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ABSTRACT 
Isrfe womatttm transfer exclusive processes and the short dis

tance vCructure of badronlc wave functleM can be systeuticaUy 
analysed within the conuarc of Fcrturbatl** 0jO>. He review predic
tion! for •asson for* Factor*, two-photon processes rr^litp bedtonic 
decays of heavy quark system, and a number Of other related QCD 

I, INTRODUCTION 

Ont ration why detailed, quantitative teats of quonturo enrono-
dynamics' are so difficult la that neaiurenwnts of basic quirk and 
gluon Biitproeenes must be dont within the confines of hadrons. 
Fortunately* i t i s often possible to isolate the largely unknown bound 
•UCc hedcefl dynssilcs ID terns of erocaae^lsriependenc probability 
dlstrUratloflA sod anadltudee. The predictions fox both inclusive* 
sod eaclttsive 1- 4 reactions which involve large eonentun rransfer can 
then be lactorltad Into hard-scattering quark and gluou subprocess 
anplltudes* T*. representing, the abort distance physics, convoluted 
with evolved distribution functions or amplitudes containing the long 
distent* dynamics. 

As we ahall discuss In this talk, large moaentin transfer exclu
sive reactions such as elastic lepton-hadron, photon-hadron em) 
hedron-hadron acsttaring can provide an axttmlve, experimentally 
acceislble, and perhaps definitive testing ground for pcrturbetlvc 
QC0.B In particular, the power-law behavior of these reaction* 
directly taste the scale-Invariants of the basic quark and gluon 
interactions at short distances, as null as the su(3)-color symetry 
Of the ttadrofllc valence wave function*. The normalizations of the 
exclusive amplitudes (both relative end absolute) rest the basic 
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flavor and Spin sysBfetry structure of the theory a* well as the asymp
totic tMundmry condition for meson valance atata W M foactlone 
obtained Ceo*, the fleeon leptonlc decay T S M S . Th* angular -variation, 
felicity structural and absolute sign of exclusive snollcule* teat the 
spin and ban couplings of quarks and (loons. la addition the pre
dicted logorlthnic aodiflcationa of exclusive «*>lltodes reflect the 
asymptotic freedom variation of the naming coupling constant and tbe 
singuJorttfos In the operator produce expansion of hadronic nave 
functions at short distances, in the eats »C exclusive processes such 
as meson font factors and the two-photon reactions mr+rfi.the deri
vations can be carried out ulth the asms eagres of rigor as that for 
the QCt> predictions for structure function noasnti. An inpllclt 
assumption of sll such analyses Is that ths short distance behavior 
t>: any nonporturbstive or confinement dynamics is more regular than 
that Hlvtn nrdor-by-order in perturbation theory.7 

A convenient representation* of a neuronic bound state In tsxas 
of quark and gluon constituento is the s«c of Cook state m e func
tions « w as defined at equal cine « • a+t on the light-cone. He 
viil choose the physical gauge A + « A g + A 3 - 0. By using light-cone 
quontlilMtlwi (or equivalent ly, tnflnit<MKMentua-fr*ee methods), 
we can define charge and nunber operators vhich « n diagonal in (lie 
Fuck state basis* i.e., conserved quantities which do not change 
part ids mmeer. the auplicude to find » ton-msss-shell) quarks and 
gluon* in a hadron ulth A-wmentvct 1* directed alone the z-direction 
<-md spin projection Ss is defined as t,k- » k» t k 3) 

••^("i^i-'i) ' ''l ' ^ 

vnew by momentum conservation J£ x. • I end V k - 0- The a.. 
1«1 * i-1 x i * 

sp«cl(y the spla-projection of the constituents, the state Is off 
the light-cone energy shell, 

The walonco Fork itates (which in tact dominate large momentum trans
fer exclusive reactions) ore the |qq> (n»2) and |qqq> (n-3) com-
ponontH of the atton and baryon. For each farmion or aatl-fermlon 
constituent «"'("11.14.^) multiplies t»« spin factor u(k<)/4ff or 
v(fe|)//kj, The «ave function normalization condition la 

® 
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By Studying the w w functions themselves» one could ID principle 
uaisrstand not ooly the origin of th* standard stnsctars functions, 
but *1*' th* nature of aBlti-particle longitudinal and transverse 
wemtatm distributions, beUcity day«wJ—ces, a* well as tbe effects 
of coherence. For sxaapl*. the standard quark and gluon structure 
functions (prehaMUty distributions) which control large woaeotu* 
traaafsx iaelnaiwe Tesctiont ait the seal* V ax* 

- k f a l ^ 
W v O ^ ; 1 ^ E / |̂ (««a.»i.-i)|at-MW 

« , S r S z J z 
« d(*-* a) . <1,3) 

shers d. Is d w to the nave function rsnorsaliHtion -i the eoo-
stltMtat a. Mots that w4y tere* which fall-atf as | »| * - lkfa>~1 

(•odolo logs) contribute to the <J* dspsndence of the Integral. These 
contribution* ate anslyrsbl* by the reaorasll&Mlon group and corres
pond in psrturbstlve qa> to quark or glaon pair production or fr*g» 
sensation processes sasoelated with the struck constituent a. In 
general, unless x is close to 1, all Foelt states In the hadron con
tribute to G,/H. [Multi-particle probability distributions are sinplo 
gersraliMlioiit of Bq. U.3).3 X U C I U B I W cross sections Cor reactions 
such as deep Inelastic leoten or photos scattering eon then be obtained 
by convoluting Cm/g{,%A) with the^eletwntary hard scattering quark or 
gluon subprocess cross sections dd a cooputed for on-shell constituent* <s) COXllnesr vith badron H. Tbe seal* Q is oontrollei: by the noaan-
to* trs&ater Is the subproceu and the available phase-spec* for the 
spectator eosstitueats, A detailed discussion is given in Sef. 9. 

