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Abstract
I give a brief review of the history of photon-photon physics and a survey of its potential at future electron-positron colliders. Exclusive hadron production processes in
photon-photon and electron-photon collisions provide important tests of QCD at the
amplitude level, particularly as measures of hadron distribution amplitudes. There
are also important high energy γγ and eγ tests of quantum chromodynamics, including the production of 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. Since photons couple directly to all fundamental fields carrying the electromagnetic current including leptons, quarks, W 0 s,
and supersymmetric particles, high energy γγ collisions will provide a comprehensive
laboratory for Higgs production and exploring virtually every aspect of the Standard
Model and its extensions. High energy back-scattered laser beams will thus greatly
extend the range of physics of the International Linear Collider.
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Introduction

One of the remarkable capabilities of high energy physics is the ability to collide
beams of photons. The photons couple directly to the fundamental currents to produce the full spectrum of C = + states with virtually no restriction on their spin
J. The photons can annihilate to produce lepton pairs γγ → `+ `− , exclusive and
inclusive C = + hadronic states evolving from q q̄ and q q̄q q̄ systems, weak vector
bosons γγ → Z 0 , W + W − , neutral Higgs bosons γγ → H 0 , as well as supersymmetric
and other particles predicted in theories beyond the Standard model. The collision
of a photon beam with an electron beam allows the study of the photon structure
function, the photon to hadron transition form factors, such as γγ ∗ → π 0 , and other
virtual γγ ∗ reactions. Photon-photon collisions also serve as the prototypes of collisions of the other gauge fields of the Standard model: gluons, Z and W. There are
also important high energy γγ and eγ tests of quantum chromodynamics, 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.
Since photons couple directly to all fundamental fields carrying the electromagnetic current—leptons, quarks, W 0 s, supersymmetric particles, etc.—high energy γγ
collisions will provide a comprehensive laboratory for exploring virtually every aspect of the Standard Model and its extensions [1, 2, 3, 4, 5, 6, 7]. High energy
back-scattered laser beams will thus greatly extend the range of physics of the International Linear Collider.
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The Theoretical Development of Photon-Photon
Collisions

The theory of two-photon physics at e+ e− colliders was developed independently
in Paris, Novosibirsk and at Cornell University where I was visiting in 1969-1970.
Tom Kinoshita, Hidezumi Terazawa, and I began our work stimulated
by reports
√
that an unexpectedly large cross section for hadron production at s ∼ 3 − 5 GeV
was being observed by the BOLD experiment at the pioneering CEA e+ e− storage
ring [8, 9]. Burton Richter even speculated at that time on the possibility that
electrons could have strong interactions [10]. In our studies we wondered whether the
hadrons observed at CEA could be produced by the annihilation of photons produced
by bremsstrahlung of the beams rather than by e+ e− annihilation. In fact, since the
BOLD detector had no magnetic field, it was possible that the observed hadrons had
lower total energy than the full energy of the machine. We published our first paper
in Physical Review Letters in August, 1970 [11] : “We report on our calculation of
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the energy and angular dependence of the cross sections for the production of various
particles by two-photon annihilation processes in e+ e− and e− e− colliding beams.
For beam energy E of more than 1 GeV, these cross sections σ ∝ α4 (ln E)3 become
increasingly more important than the usual one-photon cross sections σ ∝ α2 /E 2 for
hadron production.” We also introduced a factorized form of the two-photon cross
section with the equivalent photon distributions for photons in the incident leptons:
α 2 2 E 2 Z dω1 dω2 (E 2 + (E − ω1 )2 )(E 2 + (E − ω2 )2 )
σ(ee → eeX) =
ln
π
m2e
ω1 ω2
4E 4
×dσ(γ(k1 )γ(k2 ) → X)
which is the prototype for factorized hard inclusive reactions in QCD. This formula
was first proposed in 1960 in a remarkable paper by Francis Low [12] in e+ e− →
π 0 e+ e− as a way to measure the π 0 γγ coupling. We later published a comprehensive
study of hadronic two-photon processes in a Physical Review paper [13]. We found
a significant γγ rate, but it could not explain the BOLD data [14, 15]. In fact as
discovered by B. Richter and collaborators at the SPEAR storage ring at SLAC,
the large cross section reported by BOLD was actually due to the onset of charm
production [16]. We subsequently learned that Paul Kessler et al. [17] in Paris, and
V. V. Balakin, M. Budnev, I. F. Ginzburg, G. V. Meledin, V. G. Serbo [18, 19] and
V. Baier and V. Fadin [20] in Novosibirsk had independently developed the theory
of two-photon processes. We also learned that F. Calegero and C. Zemach [21] had
written a prescient paper in 1960 on the possibility of studying pion pair production
in ee → eeπ + π − . The work in Russia, utilizing a helicity amplitude decomposition,
is reviewed in Ref. [22]. The theoretical developments in Novosibirsk were stimulated
by the first observations of lepton pair processes at the e+ e− collider VEPP-2 [23].
Kinoshita, Terazawa and I [24] and Tom Walsh [25] at DESY also realized that
it was possible to probe the structure functions of the photon in eγ → e0 X in deep
inelastic electron quasi-real photon collisions, in analogy to the probes of the structure functions of the proton. In our analysis, we used vector meson dominance to
estimate of the magnitude of the photon structure function. Peter Zerwas and Tom
Walsh [26, 27], however, realized that the pointlike couplings of the real photon to
quarks would lead to an additional point-like term in the photon structure function
rising as ln Q2 /m2q . In a remarkable paper, Ed Witten [28] derived the evolution of
the photon structure function from first principles, extending DGLAP evolution to
allow for an inhomogeneous term from the direct pointlike coupling of the photon to
the quark current.
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Photon-Photon Collisions at Low Energy

