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High intensity back-scattered laser beams will allow the efficient conversion of a substan-
tial fraction of the incident lepton energy into high energy photons, thus significantly
extending the physics capabilities of an e−e± linear collider. The annihilation of two

photons produces C = + final states in virtually all angular momentum states. An im-
portant physics measurement is the measurement of the Higgs coupling to two photons.

The annihilation of polarized photons into the Higgs boson determines its fundamental
H0 → γγ coupling as well as determining its parity. Other novel two-photon processes
include the two-photon production of charged pairs τ+τ−, W+W−, tt̄, and supersym-

metric squark and slepton pairs. The one-loop box diagram leads to the production
of pairs of neutral particles such as γγ → Z0Z0, γZ0, and γγ. At the next order one

can study Higgstrahlung processes, such as γγ → W+W−H. Since each photon can be
resolved into a W+W− pair, high energy photon-photon collisions can also provide a
remarkably background-free laboratory for studying possibly anomalous WW collisions

and annihilation. In the case of QCD, each photon can materialize as a quark anti-quark
pair which interact via multiple gluon exchange. The diffractive channels in photon-

photon collisions allow a novel look at the QCD pomeron and odderon. The C = −
odderon exchange contribution can be identified by looking at the heavy quark asymme-
try. In the case of eγ → e′ collisions, one can measure the photon structure functions and

its various components. Exclusive hadron production processes in photon-photon colli-
sions provide important tests of QCD at the amplitude level, particularly as measures

of hadron distribution amplitudes which are also important for the analysis of exclusive
semi-leptonic and two-body hadronic B-decays.

1. Introduction

One of the important areas of investigation at the proposed high energy electron-

positron linear collider will be the study of photon-photon collisions. Since photons

couple directly to all fundamental fields carrying the electromagnetic current—

leptons, quarks, W ′s, supersymmetric particles, etc.—high energy γγ collisions will

provide a comprehensive laboratory for exploring virtually every aspect of the Stan-

dard Model and its extensions 1,2,3,4,5,7,8. Effective photon beams from virtual

bremsstrahlung provide access to low energy quasi-real γγ collisions 9,10,11,12. A

large number of studies have been performed at the 4 detectors at LEP, at CESR,

BaBar, Belle, VEPP-4, VEPP-2, Adone, and other e+e− storage rings. The QED

processes e+e− → e+e−µ+µ− and e+e− → e+e−τ+τ− have been studied at the

L3 detector at LEP at 161 GeV <
√
s < 209 GeV. The muon pair invariant mass

1



April 14, 2004 16:22 WSPC/INSTRUCTION FILE pub10410a

2

was measured in the range 3 GeV < Wγγ < 40 GeV. Good agreement was found

with O(α4) QED expectations. In addition, limits on the anomalous magnetic and

electric dipole moments of the tau lepton were obtained 13.

It should be noted that significant deviations from QCD predictions have been

reported by the L3 and OPAL collaborations at LEP for the cross sections of inclu-

sive single-particle, jet, and beauty production 14,15,16,17 in γγ collisions. A recent

review of these measurements has been given by Braccini 18. For example, the pro-

duction of c and b quarks in γ−γ collisions has been studied by L3 at Wγγ =
√
sγγ

from 189 GeV to 202 GeV. The measured cross sections are in excess of the next-

to-leading order perturbative QCD predictions by a factor of 3 14. See Fig. 1.
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Fig. 1. The open charm and beauty production cross section in two-photon collisions. The L3 data
from both electron and muon events are combined. The statistical and systematic uncertainties are
added in quadrature. The dashed line corresponds to the direct process contribution and the solid

line represents the next-to-leading-order QCD prediction for the sum of the direct and resolved
processes.

The cross section for π±, π0 and K0
s inclusive production in the reaction γγ →

hadrons has been measured as a function of the transverse momentum and the pseu-

dorapidity by L3 15,16 and OPAL 17. Agreement with respect to QCD predictions

is found for all particles at pt < 4 GeV; however the data are significantly higher

than the QCD predictions for π± and π0 at high pt, as shown in Fig. 2.

The advent of back-scattered laser beams for e±e− colliders will allow the ef-

ficient conversion of a substantial fraction of the incident lepton energy into high
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Fig. 2. L3 measurement of inclusive charged hadron production in two-photon collisions compared

with QCD predictions.

energy photons 19,20. When a polarized laser beam Compton-scatters on a polarized

electron beam, each electron is effectively converted into a polarized photon with a

high fraction of its energy. The technology for the required high-powered lasers is

well along in development 21. The effective luminosity and energy of photon-photon

collisions from back-scattered laser beams is expected to be comparable to that

of the primary electron-positron collisions. Polarized electron-photon collisions are

also an important by-product of this program a

The high energy luminosity, and polarization of back-scattered laser beams thus

has the potential to make photon-photon collisions a key component of the physics

program of the next linear collider 1,2. This capability will allow detailed studies

of a large array of high energy γγ and γe collision processes, including polarized

beams. The physics program includes tests of electroweak theory in photon-photon

annihilation such as γγ → W+W−, γγ → neutral and charged Higgs bosons, and

aAn analogous QCD process—gluon-quark Compton scattering—could have interesting conse-
quences in heavy ion collisions, where the repeated Compton backscattering of gluons on colliding
quarks can produce a “gluon avalanche”, thus providing a dynamical mechanism for initiating a

quark gluon plasma 22.
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higher-order loop processes, such as γγ → γγ, Zγ,H0Z0 and Z. Since each photon

can be resolved into a W+W− pair, high energy photon-photon collisions can also

provide a remarkably background-free laboratory for studying WW collisions and

annihilation. There are also important high energy γγ and eγ tests of quantum chro-

modynamics, including the production of two gluon jets in photon-photon collisions,

deeply virtual Compton scattering on a photon target, and leading-twist single-spin

asymmetries for a photon polarized normal to a production plane. Exclusive hadron

production processes in photon-photon collisions provide important tests of QCD

at the amplitude level, particularly as measures of hadron distribution amplitudes

which are also important for the analysis of exclusive semi-leptonic and two-body

hadronic B-decays. Some of these processes are illustrated in Fig. 3.

