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INTRODUCTION

My lectures at Cargése covered the very first physics results from the SLAC Linear
Collider (SLC). At the time of this writing (December 1989), it seems most sensible to
present a review of the results that were presented at the school in an updated form.
The organization of this report will be to give a brief introduction to linear colliders
arnd the SLC, then to describe the MARK II detector, and finally to review the current
status of the three major physics topics discussed at Cargese:

1. the Z line shape, from which we deduce the Z mass and width, and the number
of neutrino species,

2. the partonic structure of hadronic decays and a measurement of «a,, and

3. searches for new quarks and leptons.

LINEAR COLLIDERS AND THE SLC
The SLC is the first operating single-pass ete™ collider. We built it for two reasons:

1. to develop the technology which will be used for all future ete™ colliders with
energies higher than 200 GeV, and

2. to make the first study at the Z mass.

Both reasons were essential, but the former will provide the lasting contribution of the

SLC.

Why will linear colliders rather than storage rings provide the technology needed
to explore higher energies in eTe™ annihilation? Burton Richter studied the scaling laws
for storage rings in 1976.! There are two factors in the cost of a high-energy storage
ring. Most of the costs scale as the size of the ring—tunnels, magnets, vacuum systems,
etc. The one cost that does not scale with the size of the ring is the RF system,
which is required to make up the energy lost to synchrotron radiation. The voltage
required to restore the lost energy is proportional to the fourth power of the energy and
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Fig. 1. Schematic of a generic linear collider.
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inversely proportional to the radius of curvature. Thus, simplifying Richter’s argument
considerably, we can write
E4

C = aR+ﬂf (1)

where C is the cost, R is the radius, E is the energy, and o and S are constants.
Optimizing the cost by setting the derivative of Eq. (1) with respect to R to zero yields
the result that both the cost and size of a storage ring scale with E2.

We can thus estimate the cost of a 1 TeV storage ring by assuming that LEP II is
an optimized 200 GeV storage ring and using this scaling law. The result is that such



a ring would be 675 km in circumference and cost 17.5 billion dollars. Even by our new
sense of reasonableness set by the SSC scale, this seems unreasonable and suggests that
we should pursue an alternate technology. Both the cost and size of a linear collider, of
course, scale with energy, making it appear to be a more promising approach.

Figure 1 shows a generic linear collider. It has three main accelerators: an electron

‘linac to produce positrons, and positron and electron linacs to accelerate the beams to

high energy. It also has two damping rings to reduce the emittance of the beams.

Figure 2 shows the only present example of a linear collider, the SLC. Please note
that this design is topologically equivalent to the generic linear collider with the present
SLAC linac serving as all three required linacs. A positron return line and two arcs

‘have been added to transport the particles to the required locations; in principle, these

transport lines do not affect the basic functioning of the collider.

The SLC was originally scheduled to begin taking physics data in January 1987.
However, since it represented a new and difficult technology, we obtained the first
reasonable luminosity in late March 1989, and observed the first Z boson decay on

* April 11, 1989. Since that time, we have collected 19 nb~! of integrated luminosity and

have observed about 500 Z decays.

_THE MARK II DETECTOR

The MARK II detector began life as the second general purpose detector at the
7 GeV storage ring SPEAR. Later it was moved to the 29 GeV storage ring PEP. After
it was selected to be the first SLC detector, it was upgraded, tested at PEP, and finally
moved to-the SLC. The MARK II Collaboration presently consists of approximately
130 physicists from nine institutions.?

A drawing of the MARK II detector?® is shown in Fig. 3. The principal components
that we will be interested in here will be the drift chamber, the calorimeters, and the
luminosity monitors.

The drift chamber is a 72-layer, minijet cell, cylindrical chamber? immersed in
4.75 kG solenoidal magnetic field. It tracks charged particles in the region | cos 6} < 0.92,
but the efficiency and momentum resolution begin to deteriorate at |cos@| = 0.82.
Without a vertex constraint, the momentum resolution is about 0.5% p (p in GeV/c).

