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A B S T R A C T 

QCD predictions for 77 annihilation into single mesons, meson 
parrs, and baryon pairs are reviewed. Two-photon exclusive 
processes provide the most sensitive and practical measure of 
the distribution amplitudes, and thus a critical confrontation 
between QCD and experiment. Both the angular distribution 
and virtual photon mass dependence of these amplitudes are 
sensitive to the shapes of the 4>[x,Q). Novel effects involving 
the production of gg<jq states at threshold are also discussed, 
and anew method is presented for systematically incorporating 
higher-order QED collections in -)1 reactions. 

1. I N T R O D U C T I O N 

Two-photon processes prov ide many of the most critical tests of quantum 
chromodyriamics. In contrast to the uncalculability of hadronic structure func
tions, QCD perturbation theory predicts the shape in x and the magnitude of 
the photon structure function F^(l,Q2}- Experiments 1 haveverififid the stiking 
prediction that the evolution of Fj is increasing and linear in In Q ' . 

More generally, inclusive two-photon processes at large transverse momenta 
are consistent* with the element&fy scaling arid canonical normalisation Nc x ^ t i 
of the crass section predicted by the simplest 77 —• qq subproccss - even at 
transverec n:crr,cr.ti as low as 2 to 3 GeV/c-

Given these successes in the inclusive domain, it is natural to ask how well 
two-photon exclusive processes can be predicted by the theory. This is especially 
important in view of the uncertainties in determining at what scale leading twist 
predictions u&sed on perturbatrve analyses become reliable. 

* Wori supported l>y tie Department at Enerny, contract DE - AC03 - 76SF00516. 
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QCD has two essential properties which make calculations of processes at 
short distance or high momentum transfer tractable and systematic. The criti
cal feature is asymptotic freedom: the effective coupling constant a,(Q2) which 
controls the interactions or quarks and gluons at momentum transfer Q2 vanishes 
logarithmically at large Q*. Complementary to asymptotic freedom is the exis
tence of factorisation theorems for both exclusive and inclusive processes at large 
momentum transfer. In the case of exclusive processes (in which the kinematics 
of all the final state hadronn are fixed at large invariant mass), the hadronic am
plitude can be represented as the product of a hard-scattering amplitude for the 
constituent quarks convoluted with the distribution amplitude for each incoming 
or outgoing hadron. 3 ~ 7 Exclusive processes in QCD arc thus interesting because 
they provide a window Tor viewing the wavefunctions of hadrons in terms of their 
quark and gluon degrees or freedom. The essential non-perturbalive input is the 
hadron "distribution amplitude" ${x,Q) which describe tin* longitudinal momen
tum distribution of the quarks in the valence, low&U-particlc-nurnber Fock state. 

The distribution amplitude contains all of the bound-state dynamics and 
specifies the momentum distribution of the quarks hi the hadron. 3 The hard scat
tering amplitude can be calculated pcrturbatively as a function of t r ( {Q 7 ) . The 
analysis can be applied to form factors, exclusive jiltolon-phcton reactions, pho-
toproductlun, fixed-angle scattering, «'«• In the case of the simplest processes, 
Tt —» MM and the meson form factors, rigorous all-orders proofs can be given, 3 " 8 

The wavefunction ifrv[x,k±) is defined as the val<*nce Fock state wavemnc-
tion defined at equal light-cone time in light-cone gauge where i = (k° + k') / [p® + 
p*). Then 

<HxtQ) = fd3kJ{Q>-k\)rlv{X,k±yi 

i.e., # ( z ,Q) is the probability amplitude to find the quark and antiquark iu the 
meson (or three quarks in a baryori) collinear up to the transverse momentum 
scale Q. 

More generally, the distribution amplitude can be defined as a gaugt^-ir.variant 
matrix-element product of quark fields evaluated between the QCD vacuum and 
the hadron state. At large Q2 one can use an operator product expansion 7 or 
an evolution equation 3 to determine <f(.x, Q) from an initial value determined by 
non-perturb;uivo input. To leading order in a, the eigensolutions and eigenvalues 
(anamolous dimensions) are specified by conformal symmetry. 9 In higher orders 
explicit calculations of the evolution equation kernel show that conformal symn 
try is broken in QCD even if the Q function is chosen to be zero (by fixinj 
number of flavors). The origin of this anomaly is not understood. 

