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Introduction

This report is a brief overview of research that could be performed at a
high energy _/7 collider. It is based primarily but not exclusively on 15 talks

• presented in the three theoretical physics parallel sessions at 'the LBL Gamma
Gamma Collider Workshop. Written versions of these talks m'e (or should be)
included in these proceedings, as are two excellent survey talks presented at the
workshop by Brodsky[1] and Ginzburg[2].

The ability to obtain 7q and e7 collisions by back-scattering low energy laser
photons from high energy e± beams[3] can significantly enhance the physics pro-
gram of a linear electron positron collider. With _'-ycollision energy of __ 80_
of the parent e+e - coUider and comparable luminosity, a PLC (photon linear
coUider) would provide unique capabilities in addition to some welcome redun-
dancy. Measurement of the two photon decay width of the Higgs boson would
alone be sufficient motivation to add the 7"Ycollision option to an e+e- collider.

Since the.workshop is an ecumenical gathering of accelerator and laser
physicists as well as experimental and theoretical particle physicists, I will pref-
ace this report with a few remarks on the current status of high energy physics,
toestablishthecontextwithinwhicha q7 collidermust be viewed.The starting
pointisthe standardmodel,whichoffersa compact and remarkablysu_
descriptionofallextentexperimentaldata.But thestandardmodel isfarfrom

beinga completedescriptionofnature.To listjusta few oftheopen questions,
thestandardmodel

• contains17 arbitrary,unexplained parameters,

• unifiesthe weak and electromagneticforces,but leavestmresolvedthe

possibilityofthefurtherunificationofthestrongand gravitationalforces,

• offerslittleinsightintoitsown grossarchitecturalstructurem suchasthe
SU(3) × SU(2) × U(1) gauge symmetry and the number of quark-lepton
families,

• provides a framework (the Higgs mechanism) for mass generation that im-
plies a new force and associated quanta but leaves their precise properties
unknown...

With one exception we are not sure if, how, or when we will find the answers
. to these questions nor to others I have not mentioned. The single exception, the

problem of mass generation, necessarily has a very strong claim on our attention.
The standard model predicts the existence of a fifth force and associated quanta

" that give mass to the quarks, leptons, and massive gauge bosons (W and Z).
To account for the masses of the W and Z bosons, the new force must begin to



emerge at an energy scale no greater than about 2 TeV.[4] This is a landmark
in what is otherwise an unmarked wilderness. (The next unequivocal landmark
is the Planck mass, at 10_9 GeV, a scale not likely to fall within the purview of
accelerator physics for the next few millenia.)

e

The prediction of a fifth force follows from the Higgs mechanism, which is
an essential feature of the standard model. Like any prediction in science, this
prediction could fail. If it fails the standard model fails. But the TeV scale
landmark still stands, since we would then discover a deeper theory that has
masqueraded until now as the standard model. The effects of the new theory
would begin to emerge in the same energy region in which the fifth force must
emerge if the standard modal is correct.

We are all going to be very surprised if the Higgs mechanism fails to ex-
plain the W and Z boson masses. But outside particle physics it is not widely
understood that the Higgs mechanism does not necessarily imply the existence
of Higgs boson.s. There are actually two possibilities:J4]

1. The fifth force is weak in which case there are Higgs bosons below 1 TeV
and perturbation theory can be applied to Higgs sector interactions.

2. The fifth force is strong in which zase we do not expect Higgs bosons but
a more complex spectrum of strongly interacting quanta, probably begin-
ning between 1 and 3 TeV, and perturbation theory is inapplicable. The
unequivocal signal for this case is the existence of strong WW scattering
above 1 TeV.