Quasi-real photon beams are radiated in e+ e− or e− e− colliders, as described by the
double equivalent photon approximation ee → e0 e0 γγ → e0 e0 X [13, 22, 29, 30], thus
creating a broad bremsstrahlung spectrum of virtual photon energies. By tagging
3

the final state electrons, one can create effective beams of photons with controllable energy, spacelike virtuality, and polarization– the photon’s linear polarization
is transverse to the electron’s scattering plane. A large number of studies have been
performed at LEP, at CESR, BaBar, Belle, VEPP-4, VEPP-2, and Adone. 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 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 have been obtained [31].
Photons can scatter elastically at any energy via the light-by-light scattering loop.
The contribution of the box graphs σ(γγ → γγ) ∼ α4 s3 /m8` has a very small rate in
the optical regime at s << 4m2` due to the effective Euler-Heisenberg Lagrangian [32].
However, the light-by-light scattering amplitude is observed indirectly from its contri3
m2
butions of order α3 /π 3 and απ3 × ln mµ2 in the measured anomalous electron and muon
e
anomalous moments. In principle one can observe elastic photon-photon scattering
at the positronium and true muonium resonances. The production of lepton pairs in
γγ scattering σ(γγ → `+ `− ) was first observed in pioneering experiments in Novosibirsk [33] and Frascati [34]. At high energies s >> m2` , the leading contributions in
α4
s
QED come from double lepton pair production σ(γγ → `+ `− `+ `− ) ∼ m
2 × log m2
`
`
where the energy dependence reflects spin-1 photon exchange.
One can also study key features of QCD such as hard exclusive hadron pair production γγ → H H̄, such as the timelike Compton process γγ → pp̄, hard inclusive reactions such as σ(γγ → cc̄) (proportional to e4c , the high energy cross section γγ → X
and γγ → V 0 V 0 which are fundamental of the QCD pomeron BFKL dynamics. The
comparison of resonance production in γγ and gg channels such as J/ψ → γgg allows the identification of glueballs using Chanowitz’s “stickiness criterion” [35]. The
radial extension of the ηc , the ηc0 (21 S0 ), originally observed in B decays by Belle, has
recently been confirmed in γγ → Ks Kπ at 3642.9 ± 3.4 GeV by CLEO. Belle has
also reported the discovery of the Z(3931), a candidate for the charmonium state
χ02 (23 P2 ). A recent review is given in Ref. [36].
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High Energy Photon-Photon Collisions

