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ABSTRACT 

Detailed leading order QCD predictions ore Riven for the scaltnp., 
angular, and hslicity dependence of the reactions YY » MM (M**, K, p, 
etc.) at large momentum transfer. In addition to providing n basic 
test of <JCD at short distances, neasuroinQnts can be used to determine 
the process-independent meson distribution amplitudes *^(x,Q). Other 
related two-photon channels such as yy*y?, Y * Y * " ° I n°i n 1 and n ^ v v 
are also discussad. Wo also prove the «xisconce of a fixed Reago 
singularity at J • 0 vhich couples to Y P + Y P In tho t-channvl but not 
YH-*-y7T. 

I. INTRODUCTION 
Much effort hss recently boon devoted to iliu study of exclusive 

processes involving large transverse rtoninta within ttie context of p<-r-
turbative quantum chrooiodynaralcs (QCD).]^»J) Hero, as in other appli
cations of perturbatlve QCD photon-Induced reactions play an important 
role. The point-like structure of ttu< photon results in "substantial 
simplifications of the analysis of these exclusive scattering amplitudes. 
In this paper we present detailed predictions tor photon-photon anni
hilation into two mesons at largo canter-of-mass angles 6 C M t • He also 
examine predictions for photon-wion transition form factor*, and for a 
nunber of other two-photon processes relevant to the study of perturba-
tlve QCD. 

Amplitudes for the large-angle exclusive processes discussed here 
factnrlze into two parts at high energies:1) 

* Work supported by the Department of Energy, contract M-ACoW6SF0O5l5. 
+ Kbrk supported by the national Science Foundation. 
(Invited talk presented oy R. Peter l^paRP at the TVth International 
CoIIoquiun on Photon-Photon Interactions, University of Paris, ParIK, 
April 6-9. 1901; and olao submitted to Pnvtlcol Review ft.) 
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1. .1 parton distribution amplitude e<x l fQ) far each hadroa — the 
probability awplituds for finding valence partoas in the hadron, 
each carrying soae fraction x 4 of the hadron'fi aMtentuai, and all 
collinear up to k^j * Q, the typical momentum trantferad In the 
process; 

2. a hard-scattering amplitude Tg — the amplitude for scattering the 
clusters of collinear valence partons fron each hadron. 

Thus, for example, the process f ^ t * ** i* described by the hcliclty 
amplitudes (set* Fig. ]a> 

I 

0 

where Q x - ninCx,l~x) /• |ain6fi I1 and similarly for Q . The quark 
distribution amplieudas depend only logarithmically on 3, having the 
form 

*„(x,Q) - x<l-«)2ni T' ) Cj| / 2a-2*) (tn^jj " (2) 

to lading order in a (Q ), the running coupling constnnt in QCD. The 
hnTd-scattering amplitude T,., is computed, In leading order, from Born 
ding ranis such as those in Fin, lb* Alt quark and hadron masses may he 
neglected in chesi' diagram*), resulting in errors only of order 
B Z / S '< 1, Consequently «tapl« dimensional analysis t«pUes T^t-a^/s 
for large s jnd therefore 

•**»'* 1'<%.•.*) • * " 

up to factors of (In n/.\ ). Fuxthenwro, in vector-gluea theories like 
QTD, quark belicity is conserved along each fermion line when masses 
are nr<-lected, Thus the mason helicitles In YV+P*» for example, oast 
be equal and opposite, to leading order in •£/*, This la not the case 
in scalar or tensor glvow theories*3' 

Dimensional counting** and hadronic hcliclty conservation are 
general features of the vide-angle exclusive processes which we consider 
herp.b> They are valid to all orders in « 9, and as such are important 
tvst?. of the theory, testing the seal* Invariaace of the hare couplings, 

V\<rttJ 



the vector nature of the gluon, and so on. However we can say much 
more about these photon-induced reactions at large momentum transfer. 
Speclficaljv, we give detailed predictions for the magnitude, angular 
distribution, and helicity structure of thi-se amplitudes.3' Furthermore 
w« can use these processes to probe the nonperturbative structure of the 
hadronic wave functions. 

