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STANLEY J. BRODSKY 
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ABSTRACT 

. 

The collisions of photons at a high energy electron-positron collider provide a com- 
prehensive laboratory for testing QCD, electroweak interactions, and extensions of the 
standard model. It is expected that by using back-scattered 1-r beams, that the effec- 
tive luminosity and energy of photon-photon collisions will be comparable to that of the 
primary e+e’ collisions. In this talk, I will focus on tests of electroweak theory in photon- 
photon annihilation such as yy - W+W-, yy - Higgs bosons, and higher-order loop 
processes, such as yy - yy, Zy and ZZ. Since each photon can be resolved into a Wt W- 
pair, high energy photon-photon collisions can also provide a remarkably background-free 
laboratory for studying WW collisions and annihilation. I also review high energy yy 
tests of quantum chromodynamics, such as the scaling of the photon structure function, tj 
production, mini-jet processes, and diffractive reactions. 

1. Introduction 

One of the most important areas of investigation at t~2;~~;lectron-positron lin- 
ear collider will be the study of photon-photon collisions. ’ ’ ’ ’ ’ Since photons cou- 
ple directly to all fundamental fields carrying the electromagnetic current-leptons, 
quarks, W’s, supersymmetric particles, etc.-high energy yy collisions can provide a 
laboratory for exploring virtually every aspect of the Standard Model and its exten- 
sions. For example, the incident photons can directly annihilate into W pairs or qij 
pairs at the tree graph level, or pairs of gluons, Z”s, or one or more Higgs bosons 
through quark and W box graphs. Two real photons can couple to any even charge 
conjugation resonance, unless it has spin J = 1, in which case it can be identified 
via its virtual photon couplings. In +yy events where each incident photon produces a 
W-pair, the e+e- collider becomes the equivalent of a tagged WW collider, allowing 
the study of WW scattering and annihilation and a new domain of electroweak and 
Higgs physics.7 

Because of the simplicity of its initial state, two-photon collisions provide an .- 
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important laboratory for testing coherent and incoherent effects in quantum chromo- 
dynamics. In QCD events where each photon is resolved’ in terms of its intermediate 
quark and gluon states, 77 collisions resemble point-like meson-meson collisions. In 
the case of exclusive final states such as 77 -+ pjj or meson pairs, two photon collisions 
provide a time-like Compton microscope for measuring distribution amplitudes, the 
fundamental wavefunction of hadrons.g’10 One can study detailed features of 77 + tT 
at threshold and its final state evolution. In the case of single or double diffractive 
two-photon events, one can study fundamental aspects of pomeron and odderon t- 
channel physicsr’ One can also utilize electron-photon collisions at a linear collider 
and test other fundamental aspects of QCD such as the shape and growth of the 
photon structure function and the structure of photon to meson transition form fac- 
t0rs.l’ 

All of the physics programs which I will discuss in this report appear to be experi- 
mentally feasible at an NLC, since by using back-scattered laser beams, it is expected 
that the 77 luminosity will be comparable to the electron-positron luminosity, and 
that high photon energy fractions and polarization can be attained.13 

2. Sources of 77 Collisions 

In an c+e’ or e-e’ linear collider there are three main sources of photon-photon 
collisions. The first is the equivalent photon spectrum in which the virtual bremm- 
strahlung has the relatively soft spectrum G,,,(s, &‘) m g log & w. The 
equivalent photon approximation applied to each of the incident leptons gives cross 
sections analogous to the QCD factorization formula for fusion processes in high 
transverse momentum inclusive reactions.r4 Virtual bremmstrahlung has been the 
traditional mode for studying two-photon physics at eSe- storage rings, and it will 
continue to be very important at the next generation of B-factories. By tagging the 
scattered electron one can also select photons with a given spacelike mass and polar- 
ization. Thus, in the case of tagged electron-electron or electron-photon collisions, 
the photon mass itself becomes a variable. 

Equivalent beams of real photons are also created in high luminosity linear collid- 
ers by the “beamstrahlung” process in which an electron going through the opposing 
high density bunch of positrons scatters and radiates a spectrum of nearly collinear 
photons.*5’1” The beamstrahlung photons are unpolarized, but the spectrum can be 
considerably harder than that of the corresponding equivalent photon 17 spectrum. 

It appears that the most advantageous way to initiate photon-photon collisions 
at the next linear collider will be to use a back-scattered laser beam, as pioneered 
by Ginzburg et aZ.13 In this process, photons from a laser beam of eV energies 
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are scattered against an electron or positron beam to produce a nearly collinear 
beam of high energy photons. Ideally, the polarized laser beam back-scatters on 
a polarized electron beam thus converting each electron into a photon with a high 
fraction of its energy. Unlike the beamstrahlung and equivalent photon processes, 
the effective e+e’ and laser-induced high energy 77 luminosities can be comparable. 
The extraordinary energy and high luminosity of the back-scattered laser collisions 
promise to make two-photon physics a key component of the physics program of the 
next linear collider. 