There is a prejudice among many theorists in favor of supersymmetry, which
would imply a weak fifth force and at least one light Higgs boson, with mass

140 GeV. But the evidence is far from definitive and we should prepare for
either possibility.

The LHC operating at its 14 TeV design energy and its 1034cm-_ sec-1
design luminosity will probably be able to determine the strength of the fifth
force whether weak or strong and to provide the first glimpses of the assodated
new quanta.[5, 6] To have the same capability an e+e - linear collider would
need center of mass energy of at least -_ 2 TeV and luminosity -_ 1034 cm -2
sec-l,[7, 8, 9] which will not be possible until well after the expected start
date of the LHC. But whatever is glimpsed at the LHC will not be understood
without exhaustive further study, at which an e+e- linear coUider should excel.
To evaluate the physics potential of an e+e-/e'y/_/-y linear collider complex, we
focus on its analyzing power more than simply on its discovery potential. The
LHC should tell us a great deal about the energy and luminosity a linear colllder
would need for detailed studies of the synunetry breaking sector. Today, in our
ignorance, we must consider a range of possibilities.



In the following sections I will review the theoretical contributions to the
' workshop as well as some other relevant material. Topics include QCD, the

electroweak gauge sector, supersymmetry, and electroweak symmetry breaking
• in both the weak and strong fifth force scenario. In view of the preceding

remarks it will come as no surprise that nearly two thirds of the contributed
talks concerned electroweak symmetry breaking.

QCD

In this section I will sketch two topics in QCD that could be studied advan-
tageously at an e+e-/eo,/7_f collider complex: the photon structure functions
and the top quark threshold region.

Photon Structu_ Functions

This is a subject that the e7 collider owns. The inclusive scattering process

e +'y --, e/u + X,

where X represents any hadronic final state, is mediated by exchange of a highly
virtual 7, Z, or W, and probes the short distance hadronic structure of the pho-
ton, just as deep inelastic electron nucleon scattering probes internal nucleon
structure. Deep inelastic scattering from a photon target has some unique prop-
erties: the structure function F_ increases logarithmically with the four momen-
tum Q2 of the virtual exchanged gauge boson and is completely determined in the
Q --, oo limit by perturbative analysis,[10] in which limit it dominates the cross
section by virtue of the logarithmic enhancement. This contrasts with the nu-
cleon structure functions, for which the scaling laws (and their QCD corrections)
are predicted but the functional form cannot be determined perturbatively.

Because of the experimental difficulty of isolating the leading photon struc-
ture function, the predicted scaling law and functional form have not been defirfi-
tively tested. A high energy e7 collider would offer the best chances to carry
out these fundamental measurements. I am not aware of feasibility studies for
such a program. It is clearly worth studying.

At the workshop Frances Ha]men presented a very nice talk outlining a
method to extract the gluonic component of the photon structure function.Ill]
The gluonic component is not determined by perturbative analysis and is im-
portant for a variety of applications, including background estimates for 77
collisions and in cosmic ray physics. The idea is to measure the rapidity distri-
bution for production of heavy quark pairs, bb or _c. Halzen and collaborators
Eboli and Gonzalez-Garcia observe that the signal in the extreme backward di-
rection (the target fragmentation region) is overwhelmingly dominated by the
gluonic component of the target photon structure function. Measurement of the



bbor_ccrosssectionsinthisregionthenprovidesa measurementof thegluonic
component.

The observationismade plausibleby thefactthatitholdsfora widerange
ofmodel structurefunctions.Howeveritsgeneralityisnot cleartome nor how
itmightbe tested.Sincetheanalysiswas "freshofftheblackboard"atthetime
oftheworkshop,theseissuesmay be addressedinthefuture.

Top quark threshold r_on

This subject was not studied at the workshop but since it is potentially very
interesting I will briefly review it. There are tantalizing possibilities to study

/
thettthresholdregionata 7"YcoUider,thoughitremainstobe seenhow well I
theycan actuallybe implemented, i

For experimentallyrelevantmasses,rnt> 150 GeV, the top quark life- /

time isshorterthan the characteristictime scaleofstronginteractions(i.e., /
rt > AOcD), so thatthetopquark decayt-_ bW occursbeforetoponiumfor- ;'
mationcanoccur.Thereforewe do notexpectnarrowtoponiurnresonanceslike

thecharrnoniumand bottomonium statesthattaughtus somuch about QCD. _
That was thebad news.The good news,heraldedby Fadinand Khoze,isthat
the broad top quark decaywidthprovidesan infra-redcutoffso thattheen-

tirethresholdregioncan be studiedwithperturbationtheory.[12]The running
couplingconstantisevaluatedatthescale

where E = V_- 2rnt,and thereforeneverbecomesnonperturbativelylarge.