In Section II, wo discuss two-photon annihilation into two mesons. 
This analysis is combined with that of the meson's electromagnetic forn 
factor so as to remove many of the ambiguities due to renormalization 
scheme, normalization point, and so on, which usually beset such a QCO 
calculation. Vte also discuss the power-law suppressed contributions 
due to vector dominance and Landshoff pinch singularities. In Section 
III. we examine the photon-meson transition form factor at large Q 
{for t'Y * «M at wide angles) and its relation to the plon form factor. 
We also show how current algebra predictions for low Q can be combined 
with OCD predictions for high 0*- to obtain a rough prediction for 
FyfiW"' f°r "II Q~m I n Section IV we review predictions for a number 
of other two-photon processes. Finallv In Section V we summarize our 
results and hriofly discuss some of their broader implications. 

IT. PHOTON-PHOTON AMCIHlljVnnN INTO TWO MESONS 
In this section wo exanlnc the two-photon processes Y.Tf, . * M, M. , 

where M^, >1., are mesons with helirities h and h' respectively. 
Dimensional counting predicts that for larfie s, si(do/dt) scaler, at 
flKed t/s or £ up to factors of &n(s/"), for all such reactions. 
Hadronic heUcity conservation requires 'hat either both meson helici-
ties are zero, or both are equal to *1, with 1> = -] ; ' . (There is no a 
priori restriction on the photon hcltcitits.) We Olscuss these two 
cases separately. 

A. Hclicitv-.Zero Mesons 
Some forty diagr.- contrihute to the hard-scattering amplitudes 

for TY •* MM (for nonsinglrt mesons). These ran be derived from the 
four independent diagrams in Ftp. lb by panicle interchange. The 
resulting amplitudes for helicicy zero mesons are: 



T

+ 

T 

16no 32*n 
3s x(l-x)y<l-y) 

( el- C2) 
2 1 - C D B B <3> 

16ITO 32*a 
3s xU-x}y(l-y) 

( e l " e 2 f ( I ' a ) eje 2a(y(l-y)+x(J-x)) 
1 - cos B c.tn. 

2 .2 2a a - b cos 6 

wnere . [• • (1-x) (1-y) ± xy, the subscripts ++, —,... refer to photon 
helicitles, and e^, e, are the quark charges (i.e., the mesons have 
charges i ( c j - e 2 ) ) . To compute the yy •* MM amplitude ,.<#.,, (Eq. (1)), 
we now need only know the x-dependence of the meson's distribution 
Amplitude t„(x,Q); the overall normalization of «„ is fixed by the 
'pun rulu' (n =3) 

1 
dx 4 H(x,Q) •* 2/3 <i) 

where f„ is the meson decay constant JIS determined from leptonic 
decays, Note that the dependence in x and y of several terms In 
T ,1 Is quite similar to that appearing in the meson's electromagnetic 
form factor: 

I6TI(I 

Vs> -
I 

dx dy 
<MxKM y ) 

x ( l - x ) y ( l - y ) 
(5) 

when »„(x,Q) • * . , f I -x.Q) ii a s s u m e d . 7 ' Thus much of the dependence on 

*(x,Q) fan be removed f r o m . ^ j , by e x p r e s s i n g i t in terms of the meson 

form f ac to r — i . e . , 

*+4 { 
16T:O F M ( S ) 

(h - *2 )> 
1 - cos e c m . „ 

\ •= 16n<i F t l ( s ) « « l - 2 ) 2 > 
1 

1 - cos 'O 
5 ~ ^ + 2 < e l V 6[ e

c .m .S* H]| 

(6) 



up to corrections oi order a_. and n'/s. liou Uu> cn)v depenrteni i- IT, 
tj^, and Indeed the only unknown quantity, ii in rl,v --depindent :.: I -r 

i 

dx dv 
t*(x,Q) :•*(>'. O) a[y{l-y) + >:(I-x)] 
xfj-x)" v (I -y) ;"" ' Y ~ " 2. 

a - b cn<; " 
-U •' 1 - i1 e^-. (7) 

0 

The. sp in -ave raged c r o s s s e c t i o n fo l lows immediately f ron t h e s e e x p r e s 

s i o n s : 

do _ 2 da c 1. 
d t " s dcos* = , , , 2 !• frl " " > ; ^E*.^ . ' 2 

s I I / . 2, \2 2 . 1 ' 1 1 - cos J ) 1 - con " ' c . n . ' c.m. 