The central unknown in the QCD predictions at this time is the ec 
of the hadrons in terms of their quark and gluon quanta. Reccnt lYj%2^JTm-
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portant tools have been developed which allow specific predictions for the hadron 
wave functions. A primary tool is the use of light-cone quantization to construct 
a consistent relativistic Fock state basis for the hadrons and their observablcs in 
terms of quark and gluon quanta. The distribution amplitudes and the structure 
functions are defined directly in terms of these light-cone wave functions. 3 The 
form factor of a hadron can be computed exactly in terms of a convolution of 
initial and final light-cone Fock state wave functions.1 

The actual computation of distribution amplitudes and structure functions 
in QCD is now just at the beginning stages. Structure functions are very complex 
objects since a complete sum over squares of all hadron Fock amplitudes is required. 
The distribution amplitude only requires knowledge of the lowest valence Fock 
amplitude. Several methods are now being explored: 

(]). In simple models, explicit solutions to the Bethe Salpcter equation 
(in ladder aproximation) are known, based on the Wick-Cutkosky analysis. The 
distribution amplitude can be determined for these model theories by evaluating 
the solutions at equal light-cone time T — t + z /c . The relation of these solutions 
to that of the Weinberg equation is discussed in ref. 11. 

(2). By imposing periodic boundary conditions in the tight-cone variable 
z~ — z — ct, one can reduce the problem of solving field theories in one-space and 
one-time dimensions to the problem of diagonalizing a finite-matrix representa
tion of the light-cone Hamiltonian. 1 2 The eigenvalues and eigenfu; ':;ions of H^Q 
correspond to the spectrum and Fock-state wavefunctions of the theory. Thus far 
the discretized light-cone quantization (DLCQ) analysis has been carried out for 
Yukawa interactions ai:d QEO for massless and massive ferraions in 1 + 1 dimen
sions. The distribution amplitude for the lowest state as a function of coupling 
constant can then be obtained. We are currently extending the analysis to QCD 
in 1+1 and 3+1 dimensions. 

(3). An important advance has been the numerical evaluation of moments 
of distribution amplitudes using lattice gauge theory. 1 3 The initial results are 
provacatlve - suggesting a highly structured oscillating momentum-space valence 
wavefunction for the meson. Results for the pion distribution amplitude are shown 
In fig. 1. 

The existence of nodes in a momentum-space amplitude is perhaps sugges
tive of a bag-like model with sharp boundary conditions. The lattice QCD analysis 
done by Gottlieb, Kionfcld, and Photiadisis technically complex; in particular, one 
must judiciously select operator matrix elements which do not contain power-law 
divergences in the renormalization scale. Limitations in the method are discussed 
in ref. 13. 

(4). The most detailed results and predictions for the hadron distribution 
amplitudes have been obtained using the 1TEP QCD sum rule analysis. Candi-
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date hadronic wavefunctions have been derived 5 using this method wr/igh rebate 
the first few 2-inoments or the meson and baryon distribution amplitudcs'tb the' 
values of the QCD vacuum condensates (0| G*„ |0) and {0\ mijulj \Q). In the p W 
case, predictions for the normalization of the weak decay constant and the s ign ' , 
and magnitude of the pion form factor for Q2 above 2 GeV J are consistent w i t h " 
experiment. The distribution amplitude for pions and rho-mesons with hclicity 
zero is predicted to be double-humped, with a local minimum at x = i (see fif*. 1). 

Fig. 1. The pion distribution ampli- Fig. 2. The pion and transverscly-
tude calculated in lattice gauge theory polarized pj distribution amplitudes de-
(ref. 13) and QCD sum rules (rcf. 5). tcrmined from QCD sum rules (ref. 5). 
The asymptotic solution to the QCD 
evolution equation <p{x,Q)a,iimjl( — x\Xj 
is shown for comparison. 

