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TESTS OF QUANTUM CHROMODYNAMICS 
IN EXCLUSIVE e’e- and y-y PROCESSES* 
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1. INTRODUCTION 

One of the most important a.reas of invest,igation in quantum chromocl?.llalnics 
are few-body exclusive reactions initia.ted by electroma.gnetic initial st.a.tes; such 
as e+e- --$ HH, e+e- t yH, and the two-photon processes ye + HI? shown 
in Fig. 1. The simplicity of the photon’s couplings to the quark currents and t.he 
absence of initial sta.te ha.dronic interact,ions allows one to study the process of 
quark hadronization at its most basic level-the conversion of quarks into just one 
or two hsdrons. In the low energy threshold regime t’he quarks interact strongly a.t 
low rela,tive velocity to form ordinary or exotic resonances: qq, qqg. qyqq, ygg: etc. 
At high energies, where the quarks must interact a.t high momentum transfer, a 
perturbative expansion in powers of the QclD running coupling constant becomes 

applicable,’ lea,ding to simple and elegant, PQCD predictions. In this doma.in one 
tests not only the scaling and form of elementary quark-gluon processes: but also 
the structure of the hadronic wavefunctions themselves, specifically, the ‘.distribu- 
tion amplitudes” 4~ (2;) Q’), which describe the binding of quarks and gluons into 
hadrons. Physically, +~(n;, Q) is the probability a.mplitude for finding the va.lence 
quarks which ca.rry fra.ctional momenta, zz at impa.ct separa.tion b, - l/Q. The va.- 
lence Fock state of a. hadron is defined at a fixed light-cone time and in light-coue 
gauge. The ;ci = (I;’ + k’)/(PO + P”) are the boost-inva,riant, momentum fractions 
which satisfy C; xz = 1. Such wavefunction informa.tion is critical not 0111~. for un- 
dersknding QCD from first, principles, but a.lso for a fundament,a.l understanding 

- of jet hadronization at the amplitude ra.ther than proba.bilistic level. 

+ Work supported by the Department of Energy, contract DE-.4CO3-76SF0051.5. 
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Figure 1. Exclusive processes from e+e- and 71 annihila.tion 

At large momentum transfer all exclusive scattering reactions in QCD are char- 
acterized by the fixed angle scaling law: 

da(AB -+ CD) F&n) 
& :,N’ 

To first approximation the leading power is set by the sum of the minimum num- 
ber of fields entering the exclusive amplitude: N = ?ZA + ?zg + 72~ + 72~ - 2, 
where 12 = 3 for baryons, 12 = 2 for mesons, and 12 = 1 for leptons and photons. 

. This is the dimensional counting 1a.w” for the lea.ding twist or power-law con- 
tribution. The nominal power iV is modified by logarithmic corrections from the 
QCD running coupling consta.nt, the loga.rithmic evolution of the hadronic distri- 
bution amplitudes, a.nd in the case of hadron-hadron sc.attering, so-ca,lled ‘*pinch” 
or multiple-scattering contributions, which 1ea.d to a. small fractional change in the 
leading power behavior.3 The recent analysis of Botts and Sterman3 shows that 
hard subprocesses domina.te large momentum transfer exclusive reactions, even 
when pinch contributions dominate. The functional form of F(O,,,,) depends on 
the structure of the contributing quark-gluon subprocess and the shape of the 
hadron distribution amplitudes. 

Large momentum tra.nsfer exclusive amplitudes generally involve the LZ = 0 
projection of the hadron’s valence Fock state wa,vefunction. Thus in QCD, qua.rk 
helicity conserva.tion lea.ds to a general rule concerning the spin structure of es- 
elusive amplitudes: the leading twist contribution to any exclusive amplitude con- 
serves hadron helicity-the sum of the hadron helicity in the initial state equals 
that of the final state. 