Xa the next section* we shall show hau exclusive processes t» 
QCD can ba directly related to the valence Fock states * - and s 
fox Basons snd batyons. w H W 
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II, CALCULATIONS CF QCD EXCLUSIVE PROCESSES 
Ths simplest illustration of the calculation of exclusive reac

tions in <JC0 la the evaluation cf the F^CQ 2), ?**«» transition fox* 
Factor* vhich is •easureabie to two-photon *e+e*w° »',Tf*Y+«*) reac
tion* [u* tig. I (*> 3- The form factor is defined v*a the amplitude 

M A VL Fig. 1. Percurbatlve Qt2) 
.JlKa^ + -f1R?V aaalynia of tt* Tft***° 
"\ECZV V/PP V anplittid*. Higher Fock 
,., *̂» M 1 > state contributions such as (c) ore power-lav 

>i V suppressed In a. physical 
^/T*~ ~^k gauge. The factorisation 
•*^J^- V of FflY(Q2) is shown in (d). 

#i*,esS T1,u1or^ 

Th« lowest otdac contribution is shown In Fig. 1(h). Ha choose a 
fvase with 

«• {<?*"*!.}-(Mr*"/***,) * <£»$2--i2 * 

We than coapute the Y * Y + * ° amplitude in tinte-order perturbation 
theory In tarns of the light-wave lock state amplitudes 

The danoBinator aaaodated with tnt fermioft propagator is proportional 
to (k1 + x l a A ) 2 . For large Q* one than easily findu (Xi + xj • 1) 

2 "2 
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• (.=?.. * ) ' 
The QCD radiative corrections to this result can be organised la die 
fallOKfBg «ay: First consider the loop integration (iT.y) associated 
with flood* which attach to the exchanged tendon C«*«« 1(e) end 
1(d)]< far the ultraviolet region l x > (j the vertex and self-energy 
Insertions lead to the faredon line renomalisatlon 'actor d j f 1 ^ ) . 
for £i<Q« on* obtains either higher corrections in «,(<() to the 
q^+t * V a^Utttde or in the case of rig. 1(c). power-lew suppressed 
contribution* tin AT-0 genge). The gleans which are .exchanged between 
tlw quark lata are Inclnded in the definition of *(x,k 1) end lead to 
• BOMUflaw tal l * (XtEt) - fcT2. This implies a logarittaic Or tepend-
ence for the (fenge-independent) "distribution amplitude* 

*W 2 /* d It 
*(x,Q) I d^W) / | *(*.*,) * < 2 ' 5 > 

Since t »0» * - -sr * ftl/O^). and cne can eonpute the Q dependence 
of t froa the operator product expansion of J(s/2)*(-e/2) In Sq. (2.3) 
near the light-cone'0 to leading order in a s: 

Dbere the K B are the standard nonsinglet anomalous dimension*. Alter
natively, this result can be obtained via an evolution equation of the 
fees-

<T -2j «<x.q) - - ~ — J dy V<*,y) «<y,Q] (2.7) 

where V(x,y) is computed fron the single eloon exchange kernel. We 
thus ostein 

1 

"v All { *lx2 
2^-(e2-e^) 

* y - - L* o - l ^ ^ l «.8) E a, (in 4)" 
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wleh cottectlont of order a (Op) and m 2/q 2. The decay w + uv deter
mines cii« wave function at "tie origin: 

—• - J dx •„<*,<}) - — IT. 
2i/5 (2-« 

In the case of the plon form factor, a similar analysis gives 2" 5 

(see Fig. 2): 

r aft "*•?* L L *Wfr^ 
Asoin to leading order In B B(Q 2) and n 2/Q 2. 

(2.10) 

= T + 3Z+ — 

Fig, 2. FactoriesJ 
structure end leading 
QCD contributions for 
the plon form factor 
In QCD. 

Figure 3 illustrates this QCD prediction for Q T F given 3 dif
ferent initial functions d(x lq 0)atog - Z GeV 2 with representative 
values of the QCD scale parameter A'. In each case the normalisation 
is uniquely determined by <2.9>; all curves ultimately converge to 
the asymptotic limit Q^F, * id«« 6«) 2)f 2, 5 For Fig. 3, we have multi
plied (2.10) by (l+mf/Q*)' 1 to allow a smooth connection with the 
low Q z behavior suggested by vector dominance models. 

The behavior exhibited 1A Fig. 3 can be radically modified if 
•<*i.Qo> has nodes or other complex structure in x1. However such 
behavior Is unlikely for ground state mesons such as the plon. For 
these, one intuitively expects a smooth, positive-definite distribu
tion amplitude, peaked about xi»*2 ~ 1/2. Olvcn these constraints, 
the normalization of «_<Q*) I S largely determined by the breadth of 
the distribution — brood distributions fFig. 3(c)} result in ft large 
form fatter, narrow distributions [Fig. 3(b)] In a small one. The 
magnitude of the form factor also depends to some extent upon the 
scale parameter A 2 through the factor « S(Q ) l« (2.10). 
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Fig. 3. Leading order QCD 
predictions for the pion 
form factor assuming various 
distribution amplitudes 
• <x i (Q 0> « Q2, • 2 G e V a n d 

various values of the QCD 
scale parameter A*. The 
data are from the analysis 
of islectrcproductlon e"p -* 
e~ + ir ++n; C. Bebek et al., 
Ref. il, 

An Important question is the magnitude of the higher-order 
corrections to r-(Q Z). Since the 8luon carries momentum transfer 
-t •» <l-x)(l-y)QZ, • expects that higher corrections will be mini-
aized if one takes th-- argument of o s in Eq. (2.10) to be a fraction 
< 1/4 of (}z. A detaileu .Jlcultttion of the o s correction has been 
recently given by R. D. Field, R. Gupta, S. Otto, and L, Chang, 
vith,however, the extra restriction that •(x,Q) = /3 f TX<l-x). 
Their result can be written (in the MS scheme) as: 

Q 2F | I(Q 2) » 0.43 a, (Qh[ 1 + 0-11 a + 
s ] (2.11) 

with a-CQ 2) - a.{Q 2/l6). 
The complete calculation to this order also requires an evalua

tion of the order o, corrections to the distribution amplitude. A 
detailed calculation nay be possible by analyzing the breakdown of 
conformal invsriance due to the Q2-dependence of the kernel in the 
evolution equation. l i - Q 

Vnlike Che electromagnetic form factor F„<Q*) , the Y - » * form 
factor in leading order has no explicit dependence on o §(Q ) . Con-2quently an eccurai-e measurement of F, V(Q*) determines 

dx [•$Cx,Q)/*a-x)] * This can be combined with the norcali*ing sum 
l e 1 3 lEq. (2.9)3 to constrain the x-dependence of ^ ( x . Q ) . To 

illustrate this, consider normalised distribution amplitudes of the 
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general form 