The distribution amplitude of a p-rneson with helicity ±1 is, however, peaked 
at equal momentum (see fig. 2). This implies a strong dependence of the n —* pp 
amplitude on a non-perturbativc vacuum condensate effect in the p wavefunction. 
In analogy one also expects that the A distribution amplitude has a very different 
shape for hclicity St = ^ and St = J states. (This dependence could have a 
Striking effect on the relative normalization of the &A and pp production cross 
sections and could very possibly diminish the ratio of CO predicted by Farrar, 
Main a, and Ner i M the basis of symmetric hehcity-independent nucleon and isobar 
wavefunctions.) 

A particularly important challenge relevant to exclusive processes is the con
struction of baryon distribution amplitudes. Using the sum rule method, Chernyak 
and Zhitnitsky 5 have proposed a model form for the nucleon distribution ampli
tude which together with the QCD factorization formulae, predict the correct sign 
and magnitude as well as scaling behavior of the proton and neuiron form factors. 
The resulting form for the nucleon distribution amplitude leads to a number of 
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nan*triv3al predictions; the sign and magnitude of <?|f(<?a) at high Q2, the ra
tio <?jif,/<?At, and the normalization of ^ -• pp arc *U correctly determined (see 
fig. 3). Gari and coworkers'* have combined these Jesuits with a vector dominance 
model to predict the proton and neutron magnetic and electric form factors at all 
0 s. 

Pig. 3. Comparison of the scal
ing behavior of the proton mag
netic form factor with the theoreti
cal predictions of reft, 3 and 5. The 
CZ predictions5 are normalized in 
sign and magnitude. The data are 
from ref. 16. 
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At this time we shall regard the distribution amplitudes derived by Chernyak 
and Zhitnitskii as very useful Gedanken forms for making predictions for photon-
photon exclusive cross sections. The postulated shapes differ significantly from 
the SU(6)-symmetric asymptotic solution to the distribution amplitude evolution 
equation: 4> ac EIXJIJ, or the weak binding form ^ OL 6{XI - 5)6(3:1 - 3)- * n 

particular, the proton quark distribution is strongly skewed: the u-quark with 
hclicity parallel to that of the nucleon carries 65% of the nucleoli's momcrtum. 
This asymmetry also implies that the faadron scattering amplitude is sensitive 
to the near-endpoint region of integration as well the dependence of the running 
coupling constant on the exchanged momentum in the hard scattering amplitude. 
Another special feature of the QCD sum-rule analysis is the strong sensitivity to 
the hadron helicity. This effect is induced due to the fact that the coupling or a 
pair of quarks through gluon exchange to the gluon condensate is strongest when 
the quark and antiquark spins are antiparallcl. 

There are a large number of uncertainties involved in applying QCD sum 
rules as waveftmctiwi constraints, related to the convergence of the scheme, num
ber of resonances included, neglect of higher order operators, etc. Worse, algebriic 
errors in the analysis of ref. 5. for the trocteon distribution amplitudes have re
cently been discovered (by King and Sachrajda17), although the central feature of 
strong flavor/spin asymmetry is expected to persist. 
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The results from both the lattice calculations and QCD sum rules demon
strate that the light quarks are highly tetativistic in the bound state. This gives 
further indication that while non-relativistie potential models are useful for enu
merating the spectrum of hadrons (because they express the relevant degrees of 
freedom), they are not reliable in predicting wave function structure. 

In any evunt, two-photon exclusive processes provide the most sensitive and 
practical measure of the distribution amplitudes, and thus a critical confrontation 
between non-perturbative QCD and experiment. Both the angular distribution 
and virtual photon mass dependence of these amplitudes are sensitive to the shapes 
of the <j>(x,Q). The results and predictions are discussed in the next section. 

