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NEW MACHINE - NEW PHYSICS

The schematic of the SLAC Linear Collider (SLC) forms a natural
energy scale in this plot of the relative multi-hadron cross
section which peaks sharply at the predicted location of the Z°.
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FOREWORD

In March 1981, the SLAC management, together with the SLAC users
organization, invited interested physicists to a three day meeting to
discuss the laboratory's plans and progress on the new colliding ete”
machine-~the Stanford Linear Collider (SLC). Those attending were
encouraged to join together to study the challenges and opportunities
presented by the SLC. So began the SLC Workshop.

About 200 physicists from universities and laboratories in the
topics indicated in the table below. These groups were cochaired by a
SLAC physicist and a colleague from the user community; their names are
listed in the table. The study of the "Parameters" for experiments on
100 GeV ete™ collisions, and the reviews of the state-of-the—art in the
four areas of detector technology~-'"Tracking," "Calorimetry,'" "Particle
Identification" and "Electronics and Computing''--were undertaken from a
general standpoint, and not from the particular perspective of a specific
experimental proposal. Each group met approximately once per month during
the period March through December, including a week-long "Workfest" in
August, in which all eight groups met to give an extra 'push' to their
specific studies and to communicate their progress to their colleagues
working in other areas. The Workshop culminated in a three day meeting
in December in which draft reports from the eight groups were reviewed
and discussed. These reports were subsequently edited by the cochairman
and have been compiled into this Proceedings by William Ash. Giora
Tarnopolsky joined the cochairmen of the "Parameters" groups to produce
the final report from that group.

Each of the eight sections in these Proceedings is self-contained
with its own figure numbers and references. The figures have been
inserted in the text to make for convenient reading. Most of the
references are to the SLC Workshop Notes--a complete list of all the
titles and authors is included as an appendix. These notes are commended
to the serious reader who wishes more detailed information or to identify
a contact person to follow up specific studies.

I am happy to acknowledge the specific and expert help of the SLAC
staff. The SLAC Technical Publications Department managed most of the
typing, illustration and assembly of these Proceedings with enthusiasm
and professional care. I would like to thank Ms. D. Edminster, L. Loesing,
A. Mosher and L. Beers for their hard and very effective organizing and
running the three large meetings during the Workshop. I would like to
specially thank Ms. Lilian Loesing for her continued administrative support
of each of the eight working groups and for organizing the library system
for the SLC Workshop Notes. I would also like to thank Ben Shen and David
Pellett who helped us chair the March and December meetings of the Workshop.

vii



Finally, it is the physicists who contributed to the Workshop, the
working community who committed time and effort over the nine month
period of the SLC Workshop, that made these Proceedings possible, and
the following list of Participants is presented with great appreciation.

The SLC Workshop has been a very useful endeavor, and I believe

that this stage of its work will prove to be a useful guide to everyone
in the design of SLC experiments,

David W. G. S. Leith
(S1LAC)

SLC Workshop Groups--Topics and Cochairmen

Polarization Richard Prepost Charles Prescott
University of Wisconsin SLAC
Parameters Jonathan Dorfan George Trilling
SLAC LBL
Tracking John Jaros Abe Seiden
SLAC UC, Santa Cruz
Calorimetry William Ash David Hitlin
SLAC Cal Tech
Particle Donald Meyer Daniel Scharre
Identification University of Michigan SLAC

Electronics &

Martin Breidenbach

Vincent Peterson

Computing SLAC University of Hawaii
Two—-Detector John Kadyk Martin Perl

Management LBL SLAC

Interaction David Leith John Matthews

Region SLAC Johns Hopkins University

viii



G. Abrams
LBL

W. Atwood
SLAC

B. Barnett
Johns Hopkins University

R. Bell
SLAC

G. Bonneaud
SLAC

A. Bross
LBL

¥, Bulos
SLAC

M. Cavalli-Sforza
Princeton University

A. Clark
LBL

D. Coward
SLAC

G. Donaldson
SLAC

S. Ecklund
SLAC

R. Erickson
SLAC

T. Fieguth
SLAC

W. Ford
University of Colorado

G. Goldhaber
LBL

SLC WORKSHOP

LIST OF PARTICIPANTS

K. J. Anderson
University of Chicago

D. Badtke
Johns Hopkins University

G. Baranko
Indiana University

H. H. Bingham
LBL

J. Brau
SLAC

J. Brown
SLAC

D. Burke
SLAC

T. Carroll
SLAC

P. Cooper
Yale University

D, Coyne
Princeton University

J. Dorfan
SLAC

K. Einsweiler
SLAC

R. Fabrizio
UC, Santa Cruz

C. Field
SLAC

L. Galtieri
LBL

F. Grancagnolo
UC, Santa Cruz

ix

W. W. Ash
SLAC

P. Baillon
CERN

A. Barbaro-~-Galtieri
LBL

B. Blumenfeld
Johns Hopkins University

M. Breidenbach
SLAC

K. Brown
SLAC

T. Burnett
University of Washington

R. Cence
University of Hawaii

B. Cork
LBL

C. Day
LBL

D. Dorfan
UC, Santa Cruz

A. Eisner
UC, San Diego

G. Feldman
SLAC

G. Fischer
SLAC

F. Gilman
SLAC

S. Gray
Argonne



Y. Guo
Yale University

J. Hauptman
LBL

R. Hollebeek
SLAC

D. Hutchinson
SLAC

E. Jenkins
University of Arizona

J. Johnson
University of Wisconsin

L. Keller
SLAC

W. Ko
UC, Davis

P. Kunz
SLAC

A. Lankford
LBL

D. Leith
SLAC

N. Lockyer
SLAC

H. Lynch
UC, Santa Barbara

D. Meyer
University of Michigan

G. Mills
CIT

M. Nelson
LBL

D. Nitz
University of Michigan

R. Oppenheim
Yale University

F. Hall
SLAC

C. Heusch
UC, Santa Cruz

R. Holsinger
Field Effects, Inc.

W. Innes
SLAC

C. R. Johnson
SLAC

J. Kadyk
LBL

A, Kilert
SLAC

D. Koltick
Purdue University

R. Lander
UC, Davis

R. Larsen
SLAC

L. Levinson
SLAC

V. Luth
SLAC

L. Madansky
Johns Hopkins University

W. Michael
UC, Davis

P. Mockett
University of Washington

R. Nelson
SLAC

A. Ogawa
SLAC

L. Paffrath
SLAC

G. Hanson
SLAC

D. Hitlin
CIT

D. Hon
Johns Hopkins University

J. Jaros
SLAC

D. Johnson
LBL

T. Kamae
University of Tokyo

K. Kinoshita
UC, Berkeley

P. Kooijman
Argonne

W. Langeveld
NIKEF

J. Layter
UC, Riverside

A. Litke
Stanford University

G. Lynch
LBL

J. Matthews
Johns Hopking University

E. Miller
UC, San Diego

L. Moss
SLAC

C. Newman
Princeton University

H. Ogren
Indiana University

S. Parker
University of Hawaii



D. Pellett
UC, Davis

I. Peruzzi
LNF-INFN, Frascati

M. Piccolo
LNF-INFN, Frascati

D. Porat
SLAC

L. Price
Argonne

D. Rust
Indiana University

T. Schalk
UC, Santa Cruz

A. Seiden
UC, Santa Cruz

J. Shafer
University of Massachusetts

J. Siegrist
SLAC

J. Spéncer
SLAC

S. St. Lorant
SLAC

S. Suzuki
SLAC

R. Taylor
SLAC

J. Va'Vra
SLAC

D. Walz
SLAC

W. Wenzel
LBL

S. Williams
SLAC

M. Perl
SLAC

H. Petersen
SLAC

B. Pifer
University of Arizona

R. Prepost
University of Wisconsin

B. Ratcliff
SLAC

A. Sabersky
SLAC

D. Scharre
SLAC

A, Seidl
University of Michigan

G. Shapiro
LBL

C. Sinclair
SLAC

H. Steiner
LBL

D. Stork
UC, Los Angeles

G. Tarnopolsky
SLAC

G. Trilling
LBL

W. Vernon
UC, San Diego

S. Wang
SLAC

M. Werlen
SLAC

R. Wilson
Purdue University

x1

D. Perret-Gallix
SLAC

V. Peterson
University of Hawaii

R. Pitthan
SLAC

C. Prescott
SLAC

W. Reay
Ohio State University

H. Sadrozinski
UC, Santa Cruz

K. P. Schuler
Yale University

H. Sens
NIKEF

S. Shapiro
SLAC

D. Smith
UC, Santa Cruz

R. Stiening
SLAC

R. Stroynowski
CIT

T. Tauchi
SLAC

K. Ukai
INS-Tokyo University

F. Villa
SLAC

J. Weiss
Argonne

H. H. Williams
University of Pennsylvania

D. Wood
Purdue University



M. Woodley R. K. Yamamoto S. Yellin

SLAC MIT UC, Santa Barbara
D. E. Yount F. Harris J. Strait
University of Hawaii University of Hawaii SLAC

xii



POLARIZATION




POLARIZATION




I. INTRODUCTION

Electroweak interactions at sufficiently high energies are expected
to exhibit sizeable spin-dependent effects. In e—e+ annihilation at our
present available energies of PETRA and PEP, and beyond, the weak neutral
current begins to contribute along with the electromagnetic current, and
at high enough energies should strongly dominate these processes. Experi-
ments using transversely polarized e+e- beams have shown azimuthal asym-
metries in jet axes as expected for production from spin 1/2 conmstituents.
Measurements with longitudinal spin have not been attempted due to the
complexities associated with rotating the spin. Although the electro-
magnetic current exhibits no helicity preference, the weak neutral current
is expected to have sizeable helicity-dependent effects and longitudinal
polarization should play a significant role in future e+e_ experiments.

In the SLAC SLC proposal, the linear accelerator will be upgraded to pro-
vide 50 GeV e bunches and 50 GeV e+ bunches which are brought into col-
lision by a two-arm transport system located at the end of the accelerator
stfucture. Linear machines accelerate polarized beams without loss of
polarization, and techniques for producing the intense, short polarized
beams suitable for injection have already been demonstrated in tests.

The charge to this study group has been to study the physics of polarized
beams, how to integrate polarization into the general schemes of SLC
project, and how best to exploit the capabilities of polarization in the
experimental studies of the electroweak interactions. In this report, we
discuss the present status of polarized beam work at SLAC, transport

and depolarization of the beams, polarization monitoring schemes, and

physics considerations connected with polarization.




II. STATUS OF POLARIZED BEAMS AT SLAC

The present status of polarized beam work at SLAC will be described
here. Considerable experience in producing and accelerating polarized
electrons exists from previous work, and current activities related to
SLC requirements for polarized beams continue. Production and accelera-
tion of polarized electrons has not been included as topics to be studied
by the workshop because the subjects are closely connected with and
integrated into the design parameters of the SLC. Polarized electrons
are produced by a laser~-driven photoemission source using gallium-arsenide
or some related semiconductor material as a cathode. Such techniques
require expertise in ultra-high vacuum techniques, high voltage guns and
optics, and laser devices. The design of a suitable device requires
close coordination with accelerator physicists to provide compatibility
with the injecter section. This work has been in progress for some time
under the leadership of C. K. Sinclair who has had experience with similar

devices in the past.

A. The Polarized Electron Gun

Figure 1 shows a sketch of the polarized electron source for the
collider. The cathode matherial, gallium arsenide, is illuminated with
circularly polarized light from a laser. Electrons in the valence band
of the gallium arsenide crystal are pumped into the conduction band, and
subsequently photoemitted with a probability which depends on the nature
of the surface. Properly cesiated surfaces (i.e., surfaces with mono-
layers of cesium and oxygen) can have photoemission probabilities of
several percent. Circular polarization of the laser pump light leads to
photoemitted electrons with spins aligned along their direction of
motion. Reversing the sign of the laser circular polarization reverses
the spin direction of the electrons. The reversal of circular polariza-
tion is easily achieved and leads to electron spin reversals with virtually
no influence on other beam parameters. Successive beam pulses of opposite
spin are readily delivered, and systematic errors associated with the
spin-dependent measurements can be largely cancelled.

The laser which illuminates the GaAs cathode is a modified version

of the laser oscillator employed in the SHIVA laser fusion work at LLL.
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Fig. 1. The high current polarized electron gun for the SLC. The
gallium arsenide cathode is shown in the extracted position
where it is activated with cesium and oxygen. 1In the
normal position, polarized electrons are photoemitted from
the cathode with a polarized laser beam, not shown.



Modifications include operating at a high rep rate (180 Hz), and opera-
tion at the correct wavelength to deliver maximum electron beam polariza-
tion. The laser operates nominally at 1.06 um, while the proper wavelenth
for high polarization is about 0.75 um. To obtain the proper wavelength,
the laser fundamental is first doubled. This doubled light is then used
to pump a dye laser, tuned to operate at the desired wavelength. The
laser is both Q-switched and actively mode-locked to the 48th subharmonic
of the linac rf. The mode-locking provides pulses of variable width,
accurately phased to the linac rf, so the electron pulses can be adjusted
to occur at the proper time. Individual mode-locked pulses are selected
from the laser output pulse train to provide the two beam bunches required
for the collider operation.

Electron injection into the linac for SLC operation is done by pre-
bunching the beam from an electron gun at a subharmonic of the 2856 MHz
linac frequency. Currently this frequency is 178.5 MHz, though in the
final version it will be either 119 MHz or 238 MHz. This subharmonic
bunching allows the gun to deliver the required 5x lOlO electrons over a
period of about 1 nsec, i.e., a peak gun current of about 8A. Allowing
for beam losses at injection and early in the linac, we have designed
the polarized gun for the SLC to deliver a space-charge limited current
of 15A from a l-cm diameter cathode at 200 kV. The actual cathode diam-
eter is 1.5 cm, so an additional factor of two in beam current is
available in principle. By varying the size of the illuminated area on
the photocathode, we expect to be able to deliver space-charge limited
beams of any peak current below the maximum. It is desirable to operate
in the space-charge limited regime to obtain independence of beam current
on laser intensity, i.e., pulse-to-pulse stability.

Polarization values of 40% to 45% have been obtained from GaAs
cathodes. These values are determined primarily by the band structure
of GaAs and the angular momentum selection rules which apply to circularly
polarized photons which pump electrons from the valence band to the con-
duction band.

There is a program underway to develop materials which will’deliver
higher electron polarization. Several different avenues are being

pursued, including the application of uniaxial stress to GaAs, the use of




ternary chalcopyrites, and the use of multilayer hererostructures. Each
of these techniques is demonstrably capable of giving higher electron
polarization, and so technical, rather than fundamental, problems remain
to be solved. Long term, there is high likelihood for success from one
or another of these approaches.

Currently, the gun and the laser are both operational. The gun
has not been installed on the collider injector system yet, due to an
inadequate vacuum in this area, but is operational in a lab. The laser
is operational also, although at reduced rep rate and to date not at the
proper wavelength. Work is actively underway to increase the rep rate,
and to shift the operating wavelength to the correct value. Currently
a rep rate of 100 Hz has been obtained, and operation in a frequency

doubled mode is standard.

B. The Damping Ring

Two small rings located after the first sector of the linac serve
to reduce the beam emittance through radiation damping. The electron
beam passes through one of these rings and is stored in it for a duration
equal to the time between machine pulses, 5.6 msec. For polarization
work, preservation of beam polarization through the damping ring requires
particular manipulation of the spin, and care in the damping ring design
to avoid depolarization. The design energy of the ring is 1.21 GeV. To
preserve the spin in such a ring, the spin vecﬁor must be oriented normal
to the plane of the ring, and machine spin resonances must be avoided.
To orient the spin properly, a superconducting solenoid is placed on the
incoming beam line at an appropriate location. Longitudinal spin in the
first linac sector is precessed to transverse (32.8 degrees of bending
accomplish this) then rotated to perpendicular in the solenoid (6.34
Tesla-meters are required). Extracted beams leave with the spin normal
to the damping ring plane. Two more superconducting solenoids, each
capable of 6.34 Tesla-meter integral field strength, separated by 32.8°
of bend and by 32.8° bend from the linac, serve to orient the final spin
in any arbitrary direction in the linac. Currents in the last two
solenoids can be adjusted, and by these means the spin direction at the
interaction point of the experiments can be controlled. The experimental

program requires longitudinal spin (transversely polarized electrons




annihilating an unpolarized positrons yields no observable spin-related
effects) at the interaction point. The second and third solenoids permit

the correct orientation in the experiment to be achieved.

C. Spin Motion and Depolarization in the Transport Arms

As the beam passes through the linac, transport arms and final focus
systems of the SLC the electron spin vector will rapidly precess and, at
50 GeV/c, is expected to make about 30 revolutions before the beam reaches
the experimental interaction point. Previous experiments have success-—
fully transported polarized electrons through the linac and indicare that
essentially no loss of polarization occurs in the acceleration process.
Depolarization will occur, however, in the transport arms and final focus
due to the finite energy spread in the beam and to quantum fluctuations
that lead to emission of synchrontron radiation. Additional depolariza-
tion is expected to occur during the beam-~beam interaction.

First estimates indicate that polarization at the interaction point
during the beam-beam collision can be expected to be 807% of that produced
by the electron gun. The results of a model calculation of the spin pro-
jections at the interaction region are shown in Fig. 2. Notice that the
peaks and zeros of the polarization seen in this figure can be arbitrarily
shifted in energy by appropriately adjusting the solenoids at the output
of the damping ring.

