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INTRODUCTION

Forty years ago this month, September 1946, there was a panel discussion at
an APS meeting In New York with Alvarez, Lawrence, McMillan, and R.R. Wilson
diacussing “The Relalive Advantages of Proton and Electron Accelerators.” n it
is amusing to speculate whether there will be another meeting 40 years from now
at which this question will be discussed sgrin and, if so, whether that discussion

will be as incomprehensible to us now as onr discussion today would have been in
1048,

It is neither my assignment nor my intention today to discuss the relatjve
advantages of praton and electron accelerators. However, I want to take a minute
of two to point out the saurce of the strength of ete™ collisions. Today we tend
to view all high energy collisions as one packet of particles colliding with anather
packet of particles a5 shown in Fig. la. Two of the particles, or partons, one from

~ each bunch, either annihilate or scatter. The seattering process generally occurs at
ruch lower momentum transfer than the annihilation process and thus generally
has a much higher rate. In the case of e*e™ cailisionz the picture simplifies to that

shown in Fig 1b. There are basically three advantages to e* e collisions:
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Figure 1. a) General form of high energy collisiona. b} The case for electron.

positron collisions

1. Each packet consists of only cne particle. Thus the nature of the interaction
is well understood. (Two-photon interactions are exceptions, but in practice

they have been easily separated from one photon annihilation.)

2. The center-ol-mass energy is known. This allows the detailed study of a-
cthannel resonances. [At very high energy futvre collidera it may be necessary
to give up thia adventage. We will come back to this issue in a few minutes.)

3. The incident particles are leplons, so the t-channel scattering (Bhabha scat-
tering) is not bothersome because it cannot be confused with any other

process.

In the remainder of **  talk, . will briefly review the present and fuluse ete”

facilities - 1 then discuss the perspectives for future physics with e*e collisions,

PRESENT AND FUTURE FACILITIES

‘table 1 lists the existing ¢ ¢ colliding beam facilities. ‘T'he “typical [umi.
nositly per day” are taken from a HEPAP repurt" and should be used only 88 a
generaf zuide as some days are wmore typical than others. The PETRA ring i» now
collecting its Bnal data and will shut down in a couple of monihs. The VEPP-4M
ring has not achieved sufliciently high luminosity to study T or B physica, axcept
for a precision measurement of the T mass.” The other storage rings in Table t

bave several years of productive work ahead of them.
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Table 1. Existing e*e~ Colliders

Typical Luminosity
Naipe Laboratory | E;m. per Day (pb~")

SPEAR SLAC ¥ 0.1
DORIS DESY T 1.0

-\_/_EPP-fIM Novosibirak T - T
CESR Cornell T 0.8

A
PEP SLAC |29 GeV 1.0
PETRA DESY |44 GeV 0.2

Table 2 lists the two e*e~ storage rings now under construction which will
operate below the Z mass. The luminosily per day is the design luminosity derated

for normal beam lifetime and beam filling times.

Table 2. Future ete~ Colliders Operaling below the Z Mass

Laminoaity
D b~
Name Laboratory Ecm. per Day (pb7") Starting Date
BEPC | IHEP {Beijing) ¢ 0.7 1988
TRISTAN KEK 60 GeV 35 1986

Finally, Table 3 lists the future e*e” colliders which will operate at the %
mass or higher energies. The 27 km circurnflerence LEP 1ing is probably the last
of the e*e” storage rings. It will start physics operation in 1989 with four very
sophisticated detectors. LEP has been optimized for 200 GeV operation with
superconducting rf. Present plans cail for it to reach this energy in the early to

mid 1990s.

The SLC is the first linear ete” collider. We believe that all future ete"

colliders will be linear. The reason for this belief comes from the scaling law for

- .
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Table 3. Futureete Colliders Operating at or above the Z Mass

Luminogily ! Date of j
Name | Laboratory Type Ecm {em Psec™?) [ 1" Physic
LEP CERN storage ring A 1.6x 10% 1989
- 200 Gev |10 x 10 19927
SLC | SLAC |(quasi-) linean rA 0.6 10" 1987
i 'i'_ B i Jinear coliider ;-few T—e—\; B ;035 *'—"?_““—

1)

the cost of ete storage rings,

c=aﬂ+ﬁ%, !

whete (7 in the cost of the ring, R is the radius, and E o the energy. The first term,
which is linear in R, represents the cost of tunnels, magnets, vacuum systems, elc.,
and the second term, which is inversely proportional to R, represents the cost of the
tf system needed to replenish the energy lost to synchrotron radiation, Minimizing
this equation with respect to cost gives that both the cost and radius of an e'e

atorage ring scale with B, The cost of linear colliders, on the other hand, clearly
scale linearly with E. At some point, then, they have to become more econamical
than storage rings. Although the technology of higher-energy linear colliders ts
not yet completely understood, we believe that the crossover point is passed with

the next e'e” collider.