- The study of time-like hadronic form factors using e+e- colliding beams can 
_ provide very sensitive tests of the QCD helicity selection rule. This follows because 

the virtual photon in e+e- --+ y* --+ i~Afi~ always has spin fl along the beam axis 
at high energies. Angular-momentum conservation implies that the virtual photon 

874 



can “decay” with one of only two possible anguk distributions in t.he center-of- 
momentum frame: (l+cos’0) for 1 XA-XB I= 1, and sin’0 for 1 X,A-XB I= 0: where 
XA,B are the helicities of hadron ~A,B. Hadronic-helicit.?. conserva.tion,s required 
by QCD, greatly restricts the possibilities. It. implies tha.t X,4 + XB = ?A; = -2Xu. 

G Consequently, angular-moment,um conserva,tion requires 1 AA /=I X-2 /= i fol 
;- i baryons and I X,4 I=1 XB I= 0 f or mesons; and the angular distributions are 110~’ 
-p$ completely determined: 

da 
- e’e- t BB) c( 1 + cos’) 6(baryons), 
dcos8 ( 

da 
--( dcos6’ 

e+e- --+ Al&f) cc sin’B(mesons). 

It should be emphasized that these predictions are far from trivial for vector 
mesons and for all baryons. For example, one expects distributions like sill’) 6’ 
for baryon pairs in t,heories with a. scalar or tensor gluon. Simpl). verifying these 
angular distributions would give strong evidence in favor of a vector gluon. 

In the case of e+e- t H&, time-like form fact.ors which conserve hadron 
helicity satisfy the dimensional counting rule: 

FH(Q2) rv l/(Q’)“:H-I. 

Thus at large s = Q’, QCD predicts, module computable loga.rithms. 

for baryon pairs, and 

X,j4 = An = 0. Q’F”( Q’) + const 

for mesons. Other form factors: such as the Pa.uli form factor which do not conserve 
ha,dron helicity, are suppressed by additional powers of l/Q”. Similarly, form factors 
for processes in which either ha.dron of the pair is produced with helicity other than 
l/2 or 0 are non-leading a.t. high Q’. 

In the case of ese- a.nnihilation into vector plus pseudoscalar mesons: such a.s 
_ e+e- -+ ~~F,TTTLJ, and ICI{*, Lorentz invariance requires that, the vector meson will 
- be produced transversely polarized. Since this amplitude does not conserve ha.dron 

helicity, PQCD predicts that it, will be dynamically suppressed at high momentum 
transfer. 
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We can see this in more detail as follows: The y-x-p can couple through only 
a single form factor - 6 plm,p,j;P$ppp Fxp(s) - and this requires 1 X, /= 1 in 
e+e- collisions. Hadronic-helicity conservation requires X = 0 for meson_s, and thus 
these amplitudes are suppressed in QCD (although, not in scalar or ten&theories). 
Notice however tha.t the processes ese- -+ -in; yq,y$ are allowed by the helicity 

_ selection rule: helicity conservation applies only to the hadrons. The form factors 
-_ L governing these such processes are not expected to be large; e.g. F,,(s) w %.f=/s. i - cc 

The ha.dron helicity conservation rule has also been used to explain the observed 
strong suppression of $’ decay to pr and KK*. However, a puzzle then arises why 
the corresponding J/$ deca,ys are not suppressed. I will review this problem in 
section 7. 

The predictions of PQCD for the lea.ding power beha.vior of exclusive ampli- 
tudes are rigorous in the a.symptotjc limit. Analyticall?:: this pla.ces importa.nt. 
constraints on the form of the amplitude even at, low momentum transfer. For es- 
ample, Dubnicl;a and Etim4 have ma.de detailed predictions for meson and baryon 
form factors based on vector meson dominance considerations at low energies: and 
the PQCD constraints in the la.rge space-like and time-like Q” doma.ins. (See Fig. 
2. ) 
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Figure 2. Prediction for the time-like magnetic form factor of the neutron using 
vector meson dominance and asymptotic PQCD constraints. From Ref. 4. 
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A central question for the phenomenology of exclusive reactions is the regime 
of applicability of the leading power-law predictions and the rela.tive size of higher- 
twist higher power-law contributions. Thus far dimensional counting rules are all 
in general agreement with experiment a.t momentum transfers beyond%few C;E.\“. 
This appears reasonable since, ignoring heavy quark production, the%xtural ex- 
pansion scales of QCD are ,4;i?5’, the light quark masses, a.nd the intrinsic transverse 
momentum in the hadronic wavefunctions. An extensive review of the data is given 
in R.ef.1. 

