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ABSTRACT

Detailed leading order Q€D predictions are given for the scnm.
angular, and helicity dependance of the reactions yy + M{ (Mr%, ¥, p,
etc,) at large momentum transfer., In addition to providing a basic
test of QCD at ghort distencas, messuremants can be used to detarmine
the process-independent meson distribution a.mpl!tudu ¢H(x,Q) Other
related two-photon channels such as yy<+yp, y"y=13, no, n' and Mo =YY
are also discugsad. Wo also prove the exdstence of a Fixed Reﬂge
singularity ar J =0 which couples to yr +vyp in the t=-channel but not
YUy,

I. INTRODUCTION

Much effort has recently boen devoted to the study of exclusive
processes involving large transverac nomanta within the context of per-
turbative quantwn chromodynamics (QCDJ.”J) Here, as in other appli-
cations of perturbative QCP phocon-{nduced reaccians play an important
role. The peint=1ike structure of the photon resulte ir subscantial
simplifications of the analysia of these axclusive scattoring smplitudes.
In this paper we prefent detailed predictions for photon-rihoton anni-
hilation into tvo mesons at large center—of-magss angles €, m, - We also
examine predictions for photon-meson iransition form factors, and for a
number of other two-photon procasses relgvant to the study of perturha-
tive OCD.

Amplitudes for the large-angle oxclusive processes discussed hete
factorize into two parts ar high energies:!)
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. a partom Jistribution amplitude 4{x;,Q) for cach hadron — the
probability amplitude for Finding valence partons in the hadron,
each carrying some fraction %y of the hadron's momentum, and all
collinear up to ku ~ @, the typical momentum tronsfered in the
process;

- a hard-scattering amplitude Ty — the owplitude for scattering the
clusters of collinear valence partons from each hadron.

Thus, for exasple, the nrocoss VyYyr M is described by the helicity

anplitudes (see Fig. la)
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where Eix ~ min(x,l~x) Vs |une=_m.i. and gimilarly for Ey. The quark
distribution amplitudas depend only legarithmically on 3, having the
form

= 2\ ¥n
n=( A

to leading order in ua(qz). the running coupling constant in OCD. The
hard-scattaring amplitude 'rn. is computed, in leading order, from Born
dingrams such as thoge fa Fig, lb. All quark and hadran masses may be
neglected in these diagrams, reaulting in errors only of order

w’/s << 1, Consequently slmple dimensional analysts tmplies T, ,~a /s
for large s Jnd therefore

'”‘.\'* %'(‘c.n.'c) +« B2

up to factors of (in s!.’!.z). Furtherwore, in vector-glucn theorfes like
QrD, quatrk helicity is conserved along each fermion liné whon masaes
are peclected, Thus the weaon belicities In yy+po, for example, must
be equal and opposite, to leadiog order in m?/s. This is not the case
in zcalar or tensor gluown thlories.n

Dimemsional counting®) amd hodronic helicity conseTvation arc
general [eatures of the vido-angle exclusive procasses which we consider
here.?) They are valid to s}l orders in ng, and as such are importamt

tests of the theory, testing the scale invariance of the bare couplings,
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the vector nature af the gluon, and so on. However we can say much
more about these photon-induced reactions at large momentum transfer.
Specificallv, we give detailed predictions far the magnitude, angular
distribution, and helicity structure of these amplitudes.3?} Furchermore
Wit €an use these processes to probe the nonperturbative structure of the
hadranic wave functions,

In Section 11, we discuss two-photon annihilation into two mesons.
This analysis is combined with that of the meson's electromagnertic form
factor so as to remove many of the ambiguities due to renermalization
scheme, normalization point, and so en, which usually besetr such a QCP
calculation. We also discuss the power-law suppressed contributions
due to vectnr dominance and Landshoff pinch singularities, In Section
111, we examine the photon-mesen transition form factor at large Q2
{for ey = eM at wide angles) and its relation to the pion form factor.
¥e also show how current algebra predictions for low Q2 can be combined
with OCD predicrions for high Qz to obrain a rough prediction for
FYH(QE) for all 02- In Section IV we review predictions for a number
of ather two-photon processes. Finallv in Section V we summarize our

results and briefly discuss some of their broader {mplications.