In order to allow more exact calculations of polarization transport
in the SLC, the ray tracing program TURTLE has been modified to include
spin precession. Spin motion can be conveniently written in terms of

laboratory fields as!

eB

de
_s_1(ge T v xtl+3 Y C o) L (1)
dt Y (Zm) {Y[PL v E] * B”} -1 my

where g is the electron gyromagnetic ratio and Y is the usual Lorentz

boost factor. Since Y = lO5 for 50 GeV electrons, then ignoring electric

fields and purely solenoidal magnetic elements, Eq. (1) becomes

eB

=[] 2
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in the linac. This calculation uses a beam transport system
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collider north arc, and includes depolarization due to the
finite energy spread of the beam.
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The spin rotation of an electron passing through a uniform magnetic field

-
is then given in terms of the momentum rotation Aep as

Aé’s = [1 + y(%g):l A’e*p . (3)

Equation (3) represents an approximation to the actual spin motion which,
for the magnetic elements and narrow beams in the SLC, is extremely
accurate. Notice that, for 50 GeV/c electrons, the factor Y-&é%g = 114,
Calculation of the spin motion in several of the currently conceived
final focus systems confirm that essentially no loss of polarization
occurs. Similar calculations for the transport arms will be carried out

as detailed designs become available.
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IITI. ©POLARIZATION MONITORING

Accurate knowledge of beam polarization is extremely important to
all polarization measurements. Measurement of beam polarization is
straightforward by techniques already used in experiments. The polar-
ization working group has been considering two polarization monitors,
described below, one using M@ller scattering, and one using Compton

scattering.

A. The Mgller Polarimeter

The M¢ller polarimeter is based on the measurement of beam polariza-
tion through the spin-dependent components of elastic electron-electron
scattering, a well-known QED process. At high energies, near 90° in the
CMS, there is a significant difference in scattering cross sections for
longitudinal spins which are parallel versus anti-parallel. The asymmetry

g -0
a

=P 8
AM g +o0 (4)
P a
where op (oa) refers to the differential cross section for parallel (anti-

parallel) spin alignment, reaches a value close to 7/9. For a beam of

fractional polarization Pe’ the measured experimental asymmetry is related
to AM by
Aexp - Pe AM (3)

The experimental asymmetry is proportional to Pe. Polarized target
electrons can be obtained by magnetizing a foil of magnetically permeable
material such as Supermendur. The material is easy to saturate magneti-
cally, and a fraction f of the electrons align their spins along the field
lines inside the material. The material may not be oriented with the
spins parallel to the incident beam, but at an angle 8. Thus, the expres-

gsion for the asymmetry becomes

A = f cosf Pe AM (6)

exp

The uncertainty on the coefficient f is small (less than a percent) so
that errors on Aexp (and therefore Pe) are dominated by other effects,

mostly scattering of electrons off nuclei in the target material.
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Counting rates in a simple M@ller detector (to be described) are relatively
high (approximately lO2 per pulse of 5 X lOlO electrons into a .001 inch
thick foil) and sufficient data to measure Aexp accurately require only a
few minutes of exposure.

Systematic errors limit the precision of the measurements and values
of APe/Pe::.OS should be anticipated. The technique of Méller scattering
should provide a good monitor of beam polarization at all times during

data taking runs.

A technique of coincidence M#ller scattering, where both final state
electrons are detected, has been considered. The coincidence requirements
eliminate the main background to single Mgller detection, scattering from
the target nuclei. The problems of how to measure these events in the
presences of high counting rates and short duty cycle, however, have not
been solved at this time.

Single arm M¢ller events can be isclated from general backgrounds
by using two-body kinematic constraints. In a scattering angle versus
momentum plot, Mpller events stand out above a general background, in
part enhanced by the large cross section for this process relative to
competing processes. In practice, apertures which define a lab angle 9,
and a spectrometer which disperses momentum, followed by a suitable
electron-sensitive hodoscope serve as the basic monitor. Figure 3 shows
a sketch of such a device designed to operate near the e beam dump. This
choice of location permits continual operation while the beam is being

delivered to an experiment and does not interfere with normal data taking

procedures.

The final focus optics and the spent beam extraction optics causes
additional spin rotation from the interaction point to the location of
the polarization analyzer. The degree of spin rotation after the inter-
action is dependent on the beam energy as well as the final focus design,
not yet fixed. To compensate for this variable, the M¢ller polarimeter
contains a bend magnet to bring the spin to longitudinal orientation at
the Mpller target. After the target a second bend magnet (a compensator)
restores the beam to its initial direction to the dump. The field
gstrengths in the rotator-compensator pair can be varied up to 2.3 Tesla-

. . , , , o
meters, sufficient to rotate the spin orientation up to 90°. The use of
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Fig. 3. A Mgller spectrometer (not to scale) used in earlier experiments.
The iron target is magnetized by biasing coils. Unscattered
beam pass through a septum in a dipole magnet. Scattered elec-

trons are dispersed vertically by the magnet, and detected in a
hodoscope. :
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the rotator-compensator magnets allows polarization measurements to be
made over a range of energies expected for the SLC. Figures 4 and 5 show
two views of the beam dump and beam extraction optics, with the Mgller

spectrometer and spin compensation magnets located before the dump.

B. The Compton Polarimeter?

The polarimeter technique described here uses Compton scattering of
circularly polarized laser light. Unlike the SPEAR, PEP and PETRA cases,
where the beams are transversely polarized, the SLC beam polarization will
be longitudinal and the technique used will be in some ways different.
The spin motion goes through many cycles before the collision point and
it is highly desirable to make the polarization measurement as close to
the interaction point as possible. At such a suitable point a non-
interactive measurement of the polarization can in principle be made by
utilizing the spin dependence of Compton scattering. Circularly polarized
laser light incident upon longitudinally polarized electrons results in
different cross sections for right and left circular polarization. The
backscattered gamma rays have energies comparable to beam energies due to
the Lorentz transformation and the detection problem is a relatively
straightforward one of detecting high energy gamma rays.

A discussion of the Compton cross section details may be found in
the report of Prescott. The spin dependence of the cross section can be
determined by comparing the rates of backscattered photons for right and
left laser circular polarization. It is just as viable and even prefer-
able to measure the total energy of the backscattered photons. Energy
measurements do not have a rate limited by the 180 Hz SLC repetition rate
since many scattered photon per pulse may be accepted into the detector
provided only that the detector energy response is linear over the
required range. The analyzing power 1s also somewhat higher for the
energy measurement case compared to rate measurements.

The cross section per unit energy for the Compton scattered photons
integrated over azimuth ¢ is:

do dol
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where p = k/k , k = scattered photon energy and k = maximum scattered
max max
photon energy; Pe = electron longitudinal polarization and PY = photon
circular polarization.
The differential and integral cross sections as well as the number

and energy asymmetry are tabulated in Table I for the case of a beam energy

EO = 50 GeV and a photon energy of EY = 2.34 eV. The essential point to
note is that a detector with the energy threshold set to accept 0.5 < p <

1.0 has an effective analyzing power for energy measurements of ~307 and
an average cross section of ~150 mb. The scattered photon energies range
from 16 GeV to 32 GeV as indicated in Table I.

The location of the interaction point of the laser beam with the
SLC electron bunch is dictated by two main requirements. First, the
polarization of the beam must be measured close enough to the detector IR
point so that the polarization has not been rotated by bends any signifi-
cant amount. Secondly, the interaction point must be chosen at a point
where the backgrounds are low enough so that the measurement can be made.

The SLC beam line will have low field bend magnets centered at
Z = 16.9 meters and in all the focussing schemes, there are additional
bends for vertical plane deflection. For the superconducting quadrupole
case for example there is a 1.29° bend at Z = 30 meters. The large angle
bends have excessive spin rotation and it is necessary to choose a loca-
tion closer to the IR point. The 1.29° bend for example corresponds to
a spin rotation angle of 146°. The low field bends on the other hand in
one version have been chosen to be 254 gauss and 18 meters in length.
This corresponds to a bend angle of 2.75 mr and a spin rotation angle of
18° for a 50 GeV beam. The interaction point must also be chosen so that
it is decoupled from the hard bends and probably also the strong IR
quadrupoles. The synchrotron radiation from the soft bend noted above
is characterized by a critical energy of 42 KeV while the hard bends have
~1 MeV and the quadrupoles have ~2 KeV. The polarization detector back-
grounds must be limited to <10 GéV per bunch passage for the detector to
work and this can be achieved with synchrotron radiation backgrounds from
the soft bends but not the hard bends and probably not the quardupoles.
Another significant point is that the disrupted beam also produces too

much background for a Compton detector. The disrupted beam radiates
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Table I

COMPTON Scattering Parameters
EO = 50 GeV EY = 2.34 eV

1 1
1 dco 1 d°1 f dol/dp dp f pdol/dp dp
K dp [¢] Y
p P

de dp fl doo/do de fl odoo/dp dp

(mr)  (GeV) (mb) (mb) 0 P

- - 299.1 9.24 0.031 0.167
.0512  3.21 264.7 10.35 0.039 0.169
L0342 6.42 232.8 13.52 0.058 0.178
0261 9.63 203.4 18.43 0.091 0.196
.0209 12.8 176.3 24.60 0.140 0.227
0171 16.1 151.0 31.33 0.207 0.274
.0139 19.3 103.1 37.52 0.295 0.341
.0118 22.5 103.1 41.47 0.402 0.428
.0085 25.7 77.1 40.38 0.524 0.535
.0057 28.9 45.3 29.46 0.651 0.653

32.1
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approximately 0.03% of the beam energy into a disruption cone of 2.5 mr
for the superconducting quadrupole case. The disrupted beam angular cone
is approximately the same as the soft bend angle and consequently the
disrupted beam cannot be decoupled from the polarimeter detector by the
soft bends. These disrupted beam backgrounds turn out to be much too
large for the polarimeter and consequently measurements must be made on
the electron beam with the positron beam either absent or separated at
the IR collision point. It should also be noted that it is not possible
to "escape" the disrupted beam by having the laser beam interaction up-
stream of the IR point since the backscattered photons (which are heading
downstream) will always arrive in time with the backgrounds from the dis-
rupted bunch.

With the above considerations in mind, a proposed location for the
laser interaction point is near the end of the downstream low field bend
magnet which is located approximately 16 meters from the collider IR
point. The downstream rather than the upstream low field bend is proposed
to avoid having to transport either the laser beam or the backscattered
photon beam through the experimental detector in the IR hall. The center
of the low bend provides suitable decoupling from the IR strong quadru-
poles since their synchrotron radiation has a divergence characteristic
of the undisrupted beam.

The synchrotron radiation from the low field bend specified as
B = 254 gauss (for 50 GeV, a deflection of 2.7 mr in 18 meters) gives a
synchrotron radiation spectrum with a critical energy of 42 kilovolts
and radiation of ~8 x 10~4 MeV/meter per electron. The electron beam
divergence at 8 meters is approximately 0.2 mr for both horizontal and
vertical, and therefore about 0.1 the length of the low field bend will
be seen by the Compton detector. Thus assuming that 1.8 meters of the
low field bend is seen by the detector and that a SLC bunch contains
5 x 1010 electrons, we find 7.3 x lO7 MeV/bunch from the low field synchro-
tron radiation. If we assume that the Compton detector can tolerate
10 GeV per bunch then an attenuation of 104 of the synchrotron spectrum
is required. This case is very similar to the PEP polarimeter and can be
achieved with an absorber in the backscattered beam line of approximately
one radiation length of tungsten. Figure 6 shows schematically the pro-

posed location of the laser interaction point.
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Fig. 6. Layout of beam near the interaction region, showing the laser
interaction point. The laser crossing point lies outside the
soft bend, near the edge of the first strong bend B to simplify
extraction of the backscattered beam. In this position the
backscattered photons will have to pass through some part of
the quadrupole.
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For a horizontal crossing angle the luminosity is given by the

expression
2 2P ib
Yor ce2 e 8o
Y ¥
where
P = laser power
ib = e beam current
EY = laser photon energy in eV
§ = crossing angle
cy = vertical e beam size

This expression assumes that the laser has been focussed to a spot size
smaller than the vertical e beam height. The beam size at the center of
the low field bend is assumed to be ¢ = 0.5 mm and o, = 1.4 mm. TFor a

crossing angle of § = 2.5 mr, and EY = 2.34 eV

27 cm“2 ~ sec

£ = 2.6 x 107 T2

The scattered rate is N = Syccomp x[transmission factorl. The trans-
mission factor is determined by absorbers in the backscattered line and
will be assumed to be 0.7. With an SLC bunch intensity of 5 x 10lO
e/bunch and a 180 Hz repetition rate, the scattered rate is 100 Hz per
kilowatt of laser power. It has also been assumed that the full Compton
energy spectrum corresponding to Gcomp = 300 mb at 50 GeV is accepted by
the detector. This yields an analyzing power of ~177% for total energy
measurements.

A 10 kilowatt laser at EY = 2,34 eV yields a scattering rate of
1120 Hz which will yield a measurement of the beam polarization to *0.01
in approximately 5 minutes of running.

The type of laser that has been used for SLAC electron gun studies
would be suitable for the polarimeter. This photon source is a Nd:YAG
laser which yields 1 Mwatt peak power at 1.17 eV. When frequency
doubled to EY = 2.34 eV with 17 efficiency, it should be possible to
obtain 10 Kwatt pulses 10~20 nsec long at 90-180 Hz repetition rate.
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The laser light would be transported from the IR building to the
interaction point in an air-filled beam pipe. The optical components in
this beam line would comprise several dielectric mirrors and a remotely
positioned lens for focussing the laser beam on the electron beam and
for providing fine steering adjustment for both horizontal and vertical

positions at the interaction point. Circular polarization is provided

by a Pockels cell preceded by a linear polarizer. The length of this

beam line will probably be 25-50 meters, but this has presented no particu-
lar problems for the PEP polarimeter.

There will have to be a special vacuum chamber to allow entry of the
laser beam through a quartz window and a suitable chamber modification to
permit extraction of the backscattered beam.

The scattered gamma rays range from 16-32 GeV for the conditions
described in the previous section. The Compton angular distribution is
contained in a cone of approximately ~1/y so the determining factor for
the size of the scattered cone is the much larger angular extent of the
electron beam at the interaction point. The beam angular size at the
interaction point is ~0.2 mr so that for a 50 meter path the detector
size need only be several centimeters. A lead glass total absorption
detector is suitable. It may be desirable to have a gamma-ray converter
in front followed by several thin trigger counters if an additional re-

duction of randoms from synchrotron radiation is required.
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IV. PHYSICS WITH POLARIZED BEAMS

A, Charge Asymmetry and Longitudinal Asymmetry Measurements3s*

Charge asymmetries are enhanced by the ability to polarize the z°
with polarized beams. We now consider the advantages of polarized beams
for studying muon pair final states. These conclusions apply also to
tau-pairs and could possibly be generalized to heavy quark-pairs.

The standard model of weak interactions includes the following left-

handed fermion doublets:

Vo v v u c t Ty = +1/2
el Mol T dL s g bL T3=—l/2
And the following right-handed singlets:
e = & R %R %R %R %R T3 =0

The neutral weak couplings of these fermions are given by the formulae:

_ .2
gy, = T3L - Q sin GW

(7

. 2
8g = T3R - Q sin ew s

where T3 is the weak isospin projection, Q is the fermion charge and
sin ew is the weak mixing parameter.
A more conventional representation of the coupling is in terms of

the vector and axial vector coupling given by:

ft

v (gR + gL)/z

(8)

5]
I

(gR - gL)/z

These are evaluated in Table II using the best present determination of
the weak mixing parameter — sinzeW = 0.23 £ 0.009.3

A polarized beam of electrons will allow direct control of the weak
isospin projection. The strength of the weak interaction can therefore
be significantly varied by changing the electron polarization. It is

this aspect of the measurement we will concentrate on when we discuss
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Table I1

Vector and Axial-Vector Couplings in the Standard Model
Multiplied by 4

4% a Y
Fermion Axial Vector Vector
v -1 +1
EyU,T +1.0 -1.0 + 4 Sinzew = -,08
u,c,t -1.0 1.0 - 8/3 sinzew = .39
d,s,b, +1.0 -1.0 + 4/3 sinzew = ~.69
asymmetry measurements. Many of the experimental aspects of z° physics

will be dominated by the small value of the leptonic vector coupling, v

The charge asymmetry is defined to be

do/dQ(8) _ - do/da(e) .
A (8) = 2 H
ch dO/dQ(e)u_ + do/dQ(e)u+

(9)

For a two particle final state the charge asymmetry is identical to the

forward-backward asymmetry.