2. EXCLUSIVE TWO-PHOTON PROCESSES AT HIGH 
M O M E N T U M TRANSFER 

The exclusive twe-tody processes *f1 —* HH at large IV* = [q\ + ft)' and 
fixed (?27m. P fv id 1 ' a particularly important laboratory Tor testing QCD, since the 
large momentum-transfer behavior, hellclly structure, and often even the absolute 
normalization can be rigorously predicted. 2 - 8 Conversely, the angular dependence 
of -f] —¥ HJJ cross sections can be used to determine the shape of the hadron 
distribution amplitudes 0W(T; ,Q) . The TATA' ~* RH amplitude can be written 
as a factorized form8 {sec figs. 4 and &): 

] 

> ' / * V ,V<s*.-

Fig. 4. Application of QCD to two- Fig. 5. Lowest order QCD contributions 
photon production of meson pairs. to the i n — meson pair hard scattering 

amplitude T»-
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where T\>> is the hard scattering helicity amplitude for scattering the clusters 
of valence quarks in each hadron. T\y can be computed in perturbation the
ory and scales according lo dimensional counting rules: 1 8 to leading ordeT T oc 
a{as/W^1)1'2 and dajdt ~ W^ '~e/{ffc.m.) for meson and baryon pairs, respec
tively. Lowest order predictions for pseudo-scalar and vector-meson pairs for each 
helicity amplitude are given in ref. 8 (see fig. 6). The helicities of the hadron 
pairs are predicted to be equal and opposite to leading order in \jW2. The QCD 
predictions have now been extended to mesons containing \gg) Fock states by 
Atkinson, Sucher and Tsokos, 3 0 . to 77 —» pp and to all BB octet and decouplet 
states by Farrar, Maina and Neri.1* and Gunion, Millers, and Sparks. J ) (An earlier 
calculation by Damgaard 2 2 was apparently erroneous). 

A start has now been made to systematically calculate the higher order 
QCD corrections to the 77 —* HH amplitudes. The one-loop corrections to the 
hard scattering arr.Mitude for meson pairs has been calculated by Nizic 1 3 (see fig. 
7). The simplified asymptotic form of the distribution amplitude was used for 
illustration. The complete calculation to this order will require the corresponding 
order as corrections to the distribution amplitude. 

The basic gauge-invariant measure of a hadron's wavefunction is the distri
bution amplitude cV/(i|, <?). Using the factorization theorem for exclusive scat
tering amplitudes, one can show that 4>H{X»Q) is the only non-perturbative input 
required to normalize and compute any exclusive hadronic scattering processes 
in QCD at high momentum transfer. As we have discussed in the introduction, 
one can hope to actually calculate distribution amplitudes from first principles in 
QCD, e.g. by solving the QCD light-cone equation of mot ion 1 , 1 1 or from numerical 
constraints obtained from lattice gauge theory. 1 3 

The normalization and angular dependence of the leading order 77 —• 5T + T~ 
predictions turn out to be insensitive to the precise form of the pion distribution 
amplitude since the results 8 can be written directly in terms of the pion form 
factor taken from experiment. The reason for this is that, for meson distribution 
amplitudes which we symmetric in x and (1 — u), the same quantity 

I (1-*} 
•I 

controls the z-inteEration for both F„(Q3) and to high accuracy M(77 —• JT+TT-). 
Thus for charged pion pairs we find the relation: 

Note that in the case of charged kaon pairs, the asymmetry of the distribution 

amplitude may give a small correction to this relation. 

7 

(2) 



Fig. 6. QCD predictions for the 0 C M de- Fig. 7. Nvxt to leading perturbativc 
pendence of meson pair production in if contribution to 7/j for the process - n —• 
collisions (from refs. 8 and 19). The zero MM calculated by Nizic." 
helicity p°p° cross scctiun is enhanced in 
the forward direction by multigluon ex
change (ref. 19). 

The scaling behavior, angular behavior, and normalization of Eq. (2.3) 
are all non-trivial predictions of QCD. Recent Mark 11 meson pair d a t a 2 4 ' and 
P E P 4 / P E P 9 d a t a " for separated ir +jr~ and K+K~ production in the range 1.6 < 
W^*, < 3.2 GeV near 90° are in excellent agreement with the normalization and 
energy dependence predicted by QCD (see fig, 6). It is clearly very important to 
measure the full angular structure of the cross sections, particularly 7r°jrD, since 
the COSQCM dependence can be inverted to determine the x-dependence of the pion 
distribution amplitude. 