There axethensome interestingpossibilities:

• The shape and positionofthe-y-_--+ttthresholdenhancementdetermine
rntand as, though the beam energyspreaddilutesthe qualityofthe

measurement.J13,14]

• With _ 95% polarizedphoton beams of oppositehelicity,AIA2 = -1,
which suppressesthe dominant s-wave,productionof _tin the p-wave
couldbe observed,[14]withpossibleprecisedeterminationsofas and mr.

In e+e- collisionsthes-wavecannotbe similarlysuppressedbut itmay
stillbepossibletoprobethep-waveby measuringitsinterferencewiththe

s-wave.J15]

• We could measure the important and inaccessible top quark decay width
if we could obtain energy resolution AE_ _ I GeV. For now this seems
like asking for a perpetual motion machine, since the only known way
to decrease the energy spread is by increasing the distance between the
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conversion point and the interaction point, with a loss of luminosity pro-
. portional to the square of the energy spread.

• With linearly polarized photon beams we could measure t quark polariza-
• tion induced by QCD final state interactions, providing a precise determi-

nation of as, and probe for interactions outside the standard model.[16, 17]
These polarization effects are expected to survive the energy spread of the
beams.

Time will tell how practicable these proposals are.

Electroweak Gauge Sector

Photon photon scattering is the process of choice for testing the interactions
of the electroweak gauge sector, since we begin with two gauge bosons in the
initial state. It is not surprising that it affords the most sensitive probes of
gauge sector interactions for a given e+e - collider energy.

The dominant process is -y_/ --, WW, which has a large, asymptotically
constant cross section,

8_ra _

a- _ _.93 pb,

corresponding to _ 106 W+W - pairs per 10 fb -1. Compared to the point-like
photon mediated cross section aPOtNr(e_e - --, #+#-), the traditional ratio R
grows with energy,

R(73 -* WW) = "('Y'Y _ WW) 6_
O'PO INT "-" --_W

where s is the square of the total center of mass energy. Other 2 --_ 2 processes
in 77 scattering and e+e - annihilation have cross sections that .Calllike s -1 (up
to logarithms in some cases). At v/s -- 500 GeV we have R(_'y -, WW) ,.., 230,
an order of magnitude larger than R(e+e - --, WW) ,,., 18 at the same energy.

This is another instance of the particle physics maxim "yesterday's Nobel
prize, tomorrow's background." The large WW cross section is advantageous in
testing for anomalous gauge sector interactions but is a decided disadvantage in
many searches for new physics for which it provides an enormous background.
This will be evident in the discussions of Higgs sector and supersymmetry signals
in the next sections.

The WW cross section is not as overwhelming as the above equations seem
to suggest. The constant total cross section arises from singularities in the

" forward and backward directions, and as the energy increases the scattering



becomes more and more concentrated at small scattering angles. The cross sec-
tion for scattering greater than a fixed angle 0 > 0o has the conventional scaling
behavior, falling like s -1. Integrating over all angles we have schematically

/ 1 1at(t_ ~ -ff
whereas at large s with # > 8o

dt 1 1 1
O"

>0o ~
The effect of the scattering angle cut is shown in table 1 for -),7collisions

at 0.5, 1.0, and 2.0 TeV. Though it reduces the cross section tremendously,
_ally at the highest energies, the surviving cross sections are still very big
relative to typical signal cross sections of interest. In practice it is not possible
to cut on the center of mass scattering angle because of the energy spread of
the photon _. In a study of supersymmetry signals described in the next
section, Murayama and Kilgore[18] find that it is more effective to cut on the
transverse momentum of the W or its decay products than on the laboratory
scattering angle.