•,Cx,Q) - i i - t

 r<2TH-2> <!-*)%" ; n > 0 (2.12) 
* 2/5 (rOi+D)* 

where large n(Q) implies a sharply peaked (at at-1/2) distribution 
and small i)(Q) gives a broad distribution. This ansatz givea a ly 
transition form factor 

« 2 % T ( Q a ) - 2f ¥ ^ (2.13) 

which Is clearly quite sensitive to the parameter n. For vary high 
Q 2, n(Q) * 1 and thus2 

f„ * - f " <T - » • <2.14) 
Q 

The K-dependence of the Integrand In Eq. (2.S) 1B Identical to 
that In Eq. (2.10) for F„(Q2). Consequently all dependence On +, can 
be removed by comparing the two processes. In fact, a neasureaant of 
each provides a direct determination of a H(Q 2); 2 

Once the 0(as) corrections have been computed, this could be used to 
measure a and the QCD scale parameter A for a given renornallzation 
prescription. -

Of course all of these formulae are valid only at large Q ; . 
0(»^/Q2) corrections become important at lower Q^. However the Q 2 + 0 
behavior of F„ T is fixed by the experimental rates for the decay 
ir° -* 2y» or, eaulvalently as it turns out, by current algebra which 
implies; 

T«"» 2' * ~T~- a< <? + ° • (2"lfi) 

r 

To estimate the effects due to 0[mf/<>') corrections, we write F In 
terms -' a nonopole fen 
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_ 0-Z T (ML* 
I + ((J2/BtiZf2) 1 + . W 

( H 2 •» .68 GeV 2 ) 
<2.17) 

i. 

which interpolates between the Q 2 - © and Q 2 - - Unit*. The mass stule 
H* la quite similar to that measured for F„Or). If the best 4(0) In 
Eq. (2.12) is appreciably different from n» ] at current Q*. this 
•ass-scale parameter night actually be nor* like 

«?(!>) - .fcBCeV 2 2^- . 12.m 

Predictions for other meson form factors are given In Kefs. 2 and 13. 
These meson form factor results can also be derived using re 

normalization group net hods, as has been shorn by Mueller and Duncan. 
The essential method Is to prove Callan-Symanslk equations for moments 
of the reducible quark scattering amplitudes. The evolution equation 
method and the renormellzatlen group methods are equivalent, differing 
only in the organization of the calculation. The light-can* pertur
bation theory Fock-state methods, however, hav* a number of advantages 
(a) direct calculation in the physical momcntum-apacc Vx and X vari
ables; (b) simple connections between the Bethe-Salpater wave func
tions i distribution amplitudes, and Fock state amplitudes; and (e) 
straightforward analyses of higher Fock states. Finally, we emphasize 
that the distribution amplitudes *HCx,Q) and ^ B<M l tQ) are physical, gauge-invariant measures of the meson and horyon vave 'unctions at 
short distances.2 

III. URGE tM»ENTUM TSAMSEER EXCLUSIVE PROCESSES IN QCP 
let us now briefly review the essential oolites for calculating 

an exclusive large momentum transfer hadronlc amplitude In QCD. Away 
from possible special points In the Xj Integrations (see V-Iow), a 
general badronlc aaplitude.J/ A ] t K a )(Q2,o c < | | | ) can be written as a convolution over the x* of a connected hard-scattering amplitude 
TB'(*i>Bi>Q'Ac.n.) **«• t n e Viience quark distribution amplitudes;2 

•yU.q) - d^CQ) j d \ * q-(* tk A) £1-1) 

and 
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for flavor stnglet mesons and baxyonm, respectively. The plon form 
factor, for example, la given b y 2 - 4 (Me Fig. 2) 

F^ (Q2) - J*dx Jdy ̂ (y.^) T„(x.ytQ?) *,(*»\) 0.3» 
D D 

there $ x • nin(x,)-x)Qt 
In Ty each hadron la replaced by nasiless, eollixteer valence 

partons, each carrying soma fraction of the hadron's momentum. Thus 
T„ is the scattering amplitude for th«, constituents. The distribution 
amplitude * T(x,Q), for example, Is the amplitude for finding a quark 
and anttquark In a plon carrying momentum fractions x and 1-x, res
pectively, and eolUnaar up to tht scale CJ. The distribution ampli
tude;; aru ««akly (logarithmically} Q-depcndent due to qCD scaling 
violation. The detailad dependence can be derived via evolution 
equations2 or the operator product expansion at short distances.*' 

The essential behavior of an exclusive amplitude at large Q 2 Is 
determined by Tu.. For most s^, all Internal quark and gluon.legs are 
far off-shell [p? - q», whore Q* la a linear function of Q z and the 
Xj] in the louest-order tree graphs for T H. This la esasntial If 
contribution)) kf « <JZ are to feet©rise, and thereby be absorbed Into 
the distribution amplitudes. In higher orders T H la defined to be 
"mllinear Inducible": i.e., the transverse momentum integrations 
arc ruatrlctiid to kf > Q z since the region k* < ?|2 is already Included 
in o. in general there can be endpolnt regions of Integration 
(x t •» o) and/or pinch (Landshoff) singularities'* at particular vwlmee 
of K t for vhUh intermediate propagators In the connected quark 
scattering amplitude approach the suss shell, and factorisation is 
jeopardised. In the ease of the meson for* tattora, and amplitudes 
such as YV * *H, Y* + Y * M, and e V " • M|..-Hj| at fixed angle*1* 
these regions of Integration lead to power-law suppressed contribu
tions, even nt the tree level. Us then can obtain rigorous predic
tions for these large momentum transfer processes; In particular Tg 
has J consistent perturbetlve expansion In o-lQ 2)* 