11. PHOTON-PHOTOX ANNYHILATION INTO TWO MESONS

fn this section we exanime the two-photon prorasses vy, , -+ Mhﬁh.
where “h' Mh' are mesons with helicities h and h' respectively.
Dinensional counting predicts that for large s, s*{do/dt) scales at
fixed t/s or 6r.m. up to factors of ﬂn(s('g), for all such reactions,
Hadronie helicity conmservation requires that either hoth meson helici-
ties are zere, or both are equal to <1, with b ==I'. (There {s no a
priori restriction on the photen helicities.) We Jiscuss these two

cases separately.

A, Helicity-Zero Mesons

Some fortvy diagr: cantrihute to the hard-scattering amplitudes
for yy + MM (for nonsinglet mesons). These can be derived from the
four {ndependent diagrams in Ftp. 1b by particle interchange. The

resulting amplitudes for helicity 2ero mesons are:
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where :: = {1-x) (1-y) * xy, the subscripts ++,-—,... refer to photon
helicities, and €y, e, are the quark charges (i.e., the mesons have
charges *{c; -e,)). To compute the vy =+ MM amplitude . W (Ea- (1)),
we now need only know the x-dependence of the meson's distribution
amplitude GH(x.a); the overall normalizacion of Sy is fixed by the

'sum rule’ (nc =13)
1

f
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where fy is the meson decay constant as determined from leptonic

3]

decays, Note that the dependence in x and y of several terms in

T“. is quite similar to that appearing in the mesoen's electromagnetic

form fartor:

I * -~ * -
F (5) = léﬂas dx El‘f ?H(x'qx)ﬁﬂ(y'?}') (5)
M s x(1-x) y(1-y)
0

ol

when mH(z.Q) = @ll(l-x.Q) is assumed.-") Thus much of the dependence on

3(x,Q) can be removed from. ((“. by expressing it In terms of the meson

form factor — i.e.,
“ (1))
= t- = lé67a Fﬂ(s) 5
v | -cos 6 m.
(6)
2 1
M e, - !
. lene Fyy(s) « L 2)) + 2¢e e g6, o sy}
‘#_4_‘ 1 -cos“ o
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up to corrections ol order 2g and mrls. Now the only depondoenm ¢« on
¢H‘ and indeed the onlv unknown quantity, is in rla c-depuodent ooy
) g (xa0) v.0) a[\'(l-.\')ﬂi(l-x)]
f R € T (50 B S S U
. T - bcas” c.m
glec.m.;:ﬂ] T T Y T 7
: (x.Q) ¢, (v .0
T ‘,-___g__._
fd’“'* W) ¥
0

The spin-averaged cross scction follows immediately from Lhese expres-

sions:
do 2 __do - 12w,
dt s dcosnt.m. 16ﬂs g‘
Yo 3 %F“('i)l ‘ ((E.' - )ﬁ . ..(‘u“ 2\<(L - .‘)
- a” — 4 =1
s | '(1 -coszbc.m.); 1-ros %c.m.
. g[ec.m.;aﬂ} M 2<0192/: Bg[ac.m.:aﬁ ]t ) (8)

In Figs. 2 and 3, g[ﬁc n ;¢M] and the spin-averaged cross section
(for yy+n7m} are plotted for several forms of ¢w(x,q}. At verv largc
energies, the distribution amplitude evnlves to the form

¢H(x,Q) Ej::- bE f!.1 x{i-x) . (9}

and the predictions [curve (a)] become exact and parameter-frec., How-
ever this evolution with increasing Qe is very slow {loparithmic}, and
at current energies *H could be quite different in structure, depending
upon the details of hadronic binding. Curves (b) and (¢) correspond to
the extreme examples ¢, = [x(l-—x)1 and ¢, = &{x-%}, respectively,
Remarkably, the cross section for charged mesons Is essentially inde-
pendent of the choice of ¢, making this an essentjally parameter-froc
predicticn of perturbative QCD. By cintrast, the predictions for
neutral helicity-zeroc mesons are quite sensitive tuv the structure of Cage
Thus we can study the x-dependence of the meson distribution amplitude

by measuring the angular dependence of this process.
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Thi- rross sertions shown in Fig. 3 are specifically for yy -+ mm,
whet the pion form factor has been approximated by FT(s) ~ 0.4 GaVzls.

g + - : Y
he - - ¢ross section is quite large at moderate s@

- -+ - 2
%% o =TTy 1 - cas’n m
L CaM, (10)
0.6 Gev®
L Tt 1 4 9 = /2 .
S- C.Mm.

