



120 Chapter 6. Results 

6.2.2 Isolated P h o t o n Topology 

Referring back to Fig. 46, -we observe that no data events pass the isolated photon 
cut of p-, > 3.0. This is consistent with the prediction of 0.36 ± 0.15 udscb background 
events to contain isolated photons. No background subtraction is applied to the zero events 
observed, and the 95% CL upper limit for zero events is 3.0 events. 
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Figure 63: Expected number of V —* 67 events with at least one isolated (p-,,) 
photon as a function of my (solid curve). The dashed curve indicates the 
central value minus the uncertainty from statistical and systematic errors. 
The dotted line is the upper bound at 95% CI- '3 events) for the zero observed 
events. 

The expected number of events after selection cuts for the process Z —> b'b1 with the 6' 
decaying 100% via the FCNC decay b' —> by is shown in Fig. 63. The intersection of the 
A^xp - cSexp curve with 3.0 events specifies the excluded mass range. We therefore exclude 
the mass range: 

15.1 < mt,. < 45.5 GeV/c2 (92) 

for a 6'-quark decaying 100% via fr1 —+ 6-y. Mass limits for other values of the branching 
fraction for this decay mode will be presented later. 
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6.2.3 Spherical Event Topology 

In Fig. 48, it is observed that the data agrees well with udscb MC predictions. Six 
events are observed in the data with Afout > 20 GeV/c 2, while 3.9 ± 0.5 events (LUND 
matrix element model, statistical errors) to 10.6 ±0.6 events (Webber model) are expected 
from udscb processes. The expected background from two-photon and beam-gas events is 
negligible. We conclude that there is no convincing evidence for new particle production 
that results in an excess of spherical events characterized by large momentum sums out of 
the plane. 

The tail of the udscb Motlt distribution is very model dependent because of the different 
ways in which multiple-hard-gluon radiation is handled. It is expected that the LUND 
matrix element model would predict the fewest number of events with high values of A/out, 
since it uses an exact C(a;) calculation, and can produce a maximum of four partons in 
the final state (i.e. at most a four jet final state, depending on the jet definition). At 
fion » 91 GeV, a number of five jet events are measured in the data [124] and are predicted 
by the other MC models that calculate higher orders through leading-log approximsf AS. 
These >5 jet events contribute significantly to the number of background udscb spherical 
events. Until higher order calculations are added to the LUND matrix element model, or 
its parameters tuned using very large samples of hadronic Z decays, we are ensured that it 
will give a conservative theoretical prediction of the number of events with large values of 

Afout • 

We therefore conservatively perform a background subtraction using the 3.9 events 
predicted by the LUND matrix element model. Using the procedure outlined earlier we 
find the upper limit at 95% CL to be 8.1 events for 6 observed events and 3.9 expected 
background events. The expected number of Z -* b'V events after cuts for various b' decay 
modes is shown in Pig. 64. 

From Fig. 64 and an analogous calculation for t-quarks, the mass limits of Table 17 are 
obtained. Note that this analysis is sensitive to the hadronic CC decays of t and b', while 
the isolated track analysis is sensitive to their semileptonic CC decays. The excluded mass 
ranges for decays through a charged Higgs boson are given for m^ = 25 GeV/c 2. It is found 
that for rn.fi > 25 GeV/c 2, the upper limit of the excluded mass range remains unchanged, 
and the lower limit is always slightly above the kinematic limit given by m<j = m, + mj/ 
for the decay Q -* qH. 

The mass limits presented for decays involving H* also assume that the charged Higgs 

http://rn.fi
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Figure 64: Expected number of Z -»VV events with M o u t > 20 GeV/c2 for 
the indicated decay modes (Br = 100%). The meaning of the dashed and 
dotted lines are as in Fig. 59. 

Table 17: Mass ranges excluded at 95% CL by the Moat analysis. The upper 
limits of the excluded ranges for Q —»qH remain unchanged for m// > 25 
GeV/c2. 