There are two sets of electromagnetic calorimeters, which, together, detect photons
in the region |cos@| < 0.96. The central calorimeters are lead-liquid argon sandwich
ionization chambers® with an energy resolution of about 14%/vE (E in GeV). The for-
ward and backward calorimeters are composed of lead-gas proportional tube sandwiches
with energy resolution of about 22%/+/E. Both calorimeters have a strip geometry with
three or four strip directions for stereographic reconstruction.

Figure 4 shows a close-up of the region around the beam-line. Note the two lumi-

nosity monitors at small angles, the Small Angle Monitor (SAM), followed at smaller
angles by the MiniSAM.

A typical hadronic Z decay is shown in Fig. 5(a). The two jet structure, shown
graphically in the Lego plot of Fig. 5(b), and the charged multiplicity of about 20 tracks
are typical of these events. About 7/8 of visible Z decays are into hadronic modes.
The remainder are split among e, p, and 7 pairs. A 7 pair decay is shown in Fig. 6, in
which one of the 7’s decays into a 16 GeV/c muon and the other decays into a 17 GeV/c
electron.



MARK IT AT SLC

Muon Chambers

Hadron Absorber

Muon Chambers
Solenoid Coil

Lead-Proportional
Tube Electromagnetic
Calorimeter

Mini-Small Angle
Monitor

Smalil Angle
Monitor

Silicon Strip
Vertex Detector

Drift Chamber
Vertex Detector

Central Drift

Chamber
Time-of-Flight
counter
Iéead/Liquid Argon 12se
lectromagnetic -
Calorimeter 6442A4

Fig. 3. The MARK II detector.

11-89
6442A5

Fig: 4. Detail around the beam line of the MARK 1I detector.

The six main MARK II triggers are listed in Table 1. Monte Carlo simulations
indicate that the charged and neutral triggers are 97% and 95% efficient for Z hadronic
decays, respectively. In addition to being highly redundant, they are complementary in
that the charged trigger is more efficient in the central region, while the neutral trigger
is more eflicient in the forward and backward regions. Together, they are calculated to

be 99.8% efficient.
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Fig. 5. (a) A computer reconstruction of a typical hadronic Z decay viewed along the
beam axis. (b) A plot of the detected energy for this event as a function of the
azimuthal angle and the cosine of the polar angle.

The random trigger is used to correct for beam-induced backgrounds. For example,
in all MARK II SLC analyses, randomly triggered events are combined with Monte Carlo
simulations of physical processes to give a complete simulation of both the physics and
the backgrounds.

Z RESONANCE PARAMETERS®

We want to determine the Z boson resonance parameters by comparing the rate of
Z formation in e*e™ annihilation (Fig. 7) as a function of the center-of-mass energy, F ,
with that for a process with a known cross section, Bhabha (ete™) scattering (Fig. 8).
To accomplish this, we have to do four things:

1. measure F,
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Fig. 6. A computer reconstruction of a Z decay into 7 pairs.

Table 1: MARK II triggers.

Purpose Trigger

Requirements

Z decays | charged

neutral

> 2 charged tracks with p; > 150 MeV/c and |cos 6| < 0.75.

A single deposition of > 2.2 GeV in the endcap calorimeter
or > 3.3 GeV in the barrel calorimeter.

Luminosity | SAM
- MiniSAM

> 6 GeV 1n both detectors.
> 15 GeV in both detectors.

Diagnostic | random

Random beam crossings.

cosmic Taken between beam crossings.
et
Z Anything
8-89 e— 6442A1
Fig. 7. Z formation in eTe™ annihilation. Fig. 8. Small-angle Bhabha scattering.

2. count Z’s,

3. count Bhabha scatters, and

4. fit the ratios to obtain the Z parameters.