The advent of back-scattered laser beams for e± e− colliders will allow the efficient
conversion of a substantial fraction of the incident lepton energy into high energy
photons [37, 38]. 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 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. The high energy luminosity, and polarization of backscattered laser beams thus has the potential to make photon-photon collisions a key
4

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 higher-order loop processes, such as γγ → γγ, Zγ, H 0 Z 0 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 W W
collisions and annihilation. Some of these processes are illustrated in Fig. 1.
Some Examples: γγ Collisions
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Figure 1: Representative γγ processes accessible at a high energy photon-photon
collider.
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High energy photon-photon collisions can be classified as follows: (A) The photons
can annihilate into a charged pair such as γγ → W + W − , q q̄, lepton pairs or charged
Higgs; (B) the photons can produce neutral pairs via loop diagrams such as γγ →
Z 0 Z 0 , γZ 0 and γγ → gg ; or (C) the photons can each couple to separate charged
pairs which scatter by a gauge particle exchange: γγ → q1 q̄1 q2 q̄2 ; (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 production in
the Standard Model and the Minimal Supersymmetric Standard model (MSSM) has
been summarized by Krawczyk [4] and Asner [39]. Probes of the physics of alternative
models, such as the “little Higgs” model [40] is discussed by Asner et al. [2]. A review
of recent experimental results in two-photon interactions is given by Urner [5].
The Higgs production cross section is
σ(γγ → H 0 ) =

8π 2 Γ(H→γγ)
mH Γtot /π
,
MH
(s − m2H )2 + (mH Γtot )2

where the coupling of the Higgs to the photons can proceed through quark, lepton,
and vector boson triangle graphs. One can use the transverse polarization of the
colliding photons to distinguish the parity of the resonance: the coupling for a scalar
resonance is ²1 · ²2 versus ²1 × k1 · ²2 for the pseudoscalar. More generally, one can use
polarized photon-photon scattering to study CP violation in the fundamental Higgs
to two-photon couplings [41, 42, 43]. In the case of electron-photon collisions, one can
use the transverse momentum fall-off of the recoil electron in eγ → eH 0 to measure
the fall-off of the γ → Higgs transition form factor and thus check the mass scale of
the internal massive quark and W loops coupling to the Higgs. 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.
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 → W W interactions not already constrained by
electromagnetic gauge invariance, such as the effects due to W ∗ exchange. The cross
sections of many Standard Model processes are illustrated in Fig. 2. Reviews of this
physics are given in the Refs. [44, 45, 46, 47, 48].
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Tests for Anomalous Couplings

Ivan Schmidt, Tom Rizzo, and I [49, 50] 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
6

Figure 2: 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. [44].
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Model and to isolate the higher order radiative corrections. For example, consider the
reactions γγ → qq, γe → W ν 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 q 2 = 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 → W ν) reverses sign. The cancelation
of the positive and negative contributions of ∆σ(γe → W ν) to the DHG integral is
evident in Fig. 3. We find
√ strong sensitivity of the position of this zero or “crossing
point” (which occurs at sγe = 3.1583 . . . MW ' 254 GeV in the SM) to modifications
of the SM trilinear γW W 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.
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Figure 3: The Born cross section difference ∆σ for the Standard Model process
γe →
√ W ν for parallel minus antiparallel electron/photon helicities as a function of
log seγ /MW The logarithmic integral of ∆σ vanishes in the classical limit [49].
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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 [24, 25, 51, 52, 28]. 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.
The photon structure functions receive hadron-like contributions from the photon’s resolved Fock components as well as its direct component derived from the
γ ∗ γ → q q̄ time-like QCD Compton amplitude. Because of the direct contributions, the photon structure functions obey an inhomogeneous evolution equation.
The result, as first shown by Witten [28], is that the leading order QCD structure
functions of the photon have a unique scaling behavior: F1 (x, Q2 ) = h(x) `nQ2 /Λ2 ,
F2 (x, Q2 ) = f2 (x), and F3 (x, Q2 ) = f3Box (x).
The most characteristic behavior of the photon structure function F2γ (x, Q2 ) in
QCD is its continuous linear rise of with log Q2 at fixed x. As emphasized by Peterson,
Walsh and Zerwas [53], 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 ILC will provide a valuable
test of asymptotic freedom.
Hoyer, Marchal, Peigne, and Sannino and I [54] have challenged the common view
that structure functions measured in deep inelastic lepton scattering are determined
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 irrelevant 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 phenomena. 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 interpretation of shadowing as a rescattering effect. Similar effects can be present in the photon structure function; i.e., the
9