The proposed high-luminosity Ta.u-Charm fa.ctory would a.llow the ex- 
ploration of a large array of exclusive channels such a.s tSe- 01 -J/7’ --+ 
pji, 1212, AA, T+T-, Kl?, !V!V*. rp, ye’, etc., both on and off the charmonium 
resonances. Many of these channels ha.ve not yet been studied esperimentall~~. 
and measurements will only become practical at luminosities of 103”cm-‘see-’ 01‘ 
greater. At such intensities, corresponding to approximately 108p+pL- per yea,r. 
one can a.lso study n.~clear fina.l states such a.s eSe- -+ cl7z~1. It is very important to 
measure the ratio of the neutron and proton form fa.ctors to high precision, and to 
check the angular distribution of the baryon pairs to test the predicted dominance 
of the helicity conserving Dira.c form factor Fl over the Pauli form factor at la.rge 
time-like Q’. 

Since exclusive channels have highly constrained final states of minimal com- 
plexity, they a.re generally dist,inctive and ba.ckground-free. In each exclusive chan- 
nel one tests not only the scaling a.nd helicity structure of t.he qua.rk and gluon 
processes, but a.lso fea.tures of the distribution amplitude, the most. ba.sic measure 
of a hadron in terms of its \:alence quark degrees of freedom. 

Although two-photon exclusive channels a.re usua.113. measured at higher energy 
stora.ge rings, the high luminosity at a. Tau-Charm fa.ctory makes possible deta,iled 
study of the 77 -+ HH cha.nnels in the few GeV region where pert,urba.ti\;e QCD 
predictions begin to become a.pplicable. A more detailed review of the two-photon 
predictions a.pplicahle to the Ta.u-Charm fa.ctory are given in section 11 and R.ef. 
5. 

2. FACTORIZATION THEOREM FOR EXCLUSIVE PROCESSES 

The predictions of QCD for the lea.ding twist, contribution to exclusive e+e- 
and yy annihila.tion amplitudes have the general form: 

1 1 
iVl(c+e- --+ HH) = 

J 
ms; T&x;, as(Q2)) dv+t., Q> dqi(~> Qb 

0 

The hard-scattering amplitude ‘TH( eSe- + qqyq) is computed by replacing eacll 
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hadron with its col1inea.r valence quarks. By definitiqn. the int,ernal integra.tions 
in TH are restricted to transverse momentum greater than an intermedia.te scale 
8; it is thus free of infrared or collinear divergences and it can be expanded sys- 
tematica.lly in powers of a,(i):‘). The distribution amplitudes a.re gauge-invariant 

: wavefunctions obtained by integrating the valence Fock State wavefunctions over 
- ; - transverse momentum up to the scale 0. As in the case of the factorization theorem 

;‘r for inclusive reactions: it is convenient to choose t,he intermedia.te renormalization 
scale Q to be of order Q in order to minimize large higher order terms. 

The distribution amplitude C$H(X, Q) satisfies an evolution equation in lay Q’ 
which sums all loga.rithms from the collinear integration regime. The solution has 
the form 

where the C,, are known polynomials, the fractional numbers -in are computed 
anomalous dimensions, a.nd the ~2: a.re determined from an initial c.ondition or 
non-perturbative input for c$H(X~> 90). The results for meson pa,ir production are 
rigorous in the sense tha.t they are proved to all orders in perturbation theory. In 
the ca.se of ba.ryon pair production, one ca.n use a.n all-orders resumat.ion to shop 
tha,t the soft region of int,egra.tion \vhere .r - 1 is, in fa.ct. Suda.ko\. suppressed. 