In principle, each of the three types of photon beams can collide with each other, 
so there are actually nine possible yr collisions at a linear collider; one also has 
the possibility of real photons colliding with tagged virtual photons through photon- 
electron collisions.” 

3. Survey of Photon-Photon Collider Processes 

-Figure 1 illustrates many of the yy processes which could be studied at an NLC. 

1. The simplest reactions are the direct yy couplings to pairs of leptons, W’s, and 
quarks. Any energetically accessible particle which carries the electromagnetic 
charge, including supersymmetric and technicolor particles, can be produced 
in pairs. In each case, the charged line can then radiate its respective gauge 
partners: e.g., photons, gluons, Z’s as well as Higgs bosons. 

2. As shown in Figure lb, one can produce pairs of charge-less fundamental par- 
ticles in ry collisions through quantum loop diagrams, as in the traditional 
light-by-light scattering box graph. For example, two photons can annihilate 
and produce two outgoing photons or a pair of co-planar Z’s through virtual 
W and quark loops. A pair of gluon jets can be produced through a quark 
box diagram. A single Higgs boson or an excited 2’ can be produced through 
triangle graphs.lg 

3. At high energies, one or both of the an incident photons can “resolve” itself as 
a pair of fundamental charged particles which can then interact via scattering 
subprocesses. Thus, as illustrated in Fig. lc, a photon can develop into a 
Fock state of qij or IV+@‘- or leptonic pairs, which then interact by 2 3 2 
processes; e.g., quark-quark scattering through gluon exchange or top-quark 
scattering through Higgs exchange. In addition, one can have interactions of a 
directly coupled photon with the resolved constituent of the other photon. 
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Figure 1. Illustration of direct, resolved, and higher-order loop contributions to high 
energy gg collisions. 
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4. The Photon’s Light-Cone Fock Expansion 

One can distinguish the vzirious contributions to the photon’s direct and resolved 
interactions in the following way: Consider the Lagrangian for the Standard Model 
cutoff at an ultraviolet scale A and the corresponding light-cone time 7 = t-t/c evolu- 
tion operator; i.e., the light-cone Hamiltonian Hlfz,). The photon is the physical zero- 
mass eigenstate of the full Hamiltonian. Any eigenstate of the full Hamiltonian can 
be expanded as a sum of eigenstates of the free Hamiltonian: I+) = En In) (n [ $) . 
The photon state is thus equivalent to a coherent sum of free Fock states with the 
same charge and color singlet quantum numbers. The coefficients in this expansion, 
(n I$) = $$(z;, z~i,&), with xxi = 1 and c z~i = 0 are the basic wavefunc- 
tion matrix elements needed to describe the photon in terms of its quark and gluon 
and other Standard Model degrees of freedom. The $$i(xi, ZLi, Xi), are frame in- 
dependent functions of the light-cone fractions xi = k’/p+, the relative transverse 
momenta kL;, and the spin projections Ai, 12 Since the photon is an elementary 
field, the physical photon has a non-zero bare component in the Fock expansion: 
#(x, kL) = 16r3,/mjb( 1 - x)~~(~L)~xx# where 23(A2) is the probability that 
the photon stays a bare photon at the cutoff scale A. 

+ Direct 

Figure 2. Factorization of the resolved photon-photon amplitudes using the light- 
cone Fock basis. In the case of the direct contributions, the photon annihilates within the 
hard scattering amplitude. 

Given the photon’s Fock expansion we can calculate the photon- photon scatter- 
ing amplitude at high momentum transfer in terms of its constituents’ interactions 
in the factorized form shown in Fig. 2 and 

M = C J 
7#kldx th) 

16n3 
n,m 

tin (xi, klik) J ‘Tif: tlr!C)(yi,tli, h)T.(;‘cd - 

Here TiEca is a sum over all 2 3 2 processes. It is irreducible and contains all 
the interactions, radiative corrections, and loop corrections with ki greater than 
the separation scale A 2. Higher particle processes are generally higher twist and 
thus power-law suppressed at large momentum transfer. In the expansion of the 
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77 scattering amplitude one thus obtains the direct pair production processes from 
the bare photon components as well as the resolved contributions. One can then 
square the matrix element, integrate over undetected variables, and derive the usual 
factorized form for hard scattering processes in QCD, but with the special addition 
of contributions from the direct-direct and direct-resolved yy processes. 

5. Studying WW scattering at a Photon Linear Collider 

One of the most interesting potential applications of photon-photon collisions at 
a high energy linear collider is WW scattering, as illustrated in Fig. 3. 

YJ+g+g+x+ y<+ l -- 

t-hannel u-channel 795 7- 

Figure 3. Illustration of WW scattering at a photon-photon collider. The kinematics 
of the interacting W’s can be determined by tagging the spectator W’s. The interacting 
pair &I scatter or annihilate, for exampl‘e into a Higgs boson. 