_ - do/da(e) - do/dQ(w - 8)
Aoy = App = do/da(e) + do/dn(n-0) | - (10)
If we evaluate this expression on the z° we can write it as
[ 2 v a ]
S+ p
2 v, a v+ az €
2 cosb f °f e e
A = (11)
CH 1+ 2e 2 + 2 2v_ a
cos ve t+oag 1+ P e e
e 2 2
L ve + a
e —

This is written ‘for the case where the electron beam is polarized (Pe)

and the positron beam unpolarized. We can rewrite this form as

o]
P(Z7) + Pe

A.. =P (12)

cu ~ r £(6)

1+P pz9
e



2 2
where Pf = ZVf af/vf + ag

coming from unpolarized z°'s due to the inequality 8 # 8r> p(z°%) =

is the natural polarization of a fermion f

2 vezai/vi + ai is the polarization of the z° for unpolarized beams,
and £(9) = 2 cosb8/1 + c0526 is the angular dependence, If both beams
were unpolarized, a measurement of this asymmetry would determine the
quantity

;- 2 vf/af .
1+ (Vf/af)

and hence the ratio vf/af, assuming the electron parameters ve/ae are
known. In practice this asymmetry is made more difficult to measure by
the small value of Ve Polarized beams can help in this asymmetry
measurement because they increase the size of the second term (in the
bracket). Figure 7 shows ACH integrated over all 8 for unpolarized and
longitudinally polarized electron beams. Figure 8 indicates the statisti-
cal precision obtained with a 30pb~l measurement spanning the z° peak
with unpolarized beams. An indication of the sensitivity to sinzew is
shown by the calculated asymmetries with sinzeW = 0.20, 0.23, and 0.25.
With a polarized beam the variation in the cross section with spin
flip of the beam can be measured. We define the longitudinal asymmetry

as

i

-)
-)

do/d (8, P_

) - do/da(e, P,
A (8) = 3573aTs. P_

+) + do/dQ(se, Pe

(13)

where 8 is direction of u_ with respect to the initial electron beam.

This can be evaluated at the Z° peak to give
2 v /a7 2 v./a, 7
e € 5 (1 + cosze) + £ f 5 2 cosH
1+ (v /a) 1+ (v_./a.)
e e £ 7

AL(G) - Pe 2 ve/ae } [ 2 vf/af 7

(14
(1 + cosze) +

2 cost

1+ v /a1 + v lap? )

. ‘ . . o
If one integrates over any interval symmetric about 907, the asym-

metry depends only on the electron couplings:
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Fig. 7. The charge asymmetry versus C.M.S. energy vs is shown for
polarized and unpolarized beams, according to the predictions
of the standard model, for sinzew = .23. The ratio R, =
o(uuh) /o ¢ is also shown with the position of the Z° peak

indicated by the dashed line. Radiative corrections are not
included.
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The charge asymmetry averaged over solid angle for unpolarized
beams, for sinzew = .20, .23 and .25. The points and statisti-
cal errors correspond to a hypothetical run with an exposure

of 2 pb_l per point.
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2 v /a
e’ “e

=P

E 11+ (ve/ae)2 >

This is just the variation in the total cross section with electron
spin flip. That is, it is the variation in Z° production with spin flip.
It has been pointed out that this total cross section longitudinal
asymmetry, which can be up to 16%, may be the best measure of ve/ae for
the electron.®

The energy dependence near the peak is shown in Fig. 9, for AL
integrated only over the forward hemisphere. Notice that it shows little

variation with energy at the z° peak.

1. Statistical Errors
From the definition of the charge asymmetry we can rewrite
- +
N - N
Acg = T % (16)
N + N
+ . . - . .
Where N is the number of positive muons, and N is the number of negative
muons in the forward hemisphere.
For small asymmetries the error is dominated by the numerator and

we can write

AALE (17)

In a similar fashion we can write for the longitudinal asymmetry

AAL=~———-1~——— (18)

Mo+ M
Now M+ is the number of negative muons in the forward hemisphere for
positive electron polarization and M the number of negative muons in
the forward hemisphere for negative electron polarization.

Close examination of Eq. (14) shows that AL(S) is largest in the
forward direction, and smallest in the backward direction. Measurements
of ZL are optimized by integrating over a forward cone which is é]ose
to 90° opening angle. Therefore, the discussion of errors on KL’ which

follows, has taken the forward hemisphere as the optimum solid angle.




- 29 -

I l
l
0.4 - | —
| Fe=20.5
n | | |
0.2 - - ! 1 -
| BN sin2d | N
|} — ® W
|<;f-J O 0.25 i
B -0.23

-0.4 - 1 {
| I |1

60 70 80 90 100
12-81 ‘\[S_ ( GE‘V) 4177AE5

Fig. 9. The longitudinal asymmetry averaged over 47 solid angle for
u_u+ final states and beam polarization 50%, for sin“8__ = .20,
.23, and .25. The points and errors correspond to a hypotheti-
cal run with an exposure of 2 pb~l per point.
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The error in the determination of the model parameters will be

directly related to the error in the asymmetry. So we will write quite

generally

A sin26w = K

N+ N

' (19)
K
A =
(Vu/au) -
N + N

The values of K and K' will be different for measurements of ACH or AL’
of course. There are four coegficients to consider, KCH’ KéH’ KL, and Ki.

In the standard model sin ew is the only parameter. It enters in
both ve/ae and vu/au. The measured asymmetries depend on both of th;se
ratios of couplings. A measurement of ACH and AL will determine sin ew
and its associated error indicated by Eq. (19). However, the important
measurement is not simply a determination of Sinzew but rather a measure-
ment of each coupling (vu/au). This is a test of the universality that
is implied in the standard model. We therefore also consider the measure-
ment error in extracting vu/au, assuming that ve/ae is known from the
interferences near the z° peak or from the spin flip asymmetry of the
total cross section. These errors are given in Eq. (19).

Using Egs. (11) and (14) the constants K and K' can be easily
calculated. Assume that the SLC is running with 507% electron polariza-
tion and an equal number of left- and right-handed runs (+ and - polariza-
tion). The statistical errors for a particular polarization will reflect
this mix of runs, since the precision one can obtain with -0.5 polarization
is somewhat higher than with 0.5 polarizatiom.

The following comparisons for polarized beam running are notable:

KCH KéH

Pe = ~0.5 0.233 1.10

P = 0.0 0.481 4.22

Increase in sensitivity with polarized beam 4,26 14.72

Thus for a measurement of the final state ratio (vu/a ), a polarized

beam of 50% polarization is worth a factor of ~10 in unpolarized luminosity.
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Tables III and IV give values of these parameters for a wider range

of P .
e
Table III
KCH’ Integrated Over Forward Hemisphere
sin?6_ = .230
W
A v
Pe ACH KCH KCH
-1.0 .119 171 .670
-0.5 .073 .233 1.10
0.0 .019 .481 4,22
0.5 -.044 . 899 1.81
1.0 -.119 172 .671

Table IV

ZL’ Integrated Over Forward Hemisphere
sinzew = .230

PooomODx K

1.0 -.271 .079 . 717
£0.5 -.136 .158 1.45
+0.0 0 -— -

0f course, without polarization AL cannot even be measured. It is
AL that may prove to be the important measure since it is less sensitive
to background effects, detector asymmetries, radiative corrections, and
energy variations near the z°. As will be seen in the next section, AL
measurements will also give somewhat greater sensitivity to model param-
eters.

Using the cannonical 106 z°%'s produced at the SLC in the first year

+ -
and taking a 3% branching ratio of ZO > 4 B , we obtain



- 32 -

A sinzew 0.0058*K

A (v /a) 0.0058*K"
U
If we now insert the average K and K' values at 50% polarization,

equally split between +Pe and —Pe, we obtain the following statistical

limits in the parameter errors:

{i) From ACH measurements:

A sin29 > .001%
w
> .008
A (vu/au)
(ii) From AL measurements:
. 2
A sin"8 = .0009
w

A (v /a) = .008
¥ U

2. Beam Polarization Error in AL

Since the longitudinal asymmetry is directly proportional to the
beam polarization we can ask how much an error in the measurement of the
polarization itself contributes to AL and therefore to A sinzew. It is
clear from the Eq. (14) that the percentage error in the polarization
must not exceed that required for A sin26w and A (vu/au). Therefore,
an error of .0002 in sin26w requires at least a 1% absolute determination

of Pe if Pe = 0.5. This is close to the limit of accuracy of a polari-

meter and may be the limiting parameter for an AL measuremnent.

3. Solid Angle Consideratiomns

All of the proceeding calculations assumed that the muon detector
measuring the asymmetries had 4m solid angle coverage. Since the asym-
metries and the production cross sections tend to be maximum in the for-
ward direction it is important to be able to quantify the effects of
forward angle cuts in detector.

The K and K' constants allow us to simply display the effects of
solid angle cuts in a real detector. The value of K and K' will reflect
both the reduction of observed events and the lack of sensitivity when

o
one measures asymmetries away from 0.
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This solid angle effect is shown in Figs. 10 and 11 for both ACH and
AL measurements. The curves are shown calculated for two types of

detectors: one is a central detector with acceptance for all lcosel <

Icosecut . The other is for a purely forward detector with acceptance
|cos8]| > lcosecut . The central detector gives the smallest errors, of
course. However, even for a cut at 25° (cosecut = .9) the detector would

only have to run 30% longer for the same sensitivity. We would conclude
then that nominal forward holes in central detectors will not appreciably
compromise their ability to do asymmetry measurements.

The forward detector indicated also has some interesting properties.
It compensates for the loss of events by the increased sensitivity in the
forward direction. As can be seen for AL measurements, 40° is the cross
over angle of equal sensitivity (and running time) for forward and central

detectors at Pe = -0.5.

4. Systematic Errors in Charge Asymmetries
The ability to eliminate detector biases in a measurement such as
charge asymmetries is a most important aspect of polarized beam measure-
ments. To illustrate the advantages of spin reversal, consider a
detector which has unequal detection efficiencies for u  and u+. For
example, a detector has a magnetic field to determine the sign of the
charge, so u 's and u+'s produced in a given direction do not track
through precisely the same geometry. Edge effects, in particular, may
lead to different detection efficiencies for the u~'s and u+'s. Let the
efficiencies for identification be et and f for u+'s and y 's, respec-
tively. These will be functions of position in the detector, and time.
The experimental measurement is then
- + +
By~ o T (20)
PN+ £N
Assume here f+ and £ are averaged over solid angle and time variations.
Define ¢ = l/2(f+ - f) and T = 1/2(f+ + f ). Then one finds that, for

g << f,

AeXp =~ ACH(l + e/f ACH) - ¢/f (21)
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Fig. 10. The solid angle dependence for the coefficient for KéH for
Pe = -0.5. The central detector solid angle is integrated
from -cosf,, to +cosb., . The forward detector picks up the
rest of the solid angle. Sensitivities are equal near

Boyp = 40°.
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Fig. 11. The solid angle dependence for the coefficient K{ for
P, = £.50. The central detector has solid angle coverage
1cosel < [cosecut| and the forward detector 1cosG| > icosﬁcut .
The detectors have equal sensitivity near 8., = 40°.




- 36 -

For small values of ACH small differences in detection efficiencies
lead to an error in Aexp of approximately €/f. 1In principle, these
systematic errors in AL can be eliminated by rotating the detector. In
practice, such steps are impossible for these very large detectors.

While rotating the detector may not be practical, the detector biases

can be eliminated in these polarization experiments. One approach employs

flipping the spin of the polarized beam to cancel them to lowest order.

Another calls for providing the capability to run the SLC with the posi-
trons and electrons switched to opposite arms of the machine (beam swapping).7
In the case of spin flipping, the experimenter can simultaneously
measure Aexp(+Pe) and Aexp(—Pe) by correlating Aexp with the sign of the
polarization determined prior to each beam pulse by electronic signals

sent from the polarized electron source. The subtracted asymmetry is

Aexp(+Pe) - Aexp(_Pe) (22)

The subtracted asymmetry is independent of detector inefficiencies in
lowest order. The systematic errors on Aexp(+Pe) - Aexp(-Pe) will be
significantly smaller than on Aexp(O).

The capability to switch the positron and electron arms leads to
the elimination of the effects of detector inefficiencies on the asymmetry
measurement. This beam swapping could be done periodically (for example,
every one to three months) and would be complemented by the continuous
spin flipping.

An alternative way to study systematic errors on A
7

comes from a
CH

By suitable selection of + helicity and

novel use of polarized beams.
- helicity beam pulses, the time-averaged polarization of the z° can be

set to zero (see Eq. (11)). The charge asymmetry A is for this sample

CH
necessarily zero, and the remaining non-zero value for Aexp can be
ascribed to detector biases. Thus detector systematic errors can be

measured using the beam polarization.

B. Final State Polarization of 1's®

In the disintegration of the z° the produced quarks and leptons are
polarized. This net polarization results from the unequal coupiings of
the z° to right-handed fields, and is of the same character as the

longitudinal asymmetry discussed earlier.
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While all quarks and leptons may be polarized, only the heavy
lepton T polarization can be measured with a conventional detector. In

terms of the differential cross sections, the polarization is

n, + [o (8 -0 (]+mn_ - lo_,(8) - o__(®)]

n, + Lo (8) +o, ()T+mn_ - [o_(6) + o__ (&)1

(23)

pT(e)

where n, = (1 = Pe)/2 is the normalized flux of electrons of the indicated

helicity, P is the beam polarization, and ¢ » (8) are the helicity

'
dependent differential cross sections. The 2ﬁbscripts refer to the elec-
tron and the T  Thelicities resp. the helicities of the positive particles
being constrained by these.

The value of the net polarization, arrived at by integrating the
numerator and denominator of Eq. (23) over 4m sr, appears in Fig. 12 for
several values of sinzew. The polarization remains large beyond the z°
pole region due to the falling single photon annihilation contribution.

The value of PT(G) can be expressed, at the z° pole, neglecting the

electromagnetic interaction, as

P(1) + P 2 cosz
PT(e) - 1 + cos™8 (24)
1+P(T)P__2___C_O_Se_2__
1 + cos™ @

where P(1) = 2 vTaT/(vT + aT) is the intrinsic T polarization due to the
inequality gR(T) # gL(T), and P = Pe + P(Zo)/l + Pe P(ZO), with P(z°) =
2 veae/(vi + ae) being the polarization of the z° in the absence of
external beam polarization. The overall z° polarization, due to both
the weak effects and the beam polarization, is given by P. 1In Eq. (24)
the term P(7) describes the T couplings, while the second, angle dependent,
term results from angular momentum conservation and vanishes if integrated
over all angles. Thus, the net polarization observed in any detector
symmetric around 90° is independent of the beam polarization and equals
P(1).

Figure 13 shows the variation of PT(ASO) with beam polarization for
three values of sinzew. For fully polarized beams, the t becomes highly

polarized. However, the sensitivity of the 1 polarization to variations
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B = 450 for sin26w = .20, .23, and .25.
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of the weak coupling goes to zero in these limits. More formally,
BPT/B(Sinzew) becomes small at Pe = t1, as seen in Fig. 13. Measurement
of 1 neutral current couplings is not significantly enhanced with polar-
ized beams.

The beam polarization can be used in studying the charged weak
ikl

Txy Femmmmmamtees =1~ £ ~~T- L
by lLialiedsdlly Lie degrec ol poidallsd=

current in the decay 1 + pv, p =+ ,
tion of 1's. When the 1 lepton decays into a spin one meson and a neutrino,
the meson state with helicity opposite its charge is forbidden by angular
momentum conservation if the decay is mediated by the conventional V-A

9 1In the case of the p decay, the laboratory momentum distribu-

current.
tion of pions will reflect the polarization state of the 1 and establish
the nature of the current in the semileptonic T decays. Such an investi-
gation, although possible at existing electron-positron storage rings, has
not been done to date due to limited statistics and the magnitude of the
effect.

The characteristic momentum distribution of pions in this decay chain
could be more easily established for decays of polarized t's, due to the
alignment of the p and 1 spins. Thus, while the pion momentum spectra in .
the forward (8 < 450) and backward (6 > 1350) cones differ for unpolarized
beams, as shown in Fig. l4a, the forward-backward difference becomes much
more pronounced for polarized electrons as seen in Fig. 14b. These spectra
have been calculated using sinzew = 0.23, a V-A charged decay current and
Pe = -0.5. For an ideal detector with 13,000 Tt - pv events, the standard
deviations of the distributions in Fig. 14b would be measured with a
precision of 0.0032, while the standard deviations of the two spectra
differ by 0.04 giving more than a 10oc effect. The correspénding difference

for unpolarized beam (Fig. l4a) is about factor of 3 smaller.

C. Hadronic Processes!?

Following the studies on leptonic final states, we would like to
consider the strong interactions by looking at the rich but less predict-
able part of the problem, the hadronic final state. Again we restrict
ourselves to unpolarized or single longitudinally polarized electron beams,
since for unpolarized positron beams, transverse electron polarization

leads to no observable effects.
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Fig. 14. The momentum spectrum for n's from the processes T + pV;
p > 17 at the Z° peak for unpolarized and polarized beams.
The forward-backward asymmetry is enhanced with polarized
beams.
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We have seen how, in the leptonic case, axial and vector coupling
constants can be obtained by using information from unpolarized data and
from asymmetry and polarization measurements. In principle, the same
method can be applied to e+e_ - qa to determine the coupling constants
for the different quarks. However, the fragmentation process increases
the complexity of the analysis and the error on the measurements.

Asymmetry and polarization at the constituent level are large, but

11512 pifferent observables

the fragmentation will dilute these effects.
have different behavior under the same recombination model.

Aside from the different physics obtained from the study of hadronic
final states, these measurements have some advantages compared to leptonic
final state experiments such as a large cross section (all hadrons/ u pairs =

6 At the constituent level, asymmetries

25 at ZO) and larger spin effects.
with polarized beams are larger by a considerable factor compared to
leptons. However, there are problems connected to the lack of knowledge
of the recombination process. They include uncertainties in how to
determine the q from the q initiated jet, how to tag the initial quark
flavor, and how to distinguish gluon jets from quark jets.