Absolute Energy Measurement

We have built spectrometers of a novel design to measure the absolute energies

of both beams to high

accuracy.” Figure 9 shows a schematic drawing of one of the




spectrometers. The electron beam first passes through a horizontal bend and emits
a horizontal swath of synchrotron radiation in the initial electron beam direction. It
then passes through an accurately-measured spectrometer magnet which bends it down.
Finally;-it traverses a second horizontal bend to give another swath of synchrotron
radiation in the direction of the outgoing beam. The two swaths of synchrotron radiation
“are intercepted by a phosphorescent screen. It is clear that the mean energy of beam
can be measured from the knowledge of three quantities:

1. the magnetic-field integral of the spectrometer magnet,
2. the distance between the center of the spectrometer magnet and the screen, and

3. the distance between the two synchrotron radiation swaths on the screen.
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Fig. 9. Schematic of one of the energy spectrometers.

The spectrometer magnet field integral has been calibrated to a few parts in 10° by two
independent techniques and is constantly measured by a rotating coil. The distance
between the magnet center and the screen is determined to high precision by surveying
techniques, and the distances on the screen are calibrated by accurately placed fiducial
wires.

The systematic uncertainties in the measurement of each beam (itemized in Table 2)
total to 20 MeV.

The energy spread of each beam is also measured to about 30% accuracy by the
increased dispersion caused by the spectrometer magnet. The mean energy and energy
spread are measured on every SLC pulse and are read by the MARK Il on every trigger.

Table 2: Systematic uncertainties in the energy
measurement of each beam.

Uncertainty
Item (MeV)
Magnetic measurement 5
Detector resolution 10
Magnet rotation 16
Survey 5
Total 20
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Fig. 10. Geometrical acceptances of the SAM and MiniSAM.
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Fig. 11. The Small Angle Monitor (SAM).

Luminosity Measurements

To obtain the optimum absolute and relative luminosity measurements we use
a well-defined fiducial region of the SAM to measure the absolute luminosity, while
we use the total SAM and the MiniSAM to determine the relative, or point-to-point,
luminosity. The geometrical acceptance of these detectors is illustrated in Fig. 10.

A drawing of the SAM is shown in Fig. 11. Each SAM consists of nine layers of
drift tubes for tracking and a six-layer lead-proportional-tube sandwich for measuring
the electron energy and position. A typical event is shown in Fig. 12. The tracking
information is not always available due to backgrounds, but the calorimetric reconstruc-
tion of the electron pulse is unmistakable and background free. The angular resolution
from the shower reconstruction is about a milliradian.

The technique for determining the absolute luminosity was to count events with
both the electron and positron tracks in the angular region 65 < # < 160 mrad with
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Fig. 13. The MiniSAMs.

unit weight and events with only one track in this with region with half weight. This
is a standard technique to reduce the sensitivity of the measurement to possible mis-
alignments and detector resolution.

The cross section corresponding to the precise region was calculated® to be 25.2 nb

at 91.1 GeV.

The systematic uncertainties in the absolute luminosity measurement total 3.0%
and are equally divided between unknown higher-order radiative corrections and the
effect of detector resolution on the SAM precise region acceptance.

The most important part of the point-to-point luminosity measurement are the
MiniSAMs, a drawing of which i1s shown in Fig. 13. These are simple tungsten-
scintillator sandwiches divided into four quadrants which are separately read out.

The requirement for detecting a Bhabha scattering event in the MiniSAMs is:

1. a back-to-back pair of adjacent quadrants on each side, each of which has 25 GeV
more energy than the other pair of quadrants on that side,

2. time-of-flight measurement in all quadrants with more than 18 GeV consistent with
the Bhabha scattering.

The efficiency of the MiniSAMs varies from 91% to > 99%, depending on scan
point; and the backgrounds, measured from non-back-to-back quadrants, vary from 0
to 3.5%. We estimate the point-point systematic error to be the larger of 1% or the
background subtraction.



Z Decay Event Selection

Z production is the dominant annihilation process, so the selection criteria can be
quite loose. The only possible backgrounds come from beam-gas interactions and ~—
interactions. Both of these process leave a large amount of energy in at most one of the

forward-backward hemispheres.

Accordingly, the criteria for hadronic Z decays are:

1. > 3 charged tracks from a cylindrical volume around the interaction point with a
radius of 1 cm and a half-length of 3 cm, and

2. at least 0.05 E visible in both the forward and backward hemispheres.