Process 
(Br = 100%) 

Mass Range Excluded at 95% CL 
(GeV/c2) 

t->bW 
t -* bH+ mH = 25 GeV/c2, H+->c5 

21.0 <mt < 40.9 
30.5 < mt < 42.7 

V->cW 
V-• cH~ mH = 25 GeV/c2, H~ -»cs 
V-*bg 

22.1 < TO6. < 44.3 
27.2 < mb< < 45.0 
25.1 < mb< < 43.1 
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boson decays 100% hadronically into cs (or c6, the detection efficiency is found to be iden­
tical). These mass limits weaken if the decay H —» TZ/T occurs because the low multiplicity 
of T decays and escaping neutrinos give smaller momentum sums out of the event plane 
than the quarks from hadronic H^ decays. Using detection efficiencies given by Eq. 69, 
mass limits for arbitrary branching ratio Br(H —»cs) = 1 — Br(II —» TVT) are presented in 
Fig. 65. We conclude that m, > 40 GeV/c2 (95% CL) if BT(H->TVT) < 80%, and that 
77i6' > 41.5 GeV/c2 regardless of the charged Higgs decay mode. 
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Figure 65: Excluded mass ranges at 95% CL as a function of the branching 
ratio Br(H->cs) = 1 -Br(H->ri/T) for mH = 25 GeV/c 2 for (a) t->bH+ 

and (b) V —• cH~. The dotted lines show the kinematic limit for the decays. 

6.2.4 C o m b i n e d Analysis for b' 

We now turn our attention to the combination of the isolated photon analysis and 
A/0ut analysis described in Section 5.5. All mixtures of the CC decay mode b' —> cW, and 
FCNC decay modes V —»bg and V —* by are considered. We assume that decays via a Higgs 
particle are not kinematicaUy accessible; if they were they would dominate all of the above 
processes. 
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Figure 66: Excluded V mass ranges at 95% CL as a function of the branching 
ratio Br(V —> cW'). It is assumed that the remaining decays are the FCNC 
decays b'—*bg and V'—*bj with the numbers superimposed on the curves 
being the fraction T(b' - • bg)/[V{V ->bg) + T(V -»bj)]. The regions to the 
left of the curves are excluded for the combinations shown. 

Using the detection efficiency given by Eq. 72, the expected number of events for dif­
fering values of Br{V-*cW), Br{l/-+bg), and Br(V-*brj) are found for both the iso­
lated photon and MoM analysis. Mass limits are determined using the appropriate sys­
tematic errors and number of observed events for each analysis. The method giving the 
more restrictive mass limit is then selected. In this way, the muss limits as a function 
of BT{V -*CW") shown in Fig. 66 are found for contours of equal value of the fraction 
r(6' - bg)/[T(V -bg) + T(V -> try)] of the FCNC part. 

The distinctive features of the V —• 67 decay result in high detection efficiencies and the 
result that 

mv > 45.0 GeV/c2 95% CL (for BT(V -* by) > 20%). (93) 

It is observed that the least restrictive mass limit results from the combination of branching 
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ratios: Br(V - . cW) = 0, Br(V -> bg) = 90%, and Br(V -»try) = 10%. We conclude that 

mv > 42.2 95% CL (94) 

regardless of the decay mode of the 6'-quark. 

6.2.5 Detached Vertex Topology 

After all cuts, there are no data events with normalized impact parameter Ximp > 0-5, 
while MC udscb simulations predict less than 0.2 events. It has also been shown earlier that 
less than 0.01 beam-gas and beam-beampipe events will survive the selection cuts prior to 
the Ximp cut. The 95% CL upper limit for the zero observed events is 3.0 events. 

v 4 Mass, m„4 (GeV/c ) 
10 10 

v„ Lifetime, i{#) (psec) 

Figure 67: Number of expected long-lived Dirac f 4i/ 4 events as a function of 
(a) vA mass, and (b) i/4 lifetime. The solid lines are the central values for 
Nrxp, and the dashed lines are the central values minus the total estimated 
error. The dashed line at 3.0 events represents the 95% CL upper limit on 
the zero events observed. 

Although the null result of this search can be applied to other neutral or charged long-
lived particles, we parameterize the results in terms of an hypothesized sequential massive 
neutrino i/.t. The expected number of CjP* events expected Nnp after all cuts is determined 
for a grid of values in the mut — IL^I2 plane. Two-dimensional polynomial interpolation 
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is used to estimate iVexp between grid points. A sample projection of Nexp is shown in 
Fig. 67(a) as a function of 1/4 mass and in Fig. 67(b) as a function of 1/4 lifetime. 

The number of expected events falls for high mass v4 because of the decreasing cross 
section for J/4P4 production. JV e x p also decreases as the v4 lifetime decreases since the impact 
parameters will be too small to be distinguished using the normalized impact parameter 
method. If the 1/4 lifetime becomes too long, a significant fraction of neutrinos will decay 
outside of the detector volume, also causing a drop in Nrxp. 