Following the principle "when you've got lemons make lemonade," it is
worth considering whether a PLC could be used as a W factory. Is there an
interesting physics program in high statistics studies of W boson decays? To
stimulate consideration of the question and to provide guidance toward a con-
structive answer, I announced the Second Chanowitz Prize[9] at the Second KEK
Topical Conference on e+e- Collisions: lunch with Michael Peskin for suggesting
an interestipg W factory program ( Chez Panisse in Berkeley) or for proving a
no-go theorem ( $LAC cafeteria). As ofthis writing the prize is still unclaimed.

As shown first by Jikia[lg] and confirmed analytically[20] and numerically[21],
the large cross section for _ --. WW engenders a surprisingly large cross section
for 7_ --. ZZ via the WW intermediate state. Measurement of a('_ _ ZZ)
will be a significant test of the electroweak gauge sector at the quantum loop
level. Though also sharply _ed in the forward direction, _-y --+ Z Z is still
a formidable background. Even after cuts on the scattering angle or transverse
momentum, it overwhelms the Higgs boson signal for mx _ 400 GeV and oh-
scums the growing contribution to the cross section from ultraheavy charged
quanta[22].

More recently Jikia and collaborators have computed the cross sections for
_/'r _ _/Z [23] and -y-y_ -y-y,[24]which are also dominated by the W loop
contribution. It is splendid to imagine measuring the elastic, on-shell scattering
of light by light! With a PLC at a 500 GeV e+e- coUider, there would be -_ 50
events with scattering angle 101> 30° per 10 £'D-1 of "Y'rluminosity.



Given the two gauge boson initial state, a 3"7 collider is clearly the premier
, facility for testing the electroweak gauge sector interactions of the standard

model. The generic sensitivity of the three beam combinations at given e+e -
coUider energy is 3'7 > e7 > e+e -. This ordering does not apply to every

• possible anomalous interaction. For instance, Eboli and Hart presented studies
of 7ZWW interactions for which e7 collisions have the greatest sensitivity. Eboli
and collaborators[25] assume an interaction invariant under U(1)EM, C, P, and
SU(2)c_toa_ but not under the complete local SU(2)L × U(1)v,

They find for A "-"Mw that a 3a constraint -1.2 < a, < 0.74 can be achieved
with 10 fb -1 at a 500 GeV e+e - colJider.

Han and collaborators[26] considered a 3"ZWW interaction that is locally
SU(2)L x U(1)v and CP invariant but violates C, P, and SU(2)c_toa_,

[ 2e4 v2

With 10 fb-1 at parent e+e - colliders of 0.5 and 2.0 TeV they find 3 a limits of
& _ 12 and & _ 1 respectively for A - 2 TeV. The results are very sensitive to
the scattering energy, much less sensitive to the luminosity.

In some cases enhanced sensitivity can be achieved by combining data from
all three beam combinations of an e+e-/e^//3" 7 coUider. This was nicely il-
lustrated by Choi and Schrempp[27], who showed that the constraint on the
anomalous magnetic moment of the W obtained at a 500 GeV collider is vastly
improved by combining measurements from all three collision options.

Supersymmetry

Murayama presented the results of a study prepared for the workshop in
collaboration with Kilgore, to compare the scalar muon signal at a 3"7 collider

with the signal at an e+e- collider.[18] The emphasis is not simply on discovery
potential but on the ability to make a precise measurement of the mass. If su-
persymmetry is discovered such measurements will be extremely important since
they would then test theories at much higher energy scales, such as supergravity,
for which the natural scale is only a few orders of magnitude below the Planck
mass. The scalar muon is also a prototype for many other measurements and
searches that use lepton and missing energy signals and are therefore vulnerable
to a large WW background.