‘These criteria give an efficiency of 94.5 + 0.5%.

The only major sources of backgrounds are from beam-gas and two photon inter-
actions. With the above selection criteria, we have determined that both are negligible,
much-less than one event in the entire data sample.

To increase our statistical precision slightly, we also accept those leptonic Z decays
for which the efliciency is high and the identification and interpretation is clear, namely,
p and 7 pairs in the angular region |cosf| < 0.65. To avoid backgrounds from ~-—y
interactions, we require a minimum of 0.10 E visible energy for 7 pairs. The efficiencies
for detecting ¢ and 7 pairs within the fiducial angular region are 99 +1% and 96 £ 1%,

~respectively.

The data are shown in Fig. 14. Note that we plot an unusual quantity, but one
that is closely related to what we actually measure, the cross sections for all hadronic
decays and ptp~ and 77~ with |cos 8] < 0.65.

Fits to the Data
We perform maximume-likelihood fits using Poisson statistics to a relativistic Breit—

Wigner line shape

127I' SFee(P e I‘inv)

m? (s —m?)? + 522 /m?

o(E) =

1+6(E)] , (2)

where I' is the total width and I'in, is the partial width into invisible decay modes, i.e.,
into neutrinos and neutrino-like particles. Large effects due to initial state radiation,
represented in Eq. (2) by [1 4+ §(F)], are calculated by an analytic form due to Cahn.?
Alexander et al. have shown that this form has more than sufficient accuracy for our

pUI‘pOSCS.IO

A Breit-Wigner shape has three parameters, a position, a width, and a height.
We can fit for these three parameters as m, I', and 'y, , or equivalently, the number of
neutrino species, N, .

The mass and width clearly determine the position and width of the resonance.
The height is most sensitive to the third parameter, I';,, . This comes about because a
Breit—-Wigner is proportional to the partial width to the initial state times the partial
width to the final state. The partial width to the initial state, ete™, is well determined
in the Standard Model. The final state can be taken to be all of the final states that
we can see, in principle, in our detector, i.e., all states except those into neutrino pairs
(or pairs of neutrino-like objects).

Another way of viewing this is the following: If we could detect all of the final
states, and if we integrated the resonance over energy, then we would find that the

10
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" Fig. 14. The cross sections for all hadronic decays and ptu~ and 7+7~ with |cos 8| <

~0.65. The dashed curve represents the result of the Standard Model fit. The

solid curve represents the free v fit and the unconstrained fit, which are in-
distinguishable.

integral only depends on the width to the initial state. This is a statement that we
— produce a Z and that it subsequently decays with unit probability. What we do not
~detect, then, must be those decays into neutrino pairs.

We perform three fits which differ in their reliance on the Standard Model, and
thus address different questions that one may wish to ask.

1. In the “Standard Model fit,” m is the only parameter that is varied. The widths
are taken to have their Standard Model values corresponding to the decays into
five quarks and three charged and neutral leptons.

2. In the “free v fit,” both m and I'j,, are allowed to vary. The visible width is
- constrained to its Standard Model value. The rationale for this twofold:

(a) New particle production in the quark-lepton sector might be expected to show
up first with the lightest of particles, which, from the three examples we have
seen so far, are the neutrinos.

(b) Visible new particle production would probably show up first in the observation
of distinctive decays.

3. Finally, the “unconstrained fit” allows all three parameters to be varied.

These fits are displayed in Fig. 14. The mass values from the three fits are identical
at

m = 91.14 +£0.12 GeV/c* . (3)

All of the systematic errors in the mass determination are small, with the largest source
of systematic uncertainty, included in the quoted errors, being 35 MeV for the absolute
energy determination.