The onset of scaling at this range of momentum transfer for rnesnii pair 
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production is reasonable since the off-shell quark propagators in the diagrams for 
Tjf carry momenta large compared to the relevant QCD scales: quark masses, 
intrinsic transverse momentum, and A^Fp. This is contrary to the conclusions of 
tsgur and Llewellyn Smith9 0 who had argued that the QCD exclusive scattering 
formalism could not account (tn leading twist) for the normalization and scaling 
of the pion and nucleon form factors or other exclusive amplitudes at presently 
available momentum transfer. The applicability of perturbative QCD to baryon 
proccscs in the few GeV regime U however still an open question. 

An important exclusive process ir. QCD is the sideways Corapton process 
71 -t pp. Applying the procedure of ref. 3 we have, to leading order in 1/pJ, 

l l 

/l*]/for|*(* .Pr) lirf/n - qqq + W$$p{y,pr) 

where ^ p(2,pr) is the antiprobon distribution amplitude and T« - ^(PTI/CPJ-) 
gives the sealing behavior of the minimally connected tree graph amplitude for 
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two photons annihilating into three quarks and three antiquaries colli near with the 
final hadron directions (see fig. &}. QCD thus predicts 

Complete calculations of the tree graph structure (sec Tigs. 5,9) or both Tt -* AlTf 
and 7-7; — pp have now been completed.1 s , a i Examples or the predicted angular 
distributions are shown in figs. 6, 10, and 11. 

' »-'•» YJ* I • * • * • « i---4-*J 
!' • *"•'+• i * - 1 i I J-- » 

.fit <M*1 | I „.v,( 1 I VWV* | I 

**A )Vi i ^ v , j »^rtv^ 

' • ' ^ ] I ' ^ V ^ ' J v^rfi - v*yv*A ___V<'Y 
p*v̂  w i 

VMk'SW j i\»>i 

• # J> tvS *m | ,v,vm 

I 
+->'V- I 

Fig. &. Leadingdiagramsfor*)f+7-* p+p 
calculated in refs. \\ and 21. 

The region of applicability of the leading power-law results is presumed to 
be set by the scale where Q*GM[Q2) is roughly constant, i.e.; Qz > 3 GcVJ, 
(See fig. 3.) Preliminary two photon collision measurements27 (for energies too 
close to the pp threshold) are shown in fig. 12. The model form for the proton 
distribution amplitude proposed by Chernyak and Zhitnitskii5 based on QCD sum 
rules which leads to normalization and sign consistent with the measured proton 
form factor is used (See fig. 3). As noted above the CZ sum rule analysis has been 
recently corrected and modified by King and Sachrajda17 but the final results arc 
not known at this time. It should be noted that unlike meson pair production the 
QCD predictions for baryons are very sensitive to the form of the running coupling 
constant and the endpoinl behavior of the wavefunctions. 

The -j'-j' -+ BD and A/JW amplitudes for ofT-shell photons have now been 
calculated by Millers and Gunion.38 The results show important sensitivity to the 
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Fig. 10. QCD prediction for the scaling 
and angular distribution for 7 + -y —* 
p + P calculated by Fariar et al. 1 4 The 
d&shed-dot curve corresponds to *~- = 
0.0016 and a maximuz.i running cou
pling constant a™" = 0.8 The solid 
curve corresponds to ~ = 0.016 and 
a maximum running coupling constant 
a™« ^ 0.5 The dashed curve corre
sponds to a fixed a, = 0.3. The re
sults are very sensitive to the endpoint 
behavior of the proton distribution am
plitude. The CZ form is assumed. 

iCf' L. 

a c.i 
ID-.P,-

Fig. 11. QCD prediction Tor the scal
ing and angular distribution For T + T —• 
p + p calculated by Gunion, Millers, and 
Sparks. 3 1 CZ distribution amplitudes5 

are assumed. Th£ solid and running 
curves are for real photon annihilation. 
The dashed and dot-dashed curves cor
respond to one photon spacelike, with 
£ = 0.1. 
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Fig, 12. Recent preliminary data 
from J A D E i B for i + 7 - • p + p. 

form of the respective baryon and meson distribution amplitudes. The conse
quences of \gg) mixing in singlet mesons in 7 7 processes is discussed in ref. 30. 