(B) 

In F i g s . 2 and 3 , u[e •*« 1 a t , d t ' l e sp in -ave raged c r o s s secLioi 

( f o r YTf*" 1 ') a re p l o t t e d for s e v e r a l forms of *„ (x , ( ( ) . At very la rge 

e n e r g i e s , the d i s t r i b u t i o n ampli tude e v o l v e s to the form 

V ' q ) ^ T ^ fM x t i ' x ) ( 9 ) 

and the predictions [curve (a)] become exact and parameter-free. Ilou-
ever this evolution uith increasing Q* is very slow (loRarithmtr>, and 
at current energies i„ could be quite different in structure, depending 
upon the details of hadronic binding. Curves (h) and (c) correspond to 
the extreme examples it„ - £x(l-x)l~ and $•„ = M * - 1 ; ) , respectively. 
Remarkably, the cross section for charged mesons Is essentially inde
pendent of the choice of (v, making this an essentially parameter-free 
prediction of perturbattve QCD. By cintrast, the predictions for 
neutral helicity-Etro mesons are quite sensitive tu the structure of C y 
Thus we can study the x-dependence of the neson distribution amplitude 
by measuring the angular dependence of this process. 
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dt 

-,V) -
• ' - | F ^ ( S ) ) 2 

J7 ( Y -,V) - 4 
1 - COS fl 

c m . 

- 0.6 CieV4 

9 c m 

Tin- rrnss .irrt j tins shown in Fi«- 3 arp specifically for yy + inr, 
whri-. the pion fnra iartor ha;; been approximated by F (s) - 0.4 GeV /s 

.i — The - ' cr'.'St- section is quito lnrge at moderate s: 

(10) 

TT/2 

Similar predictions are possible for other helirity-zero mesons. The 
normalization of yy-»nS relative to the YY^ 1" 1 cross section is com
pletely determined by the ratio of meson decay constants (fu/f ) a n ^ 
by the ilavor-synmctry of the wave functions, provided only that $„ 
and 4 are similar in shape. Given this assumption, we obtain the all-
tirders (in i ) relations presented in Tabl« I. Note that the cross 
sect inn for charged f.'s with hulicity zero is almost an order of magni
tude larger than that for charged it's (Eq. (10)). Cross sections 
involving the »' have been omitted. Flavor-singlet pseudo-scalar 
musiins, like the n', have a two-gluon valence Fock state which contri
butes to leadinR order. These will be discussed elsewhere.8' 

Finally noticu that the leading order predictions (Eq. (6)) have 
no explicit dependence on a . Thus they are relatively insensitive to 
the rhoice of rcnormalization scheme or of a normalization scale. This 
is not the case for either the form factor or the two-photon annihila
tion amplitude when examined separately. However by combining the two 
.inalyses as in Eq. (6) we obtain meaningful results without computing 
0(a) corrections. 

B. Helfcitv — One Mesons 
Again the diagrams of Fig. lb determine the hard-scattering 

amplitudes which describe the production of helicity ±1 ("transversely" 
polarized) mesons in YY annihilation. The resulting helicity amplitudes 
for YY + MM are: 

"*++,-+ " "*++,+- * -*--.+- " "*-
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X *±|>c.». ' %]} 

^ j - 1 6 T O F M i ( s ) { < ( e i - C 2 ) 2 ) - 2 < e 1 e 2 ) c o S e c m (l + c o s e c ra ) 

* »i[ac.». ; \]} 
where we def ine ( in analogy to the hr ' I i c i ty -zero case) a "transverse 

form f a c t o r " 

«*<x.Q x) * * ( y , Q y ) 
F M / S : ) = T — J d * d * x(l-x> y(l-y) (12) 

and where 

I **u,v ^y-V 
/ dx dv — r — 

J • xd -x ) yd -
L^c.m.'V] 

. 0 
y ) o 2 - b 2cos 2e 

/ 
r *£fx-Q*> *M(y.Qv) 
i dx dv —*^rr : A r-1— 

(13) 

dx dy x < l - x ) y ( l - y ) 

Of course h a d r o n i c - h e l i c l t y conservation ( i n QCD) impl ies . . # . , , ._, = 

" * i i i • 0 a s we l l — i . e . , twelve out of the s i x t e e n h e l i c i t y 

amplitudes vanish in l ead ing order ( in QCD). The spin-averaged cross 

s e c t i o n can now be w r i t t e n 

do 
dt ( ™ * H A ) " l 6 n o 

j . 