Consider the observables at the constituent level where they can be

easily computed. Assuming zero quark masses and a null beam polarizatiom,

one gets:

H3 (1 + cosze) + 2 Hl cosf
P = ~ (25)

L 2 G1 (1 + cosze) + 4 G3 cosb

where 6 is the polar angle of the out-going quark and Hl 3 Gi 5 are

» ’
structure functions dependent on the center of mass energy /g, the axial
and vector coupling constants, the z%'s masses, widths and the quark

flavors. The full expressions of H are given in the Ref. 13.

1,3° 1,3
One gets larger effects by using longitudinally polarized beams.

In the case of a longitudinally polarized electron beam one gets a

longitudinal asymmetry

H, (1 + cosze) + 2 H, cosf
1 3
AL = - Pe 5 . (26)
Gl (1 + cos™8) + 2 G3 cosh
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Connecting these expressions to asymmetries and polarization at the
hadron level requires the use of specific models of fragmentation.
Details of such studies are reported in the workshop notesi*:15 and in the
literature.!3

Two-jet physics may be possible without the detailed understanding
of fragmentation processes. The forward-backward asymmetry for jets is

the asymmetry in the polar angle distribution of the jet axis:

1 do 0 do
f ) d (cosb) - f 0 d cosb
jet _¥Y0 -1 _ 3
AT T =%

0
do do 1
A ) d cosé + f o d cos®

-1

(27)

Ql 9]
w

Obviously the problem here is to determine the direction of the jet
axis, i.e., to distinguish the g from the a jet. Two methods have been
proposed, one based on the average charge measurement of a jet where the
particle detection efficiency introduces large fluctuations, and the
other on leading particle identification!® which appears difficult to
use, the effect being attenuated by jet direction and leading particle
misidentification. This measurement does not need a polarized beam, but
the effect would be enhanced in such a case.

Difficulties of distinguishing q from q jets can be avoided in the
case of the longitudinal asymmetry of symmetrically charged cross
sections. The symmetrically charges cross section can be written the

following way:

do

_do 4o |
dQ qq‘ dﬂ (9,¢) + dﬂ (e T, ¢+“) (28)

Assuming universality between the quark generations one gets:

+ Nd H

+ Nd G

. N H
et u

%JJ = -P

(29)

e e
- e A

€N ¢
u

Nu, Nd denote the numbers of u-type and d-type quarks for mq < E. This
effect is substantial and different electroweak models can be tested as

discussed in the next section.



- 44 -

An interesting result in 3 jet events from e+e_ + qqg has been
pointed out by J. G. Korner et al.,17 and Fabricius et al..l!® Three-
jet events lie in a plane whose normal has a polar angel n to the beam
direction. The forward-backward asymmetry in this angle is called the
beam—event asymmetry. In massless QCD, the beam—event asymmetry is
identically null in order ai. If one includes quark mass correction,
the asymmetry for longitudinally polarized beam and/or high z° - v mixing
is proportional to a factor R depending strongly on the quark mass. The
sign of R is a signature of the gauge type of the theory, negative for
non-abelian, i.e., with gluon self-coupling QCD type, and positive other-
wise.
cosn

€1+ 1/2 sinzn

(30)

where Pe is the beam polarization and n is the angle between the normal

to the event plan and the e-beam direction. Possible measureable effects
have been predicted. For massive quarks and high thrust values the maxi-
mum of the effect is found for 612 = 1200, the angle between the quark and
the anti-quark directions. This effect is one of the few sensitive tests
of three gluon coupling, i.e., of the nonabelian type of the theory. A
similar study for the final state e+e_ + ggg shows an effect too small to

be measured.

D. Longitudinal Asymmetries, A, and Tests of Extended Gauge Modelsl®s15

It is possible that the structure of the neutral currents could be
more complicated than in the standard model. Classes of models have been
constructed with more than one neutral boson but presenting the same low
energy behavior as the standard model. The longitudinal asymmetry AL’

integrated over the entire solid angle, depends on the factors

Ve/ae

1+ (ve/ae)2

in the standard model at the z° pole, and is predicted to be small
(AL ~ -0.16 for sinzew = ,23). If additional heavy neutral gauge bosons
exist, they also contribute to the production amplitudes and to the value

of AL' Measurements of AL is a sensitive way to distinguish between
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alternative gauge theory models. To illustrate this fact, we will con-

sider two different models.

1. SU(2) x U(1) x U(1)

This modell? gives exactly the same predictions as the SU(2) x U(1)
standard model at low momentum transfers in the spacelike region, but has
a richer neutral gauge boson structure which may be investigated in the
upper SLC energy range. The main characteristics are

(i) All fermions are assumed to be invariant under U(1) and to
transform under SU(2) x U(l) in exactly the same manner as in the standard
model.

(ii) The symmetry breaking occurs via the usual scalar weak iso-
doublet field ¢l’ which is assumed to be invariant under U(l), and an
additional field ¢2, which is invariant under SU(2) but transforms non-
trivially under U(1l) x U(1).

These assumptions lead to a Wir boson exchange structure for charged-current
interactioﬁs similar to the standard model. But the additional Higgs field
¢2 provides a mass for an additional neutral gauge boson associated with

U(1) and the model has thus two physical neutral bosons Z_. and 22 (plus

1
the photon) which have the interesting properties that

M. <M 1L/cosew <M (31)

1 W 2
where the mass Mwi of the charged bosons is given by the Weinberg-mass

relation, also valid in this model;

M2 = 1 o/VZ G. sin’e . : (32)
+ F w
W
This model becomes identical to the standard model whenever one of
the two neutral gauge boson masses (or both of them) approaches the stan-

dard model value

M =M  /cosé . (33)
ZO wi w

In fact, the deviation of the gauge boson masses from the standard
model value MZO can be measured by a coefficient C(ﬁ(l)) which has the

following expression:
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outside relation (31) exist for M2. This model possesses three free param-

eters, the weak angle Bw, and M, and MZ’ the masses of the two neutral

bosons. In the following, we will fix the mass of the first observed
neutral gauge boson (MZO in the standard Model, M; in the extended gauge
models) to 89 GeV. This value corresponds to sin28w = 0.230 in the stan-
dard model. To fill the condition (31) in the SU(2) x U(1l) x ﬁ(l) model,
we fix, in this model, sinzeW = 0.220 in agreement with the actual world
average of sinzew = 0.230 + ,015.

Figure 15 shows the ratio of the total cross section to the point-

like QED cross section of the reaction

+ - o + -

ee >7Z > uuyu
calculated for a polarization of electron beam of 50% in the standard
model and in the SU(2) x U(1l) x 5(1) model. The total luminosity has
been normalized to give 106 z°'s in the standard model. The parameters
of SU(2) x U(1) x U(1) model have been taken to be: M. = 89 GeV, T, =

1 1
2.3 GeV, M_ = 200 GeV and I', = 2.5 GeV. It is clear from this result

that the miasurement of theztotal cross section on the top of the resonance
will not bring any light on the type of model which would be the right one.

Figure 16 shows the longitudinal asymmetry AL calculated'in the
standard model (S.M.) and in the SU(2) x U(l) x U(1) model with the same
parameters as given above but by varying the value of the mass M2 of the
second neutral boson.

The results can be summarized by the following remarks:

(i) The value of AL observed at Vs = 89 GeV is due to the choice
of the values of Ml and sin b, = 0.220. There is no sensitivity to the
value of the mass of the second neutral boson unless this mass is close

to the first one (M2 less than 100 GeV).
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Ratio to the point-like QED cross section of the cross
section of the reaction ete” %~u+u' calculated in the
standard model (S.M.) and in the SU(2) x U(1l) x ﬁ(l) and
SU(2)L x SU(Z)R x U(1) models. The parameters are given
in the text.
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Fig. 16. Longitudinal asymmetry as a function of Vs calculated in the
standard model (S.M.>) and in the SU(2) x U(1l) x ﬁ(l) model
for different values of the mass of the record neutral boson.
The other parameters are given in the text. The two data 4
points indicate the statistical accuracy expected for 3 x 10
z° decays.
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(ii) For sinzew = 0.230 and M, = 89 GeV, the SU(2) x U(1) x T(1)
model gives exactly the same value for AL as the standard model. But in

this limit, the strengths of couplings of the second boson Z, go to zero,

2

although the mass of Z, is still a free parameter.

2

The main point of this model is that the masses of Z Z., and sin28w

1’ 72
are free parameters, while in the standard model sin" 8 _is the only free
parameter. We see then that a change of about 5% in sinzew induces, at
this energy and for the parameters listed above, a change of a factor
about 2.6 on AL: for sinze = 0.220, AL = -0.42 and for sinze = 0,210,
W w ’
AL = -0.66. This variable is thus very sensitive to the value of sin ew
and will be a fundamental measurement to complement the measurement of
the total cross section. Given the position of the (maybe nonunique) Zo,
the longitudinal asymmetry AL will give with a very high accuracy the
.2 X .
values of sin Bw. A possible discrepancy between these two measurements

of sinzew will be a very precise test of the gauge model and could

be explained by such type of model as SU(2) x U(1l) x U(1).

2. SU(2)1, x SU(2)r x U(1)

The characteristic of the models based on this group is the basic
left-right symmetry, wherein left- and right-handed quarks transform as
doublets under different SU(2) factors. A complete study of this type of
model, including a comparison with experimental data, has been done by
Liede et al.?0 Studies at energies comparable to those which will be
reached by SLC have been done by Degrange21 and Hollik.l!3 However, these
works do not focus on the special tool given by the measurement of the
longitudinal asymmetry which is possible with a polarized électron beam
in the SLC. We discuss here the specific model of De Rujula et al.,??
denoted DGG_ in Ref. 13, which, with a specific choice of the symmetry
breaking parameter, has the right low energy behavior.

The main features of this model are:

(i) The SU(Z)L and SU(Z)R groups have a common coupling constant
g = e/51n6w ‘ (35)

The U(l) coupling denoted g', is related to g by the relation

1 — .
g'/g = 31n6w/\/c0526w (36)
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(ii) To give masses to six of the seven gauge bosons (4 charged W's
and 3 neutral bosons, Yy, Zl, 22), Higgs fields are introduced with the

vacuum expectation values A (contributions to both neutral and charged

L,R

boson masses, and nmeutral currents violate parity only if AR # AL), bL R
’

(contribution only to charged boson masses), k and k' (mixes Wi and

+
Wi and affects the masses of the neutral bosons).

To suppress right-handed charged currents at low energy, a very large
. x .
mass has to be given to Wp by taking bp >> b and/or Ag 2> AL
) Tge phy;ical parameters of this model are g, g', le, MZZ’ Mwl, sz,
K™= k" + k"7, kk'.
The two parameters g and g' are fixed using the relations (35) and

(36) and

1

_1 2 (1-CM§1>(1—CM€JZ> (37)

g

(k)2 = -

Mo
A

where C = 8 GF/gZE .

Then, for the neutral sector, we are left with 4 parameters chosen

2

l, MZZ and K™.
In the De Rujula-Georgi-Glashow model, the vacuum expectation XL =0

+

and only XR is used to give mass to Wi.

, 2
to be sin ew, Mgz

Parity is thus violated in
neutral current processes and we have the following condition
K2=—L{M2 + M2 s [(Mé +M§ )2 - SME Mé —l—iﬁi]l/z} (38)
2g 2 2 1 "2 1+ 2r
where r = g'/g.

From the two possible signs of the root in Eq. (38), the positive
one would imply a reduction of parity violating effects in electron-
nucleus reactions relative to the standard model and is excluded by the
SLAC results.23 Therefore, in the following, we only consider the nega-
tive root denoted DGG_ in Ref. 13.

Since K2 has to be real, there follows a condition on the masses of
the two neutral bosons

M, M, (J2 + 2+ 1)/,/1 + ot . (39)

2 1
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This relation has a consequence that, for sin26w = 0.230 and M, = 89

1
GeV, M, should be equal to or bigger than about 180 GeV.

Ii the following, we will then fix the mass of the first observed
neutral gauge boson (MZO in the standard model, Ml in the SU(2)y, x SU(Z)R X
U(1l) model) to 89 GeV. This value corresponds to sinzew = 0.230 in the
standard model and will be also used in this extended gauge model.

Figure 15 shows the ratio to the point-like QED cross section of the
total cross section calculated for a polarization of electron beam of 50%
in the SU(Z)L b SU(2)R x U(1l) model. The total luminosity has been
normalized as described above.

The parameters of SU(2)L x SU(Z)R x U(1l) has been taken to be:

Ml = 89 GeV, Fl = 2.3 GeV, M2 = 400 GeV and P2 = 2.5 GeV.

In this case, the measurement of the total cross section on the top
of the resonance might be able to distinguish between models, but secondary
effects like radiative corrections can obscure this measurement.

Figure 17, on the other hand, shows the large effects on the longi-
tudinal asymmetry AL in this extended gauge model. 1In Fig. 17(a), this
asymmetry has been plotted as a function of Vs for different values of
the mass M, of the second gauge boson. In this case, the effects of the

2
presence of a second gauge boson can be very well measured at Vs = M. and

a discrepancy from the standard model value will give a determinatioi of
the second mass. Figure 17(b) illustrates this effect by showing, as a
function of MZ’ the expected value of AL in the SU(2)L X SU(Z)R x U(1)
model. We see that a measurement of AL at Vs = 89 GeV can give some bounds
on the existence and the mass value of a second neutral gauge boson: if
this mass is less than about 350 GeV one should be able to measure a
deviation from the Weinberg-Salam model value. For higher values of this
mass, the model gives a value of AL compatible with that obtained in the

standard model.
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Fig. 17. Longitudinal asymmetry calculated in the standard model (S.M.)
and in the SU(Z)L X SU(Z)R x U(1) model; (a) as a function of
/s and for different values of the mass of the second neutral
boson; (b) at Vs = 89 GeV, comparison of the A; value in the
standard model and in the SU(Z)L x SU(Z)R x U(1) model as a
function of the mass of the second neutral boson for 3 x 10
z° decays.
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Positrons for the SLC will be produced by extracting the electron beam
two-thirds of the way down the linac and dumping it on a thick target.

The positrons produced are focused, accelerated to 200 MeV, and sent

back down to the injector region of the linac. This target must dissi-
pate 7 kilowatts of power over a millimeter spot. The resulting shock
wave produces stresses neay the limit of many materials. In the target
pictured here the darkened region is a one~quarter inch diameter by one
inch long slug of tungsten~rhenium composite which was exposed to about
one million pulses of 24 GeV electrons in a test in End Station A at SLAC.
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I. INTRODUCTION

This report describes the work of the Parameters Group active during
the Stanford Linear Collider Workshop. The purpose of the physicists in
this group was to investigate experimental aspects of the electron-positron
annihilation mediated by the weak neutral gauge boson. Since their goal
was to establish the experimental requirements to be met by detectors,
rather than solve the technical problems they raise, a conscious effort
was made to avoid technological issues. The interests of the participants
are reflected in the three chapters of this report: z° » HADRONS, z° -
CHARGED LEPTONS, and OTHER PROCESSES. The sections on hadrons review
general characteristics of the multi-hadron final states and investigate
the parameters of detectors capable of studying the jets of produced
particles, with special emphasis on the solid angle, segmentation, and
energy and momentum resolution issues. The studies of the charged lepton
channels deals with these topics too, but in addition consider the statisi-
cal accuracy of the data, the magnitude of the weak effects, and the ac-
curacy of determination of weak parameters in the framework of the SU(2) x
U(1l) model. Finally, the studies of lower rate processes, such as Higgs
particle production and radiative z° production, expand the discussion to
include the magnitude of background processes and specific detector
requirements,

Almost all the work summarized below has been abstracted from SLC
Notes written during the Workshop, for which this report should be con-
sidered a reading guide: the SLC Notes contain considerably more

information, details, and references than presented here.
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II. z° + HADRONS

A. General Discussion

1. Introduction

The standard model postulates that the z° couples with comparable
strength to all quarks. As predicted by the model, neutrino interactions
and deep-inelastic electron scattering experiments have provided direct
evidence for a neutral weak current coupling to the up and down quarks of
stable matter. However, the study of neutral current interactions involv-
ing heavier quarks is left to the z° decay experiments, as there appear
to be no neutral currents involved in the flavor-changing weak transitions.

The z° is expected to decay into quarks about three quarters of the
time. Beyond the issue of the quarks' weak couplings, the abundance of
hadronic final states will expand the impact of SLC physics into the realm
of quantum chromodynamics (QCD). The z° + HADRONS sections of this report
discuss the study of the hadron jets from what may be called a QCD-biased
vantage point. The difficult problem of the separate measurement of the
quarks' weak coupling constants, for which flavor identification is a pre-
requisite, is not discussed in detail. Experimentally, the understanding
of the quark fragmentation process may render this latter problem more
tractable.

Extrapolation of Monte Carlo models which successfully describe QCD
phenomena at PEP and PETRA energies suggests that the hadronic events
comprise 71% qq, 26% qqg, and 3% qqgg, with the notation of q = quark and
g = gluon. In addition, rare or new processes, such as Higgs particles
or heavy lepton production and decay, may lead to multi-jet events.
Because of the high parton energies in these events, the jets are generally
strongly collimated and are expected to have high average charge <nch> and
photon <ny> multiplicities <nch> = <nY> ~ 22, For the postulated sixth,
or top, quark these numbers are expected to be even higher. Since the
transverse dimension of the jet is about inversely proportional to the
parton momentum, multi-jet topologies will probably be more easily
studied at Vs = MZo than at the present PEP/PETRA regime. Thus, the

nature of the quark and gluon fragmentation will be exhaustively studied
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at the SLC. All these issues relate to the solid angle coverage and
segmentation characteristics of the detector components.