photon structure function will be modified by rescattering of the struck quark with
the photon’s spectator system.
Final state interactions will lead to new types of single spin asymmetries in photonphoton collisions. For example, in γ ∗ γ → πX and γ ∗ γ → jetX we expect T -odd
~γ · ~q × p~ where S
~γ is the polarization of the real photon, ~q is
correlations of the type S
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 diffractive
γγ → V 0 V 0 and semi-inclusive single diffractive processes γγ → V 0 X in the Regge
regime s À |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 convoluting the hard scattering
pQCD amplitude for γγ → q q̄q q̄ with the vector meson distribution amplitudes.
The two gluon exchange contribution dominates in the Regge regime [55], giving a
characteristic exclusive process scaling law of order dσ/dt (γγ → V 0 V 0 ) ∼ αs4 (t)/t6 .
Ginzburg, Ivanov and Serbo [56] 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 → q q̄e0 by
Coulomb scattering on the incoming electron. This measures the transverse derivative
of the photon wavefunction ∂/∂k⊥ ψqq̄ (x, k⊥ , λi ). This is the analog of the E791 experiment at Fermilab [57] which resolved the pion light-front wavefunction by diffractive
dissociation πA → q q̄A0 on a nuclear target. The results of the diffractive pion
experiment are consistent with color transparency, and the momentum partition of
the jets conforms
closely with the shape of the asymptotic distribution amplitude,
√
(x)
=
φasympt
3f
x(1
− x), corresponding to the leading anomalous dimension soluπ
π
tion [58, 59, 60, 61] to the perturbative QCD evolution equation.
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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:
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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.
2. the total two-photon annihilation hadronic cross section σ(s, q12 , q22 ), which is
related to the light-by-light hadronic contribution to the muon anomalous moment;
3. the formation of C = + hadronic resonances, which can reveal exotic states such
as q q̄g hybrids and discriminate gluonium formation [62, 63]. The production
of the ηB and χB states are essentially unexplored in QCD [64].
4. single-hadron processes such as γ ∗ γ ∗ → π 0 , 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 [60]. When one photon is highly virtual, these exclusive hadron
production channels are dual to the photon structure function F2γ (x, Q2 ) in
the endpoint x → 1 region at fixed invariant pair mass. The leading twistamplitude for γ ∗ γ → π + π − is sensitive to the 1/x − 1/(1 − x) moment of the q q̄
distribution amplitude Φπ+ π− (x, Q2 ) of the two-pion system [65, 66], the timelike 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 [13].

References
[1] M. M. Velasco et al., in Proc. of the APS/DPF/DPB Summer Study on the
Future of Particle Physics (Snowmass 2001) ed. N. Graf, eConf C010630,
E3005 (2001) [arXiv:hep-ex/0111055].
[2] D. Asner et al., arXiv:hep-ph/0308103.
[3] A. De Roeck, arXiv:hep-ph/0311138.
[4] M. Krawczyk, Eur. Phys. J. C 33, S638 (2004) [arXiv:hep-ph/0312341].
[5] D. Urner, AIP Conf. Proc. 698, 566 (2004) [arXiv:hep-ex/0309045].
[6] S. J. Brodsky and P. M. Zerwas, Nucl. Instrum. Meth. A 355, 19 (1995)
[arXiv:hep-ph/9407362].
[7] S. J. Brodsky, Int. J. Mod. Phys. A 18, 2871 (2003) [arXiv:hep-ph/0204197].
11