The photon-photon collider is also compatible with e−e− collisions which are

interesting in their own right 23. Some of the interesting processes are the pro-

duction of single and double-charged Higgs bosons via e−e− → Z0e−W−ν →
H−e−ν and e−e− → W−νW−ν → ννH−−; studies of Z0Z0 → H0 fusion in

e−e− → Z0e−Z0e− → H0e−e−; measurements of elastic vector boson scattering in

e−e− →W−νW−ν → ννW−W−; including tests of the 3- and 4-point Z0Z0 → Z0,

W−Z0 → W−, and W−W− → W−W− couplings via e−e− → Z0e−Z0e− →
Z0e−e− and e−e− → Z0e−W−ν →W−e−ν; studies of the W QCD structure func-

tion in e−e− → e−γ∗W−ν → qq̄ν; as well as measurements of high momentum

transfer e−e− elastic scattering. Some of these processes are illustrated in Fig. 4.

Photon-photon collisions can be classified as follows: (A) The photons can an-

nihilate into a charged pair such as γγ → W+W−, qq̄, lepton pairs or charged

Higgs; (B) the photons can produce neutral pairs via loop diagrams such as

γγ → Z0Z0, γZ0 and γγ → gg ; or (C) the photons can each couple to sepa-

rate charged pairs which scatter by a gauge particle exchange: γγ → q1q̄1q2q̄2; (D)

the photons can fuse to produce a single C = + resonance such as a neutral Higgs,

an ηb, or χb higher orbital state. Exclusive hadronic final states such as meson or

baryon pairs can be formed. In each case, a state of even charge conjugation C is

produced in a general partial wave. A recent survey of the physics potential of ee

eγ and γγ colliders has been given by De Roeck 3. A detailed study of Higgs pro-

duction in the Standard Model and the Minimal Supersymmetric Standard model

(MSSM) has been summarized by Krawczyk 4 and Asner 24. Probes of the physics

of alternative models, such as the “little Higgs” model 25 is discussed by Asner et

al. 2. A review of recent experimental results in two-photon interactions is given by

Urner 5.

Table I summarizes some of the important processes accessible at a photon

collider, as itemized by Boos et al. 6 One can add processes such as eγ → e∗,

leptoquark production, strong WW scattering, and eγ → eH.

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.

A simulation of events for γγ → H0 → bb̄ is shown in Fig. 5. One can also use the
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Fig. 3. Representative γγ processes accessible at a high energy photon-photon collider.

transverse polarization of the colliding photons to distinguish the parity of the

resonance: the coupling for a scalar resonance is ǫ1 · ǫ2 versus ǫ1 × k1 · ǫ2 for the

pseudoscalar. More generally, one can use polarized photon-photon scattering to
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Fig. 4. Representative e−e− processes.

study CP violation in the fundamental Higgs to two-photon couplings 26,27,28. In

the case of electron-photon collisions, one can use the transverse momentum fall-

off of the recoil electron in eγ → eH0 to measure the fall-off of the γ → Higgs

transition form factor and thus check the mass scale of the internal massive quark

andW loops coupling to the Higgs 29. The cross sections for pairs of scalars, fermions

or vectors particles are all significantly larger (by about one order of magnitude) in

γγ collisions than in e+e− collisions, as demonstrated in Fig. 6.

Unlike the e+e− annihilation cross section, which falls at least as fast as 1/s,

many of the γγ cross sections increase with energy. The energy dependence of a

cross section follows from the spin of the exchanged quanta. Using Regge analysis,

a two-body cross section dσ
dt

∝ s2αR(t)−2β(t) at fixed t where αR is the spin of the

exchanged particle or effective trajectory. For example, the γγ →W+W− differen-

tial cross section is constant at high energies since the spin of the exchanged W is
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Table 1. Update of the Gold–plated processes at photon col-

liders.

Reaction Remarks

γγ → H,h→ bb̄ SM/MSSM Higgs, MH,h < 160 GeV
γγ → H →WW (∗) SM Higgs, 140< MH < 190 GeV

γγ → H → ZZ(∗) SM Higgs, 180< MH < 350 GeV
γγ → H → γγ SM Higgs, 120< MH < 160 GeV
γγ → H → tt SM Higgs, MH > 350 GeV

γγ → H,A→ bb̄ MSSM heavy Higgs, intermediate. tan β

γγ → f̃
¯̃
f, χ̃+

i χ̃
−

i large cross sections
γγ → g̃g̃ measurable cross sections

γγ → H+H− large cross sections

γγ → S[t̃̄t̃] t̃̄t̃ stoponium
eγ → ẽ−χ̃0

1
Mẽ− < 0.9 × 2E0 −Mχ̃0

1

γγ → γγ non-commutative theories
eγ → eG extra dimensions
γγ → φ Radions

eγ → ẽG̃ superlight gravitions

γγ →W+W− anom. W inter., extra dimensions
eγ →W−νe anom.W couplings
γγ → 4W/(Z) WW scatt., quartic anom. W ,Z

γγ → tt̄ anomalous top quark interactions
eγ → t̄bνe anomalous Wtb coupling

γγ → hadrons total γγ cross section

eγ → e−X, νeX NC and CC structure functions
γg → qq̄, cc̄ gluon in the photon

γγ → J/ψ J/ψ QCD Pomeron

αR = j = 1. In fact, after integration over phase space, the cross section for pairs

of vector bosons in photon-photon collisions increases logarithmically with energy.