Simllar predictions are possible for other helicity-zero mesons. The
normalization of yy~M¥ relative to the yy~1n71 cross section 15 com-
pletely determined by the ratio of meson decay canstants (fH/Iv)A and
hy the Jlavor-symmetry of the wave functions, provided only that *y

and &  are similar in shape. Given this assumption, we obtain the all-
arders {in as) relations presented in Table I. Note that the cross
section for charged o's with helicity zero is almost an order of magni-
tude larger than that for charged v's (Eq. (10)). Cross sections
invelvipg the n' have been omitted. Flavor-singlet pseudo-scalar
mesons, like the n', have a two-gluon valence Fock state which contri-
butes to leading order. These will be discussed elsewhere.ﬂ}

Finally notice that the leading order predictions {Eq. (6)} have
no explicit dependence on ac. Thus they are relatively insensitive to
the choice of renormalization scheme or of a normalization scale. This
is not the case for either the form factor or the two-pheoton annihila-
tion amplitude when examined smparately. However by combining the two
analyses as in Eq. (6) we obfdain meaningful results without computing

O(Gq) corrections.

B, Helicity — One Mesons

Again the diagrams of Fig. 1b determine the hard-scatteving
amplitudes which describe the production of helicity *1 ("transversely”
polarized) mesons iun yy annihilatfon. The resulting helicity amplitudes
for yy+MN are:

Mo e

- =M mH =0




M
A } = 16maF, Ls){«el -22)2> + 2<e1e2)cosa (l -cos8, )
v«__'_,__'_ H.L c.m, <M.
*efec n, .’¢H1]}
(1
AN
M %= 16ma F, (s){((e -2 )2} - 2<e e )cosﬁ (1+cose )
"*"“-""" H.l 1 2 1-2 c.m. c.m.

* g.l.[ec-m. ;¢H1]}

where wve define (in analogy to the helieitv-zero case) a ""transverse
form factor"

1 ¢*(x.o) ¢*(v,q )
. 1%
FH]_(S) = 3 dx dy x(l-—x) y(l—v) , {12)
and where
1 ¢ (x Q ) & (y Q ) 7
fdx dv b
y (l-x) y(l-y) uz-b'?r:osze
v = 0 C.T.
AL 1 — .

*

&

fdxdy Q) Su(y Q)
x{1-x) y(l-y)

0

Of course hadronic-helicity comservation (in QCD) implies ..k’“. - =

ulln. __ =D as well — i.e., twelve out of the sixteen helicity
*
ampiitudes vanish in leading order (in QCD). The spin-averaged cross

section can now be written

Fy (s)

2 L

'g—: (YY"Hlﬁl) = lGna

2, 2
T oo (B m o) D eoe e B [P 0, ]

c.m‘)gf[gc.m. :¢M ]} ’

2 2 2
9
+ ..(elez_5 cos™6 (l +cas' 0 .

(14}
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In Fig. 4, gl[ec.m.;¢Hl] is plotted for the three ansatzs for ¢Ml
used in the previous section. Hadromic-helicity conservation impiies
that only helicity-zerc mesons can couple to a single highly virtumal
photeon. So T, the transverse form factor, cammot be directly
measured experimentally. Here we will assume that the longitudinal
and transverse form factors are equal so as to obtzin a rough estimate
of the YY-*ulnl cross section (Fig. L).g) Again we see strong depend-
ence on ¢H1 for all angles except 8m ™ nf2, where the terms involving
g, vanish. Consequently a measurement of the angular diseribution
would be very sensitive to the x-dependence of ¢“1' while measure rents
at Bc.m. = n/2 determine FM (s). Notice also th=t the number of charged
p-pairs (with any helicity) is much larger tham the mumber of neutral

p's, particularly near Bm. = nf2. The cruss section. are again quite

large with
da + -~
dc (YY pLDL) 3 GeV4 (1s)
dag + - 2 :
E(w*uu) s
8 = /2
C.Mm.