• The signal is 77 --*/_+/5- --* #+#- + LSP L-_ where LSP refers to the
lightest supersymmetric particle, which escapes from the detector like a neutrino.
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A dangerous background is then 77 --* W+W- "-* #+#- + "P_'. The signal
is enhanced by a factor ,_ 2 relative to the background by choosing photon
beams of equal helicity so that Jz = 0, but before additional cuts the surviving
background is still at least 10 times larger than the signal. Assuming a 150
GeV smuon with mLSP = 100 GeV and a 500 GeV e+e - collider, Murayarna
and Kilgore eliminate the background by an acoplanarity cut and _ cut on the
muon transverse momentum. The surviving, essentially pure signal has a 20 fb
cross section, so 10 fb -1 is more than adequate for discovery.

It is necessary to cut hard enough to obtain an essentially pure signal sam-
ple in order to make an accurate measurement of the smuon mass. With 50
fb -1 a 5 GeV measurement of the mass is possible.[18] While impressive this
does not match the 1 GeV accuracy that can be obtained from 500 GeV e+e-
collisions with 20 fb -1 using right hand polarized electrons to remove the WW
background.[28] The increased accuracy is due in part to the smaller energy
spread of the e+e - beams. Increasing p (the distance from the e'rLa_ conver-
sion point to the 7q interaction point) decreases the 7"r energy spread but at
too great a cost in luminosity.

This study indicates the generic difficulty of using 77 collisions for such
measurements, due to the large WW bar3cground and the large spread in photon
energies. At higher energy coUiders beamstrahlung also spreads the the e+e -
center of mass energy, reducing the relative advantage of e+e- collisions.

As mentioned by Murayaraa, a 77 collider has a great advantage over its
parent e+e - collider for the study of heavy scalar superpartners such as the
top squark or stop, t. In e+e - collisions stop-antistop would be produced i,
the kinematically suppressed p-wave and could not be effectively studied unless
the available collider energy were much greater than the threshold production
energy. In "r'Ycollisions stop-antistop pairs are produced in the s-wave, which
can be further enhanced by choosing photon beams of equal helicity.

Electroweak Symmetry Breaking

Though more careful studies are needed to be sure, it is likely that the LHC
at design energy and luminosity can provide observable signals of the strong
WW scattering that occurs at _ > I TeV if the symmetry breaking
fifth force is strong.J5, 6] Those measurements determine the energy scale of the
fifth force and associated quanta whether they detect a signal or not, since the
absence of strong scattering signal would imply a weak fifth force and Higgs
bosonsbelow __1 TeV. Higgsbosonsthemselveswould alsobe observableat
the LHC, though withdifficultyinthe "intermediatemass region"below the
ZZ thresholdand above the_ 80 GeV reachofLEP II.The supersymrnetric

Higgsbosons aremore difficultto observeat LHC than the Weinberg-Salarn



Higgs boson, but supersymmetry itself is likely to be easily discovered since
, the strongly interacting superparticles (squarks and gluinos) would be produced

with sizeable cross sections.

Higgs bosons are readily observable at e+e- colliders given sufficient energy
" and luminosity. To cover the mass range from the current 60 GeV limit to

the likely upper limit of _ 1 TeV, we would need a coUider with total energy
V_ >_ MIN(mH + mz, mH/0.7) and integrated luminosity ranging from 1 fb -1
at the low end to __ 200 fb -1 at the upper end.J7, 8, 9] The Higgs bosons of
supersymmetric theories are more readily observable at e+e - colliders than at
hadron colliders.

The question then is "What does a 7"r collider bring to the party?" There
are, at least, the following answers:

• ability to measure F(H --. "r_) for rn/¢ ;_ 350 GeV w a fundamental
measurement as described below,

• extending the reach of an e+e- collider for the most elusive supersymmetric
Higgs bosons, the heavy scalar H ° and the pseudoscalar A°,[29]

• complementary observations of the charged Higgs bosons H _ of nonmini-
realHiggssectors[30],

• circular and linear polarization of the photon beams offer unique analyz-
ing power,e.g., to measure the parity of the Higgs bosons[31, 32] and to
enhance signals relative to backgrounds,

• ability to observe strong WW scattering in 7"Y--_ WWWW, WWZZ[33,
34, 35] and to observe strong WW resonances in -y-y--. ZZ,[36, 37] though
in colliders of the far future with V_ _ 2 TeV.