This is in contrast to σ(e+e− →W+W−) which produces a single W± pair in one

partial wave and falls as 1/s. It is also interesting that a dominant two-jet high

pT reaction in photon-photon collisions at high energies s ≫ p2
T is γγ → gg which

proceeds via two quark loops coupling via gluon exchange in the t channel 30.

2. Standard Model Tests

Since each photon can be resolved into a W+W− pair, high energy photon-photon

collisions produce equivalent effective W± beams, thus providing a remarkably

background-free laboratory for studying WW interactions and testing for any

anomalous magnetic and quadruple couplings. The interacting vector bosons can

scatter pair-wise or annihilate; e.g., they can annihilate into a Standard Model Higgs

boson or a pair of top quarks. There is thus a large array of tests of electroweak the-

ory possible in photon-photon collisions. The splitting function for γ →W+W− can

be relatively flat for someW helicities, so that one has a high probability for theW ’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 in the case of identical W ’s, the additional u-channel amplitudes. In the case
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Fig. 5. Simulation of Higgs events H0 → bb̄ and the related background events at a photon-
photon collider, assuming MH = 120 GeV. The rate for photon-photon collisions will determine

the quantity Γ(H → γγ) × BR(H → bb̄). The arrows show the optimized mass window for the
partial width measurement. See references 3,31,32.

of oppositely-charged W ’s, s-channel annihilation processes such as W+W− → tt̄

contribute. The largest cross sections 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 γγ → WWWW cross section will be maximal. The cross

sections of many Standard Model processes are illustrated in Fig. 7. Reviews of this

physics are given in the references. 6,33,34,35,36

One of the most important applications of two-photon physics is the direct

production of W± pairs. By using polarized back-scattered laser beams, one can in

principle study γγ → W+W− production as a function of initial photon helicities

as well as resolve the W helicities through their decays. The study of γγ →W+W−

is complimentary to the corresponding e+e− → W+W− channel, but it also can

check for the presence of anomalous four-point γγ →WW interactions not already

constrained by electromagnetic gauge invariance, such as the effects due to W ∗

exchange.

A main focus of the pair production measurements are the values of the W

magnetic moment µW = e
2mW

(1−κ−λ) and quadruple moment QW = − e
M2

W

(κ−



April 14, 2004 16:22 WSPC/INSTRUCTION FILE pub10410a

9

Fig. 6. Comparison between cross sections for charged pair production in unpolarized e+e− and

γγ collisions. S (scalars), F (fermions), W (W bosons);
√
s is the invariant mass (c.m.s. energy of

colliding beams). The contribution of the Z0 boson to the production of S and F in e+e− collisions
was not included. From Boos et al. 6

λ). The Standard Model predicts κ = 1 and λ = 0, up to radiative corrections

analogous to the Schwinger corrections to the electron anomalous moment. The

anomalous moments are thus defined as µA = µW − e
MW

and QA = QW + e
M2

W

.

The fact that µA and QA are close to zero is actually a general property of any
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Fig. 7. Typical (unpolarized) cross sections in γγ, γe and e+e− collisions. Solid, dash-dotted and
dashed curves correspond to γγ, γe and e+e− modes respectively. Unless indicated otherwise the
neutral Higgs mass was taken to be 100 GeV. For charged Higgs pair production, MH± = 150 GeV

was assumed. From Boos et al. 6

spin-one system if its size is small compared to its Compton scale. For example,

consider the Drell-Hearn-Gerasimov sum rule 37,38 for the W magnetic moment:

µ2
A =

(
µ− e

M

)2
= 1

π

∫ ∞

νth

dν
ν

[σP (ν)−σA(ν)]. Here σP (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 µ2
A vanishes. Hiller and I have shown 39 that this

argument can be generalized to the spin-one anomalous quadruple moment as well,

by considering one of the unsubtracted dispersion relations for near-forward γ spin-

one Compton scattering 40:

µ2
A +

2t

M2
W

(
µA +

M2

W
QA

)2

=

1

4π

∫ ∞

νth

dν2

(ν − t/4)3
Im (fP (s, t) − fA(s, t)) . (1)

Here ν = (s− u)/4. One again sees that in the point-like or high threshold energy
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limit, both µA → 0, and QA → 0. This result applies to any spin-one system, even to

the deuteron or the ρ. The essential assumption is the existence of the unsubtracted

dispersion relations; i.e., that the anomalous moments are in principle computable

quantities.

In the case of the W , the finite size correction is expected to be order m2/Λ2,

since the underlying composite theory should be chiral to keep the W mass finite

as the composite scale Λ becomes large 41. Thus the fact that a spin-one system

has nearly canonical values for its moments signals that it has a small internal size;

however, it does not necessarily imply that it is a gauge field.