{<('l-2) 2> 2 

" * < e l e 2 > ( ( e l " G2)"'> C M * \ . . m . S i [ 9 =.m. : * H i ] 

+ 2 ( e . e _ , l 2 c o s 2 6 ( l + c a s 2 0 )g 2 |"e ; t . , l i . 
N 1 2- c m . \ c . i , ' i l c m . MLJf 

( ) i ) 



- 8 -

In Fig. it, S 1 [ e
c „, :*M 1 l s P l o t t e d f°r the three snsatzs Tor $„ 

used in the previous section. Hadronic-helicity conservation implies 
that only helicity-zero mesons can couple to a single highly virtual 
photon. So Fjj. , the transverse form factor, cannot be directly 
measured experimentally. Here we will assume that the longitudinal 
and transverse form factors are equal so as to obtain a rough estimate 
of the Yt-t-D o cross section. (Fig* j) . 9 ^ Again we see strong depend
ence on ijk, for all nngles except 6 - n/2, where the terms involving 
g vanish. Consequently a measurement of the angular distribution 
would be very sensitive to the x-dependence of ifjj , while measure ients 
at 6 = TI/2 determine F H (s). Notice also th=.t the number of charged 
P-pairs (with any heliclty) is much larger than the number of neutral 
D'S, particularly near 6 » u/2. The cross section^ are again quite 
large with 

do / + -\ do 
dt 

d 
a / + ~\ *-&£- . (15) 

s 
• it/2 

Results for the ui ;ind ± are give" in Table I. 

C. Son-Leading Processes: Vector Dominance; Pinch Singularities 
The QCD predictions given here far wide-angle TY + MM processes 

are in marked contrast to those which are expected from vector domi
nance of on-shell photon interactions* Dimensional counting implies 
that contributions from the minimal Fock state of a hadron (i.e., 
|qq> for mesons, |qqq> for baryons) always dominate at high energies 
and large angles. The scattering amplitude is suppressed by an extra 
power of \f/s for each additional parton involved in the hard subproceSS 
(i.e., T„), Since the photon is an elementary field, its minimal Fock 
state is .just the bare photon itself; the photon couples directly into 
Tu for leading subproeesses. On the other hand, vector dominance is 
associated with the |oq> Fock state of the photon. This Fock state is 
analyzed in the same way any strongly interacting meson is analyzed: 
the photon is replaced by a col linear, on-shell q-q pair in T,,; T„ is 
convoluted with the photon's quark distribution amplitude 4 (x,Q). 
If o-dominance Is assumed, $ Is proportional to i , and the Yf*HH 
amplitude due just to the photon's |qq> component is proportional to 
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P°p°*MM. Several features distinguish theso eontrlbuJ Jons from the 
leading terms described above: 
1. The amplitude %4I (TTT*H3) due te vector dominance is suppressed 

by an additional power of 1/s for large s and S . This follows 
directly from dteensional counting, 

2. Hadronic-helielty conservation In (JCD (for xaro quark mats) 
requires that the sum of the photon nelicltlea equal the son of 
IKson felicities for^r T O. Thus in contract with Eq. <6>»~*^ 
and^*?^ vanish relative to»4<J_ for y^*»»i KK If just 
one of the photons couples through its |qq> state, then all the 
reactions considered above are forbidden In leading order, leaving 
only Trf*P.»1» o n , and so on. 

3. The vector-dominated amplitudes have pi net) singular* ties, result
ing when each constituent fnm one photon is paired with one from 
thi; other photon, and the two pairs scatter Independently of one 
another. In lowest order this gives an amplitude which is sup
pressed by only l//s relative to the leading QCD term. However 
raclative correct inns, i.e., Sudakov form factor effects tend to 
further suppress these pinch contributions by about !//»> 

We thus predict that the vector-dominated amplitudes for photon-induced 
reactions are unimportant at high energies and vide angles. The possi
bility still exists that they nay play sone role at moderate energies. 
However data 1 0' for the closely related process YP*"ip shows no sign 
of vector dominance for s > 5 GelT, and 9 » w/2. 