A conservative 95% limit contour is found by decreasing Ncxp by the total error, and 
determining the 3-0 event contour. The results are shown in Fig. 68 for Dirac and Majorana 
neutrinos. 
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Figure 68: 95% CL 1/4 exclusion regions from the normalized impact param­
eter analysis as a function of 1/4 mass and mi-ring matrix element. 

The upper and lower boundary of the Dirac 1/4 limit contour (/ = e, ji) at m„, = 35 
GeV/c 2 correspond to mean decay lengths of 0.6 cm and 83 cm, respectively. The exclusion 
regions for I = r are smaller because of the slightly smaller detection efficiencies for mixing 
to ur. Again, all results are presented for 100% mixing to a particular generation. Any 
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arbitrary combination of mixing would give exclusion regions intermediate to the pure 
mixing cases. 

6.3 Limits from Measurements of Z Resonance Parameters 

6.3.1 Z Resonance Fit Results 

We consider the measurement of the Z to invisible decay modes to further exclude 
certain regions of the mass and mixing values of fourth generation neutrinos and charged 
leptons. The details of the resonance fit are found elsewhere {66]; we briefly present the fit 
procedure and results in order to reinterpret the measurement of the upper limit on the 
number of massless neutrino generations JV„. The average energy, integrated luminosity, 
number of events, and measured cross section <j% is given in Table 18. 

Table 18: Average energy, integrated luminosity, number of SAM (ns) and 
Mini-SAM (nw) luminosity events [66], number of visible hadronic (Nhl„i), 
/j-pair (Nu), and r-pair (Nr) Z decays, and measured visible cross section 
cz for each energy scan point. 

(E) ns »M fCdt Z Decays °z 
(GeV) (nb" 1) A'had K NT (nb) 
89.24 24 166 0.68 ± 0.05 3 0 0 "S:! 
89.98 36 174 0.76 ± 0.05 8 l 1 13-5iS;g 
90.35 132 684 3.06 ±0.11 65 l 2 23.2tl7

2 

90.74 54 266 1.21 ± 0-07 33 l 5 31.7if"f 
91.06 170 923 4.08 ± 0.12 114 3 3 31.6l;|;? 
91.43 164 879 4.12 ± 0.13 108 3 3 29.St3d 
91.50 53 275 1.23 ±0.07 33 1 5 34-311;? 
92.16 31 105 0.54 ± 0.05 11 0 0 21 V1"9'2 

92.22 128 680 3.05 ±0.11 67 2 2 24 .31^ 
92.96 39 214 1.00 ±0.07 13 0 1 14 .61 -

Totals 815 4299 19.7 ±0.8 455 13 18 

To perform the resonance fits to the data, a likelihood function is constructed from the 
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probability of observing, at each energy, nz Z decays and n/. SAM and Mini-SAM Bhabha » 
luminosity events given that a total of nz + ni events have been observed. The likelihood 
L is obtained as: 

points 

where eViS = 0.954±0.008 is the overall efficiency (see Section 5.7.2). Systematic errors from 
luminosity detector effects, the uncertainty in the absolute energy scale, and the uncertainty 
in ev;5 are included by the addition of penalty functions to the expression for L. As described 
earlier, Mz and N„ are left as free parameters, and r„ and all other parameters are fixed 
at their Standard Model values. In this parameterization, iV„ is derived largely from o-peak. 
the height of the resonance. 

The negative of the logarithm of the likelihood — In L is minimized and the resulting fit 
and data is shown in Fig. 69. The CL corresponding to x standard deviations is taken to 
be the point at which InL decreases by x2 /2 from its maximum value. 

The results of the fit are: 

Mz = 91.14 i 0.12 GeV/c 2, (96) 

JV„r„ = 0.45±0.10GeV, and (97) 

N„ = 2.8 ± 0.6 Generations. 

Referring to Fig. 70, the one-sided 95% CL (1.64 standard deviations) upper limit on N„ 
occurs at the point where — ln£ drops by (1.64)2/2 from its maximum value. Therefore, 

N„ < 3.86 (95% CL). (98) 

A total systematic error corresponding to 0.45 massless neutrino generations from uncer­
tainties in the absolute cross section and scale factors for luminosity events is included in 
this result. 