An essential feature of the QCD predictions for hadron pair production is 
the fall-off of the cross section at large momentum transfer, reflecting the quark 
coinpositeness of the hadrons. One can compare these predictions with the large, 
rapidly increasing cross sections predicted 1 5 from effective Lagrangian models with 
point-like p, A, and 7 couplings. 

It is important to extend the QCD predictions for 77 —• HII to the «:ase 
of one or two virtual photons, since measurements can be performed with tagged 
electrons. In fact, for W2 large and fixed flc.m.i t n e q\ and q\ dependeiice of the 
77 —» IIII amplitude for transversely polarized photons must be minimal. 6 in 
QCD since the off-shell quark and gluon propagators in TH already transfer hard 
momenta; i.e., the 27 coupling is effectively local for | ^ j , \q%\ <; p\. 

We also note that photon-photon collisions provide a way to measure the 
running coupling constant in an exclusive channel, independent of the form of 
hadronic distribution amplitudes. The photon-meson transition form factors 
F-r_,Af ( Q z ) , Af = Jr°,i7°, / , etc. are measurable in tagged e-j —» e'Af reactions. 
QCD predicts 3- 8 

where to leading order the pion distribution amplitude enters both numerator and 
denominator in th? same manner. The higher order corrections can be calculated 
using the methods of refs. 3 and 23. The results of recent measurements of the 
form factor for single meson production are shown in figs. 13 and 14. 

Data from the crossed channel pp ~* 77 measurable in pp collisions at en
ergies up to 9 CeV could clarify the question of whether the perturbative QCD 
predictions are reliable at moderate momentum transfer . 1 6 ' 1 0 An important check 
of the QCD predictions can be obtained by combining data from pp — 7 1 , 7 7 •-» pp 
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Fig. 13. The Q2 dependence of the pho- Fig. 14. Measurement of the photon to 
ton to f° transition form factor mea- t)' transition form factor by the PLUTO 
sored by the TPCjif collaboration at collaboration (ref. 33). The solid lin* is 
F5P (ref. 32). the prediction of a simple p pole model, 

also consistent with QCD expectations. 
The dashed line is the prediction of a 
finite sise model. 

with large aiigle Compton scattering fp —* *yj». This comparison checks in detail 
the angular dependence and crossing behavior expected from the theory. Fur
thermore in pp collisions one can study timeli'ke photon production into e +e~ and 
examine tfee virtuai photon mass dependence of the Comptoa amplithide. Predic
tions for the q5 dependence or the pp -»• yi* amplitude can be obtained by crossing 
the results of Gunion and Millere."8 The normalisation of the -j-y -+ pp amplitude 
is constrained by the 0 ~-» pp rate*. The arduous calculation of 280 yf -* qqqgqq 
diagrams in T/{ required For calculating -J I ~» BB is greatly simplified by using 
two-component spinor techniques.1*'31. 

In the regime a > pj. ;$> ft3 the cross sections for yj ~> VV and -y-y —»"iV 
can be computed from n > 2 multiple gluon exchange diagrams by summing a 
series in &${p%,)tnafp%,. As shown by Ginzburg, Panfil, and Serbo, K the expo
nentiation of this series leads to large enhancement factors compared to the Born 
contributions (see fig. 6). The cross sections dominate over the lower-order quark 
exchange contributions at forward angles. Estimates are also given for yi -* Vqq, 
although in this case soft giuon radiation needs tc be included. 

3. TWO-PHOTON PRODUCTION PROCESSES AT 
THRESHOLD 

Just as in t+c" -* HUt the scaling behavior of the Born cross sections 
can be distorted by resonance production; the leading order predictions arr only 
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be valid well above particle production thresholds and where low relative-velocity 
final-state corrections become unimportant. [Here we have in mind the QCII 
analoRuc of Coulomb interactions between attractive charged particles which, in 
the non-re!ativistk regime, give singular distortion factors3"* of the form e/(l — e"5") 
where f = 27r«/n (=> 8xo a /3v in QCD).] 