The SLC will achieve its luminosity by reducing the lateral dimensions
of the beams to micron sizes. Given these source dimensions, it is natural
to consider lifetime measurements of leptons and heavy quark states, and
the possibility that the detection of decay vertices may help to identify
quark flavors. Detectors of very fine granularity will be required for
this study.

It is conceivable that the top quark will not have been discovered
before the SLC turn-on time. This possibility has stimulated the study
of how to isolate the top-quark events and how to determine the top
quark mass.

All the QCD questions mentioned above are discussed in this chapter.
After a brief description of the Monte Carlo program parameters, we present
in this Section A results on multiplicities and charged particle and photon
momentum spectra. These dictate the global detector parameters, namely solid
angle and segmentation, discussed below in Section B. Topics related to
hadron spectroscopy, such as vertex reconstruction and two~body invariant
masses appear in Section C. Issues related to ancestor quark identifica-
tion are the subject of Section D. The z° > HADRONS discussion ends in

Section E with a study of high energy jets.
2, Event Simulation

The Parameters Group had at its disposal two simulation models for
e+e_ + hadrons. Available in the HOWL Monte Carlo software package,!
the model of Ali et al.,? is familiar because of its widespread use at
PETRA and PEP. Also available is the TUBES model,3 developed in the same
spirit as the so-called LUND Monte Carlo." Both programs simulate z°
events with weak couplings determined by the standard SU(2) x U(1l) model.®s®
The characteristics of the simulated data sample depend on the weak
interaction parameters, which govern the quark pair-production process,
and on the QCD and quark fragmentation parameters, which control properties
of the jets such as particle multiplicity and opening angles. For the

88.6 GeV and PZO = 2.5 GeV

il

70

were used. The beam energy was constant Eb = MZO/Z, and no polarization

weak process, the values sin26W = 0.23, M
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or radiative effects were considered. Unless otherwise stated, the events
contain all six quark flavors, with the top quark mass Mt = 19 GeV. The
value chosen for the QCD scale parameter was A = 0.35 GeV (uS(Eb) = 0.16).
For all parton flavors the fragmentation average transverse momentum was
the same, <pT> = 0.3 GeV/c.

Comparison of the two Monte Carlo programs mentioned above showed

some differences — the most important of which are ascribably to differences

in the description of heavy quark fragmentation and of couplings to gluons.
Since these issues are by no means settled, conclusions which depend
critically on the predictions of Monte Carlo models must be treated with
considerable caution. The results presented in this chapter were all
obtained with the Ali et al.,2 model.

Projections of typical events on a plane perpendicular to the beams
appear in Fig. 1 (ZO + dd), Fig. 2 (Zo + tt), and Fig. 3 (ZO + ssg). The

trajectories bend in a 5 kG solenoidal field.

3. Particle Multiplicities, Momentum Spectra

Figure 4 shows the charged and photon multiplicities for 2% hadrons.”

The mean multiplicities are <nch> = 22 and <nY> = 21 with halfwidths in
the range of 10 particles. Since most events consist of two jets, the
typical particle multiplicity per jet is 22. Figure 5 shows the charged
particle density as a function of the cosine of the angle relative to the
jet axis for u, d, s, and c quarks and for t quarks. The corresponding

photon density distributions are very similar to these. The density

distribution for the light quarks is more narrowly collimated than for
the t's. For instance, half the multiplicity in a light quark jet is
contained in a cone of half-angle 14° centered around the jet axis, while
half the energy is contained in a cone of half-angle 4°. The correspond-
ing half-angles for t jets are much larger, 39° and 200, respectively.
Figure 6 shows the charged particle momentum spectra. They are
characterized by numerous low energy particles and a large dynamic range.
Half of the pions have momenta below 1 GeV/c. Figure 7 shows the photon
energy spectrum, which exhibits similar structure: half of the photons

have energies below 0.3 GeV.
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4177A181

Fig. 1. Projection of the trajectories of charged particles, for an
event of the type Z° - dd, on a plane perpendicular to the
beams. The solenoidal field strength is 5 kG.
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Mt=30 GeV
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Fig. 2. As Fig. 1, for an event of the type z° -+ tt.
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Fig. 3. As Fig. 1, for an event of the type z° » ssg.
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Fig., 4. Distribution of particle multiplicities for the process
ete™ » 70 > hadrons for (a) charged particles, and (b)
photons. The dashed curves refer to particles with
X = p/Eb > 0.002.
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The average particle energies and multiplicities for events from all
six quarks and from the t quark only appear in Table 1.8 The t events have
multiplicities, lepton yields, and lepton momenta significantly above the

average values.

Table 1

Average particle momenta, median momenta, and particle multiplicities for
hadronic events, including gluon radiative events: (a) all hadronic
events, and (b) events from t quark only. The quoted numbers of electrons
and muons include electrons from Dalitz pairs and muons from pion and kaon
decay, as well as decay products of c, b, and t quarks. The latter amount
to 0.2 electron and 0.2 muon (all quarks) and 0.6 electron, 0.6 muon (t
quarks only). Decay products of KS are included in the pions and photons.

<p> Median p <p> Median p
(@) (gev/e) GeV/c <n> ®)  (gev/e) GeV/c <n>
Y 1.14 0.30 21.8 Y 0.68 0.32 32.6
et 1.72 0.40 0.4 et 2.30 0.95 1.0
W 0.90 0.35 1.2 " 1.20 0.41 2.5
- 2.45 1.03 16.4 - 1.42 0.77 26.0
+

K™ 4.19 2.00 2.8 - 2.20 1.36 4.2
B. Global Detector Parameters

1. Solid Angle

For the 2-jet events, the angular distribution of the primordial
quarks with respect to the beams is approximately 1 + cosze. The effects
of incomplete solid angle coverage can thus be estimated analytically,
rather accurately, for the more frequent two-jet topologies, as the jets
have limited opening angles around the quarks' momenta. The Monte Carlo
calculation of the inefficiency9 due to imperfect polar angle coverage
corroborates this rule-of-thumb. The solid angle issues concerning 3-jet
events are further discussed in Section E.2. Because of the particle
collimation alluded to before, a detector of limited solid angle may still
register complete events part of the time. Figure 87 shows the fraction

of events for which the ratio of measured energy to center-of-mass energy
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for detectors of perfect energy resolution and the indicated
solid angles. The energy carried away by neutrinos results
in a finite energy loss even in the 4w sr case.



is less than a given abscissa, for detectors of increasing solid angle
coverage from cos@ = 0.8 to cosf = 1.0. The detector is a perfect calo-

rimeter that misses only the neutrino energy, about 2% of the total energy.
2, Segmentation

The ability to distinguish the many particles composing a jet is
P

limited by both

fundamental and practical considerations. F s in
a jet are correlated in energy and space,lO those carrying high momentum
being more closely associated in space. This effect is evident by com-
paring Fig. 9, which shows the angle of different particles relative to

the quark direction, with the same distribution weighted by the fractional
momentum X = p/Eb of each particle, Fig. 10.7 1In tracking chambers, charged
particles closely correlated in energy and direction may be difficult to
resolve. Similarly, in shower counters and calorimeters, the lateral

extension of the showers!!

preclude their resolution if separated by a
distance comparable to their natural radii. 1In both tracking chambers
and calorimeters, very fine segmentation results in a large number of
components and readout channels, and in high costs. Clearly, the segmen-
tation needed for a particular measurement is one of the most critical

parameters of a detector.

2.1 Tracking Chamber Segmentation. The power of a drift chamber!? to
resolve the charged particles of a jet depends on the effective confusion
distance applicable at the pattern recognition stage of data reduction,
where hits from two tracks separated by at least this distance must be
recognized as belonging to distinct particles. This distance is not
directly related to the cell size, but is more closely related to the
inherent precision of the chamber. It is, in fact, that level of accuracy
available at the pattern recognition stage of the analysis.

In the most common detector design, namely, a cylindrical tracking
chamber immersed in a solenoidal field, the ability of the pattern recogni-
tion to separate tracks depends largely on the "x-y" information provided
by the axial wires: they give‘the projected hits on a plane perpendicular
to the beams. This follows from both the jet collimation and the poorer

non

space resolution along the "z" axis, usually obtained from off-axis

small angle stereo or from charge division. For these chambers a single




- 7] -

[PARTICLES/(20mr)]

l

hs
I+
LLpdtld

O 02 04 06 08 10 |2
ANGLE RELATIVE TO JET AXIS (radians)

4177A188

Fig. 9. Distribution of the angle with respect to the jet axis for
different particle species,



- 72 -

@)
N

[PARTICLES/(20 )
o

| | l | l

1

Lo

[

Ll

L

L Ll

|

O 02 04 06 038 1.0

1.2

ANGLE RELATIVE TO JET AXIS (radians)

4177A189

Fig. 10. Distribution of the angle with respect to the jet axis,

weighted by the fractional momentum of each particle,
for different particle species.




- 73 -

confusion distance in the x-y plane can be used to parameterize the
performance. For time-projection chambers (TPC), the confusion distances
in x~y and 2z are nearly the same and both measurements play an important
role in the pattern recognition. The efficiency of track finding algo-
rithms has been estimated by use of these ideas. A track is considered
reconstructable if separated from all its neighbors by no less than

the confusion distance in at least a given number of axial layers? or
over at least half the radial extent of the detector.l? Typical results
for the latter definition appear in Table II for a cylindrical detector
of inner radius 0.3 m, outer radius 1.5 m and magnetic field B = 5 kG.

A cut on polar angle has been applied to eliminate solid angle effects.
The efficiencies are highest at low momenta and lowest at intermediate
momenta (5-~15 GeV/c). For low momenta, the correlations to other tracks
are less important. At the upper end of the momentum spectrum, the
probability of another relatively energetic track nearby is reduced by
conservation of energy. Thus, the intermediate momenta pose the greatest
problem. Notice that 80% of the tracks are in the lowest two momentum
bins: the average reconstruction efficiency would represent too optimistic
a view of chamber performance in the medium-momentum range. The recon-
struction efficiency decreases by about 1-2Z for a reduction of the mean
chamber radius of 10 cm. From Table II, high tracking efficiency implies
a design confusion distance of about 2.5 mm or better for a drift chamber.
The corresponding TPC parameters appear to be 1-2 cm. in x-y and in z,
but will be more reliably estimated after gaining experience in the opera-
tion of the TPC.

An immediate consequence of the imperfect track reconstruction ef-
ficiencies is that the total energy carried by the charged jet components
usually cannot be reconstructed. The last part of Table ITI gives the
fraction of two-jet events in which more than 807 of the energy carried
by charged particles can be measured. A solid angle cut eliminates the
forward and backward cones (lcosel > 0.85) of poor measurements.

Related to the pattern recognition discussion is the issue of curling
tracks:? particles of sufficiently low momentum may produce helical
trajectories, in the solenoidal field, which are fully contained in the

chamber volume. These curling tracks confuse the pattern recognition.
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Table II

Performance of drift chambers as a function of the confusion distance
applicable at the pattern recognition stage of data analysis. Other
chamber parameters are Rj = 0.3 m, Ry, = 1.5 m, length 3m, B = 5 kG.
Tracks are reconstructible if separated from all their neighbors by
more than €1, in the x-y projection (and €2 in the z projection) over
at least half of the radial extent of the drift (TCP) chamber. The

top part of the table refers only to those tracks that do not go out
the ends of the detector. For the two-jet events the jet axis fulfills
|cos€| < 0.85. No such cuts have been applied to the three-jet events.

Reconstructed Fraction of Tracks

TCP Type

Momentum Conventional Drift Chambers El = 2 cm

(GeV/e) e, = 1 cm 5 mm 2.5 mm e, = 2 cm
0- 2 0.92 0.97 0.99 0.98
2 - 4 0.82 0.94 0.99 0.97
4 - 6 0.76 0.93 0.98 0.95
6 - 8 0.74 0.91 0.98 0.93
8 - 10 0.70 0.88 0.97 0.88
10 - 12 0.74 0.89 0.98 0.91
12 - 14 0.75 0.92 0.98 0.91
14 - 16 0.76 0.89 1.00 0.86
16 - 18 0.87 0.93 0.97 0.88
>18 0.79 0.92 0.97 0.91

Fraction of Events With at Least 807 of the
Charged Particle Energy Reconstructed

TPC Type

Event Conventional Drift Chambers Sl = 2 cm

Type e, = 1 cm 5 mm 2,5 mm €y = 2 cm
2-jet 0.50 0.78 0.91 0.83

3-jet 0.44 0.64 0.72 0.69
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In a 2 m radius, 4 kG field, detector, the jets produce a curling track
every third event. Increasing the magnetic field to & kG while reducing
the radius to 1.4 m results in one such track every second event. If the
photon component of the jet interacts in 10% of a radiation length prior
to entering the tracking chamber, the number of curling tracks increases

to about 1-2 per event in both configurations.

2.2 Calorimeter Segmentation. While charge and momentum alone suffice
to describe the trajectory of a particle, the shower it generates depends,
in addition, on its identity and on the specific type of calorimeter used.
The design goals of a calorimeter include lepton-hadron separation, as
well as energy and direction measurements. Both lateral and longitudinal
(depth) segmentations are relevant here. Lateral segmentation determines
the angular resolution and affects the pattern recognition. Longitudinal
segmentation provides an additional view of the shower development, of
consequence for both the particle identification and pattern recognition.
Calorimeters made of homogeneous media (lead-glass, Nal) present the so-
called tower geometry, with built~in lateral segmentation. Separate func-
tion calorimeters, with abrupt density changes at the boundary between
the radiator and sampling materials, can be built in strip configuration
as well, with consecutive strip layers oriented differently to permit
the spatial location of the shower. For both types of systems, the particle
identification and pattern recognition problems depend crucially on whether
the calorimeter has been preceded by a tracking chamber measuring the
positions and momenta of the charged particles. Although the correct
analysis of the calorimeter segmentation must consider systems as a whole,
useful, albeit partial, results are presented below. The complexities of
calorimeter design are beyond the scope of this parametric study.

Particle showers develop around the initial particle direction. In
electro—~magnetic calorimeters the one-standard-deviation lateral contain-

ment distance is given by the Moliere radius r, = K/e in radiation lengths

M
units, 11,13 yhere K, the scattering energy, is about 20 MeV and e is the

critical energy of the radiator. Characteristic values of r, are 1.6 cm

in Pb, 2.3 cm in BGO, and 4.4 cm in Nal. For the purpose of resolving

particle overlaps, r, indicates the limit of the useful segmentation of

M
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an electromagnetic calorimeter. However, a segmentation distance s that
assures that the shower energy is distributed in several calorimeter
elements yields a spatial resolution ¢ << s, since the impact point can
be calculated from the centroid of the energy deposition. A model cal-

culation!®

gives 0 = cs AE/E where ¢ = 0(1). The same model gives the
single photon reconstruction efficiencies, integrated over photon energy,
as a function of the number of elements in tower or strip systems covering
4w sr at a distance of 1.5 m from the interaction point. The results
appear in Fig. 11. The inefficiencies are due to a lower energy cut-off
of 0.2 GeV and to the effect of particle overlaps which yield a wrong
energy measurement.

The ability of reconstruction of jet 7°'s depends on the distance
of the two photons at the calorimeter and on the overlap with other
particles of the jet. The average number of particles whose impact
point on a calorimeter is within a given distance from the impact point
of the most energetic particle of the jet appears in Fig. 12.}%  Further
assumptions are explained in the figure caption. It is seen that, at a
1.5 m radial distance from the interaction point, two of the six most
energetic photons of the jet are separated by less than 5 cm when the
leading particle is a photon. The invariant mass of photon pairs16 is
shown in Fig. 13 for 0.1 and 1.0 GeV lower energy cut-offs and for dif-
ferent energy and angle resolutions. For the best case resolutions of
0.1 VE and 5 mr, and EY > 1 GeV the signal-to-noise ratio is about 1.

Particle overlaps can invalidate the comparison of momentum and
energy, used for electron identification. Table III'® shows the average
number of additional particles in a solid angle of 2 msr, centered around
the impact point of an electron or a photon on the front of a 1.5 m radius
calorimeter in a 5 kG solencidal field. It was found that the results
are nearly proportional to solid angle up to the quoted values, and that
they grow slower beyond 2 msr. Thus, in order to have an extra particle
in no more than 10% of the cases for photons above 1 GeV it is necessary

to achieve A =~ AB =~ 10 mr.
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Table II1
Average number of extra particles within a
cone of half opening angle of 25 mr with

respect to the incident electron or photon.