6.3.2 Stable v., Mass Limits 

Nv is a count of massless neutrino generations. A massive neutrino contributes a 
fractional neutrino generation due to a mass threshold factor, and the upper limit on Nu 

can be translated into a mass limit on a stable fourth generation neutrino. Reiterating 
results of Chapter 2, if we assume that the neutrinos of the first three generations are 
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Figure 69: Measured oz cross sections for Z decays to all hadronic events 
plus fi and r-pair eveuts with |coe(?thr| < 0.65 (points with errors) and the 
fit to the Z resonance (solid line) with Mz and Tinv as free parameters. 
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Figure 70: Log likelihood for Z resonance fit as a function of the number of 
massless neutrino generations Nu indicating a measurement of N„ = 2.8±0.6. 
The dashed lines show the one-sided 95% CL UirJ.i oi Nu < 3.86. 
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massless, and that no other new physics intervenes, then 

K = 3.0 + / P(3 + /?2)/4 Dirac; 
Majorana, 

(99) 

where 0 — (1 — 4m 2 , , /a) 1 ' 2 is the velocity of the v\ in the ceater-of-mass frame. These 
functions are plotted in Fig. 71. If i/4 is massless, then N„ = 4.0. If m„, > Mz/2, then 
v4 is not pair-produced in Z decays, and Nu = 3.0. We see from Fig. 71 that the limit 
Nv < 3.86 at 95% CL therefore implies 

m„4 > 19.6 GeV/c2 Stable Dirac 
m^ > 14.2 GeV/c2 Stable Majorana 

(100) 

at 95% CL for a stable 1/4 which contributes exclusively to the invisible width of the Z. 

10 20 30 40 
v 4 Mass, m^ (GeV/c2) 

50 

Figure 71: Total number of neutrino generations Nu as a function of mass 
mUi of a fourth generation stable Dirac (solid line) or Majorana (dashed 
line) neutrino. The limits from Nu < 3.86 are shown. 
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6.3.3 Unstable i>4 Limits 

As described in Section 5.7.3, if a hypothetical v± is unstable, it will begin to contribute to 
the visible and total width of the Z. We have 7195% = 3.86 in Eq. 83, and the region where: 

r| 
*• vis "*" ^yis^f/4 ., 

(T°Z + iv,)* (r° + (3.86 - i)r„y 
r° 

vts (101) 

ia true is excluded at >95% CL. Setting the inequality to an equality, we solve for the 
quantity 7jvi5(95% CL) shown in Fig. 72 as a function of mu, for a Dirac neutrino. It can 
be interpreted as the maximum efficiency possible for 1/4O4 events to contribute to r v ; s such 
that m„t is the 95% CL lower mass limit on a fourth generation neutrino. As 7?Vis(95% CL) 
increases from zero (stable neutrino), the lower mass limit will degrade. 

0.20 

v 4 Mass, m V i (GeWc2) 

Figure 72: Maximum efficiency possible for 1/41/4 events to contribute to I \ , s 

such that m„, is the 95% CL lower mass limit for a Dirac 1/4. 

The efficiencies j j v i B for J/4P4 events to pass the visible width cuts have already been 
measured for different values of m„, and |J7/4|2. Two-dimensional interpolation is used to 
estimate TJVJS between the MC data set values. For a given m„,, the value of \Uu\2 where 
T/VjB satisfies Eq. 101 defines the 95% exclusion regions shown in Fig. 73. 

As a. consistency check on this procedure, the fit is redone with the same data sample, 
but constraining rVjs to be equal to rj | i 8 + Tiv;sTUi. The new fit value of Nu is found and 
the mass limit on m„t is checked. For example, if r/vis is set to 0.195, then a refit gives 
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Figure 73: 95% exclusion regions for 1/4 from N„ < 3.86 in the mass versus 
mixing matrix element plane. 

N„ < 4.0, i.e. the u4 must be massless, as indicated in Fig. 72. The data was refit using a 
number of different input r v j , values, and in all cases, the resultant mass limit is consistent 
with the value given by J7vjs(95% CL). 

6.3.4 Heavy Charged Lepton L~ Limits 

An identical procedure is followed to place limits on the mass of a heavy charged lepton 
L~ and its stable neutrino vi (t.e. 1/4 with no mixing), except that now the relation 

iVi. r ^ + ̂ r i + rvj r°-
r | (T% + rL+ruty ^ (r° +(3.86-3)r,)2 (102) 

needs to be satisfied. 77vis is now the efficiency for Z—>L+L~ events to satisfy the visible 
event criteria. The 95% CL exclusion region of Fig. 74 is obtained. 
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Figure 74: 95% exclusion regions in the charged lepton mass m t versus 
stable neutrino mass mVL plane for a Dirac v£ (solid line) and a Majorana 
vi (dashed line). 