The total width I' is only determined by the unconstrained fit. The value of
[ = 242301 GeV (4)

is almost exactly the same as the Standard Model value of 2.45 GeV.!! The errors on
the width are large because a good measurement of the width requires substantial data
at £2 GeV from the peak. We did not take very much data that far from the peak

11



because the rate was just too low with our luminosity. Again all the systematic errors
are small compared to the statistical error. The most significant contribution is 50 MeV
from the uncertainty in the MiniSAM efficiency and background corrections.

The value
N, = 28+06 (5)
is taken from the free v fit. This translates into the upper limit

N, < 39at95% C.L. |, (6)

which provides strong evidence that the number of light neutrino species is limited to
the three that we have already discovered. The quoted errors include a contribution of
0.45 from the uncertainty in the absolute luminosity measurement.

_.Relationship between the Mass and sin’fy

The electroweak mixing angle, 8y , can be expressed in terms of the Z mass by
the relation

4dra 1/2
in 20y = , 7
sin2ow = (s ) "

-— where Ar represents weak radiative corrections. These corrections arise from loops and

. are sensitive to the masses of high mass particles.

The most common definition of sin? @y is the Sirlin form,'? which is defined as

iy = 1T (8)
1 m3 ‘
For specific values of the two unknown masses in the Standard Model,
m; = my = 100 GeV/c? | (9)
"~ our measured mz of 91.14 + 0.12 implies
sin? O,y = 0.2304 +0.0009 . (10)

The dependence of sin® 61y on these two masses is shown in Fig. 15.

PARTONIC STRUCTURE OF HADRONIC DECAYS"

In addition to the underlying quark-antiquark structure of hadronic decays, QCD
predicts the existence of multijet events due to gluon bremsstrahlung. By studying
event shape parameters and counting jets, we can test the predictions of QCD and look
for the existence of other processes.

In order to ensure well-measured momenta and a high tracking efficiency, the
event selection is more restrictive for this study than for the Z line shape. Events were
required to have at least seven charged tracks in the region |cos | < 0.82 and have at
least 0.5 E visible in charged and neutral energy.

Shape Parameters
Figure 16 shows the distribution in thrust, 7', which is defined

12
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Fig. 15. sin? Oy as a function of the mass of the top quark for two values of the Higgs
boson mass. The bands represent +1 standard deviation about the values

derived from Eq. (7).
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where 7 is defined as the thrust axis. Thrust is a linear measure of the departure from
a two-jet shape. The data are compared with four Monte Carlo simulations: the Lund
shower parton model (Lund 6.3 shower),!* the Webber—Marchesini parton shower model
(Webber 4.1),'° the Gottschalk-Morris parton shower model (Caltech-1I 86),'¢ and the
Lund model based on the second-order QCD matrix element calculated by Gottschalk
and Shatz (Lund 6.3 M.E.).)” In general, the last of these models is not expected to
agree well with the data, since it is explicitly incapable of producing more than four
jets. For the thrust distribution, all of the models describe the data well.

13
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Figure 17 shows the distribution in sphericity, S. This is also a measure of deviation
from a two-jet shape, but using p? rather than p;. It can be expressed as

3
S = | == ) 12
(2 ijjj{)min ( )

Again the models describe the data well.

Figure 18 shows the distribution of aplanarity, A. It is a measure of amount of
momentum out of an optimum plane. This is a measure of four or more jets, since
conservation of momentum requires three jets to lie in a plane. Aplanarity can be
written as

2 '
4 (g%%_) B (13)

The parton shower models describe the data well, while the Lund matrix element model
underestimates the amount of aplanarity, as expected.

Jet Counting

A cluster algorithm developed by the JADE group is used to count jets.!® In each
event, the quantity y;; = m?j/Egis is calculated for all pairs of particles ¢ and j. The
pair with the smallest invariant mass, m;; is combined to form a pseudoparticle with
four-momentum p; + p; . This procedure is repeated until the smallest y;; exceeds an
adjustable threshold value ycus . The hadronic jets defined in this way have the property

that they are very similar to partonic jets, as created in a QCD shower simulation.

Figure 19 shows the fraction of events with n jets as a function of y.u:. There is
good agreement between the data and the Lund parton shower model.