In this process’ each photon is resolved as a WW pair. The interacting vec- 
tor bosons can then scatter pair-wise or annihilate; e.g., they can annihilate into a 
Standard Model Higgs boson2’ or a pair of top quarks. In principle, one can use 
this process as a nearly background-free laboratory for studying WW interactions. 
The scattering reaction leads to two W’s emerging at large transverse momentum 
in the final state accompanied by two W’s at m w Mw focussed along the beam 
direction. We can estimate the cross section for yy + WWWW to be of order 
qy-WWWW N (f)” log2 fi UWW+WW Since the splitting function of photon into 
spin-one particles has a simile structure as a function of x, transverse momentum, 
and helicity, one has the potential to focus on specific W helicities and WW channels. 

The splitting function for y + W+W- can be relatively flat for some W helicities, 
so that one has a high probability for the W’s to scatter with a high fraction of the 
energy of the photon. One can thus study tree graphs contributions derived from 
photon, Z, or Higgs exchange in the t-channel, and IIII in the case of identical W’s, 
the additional u-channel amplitudes. In the case of oppositely-charged W’s, s-channel 
annihilation processes such as W+W- ---) t? contribute. The largest cross sections 
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will arise if the W’s obey a strongly coupled theory; in this case the longitudinal 
W’s scattering amplitude saturates unitarity and the corresponding yy + WWWW 
cross section will be maximal. 

6. Photon Structure Functions at the Next Linear Collider 

A classical test of QCD in yy collisions is the study of the photon structure 
functions,21’22 F{(z, Q2), i = 1,2,3. (See Fig. 4.) At an NLC the back-scattered 
laser beam provides a high energy polarized target photon, and the neutral current 
probe is obtained by tagging the scattered electron at momentum transfer squared Q2. 
One can also reconstruct the charged current contributions where the electron scatters 
into a neutrino from calorimetric measurements of the recoiling system. It also should 
be possible to identify the separate charm, bottom, top and W contributions to the 
photon structure functions. 

Figure 4. Neutral and charged current contributions to the photon structure function. 

The photon structure function receives hadron-like contributions from the pho- 
ton’s resolved Fock components as well as its direct component derived from the 
Y*Y -+ qq timelike QCD Compton amplitude. Because of the direct contributions, 
the photon structure functions obey an inhomogeneous evolution equation: 23 The 

result, as first shown by Witten: is that the leading order QCD structure functions 

of the photon have a unique scaling behavior: J-1(x, Q2) = weal, F2(d?2) = 
f2(4, F3(x,Q2) = f3BoxW. H’ h lg er order contributions have been computed by a 
number of authors. In particular, the effects of heavy quarks at leading and next-to- 
leading order in CK# have been computed in detail by E. Laenen, et a?’ A comparison 
of the QCD predictions given by Laenen et al.with data from the PLUTO experiment 
at PETRA for the photon structure function at (Q2) = 5.9 GeV2 is shown in Fig. 
5. The underlying contribution due to charm at leading and higher order is also 
shown. The shape and normalization of the structure functions predicted by PQCD 
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appears to be consistent with experiment although the detailed results depend on the 
assumed shape of the photon’s gluon distribution. Despite the explicit appearance 
of the running coupling constant in the leading photon structure function J’l, and 
the surprisingly good estimate given by the leading order term, model-independent 
predictions for the normalization of the coefficient of the running coupling constant 
beyond leading order have proved difficult because of the complications of separating 
the resolved and direct contributions?6 
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Figure 5. Comparison of perturbative QCD predictions with PLUTO data for the 
photon structure function at Q2 = 5.9 GeV2. The charm quark contribution from leading 
and higher order QCD is also shown. From RRf. 25. 

The most characteristic behavior of the photon structure function F,‘(z, Q2) in 
QCD is its continuous linear rise of with log Q* at fixed z. As emphasized by Peterson, 
Walsh and Zerwasf’ the fact that this tree graph behavior is preserved to all orders in 
perturbation theory is due to the balance in QCD between the increase of the phase 
space for gluon emission in the scattering processes versus the decreasing strength of 
the gluon coupling due to asymptotic freedom. Although the logarithmic rise of the 
Born approximation result is preserved, the shape of h(z) is modified by the QCD ’ 
radiation. 

Peterson, Walsh, and Zerwas2’ and Miller’* have considered a gedanken modifi- 
cation of QCD such that the running coupling constant freezes to a constant value at 
large momentum transfer. In this case, as illustrated in Fig. 6, the photon structure 
function stops rising at high Q* due to the increased phase space for gluon radiation. 
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uds Quarks 

Figure 6. The rise of the photon structure’s second moment with logQ2 as predicted 
in QCD contrasted to its behavior in a frozen coupling constant theory. From Ref. 27. 

Thus probing the QCD photon structure functions at the high momentum transfers 
available at the NLC will provide a valuable test of asymptotic freedom. However, to 
make these results definitive, onezyill need to extend the QCD predictions to include 
contributions from yZ couplings as well as effects due to Higgs, W’s and super- 
symmetric particles. Extended predictions allowing for both photon and electron 
polarization are also needed. 