6.4 Summary and Comparisons 

6.4.1 Top Quark 

The excluded mass ranges for the t-quark of this work extend the previous TRISTAN 
mass limits [41] shown graphically in Fig. 75. Our limits overlap with the lower range of 
top mass sensitivity of the pp collider CC decay searches [42,43,44] that give a lower limit 
on mt of around 80 GeV. Shortly after the publication of the Mark II mass limits, the LEP 
experiments, with a larger data sample of Z decays, obtained [125] slightly more restrictive 
mass exclusion ranges also shown in Fig. 75. The LEP results are consistent with the Mark 
II results. 

Including consideration of the decay t -* bH*~ provides a model independent and tuiam-
biguous limit on the 4-quark mass. These mass limits weaken for large values of Br(H -*ruT), 
but a combination [126] of our result with the B — B mixing measurement of the ARGUS 
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Figure 75: Summary and comparison of t-quark mass limits from e + e~ col­
liders. The TRISTAN results existed at the time of the analysis, while the 
OPAL and ALEPH limits were published [125] shortly after the publication 
of the limits of this thesis. 

and CLEO collaborations [4] gives a mass limit of mt > 40 GeV/c2 regardless of the decay 
mode of the charged Higgs boson. Limits of mHt > 35 to 43 GeV/c2 (depending on the 
i?* decay modes) have also been recently set by LEP experiments [128], thereby almost 
eliminating the possibility of decays through H* for mt < Mz/2. Decays through tf * are 
difficult to detect at a pp collider, but the UA1 collaboration [127] has recently outlined 
how they would search for the decay t—»6#+ in a larger data sample, and present limits 
for decays through a virtual H*- (i.e. mt < ran + mt). 

Recently available high statistics data on the Z mass and partial decay widths can be 
used together with the world average of sin2 6\y to estimate m ( through its effect on radiative 
corrections to various measured quantities. The best fitted value [129] is mt = I37tfi 
GeV/c2 with 90% CL upper and lower limits on mt of 195 and 65 GeV respectively. Due 
to the vertex correction to the 2 to 66 partial width, which is specifically dependent on 
the top quark mass, it is also possible to disentangle the effect of the top quark mass from 
other radiative corrections to p = Afj^/Mf cos2 9W yielding mt < 203 GeV/c2 (90% CL). 

It is therefore most likely that mt > Myy, and the decay of the t-quark will proceed 
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through a real, on-shell W particle. If mt > 100 to 120 GeV/c 2, the (-quark will be 
inaccessible to the proposed LEP II, and the only hope for its discovery in the near future 
will be in pp collisions observed by CDF and DO at the Tevatron with a large data sample 
of 50-100 p b _ 1 . After its discovery, detailed studies of the (-quark may require its study 
in e + e~ annihilations, possibly requiring the construction of a linear e + e~ collider [130] 
to achieve the necessary E,m. It should be noted that at these large masses, the resulting 
toponium state will be so wide that individual energy levels will be difficult to resolve. 

A heavy (-quark mass ~ oses interesting theoretical prospects since it would be in sharp 
contrast to the masses of all other known fermions. Quark mass matrices have been pro­
posed to predict both quark masses and the KM elements [131]. A heavy (-quark can be 
responsible for dynamically triggering electroweak symmetry breaking [132]. 

6.4.2 F o u r t h Genera t ion 6'-Quark 

The mass exclusion rarges for the fc'-quark are compared to previous and current mass 
limits in Fig. 76. Again, our results are consistent with the slightly better LEP limits. 

Almost all of the comments concerning the potential discovery of the (-quark can be 
applied to the t'-quark. The pp collider t-quark limits are applicable to V CC decay limits, 
but if my < mt, then FCNC decays needed to be considered in the i :iture, particularly 
V —* bZ if my > Mz- Mixing angles or small mass differences can conspire to suppress 
fourth generation single quark decay modes, and fourth generation quarkonia may exist 
at high mass (unlike topomum). Another intriguing scenario is that fourth generation 
quarks may correspond to the "special" mass of »240 GeV/c 2 found by renormalization-
group arguments [133]. Heavy fourth generation quarks, through new physics at a much 
higher mass scale, could abo possibly generate the masses of the quarks of the first three 
generations. 
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Figure 76: Summary and comparison of 6'-quark _ass limits from e + e~ 
colliders. The TRISTAN results existed at the time of the analysis, while the 
OPAL and ALEPH limits were published (125] shortly after the publication 
of the limits of this thesis. 
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6.4.3 Fourth Generation Neutrino i/4 