Tuble £ gives some po:sible parameters for a very high-energy linear collider
compared with the SLC." These parameters have not been oplimized. The rel-
atively small number of electrons per bunch is dictated by the desire to keep the
beam energy spread down to 10%. Il we were to allow a larger beam spread, then
one conld ¢ither achieve more humino ity for the same power or relax the require-
ment on the eittance, It is 8LAC's poal Lo be ready Lo propose an “intermediate

energy” linear collider (0.5 to 1.5 TeV) by the early 1990s.5)

As an aside, we can ask whether a B factory would make sense as a testing

ground for linear colliders. The maost stringent (and mosi interesting) test of a B

. 'y -
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Table 4. Possible parametera for a 10 TeV c.m. linear collider cam-
pared to the parameters of the SLC. (from Ref. §)

Collider LLC SLC
E* (TeV) 10 0.4

L (em %Y 104 6 x 10%°
og-JE* (%) 10 0.04
2 (em) 0.1 0.5
D 0.1 1.0

P (MW) } 3 10 0.16

I (Hz) 3000 9000 30,000 180

Nfetore ) | 41x10° | 41x10% | 41x10% | 510

en (m) 4x10°° | 12x10%| 4x10°® [ 3x10°*
a,, (um) 64x107* { 1.1x107% | 2x103 1.5
o, (mm} 34x10°¢ ] 1x1073 | 34x10 3 1.5

factory would be its ability to measure CP violation in the BB system. According
to present models, this measurement would require 107 to 10° BB events per
year. At the T(4S) this translates into & luminosity of 10% to 103 cm~sec™.
Amaldi and Coignet have suggested an ete~ linear collider for B physics that
does not require any large advances in present technology and which would have
a luminosity of 5x10% cm-%gec-1.% By pushing on technciogy some, it might
be possible to reach the luminosity level needed Tor sludying CP violation. These

ideas are being explored actively at the present time. 7
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PHYSICS PERSPECTIVES

The basic question that we seem 1o ask in e'e” physics is “What are the

particles of nature?” This question can take several forms:
How many generations are there?

To t1y to answer this question we can search for new quarks and leptons and count

the number uf neutrinos.
What is the unifying group?

To try to answer this guestion we can again search for new quarks and leptons as

well as new gauge bosons, supersyrmmnetric particles, etc.
What spontanecusly breaks gauge symmetry?

To try to answer this question we can search for Higgs bosona, technicolered par-
ticles, compasiteness, etc. In the remainder of this talk, [ will try to outline the

perspectives for answering some of these questivns.
WHERE TO LOOK

Figure 2 shows our present projection for the total ete cross section to
hadronic states as a function of centecr-of-muss energy. It does not take any sophis-

tication to figure out where a good plsace would be to start studying higher energy

ete” annihilations. Even if iL were not for the advantage of studying the weak
couplings of the Z, the factor of 1000 gain in cross section mak. the Z extraordi-
narily attractive. We will start here, but eventually be drawn to higher energics

with LEP 't and future linear colliders.

NEW PARTICLE PAIH PRODUCTION

The power of e*e annihilation i.. that all fundamental particles which couple
to the exchange gauge boson {photon or Z) and have a mass less than half the
center-of-mass encrgy can be produced copiously, that is, typically with o few
percent of the total cross section. What is new and exciling about the Z is that

for the first time neutral particles will be pair produced.


http://pla.ee

T TN T oY rinm T o VAT

40

np!
[
~
-

I

824

)

2

|

316

-

b ]
8
o L st aaenl Ll

10 100 1000
e Ecm GVl -

Figure 2. The expected total cross section for e*e~ = hadrons.

There are s few exceptions to this geueral rule. One o be noted is that paira of
identical neutral scalars cannot be pair produced by Bose-Elnstein atatistics, Thus

ete” /+ HOH®, but ete™ — Hy"H;®, two difierent Higgs scalars. We will return to
this shortly.