For baryon form factors, 2*" It is easily seen that any anomalous 
contribution from the endpoint region xj - 1. «2* x3 *" ° W 6 la 
strongly suppressed by the Sudafcov font factor which arises frost the 
loop coriuctlons to the near on-shell, high Q 2, qY4 vertex. The 
leading contribution to the baryon form factor thus comas from the 
hard sr at taring region. The Sudakov suppress lor. of the endpoint 
n-Kion implies an all orders resummation of the perturb at ive contri
butions, i.nd thus such derivations are not as rigorous as those for 
the meson form factors.'^ 
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Xft the eese of hadrofl-hadron scattering amplitudes, some contri
butions to Tg hava pinch singulsrltltfM at finite values of the x 1 — 
corresponding to multiple quark-quark scattering .it large momentum 
transfer vith nearly on-shell intermediate stores. However, these 
regions of Integration ere again suppressed by Sudakuv form factors 
•t the e^g vertices, and the hard-scattering region completely domi
nates the pinch contribution*,1 8 In (net, as conjmured by Mueller,1 

the leading contribution fron tHese diagrams for meson-meson scatter
ing arisaa iron the region |kf| - ^(q2)I-c where c - <2c+l) _ 1, 
c • bCff{i.\-2i$ n;). (For Ioui flavors, c = 0.281.1 In an Ahellan 
theory where the Sudakov suppression is at ranger, |kjj - *»(i2). Thus 
for •eionniesoa scattering at large momentum transfer we have 

**«*CD •/[*"»] • c t W 5 ) *D(Jtd'fld'5) M W ^ c n . ) 

" * A ( W 5 ) • g < W 3 ) • (3.4) 

The hard scattering enplitude Ty includes the Sudakov form factors 
which control and eliminate .he pinch region. The effective value of 
$ variaa with the x± phase-space integration. The leading paver com
puted b y h W l o r for £q. (3.4) is 

*„•+„ - ( « » ) - " * - « l B « " « > « « * ( Q 2 ) - 1 " 9 2 2 (3.5) 

coopered to {Q*)"* from dimensional counting. 
Although detailad results for hadron~h.tdron scattering have not 

bean completely worked out* we can abstract from the above analysis 
some general features of QCD comson to all exclusive processes at 
large moiev.tua transferi 

(1) All of the nonparturbative bound-state physics in the scat
tering saplltude Is Isolated in the process-independent distribution 
e>plltudeS4 This la an essential feature of QCD factorization. 

(2) Since the distribution anplltude * 1E the L z » 0 orbital 
angular momentun projection of tht hadron wave function, the sun of 
the Interacting constituents1 spin alonp the nadron's momentum equals 
the hsdron splm 

IcH 
S* - S^ . (3.6) 

In contrast, there are any nutnber of nontnteracting spectator con
stituents In inclusive structure functions and the spin of the active 
quarks or gluons la only statistically related to the hsdron spin In 
inclusive reactions (except at tha edge af phaaa space x * 1). 

(3) Since all loop integrations In T H are of order Q the quark 
and radron meases can be neglected at large q 2 up to corrections of 
Oldet «- a/Q. The vector glutm coupling conserves quark hellcity when 
all Basses era neglected — I.e., B ^ t * ^ - o. Thus coral quark 
hallclty le conserved in Tjj« In addition because of (2). the heron's 
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holictty is the tun of the helicities of its valenct* quarks in fy, 
Uc thus hove the selection rule19 

£ *H - £ *H - 0 , (3,7) 
initial final 

I.e., total hadronic hellelty is conserved)up to corrections of order 
tn/q or higher. Only flavor-singlet mesons in the 0~*" nontt can have 
.t two-gluon valence component, and thus even for these states the quirk 
helicity equals the hadronic helicity. Consequently hadronic hellcity 
conservation applies for all amplitudes involving light aosonl and 
haryons,20 Exclusive reactions which involve hsdrons with quilkl or 
gluons in higher orbital angular states are suppressed by powers, 

(4) The nominal power-lav behavior of an exclusive amplitude at 
fixed 0 c, m, Is (l/(j)n-* where n is the number of external elementary 
particles (quarks, gluons, leptans, photons....) In Tu,, This dlmen-
sional counting rule21 is modified by the £r-depend«no.Q Of the factors 
of aa(Q2) in TH, by the (Revolution of the distribution amplitudes, 
and possibly by a small power correction associated with the Sudakov 
suppression of pinch singularities in barren-had ron scattaring. The 
dimensional counting rules in fact appear to be experimentally veil" 
established for a wide variety of processes. 

The heiicity rule, Eq. (3.7), is one of the most characteristic 
features of QCD, being a direct consequence of the gluon't spin. A 
scalar or tensor gluon-quark coupling flips the quark's hallcltVi 
Thus, for such theories, helicity may or may not be conserved In any 
given diagram contributing to TH, depending upon the number of inter
actions involved. Only for a vector theory, like QCD, can we have a 
helicity selection rule valid to all orders in perturbation theory. 

The study of timelike hadronlc form factors using •*•" colliding 
beams can provide very sensitive tests of this rule, Since the Virtual 
photon in e+e" •+ y* -* hAnB always has spin ±1 along the beam axis at 
high energies. Angular momentum conservation implies that the Vir
tual photon can "decay" with one of only two possible angular distri
butions in the center of momentum frame: (l + cos^D) for JXi-^gl " 1> 
and sln20 for |*A-Xnl = 0 where X A | B are the heUclties of hadron 
hA,B- Hadronic helicity conservation, Eq, (Jr7), a.S required by QCD 
Ricatly restricts the possibilities. It implies that * A + * B " " 
(since the photon carries no "quark helicity"), or cquivalently that 
*A - AJJ « 2\/i - -2Xj. Consequently, sngular momentum conservation 
requires |iA| « |AB| - 111 for baryons, and |\A| • |*n| • 0 for 
mesons; furthermore, the angular distributions are now completely 
determined;l<i 

d {.p B 9 \e e~ * BB) * 1 + coa « Omryons) 

OVMO ( e e " * **) " s l n (mesons) 

uc emphasize that these predictions arc far from trivial for vector 
mesons and for all b»>yo.is. For example, one expects distributions 
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like 1 + acoB 6, -1 < o < I, in theories vltfa a scalar or tensor gluon. 
So sisjply verifying these angular distributions |Eq. (3.8)] would give 
•trans evidence in favor of a vector gluon. 

The power-lew dependence in s of these cross sections is also 
predicted in QC9» using the dlaensional counting rulii. Such "all 
orders" predictions for QCD Allowed processes are sumajrircd in 
Table I.' 9 Processes suppressed in QCD are also listed there; these 
all violate hadronic helicity conservation, and are suppressed by 
powers of n 2/c in QCD. This would not necessarily be the case in 
scalar or tensor theories. 