A linear collider can also provide a clear and simple test of QCD in the case 
where both electrons are tagged at large momentum transfer so that both photons 
are virtual. The leading contributions to the photon structure functions take on the 
point-like form characteristic of the direct photon couplings to the quarks. 

6.1 Jet Physics at a Photon Linear Collider 

The distinction between the direct versus resolved hadron-like contributions to 
photon interactions becomes especially clear in two- photon jet physics. If both pho- 
tons couple directly to a pair of quarks, the final state is similar to that of e+eT 
annihilation: two co-planar jets are produced without any source of hadronic spec- 
tators emitted along the beam direction. Such events would be extraordinarily rare 
at an the analogous meson-meson collider. 

In the case of once-resolved processes, one photon scatters directly on a con- 
stituent quark of the other photon, leaving spectators just in one beam direction. 
In the case of twice-resolved two-photon processes, jets are produced by any of the 
various qq qg and gg QCD 2 to 2 scattering subprocesses. Despite their markedly 
different origins, the cross sections for these two photon jet production processes are 
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all scale invariant in leading order8’29; that is, in leading logarithm approximation, 
they each have the form: 

& (~7 ---) Jet + X) = $ QT, km) . 

The logarithmic fall-off of the subprocess cross section is precisely compensated by 
the increasing strength of the resolved photon structure function. The XT = 28et/& 
dependence of F(xT, ecm) has a power-law fall-off at large ST: w (1 - ZT)~ where 
the index N can be computed at x w 1 simply by counting the number of beam 
spectators.’ 
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Figure 7. QCD contributions to jet transverse momentum cross section in yy col- 
lisions. The resolved contributions are based on the Drees-Godpole model for the gluon ’ 
distribution in the photon. Rom Ref. 30. 

An illustration of the various contributions to the jet transverse momentum dis- 
tribution from direct, single and twice resolved contributions as calculated by Drees 
and Godpole is shown in Fig. 7.30 The dotted curve shows the background from e+e- 
annihilation events with single hard photon radiation from the initial state. A recent 
comparison of these predictions for single jet and two jet processes with TRISTAN 
data3’ obtained from thrust and other jet variable analyses appear to confirm the 
presence of both direct and resolved contributions, although there are uncertainties 
from higher order corrections to the jet rate normalization and the assumed form of 
the photon’s gluon distribution.The largest uncertainty in these results is due to the 

30,32 
unknown form of the gluon distribution within the resolved photon. 
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7. Contribution from Mini-Jets to the yy Cross Section 

One of the uncertainties concerning QCD predictions for photon- photon collisions 
is the size of the total inelastic cross section which can be attributed to from mini- 
jets, i.e., jets of pi beyond a cutoff of order of a few GeV. Early work by Drees 
and Godpole 3o had suggested that the production rate for mini-jets could rise so 
fast with energy that mini-jets would provide a significant and troublesome minimum 
bias background to the study of e+e- events at an NLC. However, recent analyses 
by Forshaw and Storrow33 and by Chen, Barklow, and Peskin 34 have now shown 
that the rise of the mini-jet rate is moderate into the TeV linear collider regime, and 
that the resulting backgrounds to physics signals are in fact minimal. 

log 
100 200 loo0 

7-03 
& (GeV2) 7443h8 

Figure 8. The effect of multiple scattering on the mini-jet contribution to the yy 
total cross section. The jet contributions are shown for various pi minimum cut-offs, with 
(solid line) and without (dashed line) the effect of eikonalization. From Ref. 33. 

The new analyses34’33 are based on a two-component form for total inelastic cross 
sections: an energy-independent term 00, plus a rising PQCD contribution obtained 
by integrating 2 + 2 QCD processes from Ptmin = 3.2 GeV to the kinematic limit. 
This parameterization is consistent with the measured rate of mini-jets measured by 
UAl, the energy dependence of the pj5 cross section, as well as uYp(s) determined by 
the ZEUS collaboration at HERA. The cross section for mini-jets must be unitarized 
so that the integral of the cross section da/dy is normalized to inelastic cross section 
times the average multiplicity of mini-jets (n) . As shown in Fig. 8,“” the eikonaliza- 
tion of the subprocess cross section leads to a significant reduction in the predicted 
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value and rise with energy of the yy inelastic cross section. The net result for the 
number of jets with pr > 5 GeV produced per crossing at an NLC is only of order 5 
to 8 ~10~~ for typical linear collider designs. 

The physics of unitarization has been analyzed from a different perspective by 
Ginzburg, Ivanov and Serbo.35 In the regime syt >> p$ > p2, where p is the 
confinement scale of QCD, one can apply perturbative QCD to compute the set of 
gluon exchange chains representing the QCD Pomeron, as in Lipatov’s well-known 
work. It is also possible to compute the double diffractive contribution where two 
gluon chains to recombine leaving a rapidity gap between the di-jets. Ginzburg 
et ~2. argue that eikonalization must be taken into account when the rates for these 
two processes become equal. With this assumption, they find that ei)konal corrections 
must be applied to the perturbative QCD factorized predictions for the jet production 
cross section at & = 500 GeV even at jet transverse momentum as large as pi = 26 
GeV. 