3. ELECTROMAGNETIC FORM FACTORS OF BAR\.• NS 

*4pplying fa.ctorization, any helicity-conserving baryon form factor at large 
spa.ce-like or time-like Q’ ha.s the form: (see Fig. 3 ) 

1 1 

FB(Q~) = 
J J 

[&I [dr] ~L(Y~, Q)TH(~;, ~3, Q)d~(rt- Q) : 
0 0 

where to lea.ding order in CY,(Q”), TH is comput.ed from 3y + m/* -+ 3q tree graph 
amplitudes: 

TH = ~s(Q~l ' [ 1 - f(zzq/j) 
Q' 

is the valence three-quark wavefunction evaiua.ted a.t. quark impact separa.tion 
bL - O(Q-’ ). S’ mce 4~ only depends loga.rithmica,lly on Q’ in QCD, the ma,in 
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Figure 3. Calculation of the time-like haryon form factor from PQCD fa.ct,oriza.tion 

dynamical dependence of FB( Q’) is the power beha.vior (Q’)-’ derived from the 
scaling behavior of the elementa.ryr propaga.tors in TH. 

More explicitly, the proton’s magnetic form fa.ctor has the f~rm:~ 

1 +O(a,(Q))tO $ . ( )I 
The fir& fa.ctor, in agreement with the quark counting rule, is due to the hard 
scattering of the three valence quarks from the initial to final nucleon direction. 
Higher Fock states lead to form fa.ctor contributions of successively higher order 
in l/Q”. The logarithmic corrections derive from a.n evolution equation for the 
nucleon distribution a.mplit.ude. The 7n are the computed anoma.lous dimensions. 
reflecting t.he short distance scaling of three-quark composite opera,tors. The results 
hold for any ba.ryon to baryon vector or axial vector tra.nsition amplitude that. 
conserves the baryon helicity. Helicity non-conserving form factors should fall as 
an additional power of l/Q’.* Measurements7 of the transition form factor to the 
J = 3/2 N( 1520) nucleon resonance are consistent with ..I; = &l/2 domina.nce, as 

- predicted by the helicity conserva.tion rule.8 A review of the data on spin effects in 
- electron nucleon scattering in the resonance region is given in Ref. 7. A Ta.u-Charm 

factory could provide measurements on the whole range of baryon pair production 
processes, including hyperon production, isobar production, etc. 
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An essentia,l question for the interpretation of such experiments is the scale of 
momentum transfer where lea.ding-twist PQCD cont.ributions dominate exclusive 
amplitudes. 

The perturbative scaling regime of the meson form factor and yy -liA4@ am- 
T plitudes is primarily controlled by the virtuality of the hardest quark propagator- 
- if the quark is far off-shell, multiple gluon exchange contributions involving soft ; - 1 L -~ - = gluon insertions are suppressed by inverse powers of the quark propagator. Thus 

non-leading twist contributions axe suppressed by powers of pL’)/ < (1 - x)Q’ >, 
where cl2 is a. typical hadronjc scale. Physically, there is not sufficient time to 
exchange soft, gluons or gluonjum. Thus the perturbative analysis is valid as long 
as the single gluon excha.nge propa.gator can be approximated by inverse power 
behavior D( k’) cx l/k’. The gluon virtuality < (1 - x)( 1 - y)Q’ > thus needs to 
be larger than a small multiple of Ab. This allows the PQCD predictions t)o start 

to be valid a.t Q” of order a few GeV”, which is consistent with data.. 

However, the normaliza.tion of the leading twist predictions may be strongly 
a.ffected by higher corrections in aS(Q”). A similar situation occurs in time-like 
inclusive rea.ctions, such as ma,ssive pair production, where large I< factors occur. 
Thus st this time normaliza.tion predictions for exclusive amplitudes cannot be 
considered decisive tests of PQCD. 