Yehudai 42 has made extensive studies of the effect of anomalous moments on dif-

ferent helicity amplitude contributing to γγ →W+W− cross section. The empirical

sensitivity to anomalous couplings from γγ reactions is comparable and complimen-

tary to that of e+e− → W+W−. A comprehensive analysis of fermion processes in

photon-photon collisions is given by Layssac and Renard 43.

As emphasized by Jikia and Tkabladze 44, pairs of neutral gauge bosons can be

produced in γγ reactions through one loop amplitudes in the Standard Model at a

rate which should be accessible to the NLC. Leptons, quarks, and W all contribute

to the box graphs. The fermion and spin-one exchange contributions to the γγ → γγ

scattering amplitude have the characteristic behavior M ∼ s0f(t) and M ∼ i sf(t)

respectively. The latter is the dominant contribution at high energies, so one can use

the optical theorem to relate the forward imaginary part of the scattering amplitude

to the total γγ →W+W− cross section. The resulting cross section σ(γγ → γγ) is

of order 20 fb at
√
sγγ , corresponding to 200 events/year at an NLC with luminosity

10 fb−1 6. The corresponding γγ → H0Z0 process has been analyzed by Gounaris,

Porfyriadis and Renard 45.

A single top quark can be produced in electron-photon collisions at an NLC

through the process e−γ → W−tν 46. See Fig. 8. 47 This process can be identified

through the t → W+b decay with W → ℓν̄. The rate is strongly polarization

dependent and is sensitive to the structure of the Vtb matrix element, possible

fourth generation quarks, and anomalous couplings. An interesting background is

the virtual W process eγ → W ∗ − ν → W−Hν, where the Higgs boson decays to

bb̄ and W− → ℓν̄.

Schmidt, Rizzo, and I 48,49 have shown that one can use the sign change of the

integrand of the DHG sum rule to test the canonical couplings of the Standard

Model and to isolate the higher order radiative corrections. For example, consider

the reactions γγ → qq, γe → Wν and γe → Ze which can be studied with back-

scattered laser beams. In contrast to the time-like process e+e− →W+W−, the γγ

and γe reactions are sensitive to the anomalous moments of the gauge bosons at

q2 = 0. The vanishing of the logarithmic integral of ∆σ in the Born approximation

implies that there must be a center-of-mass energy,
√
s0, where the polarization

asymmetry A = ∆σ/σ possesses a zero, i.e., where ∆σ(γe→Wν) reverses sign.

The cancellation of the positive and negative contributions 50 of ∆σ(γe → Wν)

to the DHG integral is evident in Fig. 9. We find strong sensitivity of the position
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Fig. 8. Single top quark production cross section in γe collisions. From Boos et al. 47

of this zero or “crossing point” (which occurs at
√
sγe = 3.1583 . . .MW ≃ 254

GeV in the SM) to modifications of the SM trilinear γWW coupling and thus

can lead to high precision constraints. In addition to the fact that only a limited

range of energy is required, the polarization asymmetry measurements have the

advantage that many of the systematic errors cancel in taking cross section ratios.

This technique can clearly be generalized to other higher order tree-graph processes

in the Standard Model and supersymmetric gauge theory. The position of the zero in

the photoabsorption asymmetry thus provides an additional weapon in the arsenal

used to probe anomalous trilinear gauge couplings.

3. Inclusive QCD Tests

Because of the simplicity of its initial state, two-photon collisions provide an im-

portant laboratory for testing coherent and incoherent effects in quantum chro-

modynamics. In QCD events where each photon is resolved 51,52 in terms of its

intermediate quark and gluon states, γγ collisions resemble point-like meson-meson

collisions. One can study detailed features of γγ → tt̄ 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 physics. For example, the
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energy asymmetry of charm quark versus anti-charm jets in four-jet reactions can

measure the interference of the pomeron and odderon 53.

Consider, the cross section for producing two quark pairs. γγ → q1q̄1q2q̄2, which

can be described as the interaction of two color dipoles 54,55. If one of the heavy

quark pairs is a charm or bottom quark pair with a small color dipole moment,

then the multiple gluonic exchange graphs will Reggeize into a hard pomeron, and

one predict a strong energy growth of the production cross section similar to that

observed at HERA in diffractive charm electroproduction 56. The QCD description

of the hard QCD pomeron is given by the BFKL analysis 57. There has been progress

in stabilizing the BFKL predictions at next-to-leading-order by using BLM scale

fixing 58. The analogous QCD physics of the gluon rescattering in diffractive deep

inelastic scattering is discussed in the references 59.

4. The Photon Structure Functions

One can also utilize electron-photon collisions at a linear collider to test the shape

and growth of the photon structure functions 60,61,62,52 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 squaredQ2.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.

The photon structure functions receive hadron-like contributions from the pho-

ton’s resolved Fock components as well as its direct component derived from the
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γ∗γ → qq̄ time-like QCD Compton amplitude. Because of the direct contribu-

tions, the photon structure functions obey an inhomogeneous evolution equation.

The result, as first shown by Witten 63 is that the leading order QCD structure

functions of the photon have a unique scaling behavior: F1(x,Q
2) = h(x) ℓnQ2

Λ2 ,

F2(x,Q
2) = f2(x), F3(x,Q

2) = fBox
3 (x).

The most characteristic behavior of the photon structure function F γ
2 (x,Q2)

in QCD is its continuous linear rise of with logQ2 at fixed x. As emphasized by

Peterson, Walsh and Zerwas 64, 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(x) is

modified by the QCD radiation. If the running coupling constant were to freeze to

a constant value at large momentum transfer, the photon structure function stops

rising at high Q2 due to the increased phase space for gluon radiation. Thus probing

the QCD photon structure functions at the high momentum transfers available at

the NLC will provide a valuable test of asymptotic freedom.