8. The Photon-Hadron Coherence Length 

At very high energies the hadronic component of a photon state resembles a 
coherent sum of vector mesons. The coherence time, as discussed by Ioffe36 and by 

Yennie et al.B7 is AT = & = $$& . for intermediate vector states of mass M. 
Thus in high energies photon-nucleus reactions, a real or virtual photon will generally 
convert to a hadronic system well before interacting in the target, and the energy 
and nuclear size dependence of the photon-induced cross sections will resemble that 
of meson-induced reactions. In fact, as shown in Ref. 38, the coherence time of 
a virtual photon depends on whether its polarization is longitudinal or transverse: 
7L = =/a. Thus shadowing of the nuclear photoabsorption cross section will be 
delayed to higher energies in the case of longitudinal current-nuclear interactions. 

The long coherence length between photons and the intermediate vector states at 
high energies and the resulting photon-hadron duality can be used as a general guide 
to the hadronic interactions of photons at low transverse momentum. In particular 
the long coherence length implies pomeron factorization of photon-induced cross sec- 
tions*‘: uyy = 2 Thus one should be able to track the slow increase of the total 
inelastic photon-photon cross section with that of the yp and pp cross section. 

9. Heavy Quark Pair Production i n y7 Collisions 

The leading contributions to heavy quark production in yy collisions are illus- 
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Figure 9. Direct and resolved contributions to heavy quark production in yy colli- 
sions. 
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Figure 10. QCD leading and next-to-leading order contributions to the inclusive 
charm production cross section. The resolved contributions are based on the Drees-Godpole 
model for the gluon distribution in the photon. From Ref. 40. 
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trated in Fig. 9. The resolved contributions depend in detail on the assumed form 
of the photon’s gluon distribution. 

The cross section for direct heavy quark production cr N ra”/rni is of order 130 
nb and 1300 pb for cc’ and b$ production, respectively. The top pair cross section 
~~7 is of order of 4 u~+~-+~+,,- at the corresponding ‘Op3’ energy. Figure 10 shows the 
prediction of Drees, Kramer, Zunft and Zerwas” for the inclusive charm produc- 
tion cross sections in e+e- + e+e’qqX using the equivalent photon approximation. 
The vertical bars on the left represent the estimated uncertainty due to the scale 
dependence of the lowest order of predictions. The bar on the right shows the de- 
pendence on the quark mass. TPCyr and TRISTAN data for a(e+e- +--$ D’*X) 
are compared with the QCD prediction of Drees et al. in Fig. 11. 

Figure 12 a shows the cross section predicted by Kiihn, Mirkes and Steegborn41 
for tI production including higher order QCD corrections. The predicted rate is given 
for rnt =,150 GeV as a function of the center mass energy of the e+e- collider, where 
a convolution with the computed photon energy spectrum of the back-scattered laser 
beam is assumed. Once the top mass becomes greater than 120 GeV, its decay width 
due to weak decays I = 2I’(t + bW) becomes so large that true bound states tz 

cannot form; nevertheless there can be significant threshold effects. 42’43’44 As shown in 
Fig. 12b, if rni < 200 GeV and the experiment resolution in Mmtj is sufficient, then it 
may be possible to resolve the predicted structure of the yy + tt cross section near the 
top threshold. Detailed predictions for this threshold dependence as a function of the 
top quark mass have been given by Bigi, Gabbiani, and Khoze.43 The combination 
of 77 (C = +)and e+e’ (C = -) measurements of the tf threshold spectrum could 
provide a very precise value for the top quark mass. 

10. W Pair Production in a 77 Collider 

One of the most important applications of two photon physics is the direct produc- 
tion of W pairs. By using polarized back-scattered laser beams, one can in principle 
study yy + W+W- production as a function of initial photon helicities as well as 
resolve the W helicities through their decays. The study of ry + W+W- is compli- 
mentary to the corresponding e+e- + W+ W- channel, but it also can check for the 
presence of anomalous four-point 77 * WW interactions not already constrained by 
electromagnetic gauge invariance, such as the effects due to W* exchange. 