The predictions for the leading twist contributions to the ma.gnit.ude of t.he 
proton form factor are sensitive to the zr - 1 dependence of the proton distribution 

amplitude: particularly if one assumes the validity of the strongly a.s?;mmetric 

QCD sum rule forms for distribution amplitude. Chernya.k, et al.” ha.ve found. 
however, tha.t. their QCD sum rule predictions are not. significantly cha.nged when 
higher moments of the distribution amplitude are included. In the analysis of R.ef. 
12 it was argued that. only a sma.11 fra.ction of the proton and pion form fa.ctol 
normalizakion at experimentally a,ccessible momentum transfer comes from regions 
of integra.tion in which all the propaga.tors are hard. However, a new ana.lJxis by 
Dziembowski? ef a1.13 shows that t.he QCD sum rule distribution amplitudes of 

Chernyak, et a/.‘O together with the perturba.ti\:e QCD prediction gives contribu- 
tions to the form factors which a.gree with the measured normalization of the pion 
form fa.ctor at Q” > 4 Gel,/” and proton form fa.ctor Q’ > 20 GeV’ to within a fac- 
tor of two. In this calculation the virtuality of the exchanged gluon is restrict,ed to 
11;“1 > 0.25 Gel/? Th e authors assume c~, = 0.3 and that the underlying wa.\.efunc- 
tions fall off exponentially at the x 2 1 endpoints. Another model of t,he prot.on 

- distribution am’plitude with dj-quark clustering14 chosen to satisfy the QCD sum 
- rule moments come even closer. Considering the uncertainty in the magnitude 

of the higher order corrections, one cannot expect, better agreement between the 
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QCD predictions and experiment. 

Measurements of rare exclusive processes are essential for testing the PQCD 
predictions and for placing constraints on hadron wavefunctions. H%ever: the 
rela.tive importance of non-perturbative contributions to form factory>learl>. re- 
mains an important issue. Models can be constructed in which non-perturbative 

effects persist to high Q. I3 In other models? which a,re explicitljf rotationally in- 
15 

variant, 
lG.17,18,19 

such effects va,nish rapidly as Q increases. The resolution of 
such uncertainties will require better understanding of the non-perturbative wave- 
function and the role played by Sudakov form factors in the end-point region. 
In the ca.se of elastic hadron-hadron sca.ttering a,mplitudes, the recent a,nalysis of 
Botts and Sterman3shows that, beca.use of Sudakov suppression, even pinch con- 
tributions are dominated by ha.rd gluon exchange subproc.esses. 

If the QCD sum rule results are correct, then hadrons have highly st.ructured 
momentum-spa.ce valence wa.vefunctions. In the case of mesons, the results from 
both the la.ttice calcula.tions and QCD sum rules show tl1a.t the pion and other 
pseudo-sc.ala,r mesons have a dip structure a.t zero rela.tive velocity their distribution 
amplitude- the light quarks in ha.drons are highly relatilvistic. This gives further 
indic.a.tion that, while nonrela.ti\.istic pot,ential models are useful for enumerating 
the spectrum of ha.drons (beca.use t.he>. express the relevant degrees of freedom), 
they may not be reliable in predicting wavefunction structure. 

4. SUPPRESSION OF FINAL STATE INTERACTIONS 

In genera~l, one expects exclusive amplit,udes to be complicated by strong 
ha.dronic final state intera.ctions. For example, the intermedia.te process ~+t- + PF 
shown in Fig. 4 leads by cha.rged pion exchange to a contribution t.o neutron pair 
production ese- 4 1213. Such fina.l-state interactions corrections to the time-like 
neutron form fa.ctor correspond t,o higher Fock contributions of the neutron wave- 
fun&on. BJ~ din1ensiona.l power counting, such terms are suppressed a.t. la.rge Q’ 
by at lea.st two powers of l/Q’. Tl lus final state intera.ctions are dynamically sup- 
pressed in the high momentum transfer domain. 