5. The Photon Structure Function and Final-State Interactions

Hoyer, Marchal, Peigne, and Sannino and I 59 have challenged the common view

that structure functions measured in deep inelastic lepton scattering are deter-

mined by the probability of finding quarks and gluons in the target hadron. We

show that this is not correct in gauge theory. Gluon exchange between the fast,

outgoing partons and target spectators, which is usually assumed to be an irrel-

evant gauge artifact, affects the leading twist structure functions in a profound

way. This observation removes the apparent contradiction between the projectile

(eikonal) and target (parton model) views of diffractive and small xBjorken phe-

nomena. The diffractive scattering of the fast outgoing quarks on spectators in the

target in turn causes shadowing in the DIS cross section. Thus the depletion of the

nuclear structure functions is not intrinsic to the wave function of the nucleus, but

is a coherent effect arising from the destructive interference of diffractive channels

induced by final-state interactions. This is consistent with the Glauber-Gribov in-

terpretation of shadowing as a rescattering effect. Similar effects can be present in

the photon structure function; i.e., the photon structure function will be modified

by rescattering of the struck quark with the photon’s spectator system.

6. Single-Spin Asymmetries in Photon-Photon Collisions

Measurements from the HERMES and SMC collaborations show a remarkably large

azimuthal single-spin asymmetries AUL and AUT of the proton in semi-inclusive

pion leptoproduction γ∗(q)p → πX. Dae Sung Hwang and Ivan Schmidt and I 65

have shown that final-state interactions from gluon exchange between the outgo-

ing quark and the target spectator system lead to single-spin asymmetries in deep
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inelastic lepton-proton scattering at leading twist in perturbative QCD; i.e., the

rescattering corrections are not power-law suppressed at large photon virtuality Q2

at fixed xbj . The existence of such single-spin asymmetries requires a phase differ-

ence between two amplitudes coupling the proton target with Jz
p = ± 1

2 to the same

final-state, the same amplitudes which are necessary to produce a nonzero proton

anomalous magnetic moment. We have shown that the exchange of gauge particles

between the outgoing quark and the proton spectators produces a Coulomb-like

complex phase which depends on the angular momentum Lz of the proton’s con-

stituents and is thus distinct for different proton spin amplitudes. The single-spin

asymmetry which arises from such final-state interactions does not factorize into a

product of distribution function and fragmentation function, and it is not related to

the transversity distribution δq(x,Q) which correlates transversely polarized quarks

with the spin of the transversely polarized target nucleon. These effects highlight the

unexpected importance of final and initial state interactions in QCD observables.

Final state interactions will also lead to new types of single spin asymmetries in

photon-photon collisions. For example, in γ∗γ → πX and γ∗γ → jetX we expect

T -odd correlations of the type ~Sγ · ~q × ~p where ~Sγ is the polarization of the real

photon, ~q is the beam direction of an incident virtual photon, and ~p is the direction

of a produced quark or hadron. The resulting asymmetry of the photon polarized

normal to the production plane will be leading twist. As in the proton target case,

the single-spin asymmetry will be sensitive to orbital angular momentum in the

photon wavefunction and details of the photon structure at the amplitude level.

7. Single and Double Diffraction in Photon-Photon Collisions

The high energies of a photon-photon collider will make the study of double diffrac-

tive γγ → V 0V 0 and semi-inclusive single diffractive processes γγ → V 0X in the

Regge regime s ≫ |t| interesting. Here V 0 = ρ, ωφ, J/ψ, · · · If |t| is taken larger

than the QCD confinement scale, then one has the potential for a detailed study

of fundamental Pomeron processes and its gluonic composition. As in the case of

large angle exclusive γγ processes, the scattering amplitude is computed by con-

voluting the hard scattering PQCD amplitude for γγ → qq̄qq̄ with the vector me-

son distribution amplitudes. The two gluon exchange contribution dominates in

the Regge regime 66, giving a characteristic exclusive process scaling law of order
dσ
dt

(γγ → V 0V 0) ∼ α4
s(t)/t

6. Ginzburg, Ivanov and Serbo 67 have emphasized that

the corresponding γγ → pseudoscalar and tensor meson channels can be used to

isolate the Odderon exchange contribution, contributions related at a fundamental

level to three gluon exchange.

In addition, the photon can diffractively dissociate into quark pairs γe→ qq̄e′ by

Coulomb scattering on the incoming electron. This measures the transverse deriva-

tive of the photon wavefunction ∂
∂k⊥

ψqq̄(x, k⊥, λi). This is the analog of the E791 ex-

periment at Fermilab 68 which resolved the pion light-front wavefunction by diffrac-

tive dissociation πA→ qq̄A′ on a nuclear target. The results of the diffractive pion
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experiment are consistent with color transparency, and the momentum partition of

the jets conforms closely with the shape of the asymptotic distribution amplitude,

φasympt
π (x) =

√
3fπx(1 − x), corresponding to the leading anomalous dimension

solution 69 to the perturbative QCD evolution equation.

8. Other QCD Tests in Photon-Photon Collisions

Two-photon annihilation γ∗(q1)γ
∗(q2) → hadrons for real and virtual photons can

thus provide some of the most detailed and incisive tests of QCD. Among the

processes of special interest are:

(1) the production of four jets such as γγ → cc̄cc̄ can test Fermi-color statistics for

charm quarks by checking for the interference effects of like sign quarks 70.