These topics are reviewed below.

Hill, s Bosons
A 7"Ycollider is the facility of choice to measure the "r7 decay width of the

Higgs boson. This is not just an important test of the Higgs theory but also
probes the existence of arbitrarily heavy quanta that may be far too heavy to
produce in existing or even presently contemplated accelerators.[38] The H
-y-),decay proceeds via all intermediate quanta that are electrically charged and
receive mass from the Higgs boson. All such quanta of spin 0 or 1/2 that are

• heavier than mH contribute depending only on their spin and electric charge
but independently of how heavy they may be. Consequently F(H --. "rT) is an

. amazing window to the highest mass scales that are coupled to the Higgs sector.



Several presentations at the work'shop considered the question of how to
dete_t a Higgs boson with mass below the ZZ threshold, which would decay pre-
dominantly to bb. The problem is how to see the signal over bb backgrounds from
"direct" -y_/--, bb production and from bb production by "resolved" photons[39]
which are produced predominantly by scattering from the gluon component
of the photon. The resolved photon background is large but soft and can be
controlled by choosing the e+e - energy so that the Higgs signal occurs at the
maximum 7q energy,[29] rnH _ E_MAx _ 0.8E_+_-. Essentially no 1)bpairs from
resolved photons occur at the upper edge of phase space, since they are produced
in association with other internal quanta of the photon.

The leading order direct bankground is controlled by choosing equal helic-
ity photon polarizations so that Jz "- O, in which case _-y --* _:_is suppressed
by a factor rn_/s in the cross section.[29, 40] (The suppression follows from
the chiral invariance of QCD interactions which forbids creation of a massless
fermion-antifermion pair with Jz = 0.) As discussed by Borden and Jikia in
presentations at the workshop[41, 42] the kinematical suppression does not ap-m

ply to the leading QCD correction, -y-/--, bbg, since after gluon radiation them

bb system need not be in a J = 0 state. Unless it can be controlled the surviv-

b_g background would overwhelm the signal. While differing in some respects,
both studies concluded that the background can be controlled with additional
cuts. Borden estimated that a 10% measurement of the decay width could be
accomplished with 10- 20 fb -z. A critical requirement is 90- 95% rejection
capability for _c.

Above ZZ threshold "7"7_ H --, ZZ must be distinguished from the huge
WW background discussed in the previous section. This rules out the four
jet final state, since even with perfect jet-jet mass resolution intrinsic smearing
from the Z and W widths may submerge the ZZ signal in the tail of the WW
background. It is probably necessary to tag at least one of the Z's, either in
its electron or muon decay mode or perhaps in the neutrino mode, i.e., Z Z ---,
l+l - +jj with l = e,p (net branching ratio from ZZ ,._ 10%), or ZZ ---,pv+jj
(net branching ratio _ 40%). This works for rnH ;_ 350 GeV, beyond which the
signal begins to sink into the ZZ continuum background.[19, 20, 21] The width
r_ can be measured to _ 10% at the lower end of the ZZ mass range (more
precisely, F_Bzz) but is of course poorly measured near the upper end as the
signal disappears.[40]

In an e+e- collider the supersymmetric Higgs bosons H ° and A ° are pro-
duced in association, e+e- --, HA. While a two-for-one sale seems economical,
the cost is the energy to reaz_ the threshold _ > rnH % rr_A. The claimed
reach at a 500 GeV collider is ._ 200 GeV in the individual Higgs boson masses.
This can be extended using the _/-ycollider option where H and A can be pro-
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duce individually. For n _derate values of the mixing parameter tan/_, they can
, be detected decaying to bb. The claimed reach for a parent e+e - collider of

D

500 GeV, using 77 --* h,H,A -.-+bb is then to the theoretical maximum, .-. 145
GeV, for the fight scala_ h, the interval 110 < mx< 200 GeV for H, and

' 100 < mA < 2rn_ for A.[29] The latter significantly extends the ma_ relative to
the e+e- collision mode.