TABU I 
Exclusive channels in e +e~ annihilation, The h^h BY A couplings 

in allowed processes are -ie(p A- pB)*J F(s> for mesons, 
-iev(pB>fl'G(8)u<kii) for baryons, and -ie% Vo„PMe pPYFnT<s) t<-r 

meson-photon tinal states. Similar predictions apply 
to decays of heavy-quark vector states, like the 

Oii'f'-, produced in e +e~ collisions. 

e • " - • , « . I 5 .11.1 A l f u l i r B l i l r l b i n t o n — J -
* e(» t~ • u It 

S f r i D > ; 7 - c/t1 

M r i i > i * -• c / . J 

( . » ' ? ) . l r B T ( p ) l J - tit 

| r . ( i > l : - zf.1. 

lr.(.>l? - e / . ' 

| G [ « 1 ) 3 - «/.' 

. c / . 1 

- i / . 1 

« e * . 1 

, , / .* 
,„.> 

The exclusive decays of heavy quark A corns u.,*',...) Into light 
hadrons can also be analyzed in QCD. 2 2*' 6* 1 9 The decay * * pp for 
exaftple proceeds vis diagrams such as those in Kl^. 4. Since t's 
produced In e +e" collisions must also have spin il along the beam 
direction and since they can only couple to light quark;, via gluona, 
ell the properties listed in Table 1 apply to <[>, *', T, T',..- decays 
as well. Already there is considerable experimental data for the * 
and *' decays. __ _ 

Perhaps the most significant tests are the decays M'-»pp.nn 
The predicted angular distribution H-ns^e in consistent with published 

f . V - . V . t Y 
1 p*co>p-(o>.«**s" 

U l M j 1 • * T l l I ) l > l T l * W 

l a QCD | •V..<«h>F(lV>™.--
1 •bttiPtt.Sa-. 
\ • j tWlPW.rV. 

Iln't 

i * tei'i 

) 4 IDl t 

1 * roi't 

I * eo»'f 

p+unrctD-
•llfltUMd 

la QO \ " V *pbUjt i^ .pl . t t . -

1 • <» t 

] • M i l 
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tn) 

»i »e *s 
(b) 

•i "z "3 
C fW. 

»j Xt ., 

rvru 

Fig. 4. (a) QCD analysis of 
*+BB". <b) Helicity-labeled, 
quark gluon sub-processes. 

data. 1 6 This Is Important evidence favoring a vector gluon since 
scalar or tensor gluon theories would predict a distribution of 
sin2e + ^ ( O . Dimensional counting rules can be checked by comparing 
the tp and i> rates into pp, normalized by the total rates into light-
quark hadrons so aa to remove dependence upon the heavy-quark wave 
functions. Theory predicts19 

BRCO - pp) 
BR(i>' •* pp) 

where 

BR(* •* pp) 1 

-ft) 
• < * - » P P > , 

& 

r(\l> * light-quark hadrons) 

(3.9) 

(3.10) 

Existing data suggests a ratio (M^t/rfy)" with n - 8±3, in good 
agreement with QCD. 

Many more examples of exclusive reactions which test the basic 
scaling laws and spin structure of QCD are discussed in Rcfa. 2,7,19. 
The essential point is that exclusive reactions have the potential 
for isolating the QCD hard-scattering processes in situations where 
the helicities of all the interaction constituents are controlled! 
In contrast, in Inclusive reactions the absence of restrictions on 
the spectator quark and gluone allows only a statistical correlation 
between the constituent and hndronic hellcltles. 

IV. EXCLUSIVE TWO-PHOTON PROCESSES15 

The two-photon react ions (M - n,K,p,u>,.,.) 

do 
dt (YY •+ MM) 

rt large s ° (k. + k_) 

end fixed 0 

r 



-15-

provlde a particularly important laboratory for testing QCD since 
these "Compton" processes axe, by far* the simplest calculable large-
angle, exclusive hsdronlc scattering reactions. As we discuss below, 
the lerge-aomenturc-traneCcr scaling behavior, the hellricy structure, 
and often even the absolute normalization can be rigortnisly computed 
for each two-photon channel,1* 

Conversely, the angular dependence of che w -* MM amplitudes con 
be used to determine the shape of the process-independent meson "dis
tribution amplitudes," 4M(X,Q)« the basic short-distance wavefunctions 
Which control the valence quark distribute one) in high momentum trans
fer exclusive reaction** 

A critically important feature of the mf •* MM amplitude is that 
the contributions of Landshoff pitch singularities arc power-law 
suppressed at the Born level — even before taking into scewmt 
Sudakov f a n factor suppression. There are also no anomalous con
tributions from the x - 1 endpolat integration region. Thus, as la 
the calculation of the meson tons factors, each fixed-angle be Licit? 
amplitude can be vritten to leading order In 1/q In the factorlzad 
font W 2 » p | - tu/s; {f^ « Bdn(iri),(l-K>Q)] (see Fig. S ) : 

-*„.*'M*"*<r-W"r 
• 8 < V « . J * H < * ' 5 K > <«.l) 

vhere T H is the hard-scattering amplitude yy * (qq)(qq> for tht pro
duction of the velence quarks collincar with each tteson and t>i(KiQ) 
is che (process-independent) distribution amplitude tor finding the 
valence e, and q with light-cone fractions at the meson's momentum, 
integrated over transverse momenta kg < Q. The contribution of 
nooralene* Fock states are pover-law suppressed. Further, the_spin-
selection rule (3.7) of QCD predicts that vector mesons H and fi are 
produced with opposite hcllclties to leading order In 1/Q and all 
orders In a ^ Q 2 ) . 