(2) the total two-photon annihilation hadronic cross section σ(s, q21 , q
2
2), which is

related to the light-by-light hadronic contribution to the muon anomalous mo-

ment;

(3) the formation of C = + hadronic resonances, which can reveal exotic states

such as qq̄g hybrids and discriminate gluonium formation 71,72. The production

of the ηB and χB states are essentially unexplored in QCD 73.

(4) single-hadron processes such as γ∗γ∗ → π0, which test the transition from

the anomaly-dominated pion decay constant to the short-distance structure of

currents dictated by the operator-product expansion and perturbative QCD

factorization theorems;

(5) hadron pair production processes such as γ∗γ → π+π−,K+K−, pp̄, which at

fixed invariant pair mass measures the s → t crossing of the virtual Compton

amplitude 74,69. When one photon is highly virtual, these exclusive hadron

production channels are dual to the photon structure function F γ
2 (x,Q2) in

the endpoint x → 1 region at fixed invariant pair mass. The leading twist-

amplitude for γ∗γ → π+π− is sensitive to the 1/x−1/(1−x) moment of the qq̄

distribution amplitude Φπ+π−(x,Q2) of the two-pion system 75,76, the time-like

extension of skewed parton distributions. In addition one can measure the pion

charge asymmetry in e+e− → π+π−e+e− arising from the interference of the

γγ → π+π− Compton amplitude with the time-like pion form factor 9. At the

unphysical point s = q21 = q22 = 0, the amplitude is fixed by the low energy

theorem to the hadron charge squared. The ratio of the measured γγ → ΛΛ̄

and γγ → pp̄ cross sections is anomalous at threshold, a fact which may be

associated with the soliton structure of baryons in QCD 77,78;

(6) Exclusive or semi-inclusive channels can also be studied by coalescence of the

produced quarks. An interesting example is higher generation final state such

as γγ → BcB̄c, which can have very complex angular structure 79.

(7) As pointed out by Hwang 80, one can study deeply virtual Compton scattering

on a photon target in eγ collisions to determine the light-cone wavefunctions

and other features of the photon 81.
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9. Exclusive Two-Photon Annihilation into Hadron Pairs

At large momentum transfer, the angular distribution of hadron pairs produced by

photon-photon annihilation are among the best determinants of the shape of the

meson and baryon distribution amplitudes φM (x,Q) and φB(xi, Q), which control

almost all exclusive processes involving a hard scale Q. The determination of the

shape and normalization of the distribution amplitudes, which are gauge-invariant

and process-independent measures of the valence wavefunctions of the hadrons,

has become particularly important in view of their importance in the analysis of

exclusive semi-leptonic and two-body hadronic B-decays 82,83,84,85,86. There has

also been considerable progress both in calculating hadron wavefunctions from first

principles in QCD and in measuring them using diffractive di-jet dissociation.

Hadron pair production from two-photon annihilation plays a crucial role in un-

ravelling the perturbative and non-perturbative structure of QCD, first by testing

the validity and empirical applicability of leading-twist factorization theorems, sec-

ond by verifying the structure of the underlying perturbative QCD subprocesses,

and third, through measurements of angular distributions and ratios which are sen-

sitive to the shape of the distribution amplitudes. In effect, photon-photon collisions

provide a microscope for testing fundamental scaling laws of PQCD and for mea-

suring distribution amplitudes.

Two-photon reactions, γγ → HH̄ at large s = (k1 + k2)
2 and fixed θcm, pro-

vide a particularly important laboratory for testing QCD since these cross-channel

“Compton” processes are the simplest calculable large-angle exclusive hadronic scat-

tering reactions. The helicity structure, and often even the absolute normalization

can be rigorously computed for each two-photon channel 74. In the case of meson

pairs, dimensional counting predicts that for large s, s4dσ/dt(γγ →MM̄) scales at

fixed t/s or θcm up to factors of ln s/Λ2. The angular dependence of the γγ → HH̄

amplitudes can be used to determine the shape of the process-independent distribu-

tion amplitudes, φH(x,Q). An important feature of the γγ → MM̄ amplitude for

meson pairs is that the contributions of Landshoff pitch singularities are power-law

suppressed at the Born level—even before taking into account Sudakov form factor

suppression. There are also no anomalous contributions from the x → 1 endpoint

integration region. Thus, as in the calculation of the meson form factors, each fixed-

angle helicity amplitude can be written to leading order in 1/Q in the factorized

form [Q2 = p2
T = tu/s; Q̃x = min(xQ, (l − x)Q)]:

Mγγ→MM̄ =

∫ 1

0

dx

∫ 1

0

dy

φM̄ (y, Q̃y)TH(x, y, s, θcmφM (x, Q̃x), (2)

where TH is the hard-scattering amplitude γγ → (qq̄)(qq̄) for the production of the

valence quarks collinear with each meson, and φM (x, Q̃) is the amplitude for finding

the valence q and q̄ with light-cone fractions of the meson’s momentum, integrated

over transverse momenta k⊥ < Q̃. The contribution of non-valence Fock states are
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power-law suppressed. Furthermore, the helicity-selection rules 87 of perturbative

QCD predict that vector mesons are produced with opposite helicities to leading

order in 1/Q and all orders in αs. The dependence in x and y of several terms in Tλ,λ′

is quite similar to that appearing in the meson’s electromagnetic form factor. Thus

much of the dependence on φM (x,Q) can be eliminated by expressing it in terms

of the meson form factor. In fact, the ratio of the γγ → π+π− and e+e− → µ+µ−

amplitudes at large s and fixed θCM is nearly insensitive to the running coupling

and the shape of the pion distribution amplitude:

dσ
dt

(γγ → π+π−)
dσ
dt

(γγ → µ+µ−)
∼ 4|Fπ(s)|2

1 − cos2 θcm
. (3)
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Fig. 10. Comparison of the sum of γγ → π+π− and γγ → K+K− meson pair production cross

sections with the scaling and angular distribution of the perturbative QCD prediction 74. The
data are from the CLEO collaboration 88.