[8] A. Litke et al., Phys. Rev. Lett. 30, 1189 (1973).
[9] R. F. Schwitters and K. Strauch,
[10] B. Richter, SLAC-PUB-1478
[11] S. J. Brodsky, T. Kinoshita and H. Terazawa, Phys. Rev. Lett. 25, 972 (1970).
[12] F. E. Low, Phys. Rev. 120, 582 (1960).
[13] S. J. Brodsky, T. Kinoshita and H. Terazawa, Phys. Rev. D 4, 1532 (1971).
[14] S. J. Brodsky, SLAC-PUB-0989 Presented at Int. Symposium on Electron and
Photon Interactions at High Energies, Cornell Univ., Ithaca, N.Y., Aug 23-27,
1971.
[15] S. J. Brodsky, SLAC-PUB-1322 Invited talk presented at Int. Colloquium on
Photon-Photon Collisions in Electron-Positron Storage Rings, College de France,
Paris, Sep 3-4, 1973
[16] J. E. Augustin et al. [SLAC-SP-017 Collaboration], Phys. Rev. Lett. 33, 1406
(1974).
[17] N. Arteaga-Romero, A. Jaccarini, P. Kessler, Compt. Rend. 269B 153, 1129
(1969); N. Arteaga-Romero, A. Jaccarini, P. Kessler and J. Parisi, Phys. Rev. D
3, 1569 (1971).
[18] V. E. Balakin, V. M. Budnev and I. F. Ginzburg, Zh. Eksp. Teor. Fiz. Pis’ma
11 559 (1970); JETP Lett. 11 338 (1970).
[19] V. M. Budnev, I. F. Ginzburg, G. V. Meledin and V. G. Serbo, Phys. Lett. 39B
526 (1972); Nucl. Phys. 63B 519 (1973).
[20] V. N. Baier and V. S. Fadin, Lett. Nuovo Cim. 1 481 (1971); Yad. Fiz. 15, 95
(1972).
[21] F. Calogero and C. Zemach, Phys. Rev. 120 1860 (1960).
[22] V. M. Budnev, I. F. Ginzburg, G. V. Meledin and V. G. Serbo, Phys. Rept. 15,
181 (1974).
[23] V. E. Balakin, A. D. Bukin, E. V. Pakhtusova, V. A. Sidorov and A. G. Khabakhpashev, Phys. Lett. B 34, 663 (1971).
[24] S. J. Brodsky, T. Kinoshita and H. Terazawa, Phys. Rev. Lett. 27, 280 (1971).
[25] T. F. Walsh, Phys. Lett. B 36, 121 (1971).
[26] T. F. Walsh and P. M. Zerwas, Nucl. Phys. B 41, 551 (1972).
12