Ce) 

)2{ Fig. S- (a) Factorlead 
structure of the yy •* t& 
amplitude in QCD at latg* 
momentum transfer> The Tg 
amplitude is computed with 
quarks colllnear with the 
outgoing mesons* 
(b) Diagram contributing to 
T H (VY * KM) to lowest order 
in a*,. 
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Dimensional counting21 predicts that [or large s , s* do/dt scales 
at fixed t/s or 8

C, B, ••*!» to factors of in s/A* * Some forty dlasrams contribute to the hard-scattering amplitudes 
for yy * MM (for nonsinglet mesons). These cnn be derived from the 
four independent diagrams in Fig.. 5b by particle inter change. The 
resulting amplitudes for helleity zero mesons are: 

1 6 ™ s 32nn 
Is x(l-x)y<l-y> 

(ci - e O a 
1 - cos 8 C.S.J (4.2) 

Vl 16no_ 32<m 
3s x(l-x)yU-y) 

<*1 - e2) CliO ^ a t y t l - y ) + x(l-x)} 
™~2 + 2 2 2 

l-eos*e a -b C M ( _ 
cm. cm.. 

where f| • <l-x)(1-v) «xy, the subscripts ++,— ,... refer to photon 
hellcltles, and ej, Co arc Ll>e quark charges (I.e., the mesons have 
charges itej-sj)). to compute the ft * MM amplitude v*^;, (Eo,i (4.1)) i 
we now need only know the x-dependenco of the meson's distribution 
amplitude 4M(XIQ)S the overall normalization of ty| is fixed by tha 
'sum rule' (t^ • J) 

i. I <M«<x.Q> - ~ 
1 1 2 ^ 

(*.3) 

where fJJ is the meson decay constant as determined from laptonlc 
decoys. Dote that the dependence in x and y of several tern in 
1\&* ** (fitte similar to that appearing in tha meson's electro
magnetic torn factor (2.10): 

16m •i'fr.O <<*•$„) (4.4) 

when $M<x,Q) • 4 HU-x,Q) ia assumed. Thus much of the dependence on 
9(x,Q) can be removed from -*x>> by expressing it In terms of (he 
meson form factor — i.e., 

lfruo F H(s) 

lets FJJ(S) 

1 - «» 2» C.„.J 
<(e,-02)Z> ] 

(4.5) 

Cm. 
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up co corrections of order o a and m /̂a. How the only dependence on 
*U, and Indeed the only unknown quantity, la in the C-depe»dent 
factor 

<N.-u*«J 

1 

/ 
+H(x,3> » H ( y ^ <yCi-y)»x<^-x)] 

d x d y x(l-x) y(l-y) ~ T •b 3 c«aV 

dxdy x(l-x) y(l-y) 

(4.6) 

The spin-averaged cross section follows ianedlately from these 
expressions: 

do * do 1 1 y* , „ S 

l&»o 
F M ( B > 

v2,2 !1 (h-,)*) + 'frivXh-ift 
I f 1 " 6 ^ . . . ) " 1"W5*<> 

cm. 

" • [ ^ . ' • J + ^Va) 8 *'[•«.«.'•«] <*.n 

In Fig. 6 the spin-averaged crosa section <for yy * tin) are 
plotted far several forma of 4 H(x tQ). Ac v ;ry large energies, the 
distribution aaplltude evolves to the form 

*«<*•« Q^t ̂  fM *«-*> (4.B) 

and the predictions Icurve (a)] become exact and param«t«T-frea. 
Bowever this evolution with incr'-aslng q 2 is very slow (logarithmic), 
and at current energies O^ could be quite different in structure, 
depending upon the details of hadronlc binding. Curves (b) and (e) 
correspond to the extreme examples ̂  « ixU-x)]^ and 4u • ftCx-lf), 
respectively. Remarkably, the cross section for charged mesons is 
essentially Independent of the choice of a^, waking this an essen
tially paraneter-free prediction of periwrbetlve QGD. By contrast, 
the predictions for neutral helicity-zero mesons arv quite sensitive 
to the structure of •». Thus we can study the x-dependenee of the 
meson distribution amplitude by measuring the angul.tr dependence of 
this process. 

The cross suctions shown in Fig. 6 are specifically for TfTf •» sir» 
where the pion form factor has been approximated by F B(») - 0*4 GeV*/s 
The * *~ cross section is quite latge at moderate s: 

http://angul.tr


18-

I"ig. 6. QCB predictions for 
rr -* »« to leading order In QCD. 
The results assume the plea form 
factor parameterization F,(»)— 
0.4 CeV'/s. Curves (a)* (b) and 
(c) correspond to the distribu
tion amplitudes *u « x<l-x), 
(x(l-x)j'*, and SOHt). respec
tively. Predictions for other 
hellcity zero BCBDDB are obtained 
by multiplying with the scale 
constants given in Ref. 15. 

jf <YY-»»V> 4|ys)| Z 

(4.9) 
0.6 CeV 

2 at cm. nil 

Similar predictions aro possible for other hellcity-zcro mesons. The 
normalisation oi yy+Mfi relative to the YY*** cross section Is com
pletely determined by the ratio of meson decay constants (f K/f^) 4 and 
by the flavor-sjmmatTy of the nave functions, provided only that *n 
and * ¥ ore slnllar in shape. Note that the cross section for charged 
p's vlch bellclty zero la almost an order of Magnitude larger than 
that for charged »'s. 

Finally notice that the leading order predictions |Eq. (4.5)1 
have no explicit dependence on a_. Thus they are relatively insen
sitive to the choice of renormalizatiem scheme or of a normalization 
scale. This is not the case for either the form factor or the tvo-
Photon annihilation amplitude whe-.i examined separately. Bovever by 
combining the c m onalyses as in Eq. (4,3) we obtain meaningful 
results without computing 0(a a) corrections. The corresponding 
calculations for hsllclty one mesons are given in Ref. 13. Hadronlc 
helicity conservation Implies that only helicity-zero mesons can 
couple co a single highly virtual photon. So Fj^, the transverse 
form factor cannot be measured experimentally. Far simplicity «e 
will assume that the longitudinal and transverse form factors are 
equal to obtain a rough estimate of the YY*PiPj cross section 
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(Fig. 7). Again we see strong dependence on <Jjj, for all angles 
except 6 c > m, — u/2, 'there the terms involving fi^ vanish. Conse
quently a measurement of the angular distribution would be very sen
sitive to the x-dependence of *n,, while measurements at 6c.ro. = tr/2 
determine FJJ Xs). Notice also that the number of charged p-pairs 
(with any helici'ry) is much larger than the number of neutral p's, 
particularly near 6c,m.. " -/2. The cross sections are again quite 
large with 

do/dt (YY^P^PJ^ 

do/dt (TY *u V ) 