The main focus of the pair production measurements are the values of the W 
magnetic moment pw = & (1-rc-X) and quadrupole moment Qw = -& (6-X). 
The Standard Model predicts n = 1 and X = 0, up to radiative corrections analogous 
to the Schwinger corrections to the electron anomalous moment. The anomalous 
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Figure 11. TPCyy, TASSO, and TRISTAN data for a(e+e- + e+e’D’*X) com- 
pared with the QCD prediction of Drees ei al. From Ref. 40. The dashed lines show 
the once-resolved contributions. The upper line is p = m, = 1.3 GeV. The lower line is 
p - 2mc, m, = 1.8 GeV. 
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Figure 12. (a) Effective croes section (a(~ + ts)) /a(e+e-),* with (solid) and with- 
out (dashed) QCD corrections for m: = 150 GeV. The convolution with a back-scattered 
lmr spectrum (w = 1.26 eV) is included. (b) The effective differential cross section 
d (4YY + a> ld z cr e+e-)pt / t and the resonance signal predicted at ,/G = 500 GeV. 
Here z = &its/J=. From Ref. 41. 
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moments are thus defined as PA = PW - & and QA = QW + $$. 

The fact that PA and QA are close to zero is actually a general property of any 
spin-one system if its size is small compared to its Compton scale. For example, 
consider the Drell-Hearn-Gerasimov sum rule 45 for the W magnetic moment: & = 

(P - +)2 = 3 J”l$ hw - CA(v)]. Here flP(A) is the total photoabsorption cross 
section for photons on a W with (anti-) parallel helicities. As the radius of the W 
becomes small, or its threshold energy for inelastic excitation becomes large, the 
DHG integral and hence & vanishes. Hiller and I have recently shown46 that this 
argument can be generalized to the spin-one anomalous quadrupole moment as well, 
by considering one of tht,unsubtracted dispersion relations for near-forward y spin- 
one Compton scattering : 

I 
co 

/ 
IT-II (fl’ht) - fAb, t)) - 

Here v = (s - u)/4. One again sees that in the point-like or high threshold energy 
limit, both PA 3 0, and QA 3 0. This result applies to any spin-one system, even to 
the deuteron or the p. The essential assumption is the existence of the unsubtracted 
dispersion relations; i.e., that the anomaIous moments are in principle computable 
quantities. 

In the case of the W, the finite size correction is expected to be order m2/A2, 
since the underlying composite theory should be chiral to keep the W mass finite 

‘* as the composite scale, A becomes large. Thus the fact that a spin-one system has 
nearly the canonical values for its moments signals that it has a small internal sizes; 
however, it does not necessarily imply that it is a gauge field. 

Yehudai” has made extensive studies of the effect of anomalous moments on 
different helicity amplitude contributing to yy -+ W+W- cross section. Figure 
13 shows the differential cross section for the process yy + W+W- in units of 
Q,+,--++,,- as a function of center mass angle for A = 0,O.l and n = 1,O.l. The 
empirical sensitivity to anomalous couplings from 77 reactions is comparable and 
complimentary to that of e+e- --) W+W’. 

11. Vector Boson Pair Production in Photon-Photon Collisions 

As emphasized by Jikia: pairs of neutral gauge bosons of the Standard model 
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Figure 13. Differential cross sections for producing a W pair of a specific helicity 
combination at &, = 500 GeV as a function of cost). The curves are: 
1: (++++)+(-), 2: (+++-)+(++-+)+(-+-)+(-+), 
3: (++-)+(-++), 4: (+-++)+(-+++)+(+-)+(-+-), 
5: (++)+(-++)+(-+t)+(+-+), 
6: (+t)+(-+o-)+(+-o)+(-++O)+(+-+O)+(-tO)+(+-~)+(-+O+), 
7: (tOO)+(-+OO), 8: (++O+)+(-O-)+(+++O)+(-O), 
9: (++OO)+(-oO), 10: (++O-)+(++-0)+(-0+)+(-+O). 
The notation indicates (ArXrX&), where Xl,Az,& and X4 are the helicities of the two 
photons and the W+ and the W’ respectively. From Ref. 49. 

can be produced in yy reactions through one loop amplitudes in the Standard Model 
at a rate which should be accessible to the NLC. For example, the Standard Model 
one-loop contributions for the reaction yy + 2’2’ is shown in Figure 14. These high 
energy physics “petroglyphs” are computed by Jikia using the background nonlinear 
gauge in order to avoid four-point couplings between the ghost fields and the W fields. 
The ghost fields include Faddeev-Popov ghost fields as well as scalar W auxiliary 
fields. 

A familiar example of this type of quantum mechanical process is the production 
of large invariant mass 77 final states through light-by-light scattering amplitudes. 
Leptons, quarks, and W all contribute to the box graphs. The fermion and spin-one 
exchange contributions to the 77 + yy scattering amplitude have the characteristic 
behavior M - s ‘f(t) and M N isf(t) respectively. The latter is the dominant 
contribution at high energies, so one can use the optical theorem to relate the for- 
ward imaginary part of the scattering amplitude to the total ry --+ W+W- cross 

So sect ion. The resulting cross section a(~? --) 77) is of order 20 fb at fi,, , corre- 
sponding to 200 events/year at an NLC with luminosity 10 fb-‘. 