A good example of new particle productlon is given by 2 — tf. For a 40 GeV/?
mass top quark, the branching [raction for Z — tf is 2.6%. At first thought, one
might think that these events would be entirely background free in the sbsence of
other new particle production. However, thin is not the case due to backgrounds
from the production of lighter quarks accompanied by multi-gluon emission. The
uncertainties in Lhis background (rom different Monte Carlo madels 1s sufficient to
make the identification of lop by event shape parameters alone quul.iombla.‘)

A more reliable way of detecting top ia to take advantnge of the large number of
leplons produced at high transvesse momentum in the quark cascade decays from
the top. Figure 3 shows the spectrum of lepton transverse momentum expecied
from 2 decays with a 40 GeV/c? top mass.”)  For 10,000 hadronic 2 decays,
there would be approximately 160 ti evenla with a lepton having greater than 3



GeV /e transverne momentuin on top of a background of about 8D events from other
hadronic 2 decays. An mild splanarity cut {A >0,02) reduces the background by
aboul a factor of 2 while reducing the signal between 15 snd 20%.
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Figore 3. Lepton transverse momentom spectra from 2 decays with a 40
GeV/e? top quark munss.

‘The top quark example aets the acale {or the difficulty of finding new particles
which are pair produced in Z decays. Other examples would be comparable or
somewhat mare difficult. Of course, if more than one new heavy particle ia being

produced, it will be considerably more difficult to tell them apart.
THE NUMHER OF LIGHT NEUTRINOS

One of the most interesting aspects of studying Z decay is that for the first
time we will be sble Lo count the aumber of generations which have light neutrinos
{“tight" meaning less than half the 2 mass).

‘There nre Lhree independent ways that we will be able to do this measurement:



1. Each species of nentrino contributes about 6% to the Z width. More pre-

cisely,
W

AYy = neﬁ(:ﬁ;ﬁ—) MeV /c?, 2)

We can directly measure the T width by scanning in beam energy. A data

sample of 40,000 Z decays allows s statistical accuracy of about 40 GeV /c?.

Systemnatic errors will be comparable. If an excesa over the expected wid*

is fJound, n measurerment of the partial width to visible particles will allow a

determinution whether the excess width ls due to neutrinos or visible decays.

2, A check on the direct width measurement is a measurement of the cross

gection for muon pairs on the Z peak,

= R (3)
Both T and [y, are completely determined in the atandard model,

Grm}(v? + %)

Fee =Ty = —— 4
L1 Hy 24\/‘2’1[ ] ( }
leaving only Uz to be determined from the measurement. A 40 MeV/c?
measurement requires a 3% measurement of o, close to the aystematic limit
from uncertainties in luminosity measuremnents and radiative corrections.

Statistically, this measurement also requires about 40,000 Z decays.

3. The final technique ia to run at a center-ol~-mass energy above the 7 and
observe ete” — 4Z — 1w5.'” The signal is a photoa with transverse mo-
mentum above some minimum and ne other visible particles. The ASP and
MAC oxperiments at PEP have already shown that this type of experiment
can be done clean!y.”) The optimum tenter-cl-mass energy to run this ex-
periment und to optimize both rate and control of systematic errors appears
to be abaut 4 QGeV above the T pesk. 12} {See Fig. 4.} At this energy, re-
quiring the photon to have an energy greater than 1 GeV and to be emitted
at an angle greater than 30° from the beam, the cross gection is 0.15 nb. For
the same precislon s in the ovher two techniques, AN, = 1, we also require
the equivalent luminosity carresponding to 40,000 produced Z decays {on the
Z peak).
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Figure 4. The pholon energy spectrumlorete -- P for conditions described
in the text.

POLARIZATION

The SLC has the capability of producing and accelersting longitudinally po-
larized electson beama. This facility is scheduled to be installed in the summer of
1988. The power of having longitudinally polarized beams can be seen by a few

simple observaliona:

1. Since the weak interaclions are spin 1, the Z spin must be in the same

direction as the electron apin.

2. The Z coupling to left and right handed electrons is slightly different, leading

to a net Z polarization, even in the absence of polarized electrens:

v, = — 1 + 4sin® 0y = ~0.10,
ﬂ‘ =~ 1'
()
gr =(ve ¥ 8.} = —1.10,
PR E(U: - ng) 4 0.90.
which implies that the natural Z polarization, %, is
2"¢ﬂ¢
P = - 0.20. &
3 "3 +u§ L ( )

3. In Z decay, 6ay to muon pairs, this process is reversed. Muans are emitted

with their spins aligned along the Z spin diteclion. Since the Z is naturally



polarized and there is a difference in the right and left handed couplings to
muonas, a front-back asymmetry appears:

Jved Vpdy,

3
Arp = ghfu= (T +ad)(vd + a3)

4

= 0.03. M

Arp ia sensitive to sinfy, but it is small and a precision measurement requires
enormous statistics. With longitudinally polarized beams, we can increase and
conteo! the Z polarization, F.. More important, we can alse look for a cross
section naymmetery for laft and sight handed electrons:

oL —OR 2v.a,

AR o Ton = T Tt

ez 0.20. (8)

Agr ls more sensitive Lo sin?fy than Arp and all Z decays can be used to mea-
sute it, not just % — uy decays. With 45% polarization and the experimental
acceptance appropriate for the Mark Il detector, the statistical gain in using po-
larization is almost two orders of magnitude. Figure 5 ghows the precision which
cun be oblained.