5 GeV (A.10) 

cm. 
Results for other mesons are given in Rcf, 15. 

i 
J3 

m 
Fig. 7. QCD predict ions for 
YV'PiPl with opposite he l ic i ty 
±1 to leading order in QCD. 
The normalization given here 
assumes that the o d is t r ibu t ion 
amplitude i s he l i c i t y inde
pendent. 

o.l 0,6 o.a 
i 2 ' cos ? i e i 

The YY + MM and y\-»ll processes thus provide detailed checks of 
the basic Born structure of QfiD. the scaling behavior of the quark 
and gluon propagators and interactions, as well as the constituent 
charges and spins. Conversely, tho angular dependence of the YTf'MM 
amplitudes can be uned to determine the shape of the process-
independent distribution amplitude *H(x,Q) for valence quarks in the 
meson qq Fock state. The co68Cl(1)4-d«;pendence of the YY+MM amplitude 
determines the light cone x-dependence of the meaan distribution 
ampLltuda in tiuah the same vay that this Kg. dependence of deep lnelaB-
tic cross sections determines the light-cone x-dependence of the 
structure functions (quark probability functions) G q/ M(x,Q). 
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The form of the predictions given here are exact to leading 
order in a g(Q 2). Power-law <n)/Q)* corrections can arise from mass 
insertions, higher Fock states, pinch singularities and nonperturba-
tive effects. In particular, the predictions are only valid when 
s-channcl resonance effects can be neglected. It Is likely that the 
background due to resonances can be reduced 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 qz, 
since resonance contributions are expected to be strongly damped by 
form factor effects. In contrast, the leading order QCD Y J Y J + M M 
amplitudes are relatively insensitive to the value of q? or q? for 

Finally, wc note that the amplitudes given above have simple 
crossing properties. In particular, we can tinned lately analyze the 
Compton amplitude fM-*YM in the region t large enough with s » |t| 
In order to study the leading Kegge behavior in the large momentum 
transfer domnin. In the case of helicity +1 mesons, the leading con
tribution to the Compton amplitude has the form <s >> |t[) 

"YM-YH - "'"V^V"!^) 
(A.11) 

(\ • K ' \ i • v 
which corresponds to a fixed Regge singularity at J~0. In the case 
of helicity zero mesons, this singularity actually decouples, and the 
leading J-planc singularity is at J = -2. 

V. APPLICATIONS TO HEAVY QUARK SYSTEMS 

We can also use the above formalism for calculating exclusive 
amplitudes such ss the decay of heavy quark systems Into light hadrons. 
If we approximate the * as e |cc) bound state,then the lowest order 
amplitude Tor V + pp proceeds by the 3 gluon intermediate stato shown 
in Pig. 4. The branching ratio is 1 9 

where |pCM|/i/s s .4, s = 9.6 GeV2, and 

<T> E J [dxHdy] y i y z y 3 Ix^l-y^ + yjU-x^UxjU-Vj) + y3<l-x,>J 

Xl*2*3 
(5.2) 
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Notice that than can ba no endpolnc singularities in the x t and yj. integration*; the integrations ata finite «. Ions as 4Ui.«) < Kx| 
n i j ^ O for aoaa c > 0. For thla raaaon tha present analysis is 
perhaps •art relieMe than that of tha electrouagaetic form factor. 
However, calculation* of rt> * pp> cannot he carried beyond the first 
order correction* without a deeper understanding of the heavy-quark 
vave fraction. Still, the power-law behavior and hadronlc helieicy 
conservation are feature* valid to all orders and, given the uncer
tainties involved to analyzing heavy quark wave functions, they 
reaain the wort Interesting aspects of this and similar decays, in 
addition, aeaaurammt of the B B branching ratloa can be used as an 
important constraint on the normalisation and shape of the baryon 
distribution anplltudos. 

VI, RELATED QCD PROCESSES 
The Fock state do• cription if f,ho hadron vavefunctions at equal-

time on the light-cone allows a systematic study of a large number 
of QCD pheneaener 

(a) The * *» 1 behavior of structure functions can be analysed 
ps'turbatively, Only the minimal Feck state eonponents 
contribute to the limiting behavior. The main cower behav
ior corresponds to the spectator counting rule 2' with strong 
spin correlations. The psrturbative QCD predictions reflect 
the eleaontary scaling of quark and gluon propagators in 
the far-off rholl domain. A Striking QCD prr-iiction is 
thst Che hftlieity of tha hadron tends to be carried by the 
constituent with the highest *.*M The evolution of trie 
structure functions must taka into account ttv strong-phase 
Unite at x • 1, Detailed discussions of these results and 
the breakdown of the uxeluslve-inclusivu correction are 
given in Raf. 24. 

(b) The Fock Ntnta structure of QCD ut infinite momentum is 
nor* cr.mplox thin usually assumed in phnnonienologlcal 
applications. In addition to the "extrinsic" gluons gen
erated by QCD evolution, there are always "intrinsic" gluons 
and non-valeticu quark components in the hadron uavefunction 
which arc insensitive to the momentum scale of the probe." 
For exsmple, the A • H gluons exchanged between quarks, 
boasted to infinite moment am, yield en intrinsic gluon com
ponent to the' Peck states. An even more striking example 
la the prediction3* of "intrinsic charm" in the proton ar.i 
meson wavefwtccloas. One can ««ticn*te,J? using the bag 
aodel and percurbaclve QCC, •.hat the proton bound state has 
a |uudcc) cosipoaent with a probablllry of *-l-2X. Wicn this 
state Is Lorenca boosted to Infinite .we*ntii*>, the constit
uents with the largest suss have the highest *. thus heavy 
quarks (chough rare) carry stoat of the nottentun in the Pock 
state in which they are present. The usual parton swdel 
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asnwpclon that non-valence sea quark* are always found at 
low x is incorrect. The dlftractive dissociation of cha 
proton's intrinsic chant state provide* s aistple sxplnna-
tion why cloned baryons and chanted nesoaa which C M tain 
no valence quarks in canon with the proton ar« dlffrac-
tlvely produced at large x^ with sizeable cross sections at 
ISH energies. « » * • 

(c) The irreducible Fock state vavef unctions of a hadron ara 
strongly damped at x + 1 and x •* 0» and than do not yield 
non-singlet Regge behavior in the leading, twist structure 
functions. If ouch Regge behavior mists it is specific to 
reducible nemperturbative corrections f> the quark lu£*. A 
discussion will be given in Ref • 29. 