Results for the W amd ¢1 are given in Table 1.

C. Non-Leadinp Processes: Vector Dominance; Pinch Singularities

The QCD predictions given here for wide-angle yy MM processes
are in marked centrast 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.,
|q§> for mesons, |qqq) for baryons) always dominate at high energies
and large angles. The scattering amplitude is suppressed by an extra
power of 1//s for each additional parton involved in the hard subprocess
{t.e., TH). Since the photon is an elementary field, its minimal Fock
state 1s just the bare photon itself; the photon couples directly into
Ty for leading subprocesses. On the other hand, vector dominance is
associated with the |og> 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 collinear, on-shell g-q pair in Ty TH is
convoluted with the photon's quark distribution amplitude QY(x,a).

If p-dominance {s assumed, 0* is proportional to ¢D. and the yy-+MM

amplitude due just to the photon's |qq> component is proportiomal teo



p%°+MH. Several fearures distinguish these contributions {rom the

leading terms described above:

i.  The amplitude M D(yy+¥) due to vector dominance Ls puppressed
by an additional power of 1/s for large s and sc_‘_. This follows
directly from dimensional cownting.

2. Hadronfic-helieciry comservation in QCD (for zaro gquark mass)
requires thar the sum ot the photon helicities cqual the sum of
meson helieities for .4 . Thus in contrast with En. (6), &0
and..-ﬂm vanich relative tu,d‘b for yy»wx, KK,.... It 1ns|:
on: of the photons couples through its [qq) state, chen al) the
reactions congidered above are forbiddem in leading order, leaving
only Yy B0, 0, amd SO0 on.

3. The vector-dominated amplitudes kave pinch singularitian, result-
ing when each constituent fi-m one photon is peired with une from
the: other photon, and the twe pairs scatter independently of one
another. In lowest order this gives an amplitude which is sup=-
pressed by only 1//5 relative to the lesding QCD term. However
raciative corrections, i.e., Sudakov form faator geffacts tend to
further suppress these pinch contributions by about ll/--s)

VWe thus predict that the vector-dominated amplitudes for photon-induced

reactjons are unimportant ar high energies and wide angles. The pousi-

bility st1ll exists that they may play some rale at mcderate enargies.

Hovever datal®) for the closely related process vp-~yp shows no sigo

of vector dominance for s > 5 Oevz. and m ™ ®/2.

Ve emphasize that pinch singularities are suppreassd in vy
processes oy at least 1/ even for amplitudes in which the photon
couples directly. The pinch singularity can ounly srise if the quark
and antiguark coupling to the photow are collinear and naar mass-shell,
in vhich case the analysis and results are analogous to those for
pp+Mi, The pinch contributions are further suppressed by radiative
corrections; a leading logarithm analysis results in a corrsction to
the leading amplitude which is suppressed almost a full power of s. %)
This powver-law suppression of pinch singularities, which is a special
feature of photon-induced veactions, greatly simplities the analysis
and interpratation of these hadronic scattering anplitudes.



- 10 -

III. MESON-PHITON TRANSITION FORM FACTORS

The photon-mesen transition form Factor B ,,(Q ) can be measured
using two-photon evente in vhich one-phoron is far off mugs-ehell (with
¥ =-q?). Thia 13 just tha exclusive linit of the photom structure
function (i.e., ¢v+av) or frageentarion funckicn (i.e., ge+yw). Ouly
nevtrul pseudo~scalar mésons couple, znd the 1*111 vertex has the form

'U n a
r, = 10° FHY(Q )cw‘m M€ d

vhere ’n is the meson’s momentin and c° the polarization vector of the

initial {on-shell) photon. A complete analysis of this form factor for

large Qz has bew gtvon in Ref. 1. Por pioms, the final resulr is

Q= mini{x. 1=x)Q)
1 o=
¢, (%, 2
2, o 2 L m”
F”(Q ) . .[dx XIS %1 + c(us . Qz)} . (16)