Because of the absence of meson exchange and other final state intera.ctions, 
the perturbative QCD predictions for the time-like baryon form factors are rela- 
tively uncomplica.ted, and directly reflect the coupling of the virtual photon to the 
qua.rk current. For example, in the case of the ratio of nucleon magnetic form fa.c- 

_ tors G;J(Q2)/G;,(Q2), tl le ratio of quark charges eJel,, = --l/2 is the controlling 
factor. Various model wa.ve functions ha.ve been proposed to describe the nucleon 
distribution amplitudes, In the case of the QCD sum rule wavefunction calcula.t.ed 
by Chernyak, Ogloblin, and Zhitnitskii, the neutron to proton form factor ra.tio is 
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Figure 4. Illustra.tion of a final-state interact,ion correction to the time-like neutron 

form fart,or. As shown in (b), t,he meson exchange contributions correspond to higher 
Fock colnponents in the neutron wavefunction a.nd are suppressed at. high Q’. 

predicted to be -0.47 because of the strong dominance at large light-cone momen- 
tum fraction 2 of the ‘u, quark which has its helicity aligned with of the helicit!. of 
the proton. An alternative model given b>. Gary and Stefa.nis gives a much smaller 
ra.tio: -0.10. Both the COZ a.nd GS model forms for &(.ri: Q) t,al<en together with 
the PQCD factorization formula ca.n a.ccount for the ma.gnitude and sign of the 
proton form factor at large spa,ce-like Q’ : Q4G$(Q2) = 0.95 G’eV4 for COZ and 
1.18 GeV4 for GS. (See Fig. 5.) Experimenta,lly Q4G:[ (Q’) M 1.0 Ge\y4 for 
10 < Q2 < 30 GeV’. These QCD sum rule predictions assume a. constant value 
for the effective running coupling constant, crs(gL)) = 0.13. The validity of such 
predictions for the absolute normalization of form factors is thus in considerable 
doubt, particularly because of the many uncertainties from higher order correc- 
tions. Still it should be noted that the predictions of the general magnitude and 
sign is non-trivial. For example, a. “non-relativistic” nucleon distribution amplitude 
proportional to S(;cl - 1/:3)S(.cz - l/3) gives Q4G;d(Q’) = -0.3 x lo-;‘. 

In the case of the inverse process, pp -+ ese-, initial state interactions a.re 
suppressed. It is interesting to consider the consequences of this PQCD predict,ion 
if the fop annihilation occurs inside a. nucleus, as in the quasi-elastic reaction p.il --+ 
ese-( A - 1). The absence of initial state interactions implies that. the rea.ction rate 
for exclusive annihila.tion in the nucleus will be additive in the number of protons 
Z. This is the prediction of “color transpa.rency. >> 21 In general, this novel fea,t.ure 
of large momentum quasi-elastic processes in nuclei is a consequence of the sma.11 
color dipole moment of the ha.dronic sta.te entering the exclusive a.mplitude. Even 
in the case of ha.dronic sca.ttering such a.s pp --+ pi? where pinch cont,ributions are 

_ important, one can show’ tha.t the impact separation of the quarks entering the 
subprocess is small, almost of order l/Q so tha.t color transparency is a. universal 
feature of the PQCD predictions. 
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Figure 5. Cornpa.rison of the scaling beha.vior of the prot.on magnetic form fact.or 
with the theoretical predictions of Refs. G and 10. The slow fall-off is mainly due to 
the QCD running coupling constant. The CZ predictions 

10 are normalized in sign and 
magnitude. The data are from Ref. 20. 