*" c«si« 
He emphasize that pinch singularities are suppressed in rY»J*1 

processes •.? at least l M s even for amplitudes in which the photon 
couples directly. The pinch singularity can only arise if the quark 
and antlquark coupling to the photon are colllnear and near mass-shell, 
In which ease the analysis and results are analogous to those for 
ep-»h3. The pinch contributions are further suppressed by radiative 
corrections; a leading logarithm analysis results in a correction to 
the leading amplitude which is suppressed almost a full power of s. 
This power-law suppression of pinch singularities, which Is a special 
feature of photon-Induced reactions! greatly simplifies the analysis 
and interpretation of these hsdronic scattering amplitudes. 
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i n . MESON-PHOTOS TttANSITIOH FORM FACTORS 

The photon-aaaon transition form factor P H V (Q 2 ) can be measured 
usi»R tw-photoa «vsnts l a which one-photon i s far of f wass-abell (with 
q 2 » - q z ) , This 1* just MM exclusive U n i t of the photon structure 
function ( i . s , , CY+«) w fragaetitatlon function ( i . e . , ee*Y») . Only 
neutral p*eudo~sc«lar aegotiB couple, and the l*yH vertex has the form 

**ere P H i t ttw weson's fcwSMtun and t e the polaxizatioa vector of the 
i n i t i a l (cm-shall) photon* A complete analysis of th i s for* factor for 
large* Q2 has baan gtvan in Raf. 1. For pious, the f inal result i s 

V Q 2 > • 75V / d x S ^ I 1 + ° (•. - fj] - c i 6 ) 

Unlikt the eleetrowagnatle form factor 7 <Q2) (Eq. (5 ) ) , this form 
j 

factor In laadlng order haa no astpliel: dependenca on a [Q ) . Con-
se<juantly as accurst* w«itsT«Wftt of F (Q > detensin«s 

This con be conblaed with the normalizing SUB 
0 «• 
rule (Eq. (4)) to constrain the independence of ^ ( x . Q ) , To i l lustrate 
t h i s , consider tuonMlisad distribution anplitttdei. of the general f a n 

•w<*«® W 
f_ T(2n+» ft R 

— < l - * ) n ** J n > 0 <I7) 
(r<n+»)a 

where large itQ) inpUtis A sharply peaked (at *.->*} distribution and 
waall n<5) give* a broad distribution. This aasatz gives * *y transi
tion form factor 

** V » 2 > • 2 f „ ^ ° 8 ) 

which is clearly quits sensitive to the parameter n <3e« fig. 6). For 
very high Q 2, «(Q) + 1 and thus 

» * - # a s q z - - , (19) 



- 11 

The j^def-ndeM* of the integrand in Eq. {16) is identical to that 
in &j. » > for P,, Consequently all dependence on • can he removed 
by coopering the two processes. In feet, a mcaauremenc of each provides 
• direct determination of a 

Ones ths 0 ( a ) corrections have been confuted, this could be used to 
swaaure a and tha QCD scale parameter A for a given renomalizatlon 
prescription. 

Of course all of chase formula* are valid only at large Q ; 
0(m /Q ) corrections become important at lower q 2. However the q + o 
behavior of T la fixed by the experimental rales for the decay TT°-2Y> 
or, equivaleitly as it tvirns out, by current algebra which Implies6' 

KJ^ * • " ! — as q 2 * o (2i) 
* Y fcT f. 

IT 

7. 2 
To estimate the effects due to 0(nr/Q ) corrections, uc write ? in 
terns of a dipole form 

? ^ __1 1 _ 0.27 CeV"1 

"l" 4 t i 2 f 1 +<Q 2 /8n 2 f f ) 1+Q 2/M 2 

(22) 
( H 2 - .68 CeV2) 

which interpolates between the Q 2 = 0 and q ! = » lioits (Eqs. (21) and 
2 9 

(19)). Tha Tuas scale M is quite similar to that measured for F (Q ). 
TT 

If the best n(Q) in Eq. (17) is appreciably different from r, = ] at 2 currant <? , this tnnee-srale parameter might actually be more like 
K2(«i> - .68 CeV 2 ^j±i . (23> 

2 2 Curves for <J T (Q > which include such n-dependent mass effects m e 
also given in Fig. e. Mass corrections do not greatly altttr the pre
dictions for <}2 > S CeV 2. 

Similar predictions can be derived for F and r , , If the v, n 
mr H T and «* distribution amplitudes are all similar in shape, then vc haw 
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F CQ 2) - •— J^F (QZ> 
IT /$ f„ VY H ' 

(2«> 

to all orders in a and to leading order in m /Q . Presumably the 
decay coflstants, f^, £ , and f ,, ̂ re all roughly equal. The gluonic 
valence state in the V does not contribute in leading order to this 
process. 