Initial Particles

Electron Photon
Confusing Particles all E > 1 GeV all E > 1 GeV
All 0.17 0.25 0.21 0.59
Electron or Photon 0.08 0.13 0.13 0.39
Electron or Photon 0.08 0.13 0.13 0.37
E>0.1E, ., .
initial
Hadrons 0.07 0.11 0.08 0.20
C. Secondary Particle Decays
1. Segmentation of Vertex Detectors

The short-lived z° decay products will create secondary vertices
close to the interaction region. Typical mean decay lengths of the t
lepton and of charm, and perhaps bottom, states are measured in milli-
meters. = Suitable devices may permit to reconstruct some of these decays
and hence tag t's and heavy quarks, measure lifteimes, and possibly find
the initial quark flavor. The SLC offers a promising environment for
these studies; since the beam bunch lateral spread is measured in microns,
it should be possible to place detectors at radii as small as 1 cm from
the interaction point.

The segmentation of vertex detectors should be finer than that of
the main tracking chamber. The probability that a D meson decay track,
in a ¢C event, will overlap with any other track of the event17 appears
in Fig. 14 as a function of the confusion distance for a cylindrical
detector of 1 cm radius coaxial with the beams. This detector could be a
solid state device. The two curves in Fig. 14 refer to detectors segmented
only in¢ ("1-D") or in ¢ and z ("2-D"). Resolving probabilities of 907%
are achieved for "1 -D" ("2-D") resolution of about 60 um (200 um).

The criteria of track reconstruction efficiency used for the tracking

chamber have been applied also to a vertex drift chamber!? of inner and
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outer radii of 10 and 30 cm respectively. The efficiencies appear in
Table IV. Excluding the lowest momentum bin, the efficiency is about 907
(95%) for 1 mm (.5 mm) confusion distance.

The 907 reconstruction efficiency in the solid state device discussed
above corresponds to a resolution of §¢ ~ 6 mr. Approximately the same &¢
value, for 907% reconstruction efficiency, is given by the ratios of the
appropriate confusion distances for the vertex drift chamber (Table IV)
and for the tracking chamber (Table II) to the respective chamber mean
radius. It thus appears that the required confusion distances scale

linearly with radius.

Table IV

Performance of vertex drift chambers as a function of
the confusion distance applicable at the pattern recog-
nition stage of data analysis. Other chamber param-
eters are R{ = 0.1 my, Ry = 0.3 m, length 3 m, B = 5 kG.
Tracks are reconstructible if separated from all their
neighbors by more than €7 in the x~7y projection over

at least half of the radial extent of the chamber. The
table refers to those tracks that do not go out the ends
of the detector,

Reconstructed Fraction

Momentum

(GeV/c) El = 2.5 mm 1.0 mm 0.5 mm
0- 2 0.87 0.97 0.99
2 - 4 0.75 0.91 0.97
4 - 6 0.69 0.88 0.94
6 - 8 0.67 0.86 0.92
8 - 10 0.63 0.85 0.93
10 - 12 0.67 0.83 0.91
12 - 14 0.67 0.88 0.94
14 - 16 0.68 0.85 0.95
16 - 18 0.73 0.95 0.98

>18 0.75 0.95 0.99
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2. Secondary Vertices

Tracks that originate in a secondary vertex do not extrapolate, in
general, back to the interaction point: their finite impact parameters
signal a decay vertex. The problem of tagging D decays with high resolu-
tion devices at small (~1 ecm) radii has been considered.l!? The required
resolutions for these tags imply that CCD arrays or high resolution bubble
chambers will be required to do the measurements. The D's studied come
from cc events only. The model vertex device consists of two cylinders
of charge-coupled devices (CCD), each 200u thick, placed at radii of 1
and 2 cm. The cylinders are 2 and 4 cm long, respectively. The resolu-
tion of the detector planes is the same in both transverse dimensions.
Multiple scattering occurs only at the detector material, the multiple
scattering in the beam pipe being neglected. Resolved tracks within the
fidueial volume of the device are assumed to be tracked with 100% efficiency
in the surrounding drift chambers. Figure 15 gives the impact parameter
distributions of tracks from D decays and the rest of the tracks. 1In
order to measure these short distances, the experimental resolution must
be considerably smaller than the impact parameter. The resolution of
each determination depends on the CCD array segmentation and on the given
particle multiple scattering. Consider, for each D decay, the track with
the largest impact parameter, and express the latter in terms of the esti-
mated measurement error (one standard deviation units). The fraction of
D decays with impact parameter larger than the abscissa appears in
Fig. 1l6a, for the different resolutions indicated in the figure. Since
some D's miss the detector, or yield no charged tracks in it, the distri-
butions do not normalize at 1. It appears that the effectiveness of the
detector is limited by the spatial resolution rather than by multiple
scattering. A reasonable choice of parameters is given by a resolution
of 10 ym and a thickness of 0.4% radiation lengths (curve E). The
selection of largest impact parameter tracks 3 standard deviations or more
away from the source gives about 50% of all D's. For the same choice of
parameters, Fig. 16b gives the ratio of D decay tracks to all tracks in
the event. The 3-c sample has a signal to noise ratio of about 3:1.
This ratio could be improved by the identification of charged kaons from

D decay, for instance in a Cerenkov counter. The analysis of the impact
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parameter of identified kaons shows that, with perfect particle identi-
fication, and for the resolution selected above, a 5-0 impact parameter
cut will select 8% of all D's with negligible background.

The study of D decays tagged by finite impact parameters with
respect to the production vertex appears feasible for a high resolution
(=10 um) detector placed closely (=1 cm) to the source. The actual re-

construction of the decay vertex may yield better discrimination against

backgrounds than the single-track impact parameter method. This topic

has not been studied yet.

3. Two-Body Invariant Masses

Without the benefit of a vertex tag the reconstruction of D mesons
is difficult.!8 Figure 17 shows the two-body invariant mass of identified
kaons and identified pions, for a momentum resolution of Ap/p2 = (0.003
GeV_l and perfect angular resolution. The various plots refer to the
indicated pair total momentum. The largest signal-to-background ratio is

< 6 GeV/c. This ratio does not improve
1

about 1:2 in the interval 4 < Px o
2

significantly for Ap/p2 = 0.001 GeV ~ and the signal disappears for Ap/p2 =

0.01 GeV-l. In the absence of particle identification there would be no
signal regardless of momentum resolution. The identification of Ks > T
is easier. Again for Ap/p2 = 0.003 GeV-l but with Ad = 2 mr, where o is
the opening angle, Fig. 18 shows the invariant mass of particle pairs
with total momentum above 8 GeV/c. The signal to noise ratio improves

by =107 for Ap/p2 = 0.001 GeV_l, and decreases by a factor of 2 for

1

Ap/p2 = 0.01 GeV ~. An angular resolution of Ao = 5 mr reduces the signal

by about a factor of two as well.

D. Ancestor Quark Identification

1. Introduction

The measurement of the coupling constants of different quarks to the
z° constitutes a stringent test of the models of weak interaction. The
weak interaction production of the initial quark pair is as simple as the
production of a stable lepton pair. However, the gquark fragmentation
products do not provide an unequivocal indication of the original quark
flavor, thereby hindering the measurement of specific couplings. The

+ - .
same limitations apply to the current e e experiments: after a
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decade of electron-positron experiments, there is no direct experimental
proof that, for instance, the up and strange quark couplings to the photon
are each proportional to the quark charge. What has been measured,
instead, is the ratio R, an average of the squares of the electromagnetic
coupling constants. In the case of the more complex coupling structure

of the weak neutral current, which in addition to charge depends on the
weak isospin and helicity of the quark, there are even more compelling
reasons to attempt to identify the primordial quarks of the event.

The fragmentation process appears to dilute the correlation between
the quark flavor and the observed particles' identity: the jet leading
particle frequencies of occurrence are rather similar for all quark
flavors, as shown by Table V,19 with the exception of kaons-s quark and
lepton-heavy quark correlations. The momentum distribution of leading
particles, for different quark flavors, do not enhance the ancestor
quark identification, save that kaons from s—-quark jets contribute
dominantly to the higher momenta, as shown in Fig. 19. The average
particle composition of jets, for each quark flavor separately, appears
in Table VI. Only the top quark results appear different from the almost
uniform values of the other flavors. In the following paragraphs these
limited correlations found are further explored: a discussion of shape
parameters will show that it is possible to isolate a fraction of the
t~quark events, with similar conclusions attained by detecting leptons
with high transverse momentum with respect to the jet axis. This section
closes with a discussion of experimental methods to estimate the top quark

mass, and a summary.
2, Shape Parameters

In order to estimate the effectiveness of shape parameter :cuts on
the data it is necessary to indicate the resolution with which they are
measured. The model detector assumed?? consists of a central tracking
chamber with 86% solid angle coverage and Ap/p2 = 0.005 GeV—l. An
electromagnetic calorimeter with AE/E = 15%/VE surrounds the cylindrical
chamber in all directions, with a 987 solid angle coverage. Its segmenta-

tion is into 5 cm wide strips.
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Table V

Leading particle frequency of occurrence, in per cent, as
a function of the ancestor parton flavor. The leading
particle is the most energetic stable particle of the jet.
The kaon entries refer to charged kaons, and to a fraction
of the Kg's: if the latter decay within 10 cm of the
interaction point, their decay products are included in
the photon and pion entries; if the decay occurs between
10 and 50 cm of the interaction point, they are counted as
kaons; and if the decay occurs beyond 50 cm, the Kg and
its decay products are not included in the table.
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Table VI

The average particle composition of jets, for each parton separately.
The electron entries include Dalitz pairs and weak decays of charm,

bottom, and top quarks.

entries.

Only the latter decays contribute to the muon
The kaon entries refer to charged kaons and to Ky decaying in

a spherical shell of inner and outer radii 1 and 50 cm, respectively,
The number of jets considered is also

and thus deemed reconstructible.

indicated.

u d c s t b g

y 7.2 7.5 7.9 7.6 | 14.3 8.7 7.5
et 0.08 | 0.1 0.18 | 0.08 | 0.5 0.26 | 0.09

~ 0 0 0.08 0 0.3 0.14 0

o 5.5 5.6 5.7 5.2 | 11.6 6.8 5.6

K 1.7 1.5 1.9 2.2 3.3 2.0 1.6
Tﬁﬁiiiﬁiiiifi 14.5 | 14.7 | 15.7 | 15.7 30 | 17.9 | 14.8
Jumber 504 | 660 | 536 752 526 606 | 568




The sphericity variable2ls22

is a quantitative measure of the degree
of collimation of the particles along an internal event axis. The
sphericity distribution arising from up, down, charm, strange, and bottom
quarks, Fig. 20a, can be compared to that from the top quark, Fig. 20b.
Events with gluon emission, qag and qagg, also contribute to these graphs.
A selection of tt events based on sphericity will not achieve a good
signal to noise ratio.

The aplanarity variable measures the deviation of the event particles
from a plane. The comparison of aplanarity distributions for the two
groups of quarks defined above appears in Figs. 2la and 21b. An aplanarity
cut alone does not yield a rich sample of tt quark events: A cut at
aplanarity 20.04 gives a signal~to-background ratio of 1.6:1. The major
background arises from lighter-quark gluon radiative events. However,
the latter qqg and qqgg events can be isolated, with high efficiency, by
a cluster analysis?3 and thus eliminated from the sample. Consider then
a sample of events which contain only two clusters, and with aplanarity
larger than 0.04. The correlated distribution of jet masses appears in
Fig. 22a for top quark events and in Fig. 22b for the lighter quarks.

In the region above 10 GeV masses, the top quark signal to background
ratio is 4:1 with a t tag efficiency of 20%Z. It should be noticed that
the sample of events obtained is kinematically biased by the cluster
analysis, aplanarity selection, and mass cuts. Due caution is necessary
in the interpretation of top quark jet properties derived from such a
sample, which depend on the model assumptions. Nonetheless, the t tag
rate obtained by use of this method is several hundred per .day for a

luminosity of 3 x 1030 cm—zs-l.

3. High Transverse Momentum Leptons

Decay leptons carry away, in the rest frame, an energy proprotional
to the mass of the parent particle. High momentum leptons have been used
successfully to tag the production of heavy quarks in hadron, neutrino,
and e+e_ interactions. It appears that p's and e's will fulfill their
traditional role also in the z° experiments.

24

The distribution of muons®" as a function of the square of their

transverse momentum with respect to the primordial quark momentum
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appears in Fig. 23. Muons arising from t quarks appear clearly separated
from the rest. With the information contained in Fig. 24 it is possible
to establish cuts and estimate yields of candidate tt events: Fig. 24a
shows the ratio of the number of muons from t quark jets to all muons,

as a function of the P, defined above; Fig. 24b shows the average number
of muons, in a tt event, to be found above any given value of P, (the
curve normalizes at 2.5 muons/tt event at P, 2 0). Thus, the selection
of muons with p, 2 2 GeV/c results in a sample having 4 tt events out

of every 5 events; in additiom, about a quarter of all tt events are thus
selected. Given a luminosity ¥ = 3 x 1030 cm_zs_l, this procedure
should yield about 400 tt per day in an ideal detector. In this analysis
the semileptonic branching ratios not known experimentally have been set
to 10%.

The muons providing the t quark tag must be distinguished from the
numerous hadrons of the jet. A study of hadron punch-through?® across an
iron absorber, in the framework of z° > jets, has given the following
results: the ratio of muons to pions, for momenta above 1 GeV/c, is
about 2-3%; that of muons to kaons is 8-9% in the same momentum range.
Based on earlier results?® on hadron punch-through and muon multiple
scattering, it has been determined that a muon identifier consisting of
1 m of iron, preceeded by a tracking chambers measuring the momentum
and impact point of the particle studied, and followed by a chamber with
spatial resolution of Ax x Ay = 5 x 5 mmz, should identify 967 of muons
above the cut-off momentum (1.2 GeV/c) with an improvement of the signal-
to-background ratio of about 100. Clearly, if large p muons are used,
the original signal-to-background level would improve greatly. Similarly,
the background level could be reduced by the identification ofhadrons

prior to the muon filter.
4. The Top Quark Mass

The center-of-mass energy at which the lowest lying tt resonance
eventually appears will provide the most accurate estimate of the top
quark mass. Since it is possible that the postulated sixth quark states
will have not been discovered before the SLC operation, the question

arises as to how accurate an estimate of the t quark mass is given by the
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t-jet invariant mass. The jet mass distributions for t quark events,
selected by cluster analysis and aplanarity cuts as described earlier,
appears in Fig. 25a for Mt = 19 GeV. The mean jet mass is about 16 GeV
with a half-width of about 6 GeV. For a mass Mt = 30 GeV, Fig. 25b, the
mean jet mass increases to only 19 GeV. Thus, the measured jet invariant
mass is not linear in Mt; the nonlinearity becomes most marked for
Mt > 20 GeV. The reason for this behavior is that as Mt increases the
events become more spherical and the assignment of the numerous soft
particles to the jets becomes somewhat arbitrary: the jets are not
distinct clusterings of particles. The determination of Mt from jet masses
appears too dependent on Monte Carlo simulations to be of much use.

A more promising method?? does not depend at all on the Monte Carlo
simulation of the fragmentation process, but on the rate of hadron produc-
tion at the z°. It is based on the fact that in the standard electroweak

theory the partial width for z°% + tt is given by
2 2 2 .3
1 () = 30000200 [85 83-87) + 28] 8° W

where B is the t velocity in units of the speed of light, and =N and 8y
are the t quark weak axial-vector and vector couplings, function of sin ew
only. For sin28W = 0.22, gi >> gé and the threshold factor for z° —+ tt

is predominantly cubic in 8. Hence the rate for z° 5 tt is strongly
modulated by the threshold factor, and the overall rate for z° > hadrons
is correspondingly reduced by the t mass effects provided Mt < MZO/Z.

Figure 26 shows the ratio

p =T (BT, ' (2)

as a function of the t quark mass. Here Fu is the partial width for
z° > uu (i.e., 7° » massless Q = 2/3e quarks). With the present lower
bound on Mt of 18.5 GeV, there would be 22% less hadrons from massive
tt production than from massless t quarks. Since 14% of z° + hadroms is
in the uu channel, an overall reduction of 3% of the hadronic rate is
expected for Mt = 19 GeV as compared to Mt = 0.

Within the standard model p can be expressed in terms of the ratio
r of the number of hadronic events (Nh) to the number of muon pair

events (Nuu) produced at the 7%
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where Fh is the hadronic width calculated for three quark generations of
massless, colored weak isospin doublets, Fuu is the calculated u+u~ partial
width and Tu is the calculated partial width into u quarks. Hence, in
principle, the experiment is simple: it consists of counting the number

of hadronic and muon pair events. There is no need to measure the
luminosity, and the error of the t mass estimate depends on the ability

of counting hadron events and muon pairs with small systematic errors.

If one assumes 10° z°'s, N +,- = 31,000, N = 730,000 and sinzew =

O.OOl,28 the t quark mass resolution, in the absence of any systematic
error, is given in Fig. 27. The resolution is adequate and independent
of t quark mass. Inevitably, there will be some systematic effects; the
resolution degrades by ~1 GeV per 1% systematic error in r. It should be
pointed out that to apply this method one needs independent evidence that
(a) the tt events are being produced at the ZO; and (b) that there are no

processes contributing to N, beyond those of the five known quarks.

h
Nonetheless, this method looks very promising for estimating the t quark

mass.
5. Summary

In summary, general methods for tagging events involving the quarks
u, d, s, ¢, and b have not been found. More work is required, however,
on the use of vertex devices. Quark tagging is not an overwhelming
motivation for good K/m separation, as individual events cannot .be
assigned on the basis of identified kaons of known momentum. There are
several ways to tag tt events. Typical signal-to-noise ratios for these
tags are 4:1, with event rates of about 400 per day each for high p

leptons and for high aplanarity events.