An important test of color transparency wa.s recently ma.de a.t BNL through 
measurements of the nuc1ea.r dependence of quasi-elastic large angle pl-1 scatt,ering 
in nuclei. Conventional analysis of the absorptive initial and final state int,eract,ions 
predict that only - 15% of the protons are effective scatters in la.rge nuclei. The 
results for various energies up to E,,, = 5 GeV show that the effective fraction 
of protons Z,ff/Z rises monotonically with momentum transfer to about 0..5, as 
predicted by PQCD color transpxency, contrary to the conventionad Glauber anal- 
yses. However, at E,, - 5 GtV, normal absorption was observed, contrary to the 
PQCD predictions. This unexpected and anomalous behavior, as well as the sharp 
features observed in the spin correlation ANN seen in large angle pp scattering 
at the same energy could be due to a resonance or threshold enhancement. at t,he 
threshold for open charm product,ion. Further discussion is given in R.ef. 22. 
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5. THE -pro TRANSITION FORM FACTOR 

The most elementary exclusive amplitude in QCD is the photon-meson transi- 
tion form factor Fylro(Q2), since it involves only one hadronic st.ate. ,4s seen from 
the structure of the diagram in Fig. 6 that the leading beha.v:ior of Fr7r”(Q’) a.t 
large Q2 is simply 1/Q2, reflecting the elementary scahng of the quark propagator 
at large virtuality. This scaling tests PQCD in exclusive processes in as basic a 
way as Bjorken scaling in deep inelastic lepton-hadron scattering tests the short 
distance behavior of QCD in inclusive reactions. 

Figure 6. Illustration of the leading PQCD contributiolt to the y’ - ~‘7 time-like 
form fa.ctor. 

One can easily show that the asymptotic beha.vior of the transition form fa.ctor 
has the simple form 

’ dx 

J 
l_shr(~> Q). 

0 

Thus 

R( e+e- + y7rO) cc al 
l dx 

J 
G4+(x: Q)I’ - w4 

0 

at Q’ = 10 G’ek’“). Detailed predictions are given in Ref. 1. Furthermore, the 
ratio of the pion form factor to the square of the Fyx” transition form factor is 
directly proportional to a,(&‘), independent of the pion diskibution amplitude. 
Thus measurements of this ra.tio at time-like Q2 will give a new rigorous measure 
of the running QCD coupling constant. 
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Higher order corrections to FY+ from diagrams in which the quark propagat.01 
is interrupted by soft gluons are power-law suppressed. If the gluon carries high 
momentum of order QY the corrections are higher order in a,(Q’). Unlike the meson 
and baryon form fa.ctors, there a.re no potentially soft gluon propagate-xin Ta for 

: this process. 
=K 

c -=c The scaling behavior of the PQCD prediction ha.s recently been checked for the 
i F space-like yr/ and yq’ traasition form factors. This amplitude was obta.ined from 

measurements of tagged two-photon processes y*y + 77 and 71’ by: the TPC’/-f-, 
collabora.tion at PEP. The results, shown in figure 113. in section 11. pro\,ide a 
highly significant. test, of the PQCD analysis. Simila.rl~~j the t,ime-like T* + -; 7;’ 
measurement ivould he one of the most fundamental mea.surement,s possible at the 
Tau-Charm fa.ctory. 

6. EXCLUSIVE CHARh,foKIub~ DECAYS 

The J/$ deca.ys into isospin-zero final states through the int,ermediate three- 
gluon channel. If PQCD is applicable, then the leading contributions to the decay 
amplitudes preserve hadron helicity. Thus as in the continuum deca.ys, bar~~on 
pairs are predicted to have a 1 + v~cos~~,, distribution with opposite helicities 
X = -x = &f , and mesons with a sinZOC,,, distribution aad helicit>, zero. 

The calcula.tion of the deca.?; of the J/lli, to baryon pa.irs is obtained simpl!; by 
(1) constructing the ha.rd scattering amplitude TJ~ for CC + yyy -+ (yq)(qy)(qy) 
where the final yqy and @?jq are collinear with the produced lmryon and anti-baryon 
respectively, and (2) convolut,ing TH with $B(x;: 0) and b~(~i: 0). (See Fig. 7. ) 
The scale 0 is set by the characteristic momentum transfers in the deca.y. The J/$ 
itself enters through its wavefunction a.t the origin which is fixed by its lept,onic de- 
cay. Assuming a mean value cr, = 0.3, one predicts I’( J/q7 + #) = 0.3-1 A’t 1’ fog 
the recent QCD sum rule distribution amplitude proposed by- C:hern~.ak~ Ogloblin. 
and Zhitnit.skii. The QCD sum rule form obta.ined 11y King a.nd Sxhrajda predicts 