Unlike the electvomagnetis form factor F (Q ) (Eq. (5)), this forn
factor in laading order ham no explici: dependencs on & (Q ). Cen=

siquamtiy an agouratas measuTement of T, th} detemines
f dx [t,(a.Q)lxu-x)]. This cen be combined with the normalizing sum

gulu {Eq. (4)) to coastrain the x-dependence of .,(1,3). Ta 1llustrace
this, congider normalized distribution amplituder of the general form

] F(2n42)
+, (=, r ———
W (raen)?
where large n() implics a sharply peaked (at x=1%) distribution and
swall u{a"} gives & bdroad distributicn. This ansatz gives a sy tramsi-
tion form factoy

(1-x)"x" ; na>o 9%

o’r, %) = 2r I a®)

which is clearly quite sensitive to the parameter n {sea Fig. 6). For
very high Qz. Q)+ 1 and thue
Zf“

F_ o == g Qo= . (19)
Y Q!

-1
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The x—-dep-ndente of the integrand in Eq. (16) is idemtical to that
in Zg. (5) for F w0d. Consequently all dependence on ¢ can be removed
by comparing the two progesses. In fect, a weasurement of each provides
a atrect deterninotion of o (2%):7

F, (Q b 2
L (Qz) “ W ( ) . (20

Once the O(ui) corrections have besn computed, this could be used to
oadsure o, and tha QCD scole paramcter A for a given renormalization
prescriptien,

Of course all of these farmulae are valid only at large QZ;
O(NZIQ:) correctione becoma important at lower Q2. However the qzao
bahavior of 'F“ is fined by the experimental rates for the decay %2y,

or, equivaleatly as it turns out, by current algebra which Impliest?

2 o 2,
F“T(Q } - ,’f as Q ] - (21)

bn
)

To estimate the eflmcts due ro O(mzmz) carrections, we write Fﬂ‘r in
tarms of a dipole form

l 0.27 Gev™}

F ~
™ty 1+(Q?f8n £ ) 1402

(22)
(? ~ .68 gav?)

which interpolatas betwaen the Q2=D and Q2=- limits (Eqs. (21) and
{19)). Tha mags scale Hz is quite similar to that measured for F“(QE).
1f tho bast n(R) in Eq. (17) is appreciably different from n=1 at
currant Q°, thie mags=-srale paramster might actually be more like

M (w) = .68 Cev? zi::—l . 23
Curves for QZF“'IQZ) which include sueh n-dependent mass effects ave
also givan in Fig, 6. Mags corrections do mot greatly alter the pre-
dicticns for Q2 5 Gav?,

Similar pradictions can be derfved for 1-' and F_ e If the =,
and o' distribution amplitudesr are aill similar in shape. then we have
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£
2 - 1 Ty )
FﬁT(Q ) 7%‘ ;;'F;Y(Q )
¢ (24)
5 . ff By
F“-_‘(Q) 3 '{.:F.“(Q)

ta all orders in a_ and to leading order in m’lqz. Presumably the
decay constants, £, fn' and fn., are gll roughly egual. The gluonic
valence state in the n' does not contribute in leading order to this

process.

IV. OTHER PROGCESSES

Other two-photen pruocesses which can be analyzed perturbativoly in
QCD include:

(a) yy=ppnn,... The analysis for baryon-entibaryon final states
is closely analogous to thar for mesons, exvept that in ganeral thera
are many more subprocesses contributing to Tn-lz) Dirgnaignal counting
predicts sC{du/dt) scaling up to logarithmic factors, and hadronie-
helicity conservation implies that the baryens have squal and oppoaite
helicities. We note that data exists For both the proton's Compton
amplitude (yp~+vyp) and for its magnetic form factor,17410) A datatled
comparison with vy =+pp will provide new insights into the nuclasen wave
function. The Compton amplitude ig !% ~ 1 nblc-vz at s ~9 cev’ and
A = n/2, suggesting that yy+pp may be comparable with yy=gp,mM, ...
for s 2 10 Gev? and 6 ~ n/2.