E. ZO -+ Hadrons: Jets

A simple measure of a detector's aptitude to study multijet events
is its ability to measure the direction and energy of the jets. These

topics are discussed below.
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It has been shownl!? that a cylindrical drift chamber adequate for
the two-jet topology has modest effectiveness in reconstructing three
jet events, as shown in Table II. Consider now other systems.7’29 The
resolution of the measurement of the jet axis direction in two-jet events
appears in Fig. 28a for a detector composed of calorimeters only. The
inner radius of the calorimeter is 1.5 m. The curves show the distribu-
tion of the angle A8 between the sphericity axis and the original quark
direction for different calorimeters. An ideal detector yields the curve
IRES = 0, which indicates that the error associated with the sphericity
analysis algorithm is about 10 mr (the dip at A® = O is a solid angle
effect common to all curves). A calorimeter subtending AQ = 0.98 x 471 sr
with hadron and electromagnetic resolutions of AE/E = 35%//§-and lO%//E,
respectively, and angular resolution of Ao = 10 mr corresponds to the
curve IRES = 1 and <A®> =~ 18 mr. A lesser system (AQ = 0.96 x 471 sr,
AE/E = 70%/VE (hadrons), AE/E = 20%//E, (e's, Y's), Ao = 20 mr) yields
{AB> =~ 23 mr (IRES = 2). The electromagnetic calorimeter defined by
IRES

il

1, used alone, achieves <A8> =~ 35 mr. An alternative system assumes
a drift chamber in the inner volume, with AQ = 0.96 x 4w sr, a 5 kG
solenoidal field, and electromagnetic calorimetry only. The results appear
in Fig. 28b. TFor these model detectors of superior performance the hadron
calorimeter version and the drift chamber version produce comparable
results.

The three-jet topology at the SLC will be studied as a tag for aqg
events. At the high SLC center-of-mass energy the three jet topology
should be more easily distinguished than at the present PEP/PETRA energies,
possibly allowing conclusive studies of the gluon fragmentation. While
only three-jet events are discussed below, it should be pointed out that
the expected sizable sample of four-jet events is of great interest as
well.

A cluster alogorithm has been used to study the three-jet topology.
This algorithm?3® is a method of partitioning an event into clusters, a
cluster being defined by a group of particles which are correlated in
direction. The particles which span the cluster define, via the vector
(scalar) sum of their momenta, a cluster axis (energy). One now makes

the association of clusters with jets. Application of the cluster




- 106 -

JET AXIS RECONSTRUCTION
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Fig. 28. Distribution of the angle between the sphericity axis and
the original quark direction for various detector combina-
tions as explained in the text.




- 107 -~

algorithm to the z° + hadrons events results in the assignment of about
72% of the events to two clusters, 25% to three clusters, and the rest
to four clusters.

For this study only the three-cluster events have been chosen. A

word of caution is due about the t quark events. Since these events are

PR PURG . S a ~ e 2 o g P Ry - i S P
quite spherical, their jets having large spreads, the

otion of jets is

1]
[}

ill-defined. Application of the cluster algorithm (or similar analyses)

will unwittingly accept a very large fraction of z° + tt events (as

opposed to the desired z° » ttg events) as three-jet candidates. Hence
an aplanarity cut (<0.03) has been made to remove the tt events from the
three-cluster class. This cut loses few (~12%) three-cluster events
arising from the lighter quarks and only a very small number (4%) of

tt + ttg events enter the three-cluster class.

The efficiency for assigning the produced three-jet events to the
three-cluster class limits the sample of identified qqg events. This
efficiency has been studied?? as a function of solid angle, resolutions,
and calorimeter configuration. The most drastic reduction in the three-

jet yield is due to the reduction of solid angle, as shown in Table VII.

Table VII

The fraction of events assigned to three clusters
relative to the number of produced three~jet
events, and the fraction of detected energy, are
tabulated as a function of the solid angle covered
by an otherwise perfect central detector.

Solid Angle Three-Jet Fraction of
Covered Efficiency Energy Seen
lcosp| < 0.7 0.36 0.57
|cose| < 0.8 0.46 0.67
lcosd| < 0.9 0.63 0.77
All cos8 0.78 0.90

For orientation, an efficiency of 60% for the three-jet events corresponds
to an overall efficiency, relative to all hadron events, of =207 with a

rate of several thousand qag events per day. A discussion of angular and
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energy resolution follows. The Monte Carlo parton directions have been
compared with the calculated cluster axes to obtain the jet axis resolu-
tion. Then, from the jet measured direction and the assumption of zero-
mass quarks it is possible to calculate the jet energies. Since most
detectors will have better angular resolution than energy resolution,
this method?3 yields better jet energy resolution than other approaches.
Table VIII summarizes the jet energy and angular resolution obtained
with the three cluster events. Three detector parameterizations, as
indicated in the table caption, are compared to an ideal detector. Omne
sees that for a detector similar to those which exist today (model 2) it
is possible to achieve good three-jet efficiency, angular and energy
resolution. The spatial distributions of the three clusters show that
they are well separated in the detector. This, in addition to the good
energy and direction resolution, should permit careful studies of both

the quark-gluon matrix element and the fragmentation processes.




The table

fraction o

Table VIII

summarizes the results of a study of jet axis direction resolution (§6:) and jet energy resolu-
Also shown is the fraction of energy detected (Ego.,) and the
f produced three-jet events which are reconstructed as three clusters (e3jet). The index j is

1 for the fastest jet, 2 for the intermediate jet and 3 for the slowest jet.
Model 1: Charged tracking over 95%; Ap/p? = 0.25% Gev-l., Photon tagging over 98%, AE/E = 10%Z/VE, 2 cm
(5 cm) strips (towers). Barrel detector is 4 m long at R = 1.5 m, rest endcaps.
Model 2: Charged tracking over 86%; Ap/p2 = 0.5% Gev~l., Photon tagging over 987%; AE/E = 15%/VE, 5 cm
(15 em) strips (towers). Barrel detector is 3 m long, at R = 1.5 m, rest endcaps.
Model 3: Same as model 2 except no endcap photon detection.
661 692 693 6El GEZ 6E3 seen €3jet
degrees degrees degrees percent percent percent percent percent
Perfect Detector 1.2 1.6 3.4 1.6 4.7 12.0 90 78
Strips 1.8 4.8 2.4 7.2 15.0
Model 1 pogers | 2.0 2.5 4.8 2.5 7.2 15.0 76 65
Strips 1.9 2.4 4.2 2.8 7.2 17.3
Model 2 poyers | 2.4 2.9 4.9 2.9 7.2 18.0 72 63
Strips 2.0 2.5 5.2 5.6 7.1 18.6
4
Model 3 piyers 2.5 3.0 5.6 5.6 7.0 18.7 63 >

- 607 -
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11I. z° . CHARGED LEPTON PAIRS

A. General Considerations

We begin our discussion with some general remarks about cross sections
and asymmetries. Formulas for cross sections and polarization effects
in e+e_ annihilation into ff pairs through an arbitrary number of neutral
gauge bosons have been given in Ref. 30. If we limit ourselves to only
two neutral gauge bosons, namely the photon and one Zo, and unpolarized

beams, the appropriate formulas in the limit mf/M<«:l (M = z%mass) are

given by
2
do _ & 2 2 2 2 2 2 2 ]
= o - X
dn 4s {(l + cosp) [qf + (Ve + ae) (vf + af)'XI 2 qfvevae
+ cosb [8 v v.a a |x|2 -4 q.aa ReX] (4)
e fef fef

qf is the charge of the outgoing fermion, Ver Ves 3., a are the initial

f f
and final vector and axial vector couplings to the Z° and the quantity X

is given by

X = = (5)
(s - Méo) + i,

The forward-backward asymmetry follows from Eq. (4)
2 vv.aa ’X‘z - q.a _a_Rex
e fe'f fe'f

2
e

Ach ='% 7 7 2 . N2 (6)
c a5 + (Ve + a ) (vf + af)Ix] - 2 querReX

We apply these formulas to the case of outgoing leptons (except electrons)

for which qf = -1, and assume lepton universality, hence ae = af = a,
v, T Ve =V leading to
2 .
%9-= %g'{(l + cosze) ll + (a2 + vz)le]Z + 2 VZREX}

+ cose [s val|y|? + 4 azReX]} M
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A - 3 2a2v2|X!2 + azReX (8)
ch 2 1+ (a2 + VZ)Z{X‘Z + 2 szex

We also give the outgoing lepton helicity, again for unpolarized beams,

just at the z° energy

1+ 2 cosz
P = 2av ] 1 + cos ©
a2 + V2 1+ 2Zav - - 2 cos% (9)
a” + v 1+ cos™8
If an average over 6 is taken,
p = _._Eéi!__ (10)
a +v

The coupling constants a, v for the standard model are given by

-1 + 4 sin26

1 - W
~ 7 sin 26 V= T sin 28 (11)
w w

We have neglected radiative corrections which, for s > Mz, substantially

affect the cross section and asymmetry.31

It is clear from Eq. (8) that
measurements of the asymmetry as a function of energy provide determina-
tions of the constants a2, v2. The outgoing helicity also tests the
relative sign of a and v. The expected asymmetry as a function of energy31
is shown in Fig. 29 with radiative effects for various energy resolu-

tions shown on the figure.

R . . + -
B. Experimental Considerations in 7° > U

The identification of the u+u~ final state as a pair of collinear
muons seems straightforward. A tracking system which provides adequate
momentum resolution to determine the signs of the muons with high relia-
bility is required. A reasonab;e criterion is to require that each sagitta
be >20 from zero, from which it follows that Ap/p2 = 1% GeV—l, and that
the assignment of signs to the muons is established to about the 3¢ level.

The solid angle requirements to provide useful statistics have also

d.32

been studie Expected asymmetries, as functions of cut-off angle are

shown in Fig. 30 (with no radiative corrections). Fractional asymmetry
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Integrated forward-backward asymmetry for z° > u uo,
including radiative corrections, as a function of total
energy for various energy resolutions (dotted lines),
and without radiative corrections (full line).
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Fig. 30. Integrated forward-backward asymmetry without radiative

corrections for detectors with various polar angle cut-
offs.
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errors based on full running efficiency one-month runs at % = 1030 cm—2

secn1 are shown in Fig. 31. It is rather clear that a cut-off |cose]
close to 0.9 is very desirable.
If one considers a drift chamber of outer radius 1.5 m and length

3 m and demands that a precision Ap/p2 = 1% GeVn1 be available down to

Icosel = 0.9, the precision for tracks traversing the full chamber has
to be Ap/p2 = 0.3% GeV_l. This figure increases to 0.7% GeV_l for a
chamber of length 4 m.

C. Measurement of the Lepton Polarization

1. Introduction

The unequal left- and right-handed couplings 8y s of the z° to all

8r
elementary fields results in characteristic polarizations of the inter-
mediate boson itself and of the states into which it decays. Both the
standard® and extended33 (multi-z°®) models of the weak and electromagnetic
interactions predict the partial polarization of pair-produced leptons.

In the standard model, disregarding the electromagnetic interaction, the

polarization of t's is given at the z° pole by

P(1) + P(ZO) 2 cosH
Pr(e) B o l-;(iﬁls (12)
1+ P(t) P(27) —————
1+ cos @
where P(1) = -2 vTaT/(vi + ai) is the intrinsic T polarization, and P(ZO) =

. o} . .
-2 veae/(ve + ae) is the intrinsic Z~ polarization. Here vj, aj are the

vector and axial-vector couplings of particle j. If universality holds,

all charged leptons have the same couplings, Eq. (11) above. For sinzGW =
0.23, the coupling is predominantly axial-vector, with a/v = 12.

By integration of the numerator and denominator of Eq. (12) over an
angular interval symmetric around 900, the dependence on the polarization
state of the intermediate boson drops and <PT(6)> = P(t) * -0.16.

Therein lies the importance of the measurement of the final state average
polarizations, as the experimental observation depends only on the coupl-
ings of particle studied. This is not the case, for instance, for the

determination of the forward-backward asymmetry, Ach’
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Fig. 31. Fractional error in asymmetry determination for various
polar angle cut-offs. Each point corresponds to a one-
month run of full efficiency with & = 1030 em=2 gecl.
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3
Ay =7 P(z°%) P(1) (13)

which relies on an independent determination of P(ZO) in order to extract
P(1). Were universality to be broken, with P(z°) = 0 and P(t) # 0, the
charge asymmetry would vanish, while the final lepton polarization would
still yield P(t).

Similar arguments apply for polarized beams. Both the polarization
and asymmetry are affected by the longitudinal polarization Pe of the
electron beam. When Pe # 0, the above formulae apply with the substitution

P + P(29)
Pz®%) »p = —= (14)
1+ P, Pz%)

. o . . . .
P being the actual Z polarization. The charge asymmetry determination
. o} .
relies now on measurements of both P and P(Z7), while the average T
polarization is independent of them and, in fact, even independent of

any unknown residual beam polarization in the machine.
2. Muon Polarization Measurement

The measurement of the muon polarization in the channel e+e_ > 7% &
u+u_ requires that the muons be stopped and their decay asymmetry observed
in a polarimeter. Muons of Eu > 45 GeV stop in about 39 m for iron and
could be trapped in magnetized iron toroids concentric with the beam
directions, as is done in CERN's neutrino experiment3* and the NA4 deep
inelastic muon scattering experiment. For z° physics, this type of
detector has been suggested35 in the LEP studies. While in principle
feasible, the dimensions required to trap sufficient rate makes this
scheme difficult. It has also been suggested36 that the muons be stopped
in the ground surrounding the subterranean interaction region, without
any focussing, and that their decay asymmetry be measured in large

distilled-water—tank Cerenkov counters.S’

Quite forbidding dimensions
result for Cerenkov tanks adequate to collect sufficient numbers of

muons.
3. Tau Polarization Experiment

The tau's have a mean decay length3® of about 2.5 mm at Ebeam = 45

GeV. The laboratory momentum distributions of the decay products in the
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channels 1T + evs, T + pvv [branching fraction (17.3 * 1)% eachl, T - wv

[((8 + 3)%], and T = pv [(22 = 4)%], all depend on P(1r). In terms of the

ratio x = E/Ebeam’ where E is the decay particle energy, the laboratory
distributions are3®
—j—l}j- = (%)[5 - 9x2 + 4x3 + P(1) (1L - 9x2 + 8x3)] (15)

for the leptonic decay, and

D1 +p@x - D (16)
for the mv mode.“® The pv distributions are given in Ref. 41. Examples
of these distributions for different values of the parameter sinzew appear
in Figs. 32a and 32b. The signature of the T+T— events of interest is
just two oppositely charged particles in the detector. Although hadron
events outnumber tau events by a factor I‘(ZO -+ hadrons)/I’(ZO - T+T_) ~ 23
(sin26w = 0.23, M= 20 GeV) their expected average charged multiplicity
is <nch> = Zi fnd tiuf Zi}l not_cinfribute iwi-prong events. Two-photon
processes, e e >*eeee, eepdu, and e e + hadrons, could produce
the same multiplicities, but not the same visible energy, as the 1 events.

From Eqs. (15) and (16) the average values of x are
x> = (7 - P(1))/20 (evv, Huv) (17)
and

<> = (3 + (D)) /6 (V) (18)

An estimate for the average invariant mass of the observed pair of

particles is
M = & (x> <x.> E2 (19)
RS R S N

since the decay products are collimated along the t initial direction by
the boost Yo ™ 25. This quantity is about (36 GeV)2 for lepton-lepton
and (42 GeV)2 for w~rn pairs, well beyond the observable production levels
via the two photon mechanisms.%2

The pair production of heavy leptons L (e+e— > 7% > L+L—) with a

threshold above the present storage ring energies, could contaminate the
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Fig. 32. Momentum spectra in the tau decay for different values of
the weak parameter sir126w for (a) charged leptons in
T > 2vv; and (b) pions in 1 + WV,



T+T_ sample., While this question needs quantitative study it is easy to
estimate that the fraction of L+L- pairs yielding quasi-collinear decay
products is small: the characteristic deviation from collinearity for
decay products in opposite hemispheres is of order Gy = ML/Eb’ with ML
the heavy lepton mass, and a_ = 30 mr while ay = 300 mr for ML = 20 GeV.

Given that the T+T_ channel is not contaminated by other z° decays,
the detector studies naturally focussed on separating the 1t decay modes
from one another, and on the precision required of the momentum and energy
measurement,

A study“3 of parameters in a conventional detector deals with the
question of statistics, e/m and p/n separation, the electromagnetic calori-
meter effective segmentation needed to avoid contamination by the 1 + pv -
Tyyv mode, the chamber resolution, and the overall precision of determina~
tion of sinzew. The detector considered was of the standard cylindrical
type, without end caps. It consisted of a tracking chamber with inner and
outer radii Ri = 10 cm, RO = 150 cm respectively, 3 m long, in a 5 kG
solenoidal field; an electromagnetic calorimeter segmented in depth into
an active converter and the bulk of the counter with four radiation
lengths (Xo) and 12 Xo’ respectively; the magnet coil; and a muon filter
of five absorption lengths of iron (Pu > 1.5 GeV/c). The simulation did
not include a hadron calorimeter, but assumed that the iron was instrumented
to reduce the punch through to about 0.1%. These and other parameters were
determined by requiring that the confusion of different t decays, the main
source of systematics measured, be below 1%, and by demanding that the
measured, resolution-smeared, momentum distributions be sensitive to vari-
ations of sinzew. The chamber momentum resolution needed was found to be
at least Ap/p = 0.005 p(GeV), but no great increase of sensitivity is
achieved by the use of Ap/p = 0.002 p since the errors become statisti-
cally limited in a sample of 30,000 T+T~. The shower counter resolution
requirement is about ¢(E)/E = 0.02 + 0.12//E, and plays a direct role in
the P(t1) determination as the electron spectrum was determined by the
weighted average of p and E measurements. Of particular interest is the
study of the effective lateral segmentation of the shower counter. In
order to isolate the channels pv and evv at the 1% level by alternatively

requiring energy and momentum match, symmetry of the shower around the




track impact point, and physical separation of the photons, an effective
cell size of 40 mr x 40 mr was obtained. A separate study*“ indicates
that a segmentation 10 to 40 times finer is needed for the calorimeter to
isolate these channels without using the p, E match and shower-track
geometrical association.