Linear polarization would enable direct measurement of the Higgs bosons
parities.[31, 32] The scalars h and H couple couple to the photon polarization
vectors like el. e_ while the pseudos_ar A couples like el x e2. k where k is the
photon three-momentum in the center of mass. Kramer et a/.[32] observe that
linear polarization of 65% may be obtained by choosing a lower energy laser
(requiring an increase of 1.7 in the e+e - energy to maintain a fixed "_7energy).
It appears that 100 - 200 fb -a may be needed to see the asymmetries above
background.

The leading QCD corrections to F(H --, "r'r) were reported by Najima at
_he workshop.J43, 44] The corrections are very small for mN < ms but _re
large, of order 1, for mx >> ms.

Stro.9 WW scatterir_/

Berger report_ on a study, J36] ca:tied out for the workshop, of strong in-
teraction etfects in 77 -'* Zz,ZL, where the subscript L denotes longitudinal
polaxiz_tion. If electroweak symmetry breaking is due to a strong fifth force, it
would be refiect_ in the 77 _ Zz,ZL cross section, which would then be anal-
ogous to the hadronic process -/-y --, 7r°r°. This process has been explored by
others,J37] though in most instances without detailed consideration of the very
large Z Z bac3cground. Using methods developed in the study of strong WW
scattering at hadron supercolliders, the study reported by Berger focused on
whether the strong scattering signal would be visible above the large Z Z back-
ground. The conclusion is that nonresonant effects are probably not observable
but that resonances, analogous to the hadmnic tensor meson f2(1270), could be
observed with 100 fb -x and sufficient energy to produce the resonance. Such
resonances are not likely to occur below -_ 2 TeV.

A more promising method to study nonresonant strong WW scattering was
suggested by Brodsky[33] and has been studied at this workshop by Jikia[34]
and Cheung.[35] In analogy to strong WW scattering at pp colliders[45], qq ---,
qqWz, WL, Brodsky pm_ considering _/7 "-' WWWLWz, or _/_/--, WWZz, Zz,.
(The analogous pmoms for H boson production, 77 --* WWH, has been stud-

' ied by Baillargeon and Boudjema.[46]) At the workshop Cheung[35] presented
signals (without b_unds) for a variety of strong scattering models, using
the effective W approximation and the equivalence theorem. Jikia reported
a complete leading order calculation of the backgrounds, "r'y --* WWWW
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and "7"7"* WWZZ, requiring in the first case evaluation of 240 Feynman
diagrams[34]. (Cheung has subsequently also evaluated the backgrounds.J47])

With the bacXground evaluated Jikia estimated the energy and luminosity
necessary to observe heavy Higgs bosons and strong WW scattering. With
200 fb-I he findsthata 77 colliderat a 1.5Tev e+e- colliderisneededto

observe the standard model Higgs boson _.ith mH = 700 GeV, while a 7_/
collider at a 2 TeV e+e- collider is needed for mH = 1 TeV. From these cases
he concludes that the mar_ of a _/-ycollider based on a 2 TeV e+e- collider is
similar to that of a 1.5 TeV e+e - collider operating in e+e - mode assuming

equal q7 and e+e- luminosities, not surprising since s_ MAx __ 0.80_. He
incorporatesthe effectofexperimentale._idendesby consultingthe studyof

heavy Higgsbo_n productionand strongWW scatteringine+e- collisionsby

Kuriharaand Najima[7],who did includedetectorsimulation;they foundfor
2 TeV e+e - collisions that _ 300 fb-I is needed to obtain a 3 a strong WW

scatteri_. Jilda then infers that a _/-ycollider at a 2 TeV e+e- colli< er

(with _/s_MAx __ 1.6 WeV) could not observe strong WW scattering unless 7"7
luminosities much larger than 0(200) fb -I are possible. Without attempting to
incorporate detector simulation, Cheung[47] concludes more optimistically that
strong scattering could be seen with _- 100 fb-I with a 77 collider at a 2 TeV
e+e - co]]ider, and that _ 10 fb-I could suffice at a 2.5 TeV e+e - co]lider.