Figure 15 shows the effective cross section for yy + 2’7 at an NLC assuming 
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Figure 14. Standard Model one-loop contributions to the reaction yy + 2.2 including 
ghost c* and scalar w contributions in the background nonlinear gauge. From Ref. 50. 

the back-scattered laser spectrum.” The rate for transversely polarized 2 dominates 
strongly over longitudinal 2, reflecting the tendency of the electroweak couplings to 
conserve helicity. The cross section for ye + 2~7 at J;;,+,- = 500 GeV is estimated 
by Jikia to be 32 fb, corresponding to 320 NLC events/year. As we discuss below, 
the channel 77 + 2~2~ provides a serious background to Higgs production in yy 
collisions. 

12. Resonance Production at a Photon-Photon Collider 

A unique advantage of a photon-photon collider is its potential to produce and 
determine the properties of fundamental C = + resonances such as the Higgs boson, 

as illustrated in Fig. 51’14 1. The resonance condition is (q1 +q2)2 = 4~1~2 = A!;. The 
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Figure 15. The effective cross section for 77 + Z”y at an NLC taking into account 
the back-scattered laser spectrum. The fermion and W  loop contributions are shown for 
the production of a transversely (T) and longitudinally (L) polarized Z”. The incident 
photons are taken to have positive helicity. From Ref. 50. 

initial state resolution is unavoidably broadened when one folds in the back-scattered 
laser energy spectrum. Explicit calculations are given in Refs. 52, 53, and 54. One 
can also use the transverse polarization of the colliding photons to distinguish the 
parity of the resonance: the coupling for a scalar resonance is cl - c2 versus cl x Icr . c2 
for the pseudoscalar. More generally, one can use polarized photon-photon scattering 
to study CP violation in the fundamental Higgs to two-photon couplings.” In the 
case of electron-photon collisions, one can use the transverse momentum fall-off of 
the recoil electron in ey -+ e’H” to measure the fall-off of the 7 ---) Higgs transition 
form factor and thus $eck the mass scale of the internal massive quark and W  loops 
coupling to the Higgs. 

The present-day analog of 77 -+ Higgs production is the production of narrow 
charmonium states. For example, the TPCyy collaboration at PEPS7 has reported 
the observation of 6 Q events, which gives IYrr(qc) = 6.4 ‘2.: KeV. Higher luminosity 
facilities such as CESR or a B-factory should allow extensive measurements of yy 
physics at the charm threshold. 

If the Higgs has a mass less than 140 GeV, its dominant decay channel is H + bb. 
The signal for 77 + H + bz for Higgs masses in this region must then compete 
with heavy quark backgrounds such as those shown in Fig. 16.” The partial cross 
section a(~7 + H + bb) and backgrounds are evaluated for a range of Higgs mass, 
assuming the resolution in the mass of the b$ system is f 10 GeV, the b-quark 
angular acceptance is 1 cos0l < 0.85, and the b rapidity range is IyI < 1.5. Since the 
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Figure 16. The partial cross section B(H + $6)u(yy + Ho) coypared with heavy 
quark pair production backgrounds. The experimental resolution in the bb mass is assumed 
to be 10 GeV. From Ref. 58. 

signal is much less than the heavy quark cross sections, it will be essential to have 
efficient b tagging and excellent mass resolution. 

_ When the mass of the Higgs is greater than twice the 2 mass, its major decay 
channel will be H ---) 2~2~. However, as Jikia 50 has emphasized, the continuum 
background from yy + ZTZT is very large. An estimate of the magnitude of the 
background cross section, ~(yy --$ ZT) N ZT w 250 fb can be obtained simply by 
scaling the yy --+ yy rate by the coupling ghwz/e4 N 11 since the amplitude is 
dominated by the W  loop, However, it appears possible to discern the Higgs signal 
in yy collisions if the Higgs mass is 300 GeV or less, and one has excellent resolution 
in the ZZ invariant mass. (See Fig. 17.). 0 ne also has to suppress the very large 
backgrounds from yy + W+W-. For example, Jikia” considers the case MH = 300 
GeV, at ,/G = 400 GeV. After folding in the spectrum of the back-scattered laser 
beams, he estimates number of events in the range 290 < Mzz < 3lOGeV in one 
NLC year is 100; 70 from H + ZLZL, and 30 from the background. 

Jikia 59 and Bowser-Chao et a1.6’ have also shown that the rate or yy to 2 Higgs is 
not negligible compared to the single Higgs rate. The cross section for o(yy -+ HH) 
is shown in Fig. 18 as a function of Higgs mass. Again one sees that the W  loop 
contributions generally dominate for the expected range of top quark masses. 