(b) yy#n,nm,... Ove oL the classic applications of two-photon
physics is to the study of even charge conmjugation masons. Particularly
interesting are the heavy~quark psevdo-scalar masons such ae the My
As is well known, the leadimy n yy ¢oupling ::r:n be decompcsad into a
nonrelativistic wave funcrion (evalvated at r =D) multiplying a par-
turbative amplitude for cz~++yy. This factorization is valid, subject
to very general assumptions, te lowest and first srder in us(H: ), and
until nonperturbative bound state effects of 0{\'2[:2} becom i.mguttl‘nt.
The rocral hadrosic width of the . 1s analyzed in a similar fashiom,
proceeding via n, ~ 2 gluons in lowest order. Bocause the lowest order
amplitudes for two-photon amd tuo-gluon decay ave identical {(up te over-
all color factors), the ratio of these widths is mm especially claan

prediction of perturbative QCD, All dependence on the wave fuaction
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cancels, as do all o(viie?) correctjons, te give (in NS scheme) 12}

: 2042 1o_(M2
! (“c +hadrons) s 2 GS(H“‘:) 1 .‘1 + I*QS(M“‘:) . ‘ . A9
I R

Thus & precise measurement of this rvatie, for either the 7, oY the n,
deternines the QCD scale parameter A. This must aprce with that obtained
from T(T*hadruns)/f(T*u+u-) or other short=distancs processes.
Quantities, such as this one, which are proportional to (as)n will
probably be the most useful for determining the parameters of QCD. 1In
contrast, measuring small deviations from the scaling behavior predicted
by naive parton models is difficult; interpreting these deviations is
equally challenging duc to higher twist cffects.

(=} yy =+ yo. Dimensional counting predicts 53 (dofdr) scaling
(up to logarithms) for yy-+vyr at fixed ac.m_. However in QCD hadronic
helicity conservation requires that the p have zero helicity, which is
impossible, when ite mass is neglected, if it is coupled to the phetons
in a geuge-invariant and Lorentz-covarlant fashion. Thus QCD requires
ndditional suppression by a factor of o(mzis). and s“(doldt) scaling
is more likely. This 1s pot necessarily the case for cheories with
scalar or tensor gluons, These do not coneerve hadronic helicity and
50 safdu/dt) scaling may result.

V. SUMMARY AND CONCLUSIONS

As ve have discussed in this paper, two=photon exclusive channels
at large momentum transfer provide a particularly important laboratary
for testing QCD since the large-momentum transfer scaling behavioer,
helicity structure, and often even the zbsolute normalizarion can be
rigovously computed for each channel. The yy+ 81 and 1*1-'H processes
provide detailed checks of the basic Born structure of QCD, the scaling
behavior of the gquark and gluon propagators and interactions, as well
as the constituent charges and spins., Conversely, the cngular depend-
ence of the yy» amplitudes can be used to determine the shape of the
process-independent distribution amplitude ¢“(x.Q) for valence quarks
in the meson qq Fock state. The cosd, . -dependence of the Yy + Mo
amplitude determines the light cone x-dependence of the meson distri-
bution amciitude in much the same way that the *B3 dependence of deep
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inclastic cross sections determines the light cone x-dependence of the
structure functions (quark probability functions) qu(x.Q).

The form of the predictions piven here are exact to leading order
in as(qz). Power-law (mIQ)2 corrections can arige from mass inserticas,
higher Fock states, pinch singularities and nouperturbative effects.
In particular, the predicrions are only valid when s-channel resonance
effects can be neglected. Tt igs likely that the background duas to
resonances can be teduced relative to the leading order QCD contributions
if one measures the two-photon processes with at least one of the photons

tagged at moderate spacelike Momentum q2

, since resonance contributions
arv expected to be strongly damped by form factor effccts. In contrast,
the leading order QCD v, ¥, +MH amplitudes are relatively Insensitive to

the value of q?

or qg for fq%| << g,

Finally, we note that the amplitudes given in this paper have simple
cressing properties. In particular, we can Immsdiatcly analyze the
Compton amplitude YM-yM in the region t large with s »> |t| in ovder
te study the leading Regpe hehavior in the lgrge momentum transfer
domain. 1In the case of halicity *l mesons, the leading contribution

to the Comptun amplitude has the form (s »> [t|)