With the quoted statistics and parameters, the following errors in the

. , . 2
determination of sin ew resulted:

Channel Asin26
— - w
evv 0.008 .
v 0.010} Combined: 0,006
TV 0.005
all 0.004

Simulated measured spectra appear in Figs. 33a and 33b.

In conclusion, the measurement of T polarization does not demand
unusual performance of each detector component but because the 1 decays
into both leptons and hadrons the particle identification requirements
are quite stringent. The segmentation of a central electromagnetic shower
counter calls for 7500 to 15000 reconstruction cells with which probably
the pv mode could be also used to determine sinzew. The muon filter
requires about 500 t of iron and 100 mz,of sensitive area. Because all
decay modes have comparable branching fractions it is not worthwhile to
measure any one channel with a special detector, save perhaps the T
mode. The T polarization measurement should be then one of the physics

goals of a general detector.
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IV, OTHER PROCESSES

A. Neutrino Counting

One of the most important measurements to be performed at the SLC —
the determination of the partial decay width of the neutral gauge boson
(z°) into neutrinos (or other low mass weakly interacting particles) has
been the subject of recent study*>*“®, This measurement would show whether
there are neutrinos, beyond the three types already known (ve, vu, vT),
having charged partners with masses too large to be produced by the ac-—
celerators now available. Besides having important implications in
particle physics, the number of low mass neutrinos is an important param-
eter of models of the development of the early universe.

The total Z° width, PZ’ is given in terms of the number of fundamental
fermions by

GFM

PZ =

3
Z )y +[l+(l—4sin29 )2]N
Vv w

24/27 L

+ 3 [1 + (1 - % sinzew)z] N, /s ; (20)

4 2 2
+ 3 [l + (l - §-s1n ew) ] N—l/3 }

where GF is the Fermi coupling constant; Nv is the number of low mass
neutrinos; Nz is the number of charged leptons with masses less than MZ/Z;
and N2/3 and N—l/3 are, respectively, the number of 2/3 and ~1/3 charged
quarks with masses less than MZ/Z. Phase space effects from finite lepton
and quark masses have been ignored in this equation. Equation (20) shows
that one can determine Nv by a precision measurement of T, With the
accepted value of sinzew, TZ = 2.6 GeV and varies by 0.16 GeVAper addi-
tional neutrino. An unambiguous, 3-g, determination of va requires then

a precision of better than 2% in I, and it is not clear that systematic

Z
. . . + - o . .
errors in the main experiment e e » Z -+ all, at resonance, will permit

a determination of the width to the required accuracy.
A method less dependent on current prejudices has been proposed:“6

Since the numbers of fundamental fields Nl’ N2/3, and N—l/3 are not known,
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and since vertex corrections result in theoretical uncertainties, at the
few percent level, in the effective quark couplings to the Zo, one should
determine separately each of the total, hadron (Th), and charged lepton

(Fcl) widths obtaining the neutrino width rv5 from the relation

' =Tz - Th T (21)

This determination is a sensitive measure of Fv_, but the experimental
v

difficulties have been compounded: in addition to an accurate determina-

r

tion of FZ’ the measurement of the partial widths T demand

h* "cl1’
knowledge of the integrated luminosity and of the electronic width. For

instance, at resonance,

2
r=ol—=<§h>-r- 2.z (22)
b % L z " \1m "T_) >

o]
total

where Nh is the number of hadronic events, L is the integrated luminosity,
and Fe is the electronic width. The experimental hardships are evident.
All these considerations have motivated the study of radiative z°

production. This method involves z° tagging in the reaction

e+e_ + YV (23)
As discussed in Ref. 45, the SLC is to be operated at a center-of-mass
energy above the z° mass. A photon is observed with an energy such that

. 0 b
the recoil system has an energy about equal to the Z mass. Auxiliary

detectors surround the collision point to separate those reactions in

which no charged particles, neutral hadrons, or additional photons emerge
(Zo > VG), from those in which such additional particles do emerge. From
the rate of this process Nv can be obtained. In the standard model, the

cross section for radiative neutrino pair production, corresponding to the

Feynman diagrams of Fig. 34, is given byL'5
2 2 2.2
i2o ) Gp o s(1-x) [(@-x%x/2)°+x"y /4]
dx dy 2 2
6 x (1 - y7) (24)
2, 2 2] )
N\)(gv + gA) + 2(gy + gy) [1 s(1 - x)/M,

x + 2
[1 -0 - 0n] 7+ rind {
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Fig. 34. Lowest order Feynman diagrams contributing to the process
ete= + yvv.
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where GF is the fermi coupling constant, o is the fine structure constant,
Vs is the square of the e+e— center-of-mass energy, x is the photon energy
in units of the beam energy, and y is the cosine of the photon angle with
respect to the incident beam direction; in the standard model By = -1/2 +
2 sinzew and gy = -1/2. Figure 35 shows this cross section, integrated
over photon angles, versus photon energies at /s = 105 GeV for the mass
MZ = 90 GeV in a detector covering the range 20° < eY < 160°.

The e+e_ -+ sz cross section integrated over the region E = 14 = 2.5
GeV is =0.025 nb. A 30 day run at an average luminosity of 5 X lO30 cm”2
sec-l will produce about 300 events with photon energies within *2.5 GeV
of the z° peak, enocugh to determine the number of neutrinos to sufficient
accuracy, since the cross section increases by 0.008 nb for each additional
neutrino. The contributions to the rate by the main background processes,
radiative Bhabha scattering e+e" > Yé+e_ and three photon annihilation
e+e— + YYY, can be kept at a tolerable level since there exists a kine-
matic constraint between the minimum transverse momentum of the detected

photon in the apparatus and the minimum angle with respect to the beam

direction above which at least one other final state particle must appear.

For the photon detection limits used in the example above this angle is
about 2.5°. Calculations"S bear out a limit less stringent than 2.5° on
the solid angle coverage of the detector, the background being less than
10%Z of the signal for a detector covering down to about 6° from the beam
direction. The total solid angle of 0.995 x 47 sr is to be instrumented
with an electromagnetic shower calorimeter, adequately segmented, with

a resolution of 3% at 15 GeV or AE/E = 12%//5, to permit the observation
of the z° peak in the photon spectrum. A crude charged ﬁarticle tracking
system with the same coverage is also required to veto any charged
prongs, but no large volume magnetic fields or calorimeters are required.
This process could thus be measured by a limited scope detector. However,
radiative neutrino pair production may also be accessible to a general
facility detector, provided it reaches down to small angles =100 mr
around the beam pipes. For both the specialized and the general facility
detector the forward and backward cones around the beams require special
care to shield them from direct and scattered synchrotron radiation

backgrounds.“7
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B. Higgs Boson Search

One of the most exciting areas which can perhaps be explored with
an e+e— collider at the z° is the existence of the Higgs boson. For the
standard model with one neutral Higgs particle, the dominant production
mechanism is

et + e+ 2% > u® 4 2%
where H® is the Higgs boson and z°' is a virtual Z° of mass smaller than
the z° mass. The most conveniently studied channel is one in which the
2% decays into a high-mass pair of leptomns. In the standard model, the
partial width for the process z° ~+ H02+2- with invariant mass of lepton

pair equal to ML is given by,

1 arz® »1° o0y _ oF
rz° ~ u+u—) dML by sinze cosze
w Y
where
skt 101+ ®-0H? [a-k-ahH? - wdh’] 1/2 (25)
(1 - xH?

and K = ML/MZO’ A= MHO/MZO' The above ratio integrated over ML is shown
as a function of MH in Fig. 36. Clearly for MH > 20 GeV, the low rate is
a very serious problem. The dilepton mass spectrum is shown in Fig. 37.
As expected from the denominator in the above formula, the spectrum peaks
at high mass.

The identification of the above reaction has been considered with both

48  Because of both the greater ease of identify-

dimuons and dielectrons.
ing high energy electrons (well separated here from the jets produced by
the Higgs decay products) and the much better energy measurements of the
electrons by calorimetry, the Hoe-‘-e_~ final state is highly favored and
is exclusively considered in the following discussion.

Figure 38 shows e+e_ mass spectra from Hoe+e_, and e+e— background
spectra from multijet hadronié z° final states (ZO mass = 94 GeV, Mt =
25 GeV). The background can be substantially reduced with almost no loss
in signal by a requirement that each electron make an angle greater than

200 mr with the sphericity axis of the particles remaining after removal

of the leptons. The corresponding background level is shown by the dashed
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line in Fig. 38. It is clear that for ML > 40 GeV the signal to background
ratio is rather good. It is worth noting that without the electron identi-
fication the background lines in Fig. 38 are a factor of about 300 higher.
This sets the requirement for electron-hadron separation.

Having established a credible high mass dilepton signal, one needs to
look at the mass spectrum recoiling against the dilepton system to establish

further the presence of the Higgs and determine its mass. A scatter plot

of recoil mass versus dilepton mass for MHo = 10 GeV, based on an electro-
magnetic calorimeter of resolution 10%/VE is shown in Fig. 39. The recoil
mass spectrum has a o of about 1 GeV. A calorimeter of résolution 20%/VE
would roughly double the width of the recoil mass spectrum (the effect of
energy spread is relatively small), and still deliver a useful result.

There is an important further background to the Hoe+e— final state,
namely the production of two outgoing electrons plus a low mass hadronic
system through two-photon processes. The estimated recoil mass spectrum
from such processes with both electrons separated from the beam by at
least 100 mr is shown in Fig. 40, again for 10%/YE calorimeter resolution
and MHo = 10 GeV. It is clear that the two-photon background sets a
lower limit to observable MHO of about 8 GeV. With poorer resolution that
lower limit may even be somewhat higher.

In conclusion, detection of the process z° » H°e+e_ appears hopeful
for H® masses in the range of 10-30 GeV with reascnable electromagnetic

calorimetry.




- 132 -

|C)() l I
MHo: 1O GeV
90 |- o(E)/E=10%/VE —
o e Higgs
> 0P . O Jets
@ 80 ,? —
o .;
§+® 70 | . _
%
o @ O '
O ® % e ~
®
‘<.
O
50 °* 1°® l . | ©
O | O 20 30 - 40
1-82 Mrecoil (Ge\/) 4177A210

Fig. 39. Scatter plot of M(e+e—) versus recoil mass with calorimeter
resolution AE/E = 0.1/VE.



- 133 -

— | | -

- — e'eT—>e'e"+X -

103 b= [6(e*,e7)>100mr] _|

= ——= gte"—>ete +HO =

3 - Mrecoil™ 840 MeV  —
102 == —
x - —
< — =
Lol _ _|
>— | ]
* - ]

1

a Al L —]
% 0 — | IL_ =
=E S
L — | | ~
> - r_J L ]
- 3

| | ]

- | ]

o | ] l
O 5 IO 15
1-82 Mrecoil (GeV) ATTTA2 T

+ -
Fig. 40. Mass spectrum recoiling against high mass (>50 GeV) e e
pairs from Z° -~ HOe'e and ete” > eTe™ + X.



- 134 -

V. CONCLUSIONS

A. Summary of Impact of Detector Properties on Physics

In this section we summarize those detector properties which seem to

be demanded by the considerations of the previous sections.
1. Solid Angle

For the consideration of solid angle, Figs. 8 and 31, and Tables VII
and VIII are relevant. From all these inputs, it appears that a solid
angle for both tracking and calorimetry of at least 90% of 47 is highly
desirable. It has been found that one can achieve this solid angle in a
cylindrical tracking detector with uniformly spaced layers with a ratio
of length to diameter of about 4/3 (assuming no tracking detectors in the

end caps).
2. Momentum Resolution in Tracking Detector

A number of processes requiring accurate momentum measurements are

2 -
given below,"? and corresponding values of f = op/p (GeV l) are suggested:

(a) Study of Single Particle Exclusive Spectra. If one requires

Op/p ~ 10%Z at 50 GeV/e, £ = 0.2%.

(b) Charged Particle Identification by p versus g. It has been shown
that f ~ 20%/p for w,K,p separation. At p = 50 GeV/c, this gives
f = 0.4%.

(¢) Electron Identification by p versus E. One might match the calori-
meter energy resolution to the tracking momentum resolution at some
appropriate momentum, oE/E = op/p. If oE/E = 10%/YE, and one

0.37%.

I}

matches at p = 10 GeV/e, £

(d) Identification of Kg from n'r” Effective Mass. One can show that

AM

f ~ /8 (——K) /pK where AMK is the standard deviation in the K mass
Mg

measurement and Py is the K momentum. For AMK = 10 MeV and Py =

20 GeV/c, f = 0.37%.

It should also be noted that angular resolution plays an important

role, oy = 2 AMK/pK. For the same AMK and pys one finds T4 & 1 mr.

These formulas are entirely consistent with the ¥ 7 mass spectrum

shown in Fig. 26.
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. (o] + - , -
(e) Studies of Z° -y u . For correct assignment of signs of u+ and

at the 30 level, f = 1.0%.

(f) Studies of T Polarization from z° > T+T—. For adequate measurement

of polarization, f = 0.5%.

From all these considerations it appears that f < 0.5% is highly
desirable. It is important to note that the actual value of f achieved
from a given detector configuration will depend, for a particular track,
on the actual number of layers in which unconfused hits are recorded, on
the polar angle of the track; and, on whether the beam-beam interaction

point can be used to constrain the track fit.
3. Segmentation in Tracking Detector

Information on segmentation is given in Figs. 9, 10 and 12, and
Tables II and IV for cylindrical detectors with pattern recognition based
principally on x-y (and not z) information. The track confusion problem
is greatest for intermediate momenta (5 to 15 GeV/c). The analysis can
be summarized by saying that high tracking efficiency at all momenta
requires the ability to associate hits correctly with the appropriate
tracks even when pairs of tracks are separated by as little as 2.5 mm over
as much as half their lengths in the detector. For vertex drift chambers
of inner and outer radii 10 and 30 cm respectively, the corresponding
number is 0.5 mm. These figures of 2.5 mm and 0.5 mm put requirements on
both the number of good hits which must be available per track and on the
quality of the position information which must be used at the pattern recog-
nition stage. For drift chambers of the small cell, single hit Mark II/CLEO

design, approximately 40 layers comprising 8000 cells are required.
4. Vertex Detector

With two CCD planes at radii of 1 and 2 cm respectively, one can

summarize the requirements as follows:

(a) To have less than 10% confusion of adjacent tracks one needs an over-
lap resolution of <200y for a two-dimensional device and <50u for a

one—-dimensional device.




- 136 -

(b) TFor three measurement precision levels one can summarize typical
efficiencies for finding tracks from D decays and the corresponding

fraction of the found tracks which really come from D decays:

Precision = 3y Efficiency = 60% Purity =~ 80%
10 , 40% 70%
30 u 25% 60%
5. Remarks on Electromagnetic Calorimetry

(a) 7° Reconstruction. 7° reconstruction is principally impacted by
the resolution of the two decay photons and the accurate measure-
ment of the angle between them. Angular resolutions of <5 mr
and energy resolutions of 0.1/VE are required to reconstruct Wo

over some reasonable momentum range.

+ . -
(b) 7% > T 1 — Polarization Measurements. Separation of relevant
decay modes required an energy resolution of 0.12/V/E and an

effective cell size of 40 mr x 40 mr.

(¢) Neutrino Counting. The electromagnetic calorimeter for study of
e e - va requires an energy resolution of about 0.12//E and a
complete solid angle coverage down to within 6° of the beam

direction.

+ -
(d) 7° > Hoe e . An energy resolution for electrons of about 0.1/VE
and a hadron rejection of £1/500 for electron energies 220 GeV are

required for the Higgs search.
6. Muon Identification

To detect muons from t, b and c¢ decays a detector should have a
total amount of material equivalent to at least 1 meter of iron and a
detector system with spatial resolution of 1/2 cm. Segmentation of the
iron into layers would be useful to improve hadron-muon separation.
With one meter of iron and a central detector which cannot distinguish
m from K, the ratio of signal to punch-through will be ~2 for u— and
~1.3 foru+-in the 2 - 30 GeV/c momentum range. Ability to separate K

would improve these ratios by about a factor of 2.
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This photograph shows the back structure of a high-current laser-activated
gun being developed for producing intense, tightly bunched beams of polar-
ized electrons for the SLC. A high-performance thermionic gun is already
in use in the SLC testing program and has given up to 20 nanocoulombs of
charge in a single S-band bunch.
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