[27] T. F. Walsh and P. M. Zerwas, Phys. Lett. B 44, 195 (1973).
[28] E. Witten, Nucl. Phys. B 120, 189 (1977).
[29] H. Terazawa, Rev. Mod. Phys. 45, 615 (1973).
[30] M. Defrise, S. Ong, J. Silva and C. Carimalo, Phys. Rev. D 23, 663 (1981).
[31] P. Achard et al. [L3 Collaboration], Phys. Lett. B 585, 53 (2004) [arXiv:hepex/0402037].
[32] V. I. Telnov, BUDKER-INP-1997-71
[33] V. E. Balakin, G. I. Budker, E. V. Pakhtusova, V. A. Sidorov, A. N. Skrinskiy,
G. M. Tumaikin and A. G. Khabakhpashev, Phys. Lett. B 34, 99 (1971).
[34] C. Bacci et al., Phys. Lett. B 86, 239 (1979).
[35] M. S. Chanowitz, Phys. Rev. Lett. 46, 981 (1981).
[36] T. Lesiak [the Belle Collaboration], arXiv:hep-ex/0511003.
[37] I. F. Ginzburg, G. L. Kotkin, V. G. Serbo and V. I. Telnov, JETP Lett. 34, 491
(1981) [Pisma Zh. Eksp. Teor. Fiz. 34, 514 (1981)].
[38] V. I. Telnov, arXiv:hep-ex/9810019.
[39] D. Asner, Int. J. Mod. Phys. A 18, 2817 (2003).
[40] N. Arkani-Hamed, A. G. Cohen, E. Katz and A. E. Nelson, JHEP 0207, 034
(2002) [arXiv:hep-ph/0206021].
[41] B. Grzadkowski and J. F. Gunion, Phys. Lett. B 294, 361 (1992) [arXiv:hepph/9206262].
[42] K. Cheung, C. S. Kim and J. Song, arXiv:hep-ph/0509017.
[43] D. M. Asner, J. B. Gronberg and J. F. Gunion, Phys. Rev. D 67, 035009 (2003)
[arXiv:hep-ph/0110320].
[44] E. Boos et al., Nucl. Instrum. Meth. A 472, 100 (2001) [arXiv:hep-ph/0103090].
[45] D. Asner et al., Eur. Phys. J. C 28, 27 (2003) [arXiv:hep-ex/0111056].
[46] S. J. Brodsky, SLAC-PUB-6314
[47] M. S. Chanowitz, Nucl. Instrum. Meth. A 355, 42 (1995) [arXiv:hepph/9407231].
[48] J. F. Gunion and H. E. Haber, Phys. Rev. D 48, 5109 (1993).
13

[49] S. J. Brodsky, T. G. Rizzo and I. Schmidt, Phys. Rev. D 52, 4929 (1995)
[arXiv:hep-ph/9505441].
[50] T. G. Rizzo, arXiv:hep-ph/9907395.
[51] M. Krawczyk, arXiv:hep-ph/0012179.
[52] M. Drees and T. Han, Phys. Rev. Lett. 76, 3076 (1996) [arXiv:hep-ph/9512361].
[53] C. Peterson, P. M. Zerwas and T. F. Walsh, Nucl. Phys. B 229, 301 (1983).
[54] S. J. Brodsky, P. Hoyer, N. Marchal, S. Peigne and F. Sannino, Phys. Rev. D
65, 114025 (2002) [arXiv:hep-ph/0104291].
[55] V. L. Chernyak and I. R. Zhitnitsky, Nucl. Phys. B 222, 382 (1983).
[56] I. F. Ginzburg, D. Y. Ivanov and V. G. Serbo, Phys. Atom. Nucl. 56, 1474 (1993)
[Yad. Fiz. 56N11, 45 (1993)].
[57] D. Ashery [E791 Collaboration], arXiv:hep-ex/9910024.
[58] S. J. Brodsky and G. P. Lepage, SLAC-PUB-2294
[59] G. P. Lepage and S. J. Brodsky, Phys. Lett. B 87, 359 (1979).
[60] G. P. Lepage and S. J. Brodsky, Phys. Rev. D 22, 2157 (1980).
[61] S. J. Brodsky and G. P. Lepage, Phys. Rev. D 24, 1808 (1981).
[62] M. R. Pennington, arXiv:hep-ph/0009267.
[63] M. Acciarri et al. [L3 Collaboration], Phys. Lett. B 501, 173 (2001) [arXiv:hepex/0011037].
[64] A. Heister et al. [ALEPH Collaboration], Phys. Lett. B 530, 56 (2002)
[arXiv:hep-ex/0202011].
[65] D. Mueller, D. Robaschik, B. Geyer, F. M. Dittes and J. Horejsi, Fortsch. Phys.
42, 101 (1994) [arXiv:hep-ph/9812448].
[66] M. Diehl, T. Gousset and B. Pire, Phys. Rev. D 62, 073014 (2000) [arXiv:hepph/0003233].

14