13. Single Top Quark Production 

A single top quark can be produced in electron-photon collisions at an NLC 
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Figure 17. Comparison of the Higgs signal in yy collisions for MH = 250, 300, and 
350 GeV at Js~+~-) = 500 GeV with the background from yy -+ ZZ. The angular cut 

_ Icos(0)j < cos30” was imposed. From Fief. 50. 
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Figure 18. The total yy + HH Higgs pair production cross section at 6 = 2 
TeV for equal photon helicities Ar = A2 = 1 as a function of the Higgs mass. The solid 
line is the total cross section, the dashed line is the W boson contribution, and the dotted 
line is the top quark contribution. The results are shown for ml = 100, 150 and 200 GeV. 
From Ref. 50. 
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Figure 19. The single top production cross section and its competing backgrounds 
_ in high energy electron-photon collisions. From Ref. 53. 

through the process e-y + W-iv. 61,53 This process can be identified through the 
t + W+b decay with W + .&. The rate is thus sensitive to the Vtb matrix element 
and possible fourth generation quarks and anomalous couplings. An interesting back- 
ground is the virtual W process ey -+ W* - Y + W-Hv, where the Higgs boson 
decays to bz and W- + fi. The rates for the signal and background processes as a 
function of fie+,- computed by Cheung 53 and Yehudai 4g are shown in Fig. 19. 

14. Higgs Plus Top Quark Pair Production 

The tree process yy + tf + H can provide a direct measure of coupling of the 
Higgs boson to heavy quarks. The cross section has been estimated by Booss4 and 
Cheungs3 to be of order 1 to 5 fb Cheungs3 has also computed the radiative 
corrections to yytf from final state Higgs exchange interactions. The correction is of 
O(2 - 4%) for typical values of the Higgs boson mass and top quark mass. 

15. Single and Double Diffraction in Photon-Photon Collisions 

22 



The high energies of a y7 collider will make the study of double diffractive 
yy + V”Vo and semi-inclusive single diffractive processes yr -+ VOX in the Regge 
regime s >> ItI interesting. (See Fig. 20.) Here V” = p,w+, J/$, . . . If ItI is taken 
larger than the QCD confinement scale, then one has the potential for a detailed 

62 study of fundamental Pomeron processes and its gluonic composition. As in the 
case of large angle exclusive yr processes, the scattering amplitude is computed by 
convoluting the hard scattering PQCD amplitude for 77 + qqq7j with the vector me- 
son distribution amplitudes. As shown by Chernyak and Zhitnitsky,63 the two gluon 
exchange contribution dominates in the Regge regime, giving a characteristic exclu- 
sive process scaling law of order g (77 --+ V”Vo) - a, 4(l)/t6. Recently, Ginzburg et 
CL” have shown that the corresponding 77 -+ pseudoscalar and tensor meson chan- 
nels can be used to isolate the Odderon exchange contribution, that is contributions 
related at a fundamental level to three gluon exchange. 

(a) 
Y 

Y 

v”= p, a, $, J&t. --a 

V” 

f = x, I&, 4’ $9 -‘a 

PO, T” 7-93 
7493A19 

Figure 20. Perturbative QCD contributions to large momentum transfer exclusive 
double diffractive ye processes. The two-gluon exchange pomeron contributions to vector 
meson pair production and three-gluon exchange odderon contributions to neutral pseu- 
doscalar and tensor meson pair production are illustrated. 

16. Conclusions 

Photon-photon collisions at a linear e+e- collider in the TeV range will provide 
an extraordinary window for testing electroweak and QCD phenomena as well as 

64 
proposed extensions of the Standard Model, such as supersymmetry, technicolor, 
and other composite models. Two-photon physics is unique in that virtually all 
charged particles and their bound states and resonances with positive C can be 
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produced; in addition one can access pairs of fundamental neutral particles through 
one-loop corrections. It will be essential to have the capability of back-scattered laser 
beams at the NLC, since it is expected that the resulting luminosity and effective 
energy of photon-photon and photon-electron collisions will be comparable to that 
of the primary e+e- collisions. Such a facility, together with polarized electron 
beams, will also allow the study of the physics of highly-polarized photon-photon 
and electron-photon collisions. There is also a wide range of physics topics which 
could be addressed in polarized electron-electron collisions, if such a capability were 
available at the NLC.65 

Two-photon physics is an extensive phenomenological field, having elements in 
common with both e+e- and hadron-hadron collisions. However, the combination 
of direct photon and resolved processes gives two photon physics an extra dimen- 
sion in probing new phenomena. For example, since each photon can be resolved 
into a W+W- pair, high energy photon-photon collisions can provide a remark- 
ably background-free laboratory for studying WW collisions and annihilation. Thus 
a photon-photon collider can also become the equivalent a WW collider to study 
whether the interactions of longitudinally polarized W’s are controlled by Higgs an- 
nihilation and exchange or a new type of strong interaction. 

It is clear that gg collisions are an integral part of the NLC physics program. It 
was possible to highlight only a small part of the possible new 77 physics topics here. 
At present energies, studies of 77 collisions at CESR, PETRA, PEP, TRISTAN, and 
LEP have.led to a number of important tests of perturbative and non-perturbative 
QCD in exclusive and inclusive reactions, heavy quark phenomena, and resonance 
formation. Reviews of the results of these experiments and the underlying theory of 
77 collisions are given in Refs. 1, 2, 4, 5 and in the proceedings of the International 
Workshops on Photon-Photon collisions. 
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