It is important to understand the n -+ T + , T - amplitude in the thresh
old region since this is the simplest two-body scattering amplitude in QCD. The 
amplitude is rigorously determined below threshold at IV = 0 by the low energy 
theorem for Compton scattering and crossing. The phase of each if —» T+W~ 
Spherical wave is related by Watson's theorem to the phase of the corresponding 
»+ff~ —• ir-1"ir~ scattering amplitude. The most detailed predictions employing 
these constraints, which arc obtained by modifying the n ~* it+i?~ point-like Bom 
approximation, have been given by Menessier.33 Data from Pluto 3 4 and DCl 3 f ! ap
pear to differ significantly from the mode! predictions at energies below the f° 
contribution. These results appear to signal a large threshold enhancement in the 
11 —*• rn^n" amplitude, possibly indicating low velocity distortion effects12^ or a 
new resonance ntar or below the ti*%~ threshold. Either possibility has important 
implications for QCD. 

In general, QCD predicts a large array of exotic resonances qqg, gg, ^tjqq, 
qqqljqq, tic, which are expected to be prominent in the threshold region of the 
appropriate if production channel. In the case of n -* pp~, the cross section 
(da/dcosO ss 3 ± 1 nb) measured by TASSO3 6 in the threshold region 2 < W^ < 
2.4 GeV is roughly 60 times larger than the prediction of Farrar tl a!.,'1 although 
11 -* A"*"*'&. may be close to the predicted normalization. Again this suggests 
distortions due to resonance production, e.g., qqqqq'q baryonium states or strongly 
hclicity-dcpcndent wavefuptliuns as we have discussed above. The perturbative 
predictions for n -* BB would not be expected to become valid unless all of the 
qtiark and gluon prcpagators in Tu are reasonably oil-shell, i.e., U' 7 7 £ 5 GeV 
and large fl^j^j. 

Since each photon can independently create a quark pair, the process 7-j ~~+ 
QQQQ is a iiataral process in two-photon collisions.3 7 , 3 8 At threshold the minimally-
connected matrix element is proportional to <&ai(Mg)/M£. The Schwinger cor
rection to the four-quark cross section gives a final state Coulomb (soft gluan 
exchange) correction for each quark pair of the form c/(l - c~c) where f » 
2flCVQ,/u,(jaj,»€- The final state correction is singular at zero relative velocity, 
cancelling the phase space suppression. We thus find fairly large threshold n 
cross sections of order 1 nb for afi.Su and of order 0.1 nb for cucu. The above 
estimates are qualitative but suggestive of the order of magnitude of the cross 
sections For four-quark continuum and resonance states. A systematic study will 
be presented in ref. 37. On the other hand, it seems possible to understand the 
threshold enhancement of 17 -* P°fl° from factorization and the behavior of slope 
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parameters at threshold. This complimentary view is discussed in ref. 38. 

The study of resonance production in exclusive two-photon reactions is par
ticularly advantageous because of the Tariety of new and exotic channels, the 
absence of complications from spectator hadrons, and the fact that the continuum 
can be computed or estimated from perlurbative QCD. The onset or open charm is 
particularly interesting since the sum of the exclusive channel cross section should 
saturate the 77 —• cc plus 77 —• ccqq contributions. The channels with maximal 
spin and charge such as 77 —* £f 3/ 2(cuti) B^i"™) a r e expected to be dominant 
due to total charge coherence and the counting due to multiple heliclty states. 

4. S Y S T E M A T I C A P P R O A C H T O Q E D / Q C D R A D I A T I V E 
C O R R E C T I O N S F O R 77 P R O C E S S E S 

It is no) widely known tltat the standard factorization formula for QCD in
clusive processes can be taken over as an elegant and simple method to encorporate 
QED and QCD radiative corrections for 77 processes involving particle produc
tion at large transverse momentum. The proof of such results is identical to that 
applied for p roofs 3 4 , 1 0 of the Drell-Yan formula in gauge field theory. For exarnj)k-
the cross section for c^t~ —• 7T+7r_ (plus any number of collinear photons) has the 
facto: ized form*1 

M&i* = ^ / t . ( z a , Q } G l / e . ( , t , Q ) ^ ( 7 7 - - + 0 , 

where the xt are the longitudinal light-cone momentum fractions, the G are the 
structure functions for photons in leptons at the resolution scale Q — i>*, and 
IJJCTJ —' *•""*") is tlie hard-process cross section which sets the scale. The lead
ing logarithmic corrections from QED radiative corrections to the lepton lines are 
automatically summed by the evolution equation for the Gnjt(x,Q). The beam 
profile of the collider can be automatically included by defining the initial condi
tions for the QED structure functions. 