(d) The distribution amplitude can ba used to normalise higher 
twist (pover-law suppresaed) aubproeeaaen in Inclusive 
reactions. For oxanple, one can compute a C/Q* eontr'^u-
tion to the tnoaon longitudinal structure function at large 
x from the y*tn •• <n amplitude. This contribution is 
noraolized to the toeaon distribution amplitude which in 
turn is narffl&llicd to the pion form factor. 1 0 

r'fr.q) - -3%-C- / dk 2 a <k 2) F <k*'l (6.1) 

which numerically is Fj, - X*/Q2 (GeV* iMits). 
The dominance of the longitudinal i true euro funiationa 

in the fixed V) limit for mesons is an essential prediction 
of peTturbativp QCD. Perhaps the most dramatic conaaauanca 
is in the Dr-il-Yan process Tip •+ t+4"X[ one predicts'* rhat 
for fixed pnir mass Q, the angular distribution of the l + 

(in the pair rest frame} will change from thi conventional 
(l + m s 2 8 + ) distribution to ein 2(6 +) for pairs produced at 
large x L < A recent annlyala of the Chicogo-IUinois-
Prlneecon experiment32 at FNAL appear* t« confirm the QCQ 
high tvist prediction with about ttia expected normalisation! 
Striking evidence for tha effect has also b«en aean In a 
Gargamellc analysis 3 3 of tha quark fragmentation functions 
in up * n +y"X. The results yield a quark fragmentation 
distribution inUi positive charged hadrona which la con
sistent with rhv predicted farm; A(&j4*4y " B(l-i)' + 
<cjq2)il-y) where the <l-y) behavior corresponds to a 
longitudinal structure function. It 1* alto crucial to 
check chat the e +e~ •*• MX croec section becomes purely 
longitudinal (sin20) at large z at woderaCi <|*, Similarly 
one can absolutely normalize MgtM.r cwlsc3" <?r~*-ac*ling> 
amplitudes such as qq * Wq and qq * Mg» which contribute 
strop»ly tc pp •» HX inclusive reaction* ot sub-osyBptotlc 
transverse Momentum pj, The corresponding analysis of y 
induced reactions and vq " Hq cubprocesaes is discussed 
in Ref. 35- The higher-twist aiipiitvdec wq •* gq and 
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"R •* ̂ R l*=ad tr dramatic high p T Jot production processes 
where there is na_ hndron energy in the neson he no direction 
(see Kef, 36). Again, these cross sections con be abso
lutely normalized to the pion forn factor. 
The Fcck-Ktzte, light-cunt' perturbation theory method!; 
alluw a stxalj-litforward analysis of the effects of initial 
state hadronic Interaction;; on QCD predictions for inclu
sive reactions auch as the DreM-Ynn reaction pp •* ii u~ X. 
As shown in lWf. 17, initial-st^tc (dauber) scattering 
severely disturbs the tran-verse motntn uin distributions of 
the interactinc, constituent-. The Qj distribution of the 
dinuon pair is therefore not directly related to the in
trinsic transverse momentum of the quirks in ttic hadrouic 
vavefunction. Even more inportont, the color exchange 
between active quarks and spectator constituents in the 
hadren-hadron collisions lead? to a non-trivial renormal-
ization of the QCn factorization predictions, which however 
does not change the basic A* dependence of h.idran-nuclcu? 
lepton-p.ilr production processes nt large Q^. A detailed 
discussion will be given, in Rcf . 37. 
An Important task la to further constrain the fore and 
nomnlization of each Fock state wavefunctlon, especially 
for valence Fock states. A particularly Interesting con
straint Is provided by the n" -• 2^ decay amplitude in the 
V-- "' R~2 limit. In a recent analysis vith T. Huang, we 
obtain the constraint'^ 

1 r~ 
I dx „ - (k, - 0.x) - - T — (6.2) 
0 

which can br interpreted as n constraint en the non-
perturbative valence plon vavofunction trt large distances. 
This result, plus the boundary condition (2.!)) for the 
pion wavefunction at the origin, leads to the result that 
the probability of finding the qq state in the pinn Is 
£ k, for a wide range of parameters of the kj and x 
dependence of \, ,<x,kj ). This result reinforces ..lie argu
ment that higher Fock states play an important role in the 
destruction of light hadrons. A discussion of the con
nection between rest frame and liRht-cup? wavcfunctions 
la IIHO given in Rcf. 38, 
Basic electromagnetic properties of hadrons such us low 
Q- form facturs, magnetic moments, sti., ran be defined 
In terms of the light-cone Fock state and wavefuncti^ii. 
Detailed derivations arc Riven in Refs. 2, 30. The 
analyses are inevitably complicated ty the fact that the 
low Q' form fnctorr receive contributions from nil of I he 
hndron Fock stales, not just the valence |qij) and |<!<iq) 
components-
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(10 The methods used here have general applicability LO atomic 
physics and nuclear physics problems. For example, the 
results discussed here for \y* -» nO can be taken over lm-
medlnLely to YY * pnsitTonium with an obvious change at 
parameters. The value of ^QQD sets the approximate scale 
where a nuclear physics desc-Iption in terms of hadrtmlc 
degrees of freedom must merge -with the QCD description in 
terns of quarks and gluons. It is also interesting to note 
that nuclear Fock states ar: much richer In QCD than they 
would be In a theory Ln which the only degrees of freedom 
are hadrans. For example, If we assume that at low rel
ative mamentun a deuteron is doninated by its usual n-p 
configuration, fluark-quark scattering automatically 
generates color-polarized 6-quark states such as 
(uuu)g(ddd)g) nt short distances. The implications of 

QCD for large momentum transfer nuclear form factors and 
the nuclear force at short distances is discussed In 
Ref. 40. 

11) The fact that a meson can exist as a jqcj) state at small 
transverse separation Implies that part of the time a 
mest/r will Interact only weakly ln nuclear targets. Such 
a state can he diffractively dissociated into q plus q jets 
at relatively large transverse momentum separation. A 
detailed discussion of such processes is given in Ref. 28. 
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