= 2,12
Hyagy = iﬁﬂuFH}t)(el+ez)
{26)

(Ay‘l; ' Aﬁ-k]:l)

which corresponds to a fixcd Regge singularity at J=0., 1In the case of
helizity zero mesons, this singularity actually decouples, end thn
leading J-plane singularity fg at J==2,
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TAELE I

Vide-angle hiph-encrgy relacions for vy gmihilation inco
two helicity 0 (h=0) or helicity *1 (hw 1) mesons. Here
n=1' sixing is neglocted and probably £y ~ £, = 93 MeV.
The ¢ ia sssuted to have only straage quarks in its
valsnce Fock gtato.

h=0

hei)

PROCESS

yy + KK

#y¥g

L]

nn

. -
Yy =+ a'p

%

vy + p%

GROSS SECTION

0,3 » &g (w - u°s°)
D.1l x

0.4 x

7.3 » 42 Ty - n+n-)

2.5 x -:—: (\ry - “nwo)

1.4 » %:7 (yy - _.o_'o)

0.4 » %“t- (w w ‘,opo)

-



Fie. 1.

Fig. 2.

Fig. 3.

Fig. &,

Fig. 5.

Fig. 6.

- 18 -
FIGURE CAPTIONS

(2} Factorized structure of the vy ~ M1 aaplicude in QCD at
larme womeatum tragsfer. The TH amplitude 18 computed with
quarks collinear with the outgoing maanns.

(v) Diagram contrihuting to Ty (vy + M) to lowest order In a_.

The 9-dependent factor a{cnnse.m.=¢nl of Fq. (7} reguired for
computing the vy + MY amplituda for helicity zaro mesons. The
curves (o), (h) and (¢) correapond ta the distribution amplitudes
e (x,Q) = x(1-x), Ex(l-x)]h. and §(x-%), reapectively.

QCD predlictions Eor yy =+ nw t¢ leeding order in QCD. The
results assume the pien form fackor parameterization F“(l> ~
0.4 GaVl/s. Curves (a), (b) and {ec) corraespond to the dis=-
tribution amplitudes ay = x(1-x), [x(1-)3%, and 8¢x-1p),
respectively. Predictivnm for other holicity zero mascns &re
obtained by multiplying with the scale conatants given in
Table 1.

The factor glfcasec - ;tMJ of Eq. (7) requirad for computing
the yy » MM amplitude for helicity ) megons. Sem Fig. 2.

QCD predictions for vy + p P, with opposite helicicy £1 to
leading order in QCD. Tho nermalization given hare assumes
that the p distribution amplitude is helicity indepondant.
Other voctor meson results sre obtained from the scale
constants given in Tabla 1,

Dependence of the y*y + n transition form factor F”Y(Qz) on
the parsmeterizacion of the pion distribution amplituwde pivewn
in Eq. (1.



(@) Py

{b)

a-g Alet s

Fig. |



q[z:¢]

Fig. 2

T |
|
_|
i
(c) a
() |
(b) | | | !
0.2 0.4 06 0.8 1.0
2%=¢0s2(8)



: i ] T
0% |
© n3
> 10
ng yy-—~=mtm”
=
yy-—mm’
bl-*—
Eelnel 2 ‘::
<, 10 E(c)X
:(C)\L /
~ (o)
o' :W(b)
~ { ! ! !

Lot ot Lo gl




« -

{b)
{a) 7]
{c)
| | | ] |
0 0.2 04 0.6 0.8 1.0
2% cos® (8)

Fig. 4




Fig. 5

i f [ [
B _
IO4 — 4
- -
- . -
- YY PPl -
e
s ' E S
b - ]
c - —
sz T i
: 3
- i
[
10 / —
g | i | -
O 0.2 0.4 0.6 0.8
- 22 = cos ()



{MeV)

)

Frry Q2

N 200

Sl

—— Q2551 Gev2
400 |- —— Q%= 5Gevd |
~-- Q2= | Gev?

300

100 - | I
O 0.5 1.0 1.5 2.0
Ui