IV. OTHER PROCESSES 
Other two-photon processes which can be analyzed pcrturhatlvoly In 

QCD include: 
(a) YV--pp.nn.... The analysis foe baryon-fintibaryon final etates 

is closely analogous to that for mesonst extiept that In general thtra 
are many more subprocesses contributing CO lu*' 2 Slmanelonil counting 
predicts s (da/dt) scaling up to logarithmic factors, and hedronie-
helicity conservation implies that the baryens have equal and oppoiite 
helicitius. He note that data exists for both the proton'a Compton 
amplitude (YP + TTP) and for its magnetic form factor.')i*') A detailed 
comparison vlth T T •» pp will provide new insights into the nuclaon wave 
function. The Compton amplitude is 4r *• .1 nb/CaV2 at a - 9 G«V2 and 

at 
a = n/2, suggestinR that YY + PP may be comparable with mr + PPi1"',... 
for s < 10 GeV2 and 6 - n/2. 

(b) YY*n.,n t.... One £>L the classic appllcatlona of two-photon 
physics is to the study oi even charge conjugation neaona. Particularly 
interesting are the heavy-quark pseudo-scalar mesons such o* the n̂ i 
As is well known, the leading n.YY coupling enn be decomposed into a 
nonrelativistic uave function (evaluated at r = D) multiplying a par-
turtiative amplitude for CC-»YY< This factorisation ia valid, subject 
to very general assumptions, to lowest and first order in a.(M_ ) , and 

2 2 « 
until nonperturhjtivc hnund state effects of 0{v /c ) become important. 
The total hadronic width fif the n is analyzed in -a similar fashion, 
proceeding via n c •* 2 gloons In lowest order* Because the lowest order 
amplitudes for mo-photon and tvo-glwn decay are identical (tip to over
all color factors), the ratio of these widths is an especially clean 
prediction of perturbative QCD. All dependence on the wave function 
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cancels, as do all 0<v 2/c 2) corrections, to give (Jn MS scheme) ! 3 ' 

ifo^hadrons) 2 ffc) , I ' ^ . ( ^ J ( 

Thus a precise measurement of this ratio, for either the n or fb<? n. , 
C b 

determines the QCD scale parameter A. This must .ly.rcu with thot obtained 
froir. r(T*hadruns)/r(T*ti u~) or other short-distancr processes. 
Quantities, such as this one, vhich are proportional to (a ) will 
probably be the nose useful for determining the parameters of QCD. In 
contrast, neasuring small deviations from the scaling behavior predicted 
by naive parton nodeIs is difficult; interpreting these deviations is 
equally challenging due to higher twist effects. 

(c) » •¥ fp. Dimensional couTiling predicts s (do/dt) scaling 
(up to logarithms) for YY-*YP at fixed 6 . However in QCD hadronle 

c ,tn. 
hellclty conservation requires that the p have zero hclicity, uhich is 
impossible, when its mass is neglected, if it is coupled to the photons 
In a gauge-invariant and Lor«nt2-covariant fashion. Thus QCD requires 
additional suppression by a factor of O(nrvs), and s (da/dt) selling 
is more likely. This Is not necessarily the case for theories with 
scalar or tensor gluons. These do not conserve hadronic belicity and 
so s (da/dt) scaling may result. 

V. SUMMARY AND CONCLUSIONS 

As we have discussed in this paper, two-photon exclusive channels 
at large momentum transfer provide a particularly important laboratory 
for testing QCD since the large-momentum transfer scaling behavior, 
helicity structure, and often even the absolute normalization can be 
rigorously computed for each channel. The Y Y * M 3 and Y * Y * M processes 
provide detailed checks of the basic B o m structure of QCD, the scaling 
behavior of the quark and gluon propagators and interactions, as well 
as the constituent charges and spins. Conversely, the .aigular depend
ence of the YY+*"?f amplitude* can be used to determine the shape of the 
process-Independent distribution amplitude 4w(x,Q) for valence quarks 
In the meson qq Fock state. The cosO -dependence of the TTY + M H 

cm, 
amplitude determines the light cone x-dependence of the meson distri
bution aninlit'jde in much the same way that the Xg, dependence of deep 
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inelastic cross sections determines the light cone x-dependence of the 
structure funrtfons (qunrfc probability functions) G