Energy Dependence and Measurement of a;

Figure 20 shows the mean values of three shape parameters and the fraction of
three jet events for ycy = 0.08 as a function of center-of-mass energy. The lower energy
data come from the MARK II experiment!® at 29 GeV and other experiments.20=27

14
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Fig. 20. The mean values of (a) sphericity, (b) aplanarity, (c) thrust, and (d) the
three-jet fraction for a ycy¢ of 0.08 versus center-of-mass energy.

The curves show a strong dependence with energy at low energy and a more gradual
dependence at high energy. The former is due to fragmentation effects, while the latter
is due to_the running of the strong coupling constant, oy .

We have made a determination of ay at 29 and 91 GeV with the MARK II?® by
counting the fraction of three jet events- with y.,; between 0.04 and 0.14. Using the
second-order calculation of Kramer and Lampe,?® with Q2 = E? in the M S renormal-
ization scheme, we obtain

0.149 £ 0.002 £ 0.007 at 29 GeV (14)

and

o, = 0.123 £0.009 £ 0.005 at 91 GeV (15)

where the first error is statistical and the second systematic. These results, shown in
Fig. 21, are consistent with the QCD prediction for the running of ay .

SEARCHES FOR NEW QUARKS AND LEPTONS?

The great power of ete™ annihilation is that all pairs of fundamental particles with
masses less than half the center-of-mass energy are copiously produced. We have started
our searches for new particles with quarks and leptons, but the techniques are quite
general and would have uncovered other types of new particles if they were present in
sufficient numbers. Specifically, we have searched for the top quark, a fourth-generation
charge —1/3 quark (¥'), and heavy, unstable, neutral leptons. (We have, of course, also

searched for new charged leptons, but due to limited statistics, our limits are not higher
than those already obtained at TRISTAN.)

We expect new quarks and leptons to decay through virtual W decay. However,
there are several other possibilities that we have explored. A b quark could decay

15
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- through penguin diagrams into b + gluon or b + v if there is sufficient mixing angle
suppression of the charged current decays.3! If charged Higgs bosons exist with masses
less than those of new quarks or leptons, they, rather than virtual W ’s will mediate the
decays of these fermions.

We use two complementary techniques to search for new particles: a search for
isolated particles and a search for nonplanar events.

For both types of searches, the event selection is intermediate between that for the
study of resonance parameters and that for the study of partonic properties. Explicitly,
we require events to have at least six charged tracks in the region |cos 8] < 0.85 and
have at least 0.1 F visible in charged and neutral energy. In addition, in order to insure
that the events are well contained within the detector, the thrust axis of each event be
in the region |cos 6| < 0.80.

In the search for isolated tracks, we define an isolation parameter, p, as follows:
Excluding the candidate track, we use the jet-finding algorithm, with effectively a low
value of y.y¢, to form a number of jets. We then define

p = min[(2EQ1 —cos0,))1/?] (16)
J

where E is the track energy in GeV and §; is the angle between the track and each jet
axis. We define an isolated track to be one with p > 1.8.

Figure 22 shows the maximum p for each event along with the results of Monte
Carlo simulations for the five known quarks, and, as an example, for a 35 GeV/c? top
quark. The data agree well with the five-quark Monte Carlo, and only one event has
an isolated track. The lower limits on masses of top and & quarks decaying through
virtual W bosons can be read off Fig. 23, which shows the expected number of events
for these particles as a function of their masses.

Heavy neutral leptons will decay by mixing with light neutrinos, in analogy to
the mixing which occurs among quarks. However, the mixing angles are completely
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35 GeV/c? top quark.

e -
o (¢,

EXPECTED EVENTS
)

Mb' or Mt (GeV/CZ) §483A2

10-89

- Fig. 23. The expected number of top and b’ quark events (in which the quarks decay
through virtual W'’s) with at least one isolated track are shown by the solid
lines. The dashed curves indicate the central value minus the uncertainty
from statistical and systematic errors. The dotted line represents the upper
bound at 95% C.L. for one observed event with background subtracted.

unknown and could be quite small. We thus display results as a function of the mixing
matrix element squared, |Uyog|?. Figure 24 shows the results of the isolated track search
proper.