The comparison of the PQCD prediction for the sum of π+π− plus K+K− channels

with CLEO data 88 is shown in Fig. 10. The CLEO data for charged pion and

kaon pairs show a clear transition to the scaling and angular distribution predicted

by PQCD 74 for W =
√

(sγγ > 2 GeV. It is clearly important to measure the

magnitude and angular dependence of the two-photon production of neutral pions

and ρ+ρ− in view of the strong sensitivity of these channels to the shape of meson

distribution amplitudes (see Figs. 11 and 12). QCD also predicts that the production

cross section for charged ρ-pairs (with any helicity) is much larger than for that of

neutral ρ pairs, particularly at large θcm angles. Similar predictions are possible for

other helicity-zero mesons. For an alternative model based on the QCD “handbag”

diagram, see the references 89.

The leading-twist QCD predictions for exclusive two-photon processes such as

the photon-to-pion transition form factor and γγ → hadron pairs are based on

rigorous factorization theorems. The data from the CLEO collaboration on Fγπ(Q2)
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and the sum of γγ → π+π− and γγ → K+K− channels are in excellent agreement

with the QCD predictions. It is particularly compelling to see a transition in angular

dependence between the low energy chiral and PQCD regimes. The problem of

setting the renormalization scale of the coupling for exclusive amplitudes is discussed

in the references 90. The success of leading-twist perturbative QCD scaling for

exclusive processes at presently experimentally accessible momentum transfer can

be understood if the effective coupling αs(Q
∗) is approximately constant at the

relatively small scales Q∗ relevant to the hard scattering amplitudes 90. Evidence

that the QCD coupling has an IR Fixed point at small scales has been presented in

the references 91; The evolution of the quark distribution amplitudes in the low-Q∗

domain also needs to be minimal. Sudakov suppression of the endpoint contributions

is also strengthened if the coupling is frozen because of the exponentiation of a

double logarithmic series. Conformal symmetry can be used as a guide to organize

the hard scattering calculation and to determine the leading contributions to the

hadron distribution amplitudes 92,93,94,95,96.

As noted above, the analysis of exclusive B decays has much in common with

the analysis of exclusive two-photon reactions 97. For example, consider the three

representative contributions to the decay of a B meson to meson pairs illustrated

in Fig. 13. In Fig. 13(a) the weak interaction effective operator O produces a qq̄

in a color octet state. A gluon with virtuality Q2 = O(M2
B) is needed to equili-

brate the large momentum fraction carried by the b quark in the B̄ wavefunction.

The amplitude then factors into a hard QCD/electroweak subprocess amplitude

for quarks which are collinear with their respective hadrons: TH([b(x)ū(1 − x)] →
[q(y)ū(1 − y)]1[q(z)q̄(1 − z)]2) convoluted with the distribution amplitudes φ(x,Q)
69 of the incident and final hadrons:

Moctet(B →M1M2) =

∫ 1

0

dz

∫ 1

0

dy

∫ 1

0

dx

φB(x,Q)TH(x, y, z)φM1
(y,Q)φM2

(z,Q).

Here x = k+/p+
H = (k0 + kz)/(p0

H + pz
H) are the light-cone momentum fractions

carried by the valence quarks.

Baryon pair production in two-photon annihilation is also an important testing

ground for QCD 74,98. The calculation of TH for Compton scattering requires the

evaluation of 368 helicity-conserving tree diagrams which contribute to γ(qqq) →
γ′(qqq)′ at the Born level and a careful integration over singular intermediate en-

ergy denominators 99,100,101. Brooks and Dixon 102 have completed a recalculation

of the proton Compton process at leading order in PQCD, extending and correcting

earlier work. It is useful to consider the ratio dσ/dt(γγ → p̄p)/dσ/dt(e+e− → p̄p)

since the power-law fall-off, the normalization of the valence wavefunctions, and

much of the uncertainty from the scale of the QCD coupling cancel. The scaling

and angular dependence of this ratio is sensitive to the shape of the proton distribu-

tion amplitudes. The perturbative QCD predictions for the phase of the Compton

amplitude phase can be tested in virtual Compton scattering by interference with
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Fig. 13. Three representative contributions to exclusive B decays to meson pairs in PQCD. The

operators O represent the QCD-improved effective weak interaction.

Bethe-Heitler processes 103.