Az an application of how this type of measurement could have a bearing on
particle content, consider the case of additional 2 mesons, Many GUT models

allow or require extra Z bosons. One popular example from superstringa is that
By x By — Eg ~ SU(3) x SU(2) x U} > 3, {9)

yielding one or two extra Z bosona.“'"' For example, consider the extra Z boson
“4," discussed in Ref. 13. It will mix with \he normal 7 and change the normal Z
properties, including 4z 5. Figure 6 shows Lhe currently allowed region for & new
Z boson as a function of its mass and mixing angle. Figure 7 shows the sensitivity
of the mixing sngle to & measurement of Azp. It is clear that there ia a sizable
region in which indications for a new Z could he found by this measurement.
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Figure 5. Level of precision which can be obtained in Agyp and, equivalently,
in sin?fw or mz as a function of the number of Z decays and the error with which

the polarization is measused.



HiGGs BOSONS

The standard model is incomplete without some mechanism for spontaneously
breaking gauge symmelry and giving mass to the W, Z, and fermions. In the
standard model this is done by inserting a complex doublet of Higgs fields into the
Lagrangian by hand. This is the minimal scheme, but it is arbitrary and without
any experimental basis. Other models will slso work. It is clearly imperative to

study this seclor experimenlally.“‘
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Figure 6. Allowed region for a new Z boson. See Rel. 13 for & discussion of
the different limits.

The non-minimal case is the easier to find in e*e™ annihilations. Many models,
including eupersymmetry, require a more complex Higgs secior. In all of these
cases, pairs of Higgs bosons are produced copiously. 16) For example, two Higgs
doublets will give five physical Higgs particles: H%;, H%, H%, H*, and H", where
H% i a pscudoscalar and the others are scalare. In this case, the branching

fractions for the Z to decay into pairs of Higgs hosons are
B(Z — H*H™) =0.0183,

B(Z — H}HS) =0.0334%in’ x, {10)
B(Z — NYHY) =0.0338 cos® x,
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Figure 7. The change in App due to a new Z boson with mixing angle ©,,, .

where x is a mixing angle. Similar fractions of evenls are produced at higher
encergies. These ure sizeable branching fraclions, comparable to the Z — tt case

discussed previously.

The case of the minimal Higgs boson ie harder because it cannot be pair
produced. The Lasic reaction for producing this Higgs boson in ete ™ annihilation
is

ete” = Z -+ ZH® - 010 {11)

In general the HO is identified by & peak in the recoil mass spectruin to the twe
leptons. In order to obtain a reasonable cross section for reaction (11), one of the
two Z's should be real.

For low-mass Higgs bosons, the first Z will be real — that is, the measurement
will be done on the Z peak. Figure 8 shows the branching fraction for this process.
To identifly a 10 GeV/c? Higgs boson, about 100,000 2 decays will be needed; for

a 30 GeV/c? Higgs boson, about an order of magnitude more are required.

For higher mass Higgs bosons, it is necessaty to go to higher center-of-mass en-
ergies. Figure 9 shows the cross section for reaction (11) as a function of energy."”!
The 50 GeV/c? curve illustrates the statement that one of Z's should be real. There
is peak at the Z pole, then a decp dip in the region in which both Z's are virtual,
and finally u sharp sise at pround 350 GeV, where the second Z becomes real. The

cross section in this last region is smal), but not iivpossible at LEI" 1L With a
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Figure 8. The branching fraction for Z ~+ H%u* i~ as a function of the Higgs
boson mass.

reasonable derating factor, it corresponds to about 3 events per month at LEP {1
design luminasity.

Finally, for very high Higgs bason meszes, the optimum process becomes Higgs
boson production by WW fusion, % — H0wo."*"* The Higgs boson will decay to
W pairs, and thus e~ — W* W~ is the major background. Dawson and Rosner’™
conclude that the backgrounds are manageable if mu < 0.41/3. The cross sections
and background limits are shown in Fig. 10.
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Conclusions

1t i clear that the study of ete™ collisions has the power to probe what lies
beyond the standard model. We are now designing and building the colliders which

will take us into new energy regians. If nature cooperates, we will learn a great
deal.
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