Figure 77 shows the relation between the exclusion regions for i/4 defined by the isolated 
track analysis, the normalized impact parameter analysis, and the measurement of ..V„. It 
can also be seen that the previously excluded region has been significantly extended by 
this work. As seen in the figures of this chapter, the exclusion regions for mixing to the 
other generations for both Dir&c and Majorana neutrinos are similar. Only AMY has also 
included limits on a Majorats v±. It has been noted that the CELLO measurement (region 
labelled (2) for I — e in Fig. 77) did not include mixing to vT, but this "hole" has been 
specifically eliminated by another analysis [134] of the Mark II Z data. Therefore, for 
any mixing scenario for a Dirac vit the entire region bounded by m^ < 42.2 GeV/c 2 and 
\Uu P > 10" 1 0 has now been excluded with the addition of the results of this thesis. Again, 
subsequent measurements by ALEPH with a larger sample of Z decays [125] has resulted 
in a more stringent exclusion region. 

When the mass limits for stable neutrinos are combined with measurements from nonac-
celerator experiments searching for dark matter [135], Dirac neutrinos as WIMP candidates 
for dark matter are categorically ruled out [136]. More stringent bounds on Nu in the future 
from LEP will allow the exclusion of a host of other dark matter candidates, and exclude 
ro„4 < Afz/2 for any value of mixing to the other generations. 

The search for unstable i/4 decaying through mixing can be continued at the Tevatron 
and future pp colliders because of its distinctive signature. However, for very massive stable 
neutrinos (m„L > Mz/2), one of the few possiblities for discovery is through 'neutrino-
counting' by the detection of the single photon in the process e + e~ —> 1/1/7 at very high 
energy e + e~ colliders. 

6.4.4 Fourth Generation Charged Lepton L~ 

The exclusion region for a fourth generation charged lepton L~ is compared to other 
results in Fig. 78. This result covers a much larger region in the m„L versus mi plane than 
previously reported. It should be stressed that the OPAL result is the only direct search 
from Z decays. The indirect searches have the advantage of the ability to also exclude 
close-mass doublets (i.e. mc « m„ L). 
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v 4 Mass (GeV/c2) 

Figure 77: Mark II i>4 95% exclusion regions (shaded areas) for a Dirac 
neutrino mixing exclusively with the first generation (/ = e). Examples of 
previous limits (solid, hatched lines) are given by (1) AMY [68], (2) CELLO 
[69], (3) Mark II secondary vertex search at PEP, [70], (4) monojet searches 
at PEP [71], and (5) e-\i universality [62]. Subsequent improved limits by 
ALEPH [125] are shown as dashed lines. 
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Figure 78: Mark II m i — m ^ 95% exclusion region (shaded area, stable 
Dirac «/£,.) Examples of previous limits (solid lines) are given by (1) PEP and 
PETRA [137], (2) TRISTAN [73], and (3) UA1 [74]. Subsequent improved 
limits by ALEPH [125] and OPAL (direct search) [138] are shown as dashed 
lines. 

6,5 Conclusions 

No evidence has been observed for Z decays into t-quarks or fourth generation quarks 
and leptons considering both standard and a number of non-standard decays. These results 
substantially extend previous limits, and exclude a large mass range available for these new 
quarks and leptons from Z decays. It is almost certain that, if they exist, all four members 
of the fourth generation have masses > Mz/2. In the first three generations, the neutrino 
has the lowest mass. If there is a fourth generation, then it is reasonable to expect that 
the 1/4 still has the lowest mass. Therefore, the presented stringent limits on the mass of 
the C4 cast further doubt on the possibility of a fourth generation. One can still hope that 
the small (if they are indeed nonvanishing) masses of the known neutrinos may be caused 
by the existence of a very massive 1/4, as postulated by some theories. All members could 
be very massive, but from limits on deviations of measured electroweak parameters from 
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theory predictions using radiative corrections, members of isospin doublets must be nearly 
degenerate in mass (see Eq. 47). This would be very different from the relatively large and 
growing difference between the mass of the fc-quark and yet to be discovered 2-quark. 

If the fourth generation does not exist, the generation puzzle still haunts us, albeit in a 
more restricted form: 

Why are there three and only three generations of fundamental fermions? 

The plot thickens. 
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