For very small values of 3 [Urogl?, the lepton will live long enough to fail our
normal vertex requirements. We have explicitly searched for such decays by searching
for events with vertices away from the interaction point.3? Figures 25 and 26 show the
additional regions excluded, along with the results from previous experiments at lower
energy.>>~37 In general, smaller values of |Uzo¢|* than excluded in Figs. 25 and 26, will

be excluded by limits on [y, .

A search for isolated photons, which are defined to be photons with p > 3.0, found
no events and set a limit of my > 45.4 GeV/c? at 95% C.L. for B(} — by) > 25%.
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Fig. 24. Mass limits at the 95% C.L. for an unstable heavy neutral lepton L° as a
function of mass and mixing matrix element squared for cases in which only
one matrix element is important.
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Fig. 25. Mass limits at the 95% C.L. for an unstable heavy neutral lepton vy as a
function of mass and mixing matrix element squared for cases in which only
one matrix element is important. Also shown are the data from Fig. 24 and

a MARK II search for detached vertices at PEP (Ref. 33).

The second type of search is for nonplanar events. Since three jets must lie in a
plane, this, in effect, is a search for events with four or more jets. This is sensitive
to new particle production since heavy new particles will decay into two or three jets.
Since they are produced in pairs, they will yield events with four to six jets.

The variable which is used for this search is m,,; defined as

.

E.,1
Mout = EzZZZIPout| s (17)

where poyt is the momentum component out of the event plane as determined by the
sphericity tensor, and the sum is taken over all charged and neutral particles. A non-
planar event is defined to be one with m,,; > 18 GeV.

Figure 27 shows the distribution of m,,; for the data along with the Monte Carlo
simulation predictions for the five known quarks, and, as an example, a 35 GeV/c? ¥/
quark decaying into a charged Higgs boson and a ¢ quark.
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Fig. 27. The distribution of M,y The solid line represents the result of a Monte
Carlo simulation using the five known quarks. The shaded area shows the
additional events that would be expected for a 35 GeV/c? b quark decaying
into a charged Higgs boson and a ¢ quark.

Six nonplanar events are found in the data, compared to five to twelve events
expected from different Monte Carlo models of the known process. All of the limits
are summarized in Table 3. The lower limits on the masses of new quarks and neutral
leptons range from 40 GeV/c? to the kinematic limit of around 45 GeV/c?,

New quarks that decay through virtual W ’s are ruled out by experiments at hadron
colliders up to a mass of 77 GeV/c?.3%3% The new aspect of the limits in Table 3 are the
ones which rule out all hadronic decay modes, which are difficult to detect with hadron
colliders.

Although these limits are evaluated explicitly for the cases of new quarks and
leptons, the techniques are fairly general and indicate that there is no new heavy particle
production at the level of about 3% of the Z cross section.

19



Table 3.

Summary of mass limits.

Mass Limit
- Decay Products (95% C.L.)
Particle (B.R. 100%) Topology (GeV/c?)
top % isolated track 40.0
) bW * Mout 40.7
bHT Mout 42.5
b cW* isolated track 44.7
cW* Mout 44.2
cH~™ Mout 45.2
b + gluon Mout 42.7
) by, B.R.> 25% isolated photon 45.4
A eW* isolated track 43.7
uW* isolated track 44.0
TW* isolated track 41.3
SUMMARY

o —

The major physics results from the MARK II are:
a precise measurement of the Z mass, m = 91.14 £ 0.12 GeV/c?,

a measurement of the number of light neutrino species, N, = 2.8 £ 0.6, which
corresponds to N, < 3.9 at 95% C.L.,

a study of the partonic structure of hadronic decays, which shows good agreement
with the expectations from QCD,

a measurement of the strong coupling constant, a; = 0.123 £+ 0.009 % 0.005 at
91 GeV, and

a search for new quarks and leptons which sets lower limits on their masses in the
range 40 to 45 GeV/c?.
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