a/ H< X»Q)-
The form of the predictions given h«re are exact to leading order 

in a s(Q~). Power-law <m/Q> corrections can arise from mass insertions, 
liipher Fock stnr.es, pinch singularities and nonpcrturcatlve effects. 
In particular, the predictions are only valid when s-channel resonance 
effects can bo neglected. It is likely that the background due to 
resonances can be reduced relative to the leading ordeT QCD contributions 
If one measures the two-photon processes with at least one of the photons 
tagged at moderate spacelike momentum q , since resonance contributions 
art- expected to be strongly damped by form factor effects. In contrast, 
tlie leading ordur QCD Y,Y5*MM amplitudes are relatively Insensitive to 
the v-alue of q. or oj for fq,| << s. 

Finally, we note that the amplitudes given in this paper have simple 
crossing properties. In particular, ve can immediately analyze the 
Coropton amplitude Y M * Y M in the region t large vlth s » |t| in order 
to study the lending Regge behavior in the large mnmentum transfer 
domain. In the case of hellcity ±1 mesons, the leading contribution 
to the Comptun amplitude has the form (s >> |t|) 

(26) 

wHch corresponds to a flx&d RegSe s ingular i ty at J " 0 . In the case of 
hc l i c i t y zero mesons, th i s singulari ty actual ly decouples, end the 
leading J-plarm singular i ty i s at J<*-2. 

http://stnr.es
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Tft«.E I 

W14v*flgle hlfih-«ncrfiy ralaciom* for xt wnihllation into 
tvo hellcity 0 <«•(» or h«U<*Uy i l Ch«il) msms. Heme 
JI-U1 mixing in oegl«c««d and pr«b*bly *« ** f» » 93 MeV-
The $ Is ««st8C«d to hav« only strange quarkfi in i ts 
val«nc« Feck ijtJitc. 

PROCESS CjWSS SECTION 

h - 0 YY * K + K" l-S(n^V) 

•A 0.3 * | | (rr * « V ) 

nn 

) nn ••* • (Jj) - 1 <" - "'*° 
+ - 7.S " jgitv * "+,"~) 

0 P ' . s ^ ( n - V ) 

9 P W 3 * | | ( r f ^ V > ) 

uw * * jif (w - «V> 

•» t .** f t (Yt*»V) 

* 



18 -

Ftfirate CAPTIONS 

Fi£- J. (a) Factored* s t ructure or toe yy » MM annlitttde in <}C0 « 
lair>e tKontnitun t raasf «»*"., TU* T„ amplitude i s computed with 
quarVs ro l l inear with the outgoing raasonfl. 
(b) Diagr.-un contributing to Tg <yy •* MM) to lowest ordur In a . 

FIs. 2. The 9-dt:pcnt]etit factor S i c o s ^ ;»„] of Eq. (7) required for 
computing the YY •+ MJl amplitude for hc l lu i ty zaro meuon*. TKa 
curves (a) , (h) and (c) correspond to tho d is t r ibu t ion amplitudes 
»M(x,Q) ' x ( l - x ) , [x ( i -x ) ! ] s , and SCx-Hi), respect ively. 

Tip,. 3. QCD predictions Eor YY •* Tin to leading order In QCD. The 
resu l t s assume the pion form factor parameterlsation p _( i0 " 

2 
0.4 GeV/s- Curves («), (b) and (c) correspond to the dia-

L 
tribution amplitudes ty • (t(l-x), [x(l-x)] i and e<X-!l)i 
respectively. Predictiunn for other holieity zero mason* are 
obLajnecf by multiplying with the scale constants given In 
Table I. Fii>- 4. The factor e, [cosfl J*.J of Eq. (7) required for computing i c *TH • pi 
the YY -* MM amplitude for helicity ±1 mesons. Sea fig. 2. 

Fig. 5. Q C D predictions for YY * Piv1 with opposite hslieicy ±1 to 
leading order in QCD. Tho normalization given hare assumes 
that die p distribution amplitude is lislieity independent. 
Other vector meson results ere obtained from the scale 
constats given in Tab la T. 

Fig. 6. Dependence of the y*Y + * transition torn factor F U(Q ) on 
~T 

the parameterization »t the »ien d i s t r ibu t ion anplitttd* given 
in Eq. (17). 
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