Conclusion

The presentationsatthisworkshopshow thata photonlinearcolliderwould
be a valuableadjuncttothe e+e- linearcollideron which itwould be based.

Relative to the parent e+e - coUider, the _/7 coUider m_ers from proportionately
larger WW backgrounds and, especially in the NLC energy range, from broader
beam energy spread. But it provides a variety of significant advantages, with
uniqueaccesstosome fundamentalphysics,usingbeams thatcanbe customized

for different physics goals.

By choosing the relative helicities of the lepton and laser-photon beams,
_bmad _ or _narmw" band beams can be provided,withthenarrowband beam

oifedng much of its luminosity at the highest energies, typically ._ 80% of the
parent e+e - collider energy. Increasing the distance between the conversion
point and the interaction point improves the monochromaticity further, though
at a cost in luminosity proportional to the square of the decrease in energy
spread. Circular polarization is readily achdeved and enhanced linear polariza-
tion is possible by lowering the energy of the laser photons.

There is a range of studies for which 77 and e_/colliders would be uniquely
suited. The e7 collider mode is the facility of choice for probing the photon
structure functions, a fundamental subject in QCD with important phenomeno-
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logicalimplications.Valuablemeasurementsoftheitthresholdregionmay be

• possiblein-y-ycollisions,especiallywithpolarizedbeams. Ifsupersymmetric
particlesexistat theelectroweakscale,a _,'ycolliderwould be optimalforde-
tailedstudyofheavy squark-antisquarkstatesthataresuppressedby p-wave

' phase space in e+e- collisions. Sir_ce all the initial energy is concentrated in two
gauge bosons, "Y7 collisions offer the most sensitive probes of the electroweak
gauge sector for given e+e- coUider energy. For mH _ 350 GeV the "Y7coUider
providesthe best(andforrnH > 2row probablytheonly)measurementof
thetwo photon decaywidthoftheI-liggsboson.Itcan extendtherearhofthe

parente+e- colliderforthepseudoscalarand heavy scalarHiggsbosonsofsu-
persymmetricmodels.Inadditiontoitsuniquecapabilities,a _'7coUiderwould

providfwelcomeredundancywithmeasurementsfrom e+e- and proton-proton
collisions.

Aided by my nearlyperfectignoranceofacceleratorphysicsand oflinear

coUidersinparticular,Icanimagineanotherway inwhichhighenergy3'q'coUid-
erscouldbecrucial.Though unlikely,itispossiblethattheratioofluminosities

£-ry/L_e+e-might be largenotjustby virtueofan enhancednumerator,asdis-

cussedatthisworkshop,but alsoifthedenominatorisunexpectedlysmall.The
issuesthatdeterminethe luminosityofe+e- collisionsarenot identicalwith

those that determine the _/7 luminosity, and unanticipated difficulties might af-
fect one but not the other. If for instance unexpected beam-beam instabilities
were found to suppress TeV e+e - luminosities below the necessary 10a3 to 1034
crn-2 sec -1 level, it might still be possible to obtain the necessary luminosities
in "Y7and e7 collisions. The 77 coUider would then be the only game in town,
and its "redundant" access to many subjects I have not discussed would become
crucial.

Though we arestillat an earlystageinour thinking-- about both the

_erator and particlephysicsm itseems clearthatan e+e-/e-y/-yvcollider
complexwould be a veryusefulextensionofa lineare+e- collider.Continued

RIzD issurelya prudentinvestment.
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Table 1: Cross section in picobarns for -y-y-----, W+W - for various -y-ycenter
of mass energies and minimum scattering angles.

• v'i(TeV)I ':",.,,_.,_ o<0.8 _ o<0.6
0.5 77 9.7 3.1
1.0 88 2.9 0.86
2.0 0.78 0.22
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