The cross section for γγ → pp̄ has been measured at LEP by the OPAL and L3

collaborations 104,105,18. The results are in essential agreement with perturbative

QCD scaling and the predictions for the angular dependence. However, the normal-

ization of the PQCD three-quark predictions 106,107 appear to underestimate the

measured exclusive cross section by an order of magnitude. This could be evidence

for an effective quark-diquark structure of the proton wavefunction 108,109. However,

the normalization discrepancy with the leading-twist QCD predictions could be due

to several reasons. (1) Note that the rate is proportional to α4
s. The QCD coupling

is assumed to have a nominal value αs ∼ 0.27, 107 which could be an underestimate

of the effective value of the running QCD coupling at the relevant scales. (2) The

leading order perturbative QCD predictions lead to real amplitudes. The imaginary

parts which appear from the analytic continuation of the QCD coupling and final

state QCD interactions can also give a significant correction, as is known to be the

case in e=e− → pp̄ 110. (3) The relatively slow fall-off of the Pauli form factor as

observed in polarization transfer experiments at Jefferson lab, suggests significant

higher twist contributions. All of these arguments suggest that the most reliable

test of QCD are obtained from the ratio: dσ/dt(γγ → p̄p)/dσ/dt(e+e− → p̄p). In

addition measurements of the proton polarization single-spin asymmetry provides

important information on the phase of the timelike pair production amplitudes 110.

It is also interesting to measure baryon and isobar pair production in two photon

reactions near threshold. Ratios such as σ(γγ → ∆++∆−−)/σ(γγ → ∆+∆−) can

be as large as 16 : 1 in the quark model since the three-quark wavefunction of the

∆ is expected to be symmetric. Such large ratios would not be expected in soliton

models 77 in which intermediate multi-pion channels play a major role.

Pobylitsa et al. 111 have shown how the predictions of perturbative QCD can

be extended to processes such as γγ → pp̄π where the pion is produced at low

velocities relative to that of the p or p̄ by utilizing soft pion theorems in analogy to

soft photon theorems in QED. The distribution amplitude of the pπ composite is

obtained from the proton distribution amplitude from a chiral rotation. A test of

this procedure in inelastic electron scattering at large momentum transfer ep→ pπ
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and small invariant p′π mass has been remarkably successful. Many tests of the soft

meson procedure are possible in multiparticle e+e− and γγ final states.

One of the formidable challenges in QCD is the calculation of non-perturbative

wavefunctions of hadrons from first principles. The calculations of the pion dis-

tribution amplitude by Dalley 112 and by Burkardt and Seal 113 using light-cone

and transverse lattice methods is particularly encouraging. The predicted form of

φπ(x,Q) is somewhat broader than but not inconsistent with the asymptotic form

favored by the measured normalization of Q2Fγπ0(Q2) and the pion wavefunction

inferred from diffractive di-jet production.

Clearly much more experimental input on hadron wavefunctions is needed, par-

ticularly from measurements of two-photon exclusive reactions into meson and

baryon pairs at the high luminosity B factories. For example, as shown in Fig.

11, the ratio

dσ

dt
(γγ → π0π0)/

dσ

dt
(γγ → π+π−)

is particularly sensitive to the shape of pion distribution amplitude. At fixed pair

mass, and high photon virtuality, one can study the distribution amplitude of multi-

hadron states 76. Two-photon annihilation will provide much information on funda-

mental QCD processes such as deeply virtual Compton scattering and large angle

Compton scattering in the crossed channel. I have also emphasized the interrelation

between the wavefunctions measured in two-photon collisions and the wavefunctions

needed to study exclusive B and D decays.

Much of the most interesting two-photon annihilation physics is accessible at

low energy, high luminosity e+e− colliders, including measurements of channels

important in the light-by-light contribution to the muon g–2 and the study of the

transition between threshold production controlled by low-energy effective chiral

theories and the domain where leading-twist perturbative QCD becomes applicable.

The threshold regime of hadron production in photon-photon and e+e− annihi-

lation, where hadrons are formed at small relative velocity, is particularly interest-

ing as a test of low energy theorems, soliton models, and new types of resonance

production. Such studies will be particularly valuable in double-tagged reactions

where polarization correlations, as well as the photon virtuality dependence, can be

studied.

10. New Calculational Methods

The light-front quantization of gauge theories can be carried out in an elegant way

using the Dirac method to impose the light-cone gauge constraint and eliminate

dependent degrees of freedom 114. Unlike the case in equal-time quantization, the

vacuum remains trivial. Since only physical degrees of freedom appear, unitarity

is maintained. One can verify the QCD Ward identities for the physical light-cone

gauge and compute the QCD β function. Srivastava and I 115 have extended the

light-front quantization procedure to the Standard Model. The spontaneous symme-
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try breaking of the gauge symmetry is due to a zero mode of the scalar field rather

than vacuum breaking. The Goldstone component of the scalar field provides mass

to the W± and Z0 gauge bosons as well as completing its longitudinal polarization.

The resulting theory is free of Faddeev-Popov ghosts and is unitary and renormal-

izable. The resulting rules give an elegant new way to compute Standard model

processes using light-front Hamiltonian theory.

The light-front method suggests the possibility of developing an “event am-

plitude generator” for high energy processes such as photon-photon collisions by

calculating amplitudes for specific parton spins using light-front time-ordered per-

turbation theory 116. The positivity of the k+ light-front momenta greatly constrains

the number of contributing light-front time orderings. Since particle states are la-

belled by the spin projection Sz, total angular momentum constraints are readily

implemented. The renormalized amplitude can be obtained diagram by diagram by

using the “alternating denominator” method which automatically subtracts the rel-

evant counterterm. The DLCQ method also provides a simple way to discretized the

light-front momentum variables, while maintaining frame-independence. The result-

ing renormalized amplitude can be convoluted with the light-front wavefunctions to

simulate hadronization and hadron matrix elements.
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