Similarity, the cross section for single meson production at large transverse 
momentum which measures the photon to meson transition form factor has the 
factorized form 

SECT; = C ^ / .* (* . .« )G,A-(*» .«)S(« + ' > - « e + ) . 

where jfj(e+Tf —» Afe 4 ) is the subprocess cross section predicted to fall as p^* in 
QCD. The structure fui.^ion G i + > , + ( i C l Q ) sums the radiative corrections to the 
positron line. The results of recent measurements of the form factor for single f° 
and i}' production are shown in figs. 13 and 14. 
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The above method has general applicability to £*t~ annihilation incor
porating r.idiativi: corrections and the beam prof i le . i l , A i For example, consider 
th? inclusive mlorirnetric production of jot pairs, or iepton pairs ne&r the 7.1 

ptak. If OTiv nie;v-u.es thr collinearity angle and jet (hadronic or leptonic) en
ergy w'rih sufiinciu auura<y, then r„ and r t arc determined. Since the cross 
section is fat tori/,rible, one can separately determine the subprocess cross section 
j ^ f t - ' t —* '/.' - • <~e~orjel -t-jet) and the beam structure functions (evolved 
to the Zn iria^s srale) including the machine resolution. Effectively, the QL1J 
radiative corrections to the physics CTOSS section are removed, 

h. S \ : .MMARY 

The apparent agreement of the QC!) predictions for *-y —• T^-~ and f*j - • 
K" K~ v. ith experiment gives support to the applicability of perturbative methods 
and the hard scattering factorization formalism to meson production at transverse 
momentum scales a< low as 1 to 2 GoV/e. Cnlike baryon production processes, 
the leading twist jneson pair predictions are Tree of complications from end-point 
contribuiiunsoT pinch sigularities, and are thus firsl-priaciplc tests of the theory. A 
complete calculation through ncxt-to-Ieading contributions in a , is now underway. 
Further experimental tests of the angular distribution and helicity dependence or 
vector meson rhannels arc necessary. In the case ol neutral vector meson pairs, 
the higher order contributions from mulli-gluon exchange lead to large forward-
peaked difTractive cross -tc lions. One can thus study the perlurbalive structure 
of pontcron-exchangr channels. We have also emphasized the physics interest in 
resonani mid rnultiquark production processes in the threshold region. 

Probably the most important aspect of the exclusive T J reactions is the 
opportunity to measure the shape of the hadron distribution amplitudes, either 
from the angular distribution of neutral pion pair production or the virtual photon 
mass dependence of each channels. It should be possible tc- derive measures of 
experimental data which determine the distribution amplitude moments. In the 
case of-)-) - • A'A'and DD, the asymmetry of the distributions due to heavy flavor 
effects can in principle be studied, Wc also emphasize the importance of single 
hadron production i ' f —* M° as ? measure of vhe mestjn distribution amplitudes 
and a direct determination of the running coupling constant. 

Haryon pair production processes are much more problematic since the scale 
where perlurbative predictions become reasonably reli-bk is probably beyond 
PX > 2 GcV/c. Nevertheless there are many important physics issues to be ti?.-
deslood in these relatively simple Campion, processes. Complete measurements 
of nuiieon, isobar, and hyperon channels, combined with crossed channel data, is 
important. 

Twct-photon exclusive channels cart also be studied at the new colliders (SI.C, 
L E r , TRISTAN) with somewhat increased cross sections. The application of in-

16 



elusive factorisation formulae (see section 4) simplifies the analysis of the radiative 
corrections and displays the unity with hadronic collider phenomena. Eventually 
the effects or Z°—t mixing will be measureable, opening up a new range of physics 
simultaneously involving weak, electromagnetic, and strong interaction physics. 
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