UJ/@ -+ I@) = 0.73 I<E\;‘. Both models for the dist.ribution amplitude toget,hel 
with the PQCD fa.ctorization for exclusive amplitudes can a.ccount for the ma.gni- 
tude and sign as well as the sca.ling of the proton form fa.ctor a.t large spxe-like 
Q”. In contrast a non-rela.ti\:istic ansatz for the distribution amplitude centered 
at z; = l/3 gives a much smaller rate: I' = 0.4 x 10m3 ICeI/ The measured ra.te 
is 0.15 Ice\/ (Note that, the PQCD prediction depends on a, t,o the sixth power. 
Thus if the mean value of Q$ = 0.26, one finds a.greement with the calcula.tecl 

_ rate for J/G + pjj using the CO2 proton distribution amplitude.) The predicted 
angular distribution 1+ cos28 is consistent with published data,. 23 Th’ 1s is impor- 
tant evidence favoring a vector gluon, since scala.r- or tensor-gluon theories would 
predic.t a. distribution of sin26’ + O(Q,). 
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Figure 7. Illustra.tion of the lexling PQCD contribution for J/$ decay to ba.ryon 
pairs. 

Dimensional-counting rules can also be checked by compa.ring the ,$> and $’ 
rates into pp, normahzed by the total rates into light-quark ha.drons so as to remove 
dependence upon the heavy-quark wa.ve functions. Theory predicts that. the ra.tio 
of branching fractions for the pp decays of the $: and II,’ is 

where Q,+f- is the rat.io of branching fractions into e+e-: 

B(J)'+ e+e-) 
Qete- = B(J,q - 0.13.5 f 0.023 

-+ e+e-) - 

Existing da.ta suggest a. ratio (IM,,~/A~,,)~ with 72 = 6 f 3, in good agreement with 
QCD. One can .also use the da.ta for $ --+ @, .A.&, --. ‘I= etc. to estima.te the rela.tive 
nxgnitudes of the quark distribution amplitudes for baryons. Correcting for pha,se 
space, one obtains & w 1.04(13) f& - O.S2(5) f$: - 1.08(S) $2 - 1.14(.5) G.2 by 

assuming similar functional dependence on the qua.rk momentum fra.ctions r; for 
each case. 

As is well known, the deca,y J: t ?r+r- must he electromagnetic if G-pa.rity is 
conserved by the strong interactions. To leading order in a,, the decay is through 
a virtual photon (i.e. $ --+ y* -+ n+r-) and the rate is determined by the pion’s 
electromagnetic form factor: 

I?($ -+ 7rSn-) 

l-(T) + p+p-) 
= +T(s)]z[l + o(as(s))l. 

- where s = (.3.1Gcl,')'. Taking F,(s) 2 (1 -s/m:)-' gi\Tes a rate r(+ -+ T'T-) - 

0.0011 r(d) ---+ p+p-), which compa.res well with the measured ratio O.OOlS( 7). 
This indicates tl1a.t there is indeed little asymmetry in the pion’s wave function. 
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The same analysis applied to $ -+ K+K- suggests t,lia.t the ka,on‘s wa1.e func- 
tion is nearly symmetric a.bout. 2 = $. The ra.tio lY($ 4 1<+1<-)/r($ --+ x’n-) is 
2 k 1, which agrees with the ratio (.fi</.fr)4 - 2 expected if 7: and K h+ve similar 
quark distribution amplitudes. This conclusion is further supported w measure- 
ments of $ --+ KLK~ which vanishes completely if the /i distribution7%mplitudes 
are symmetric; experimenta113’ the limit is r(@ -3 kyg/r(.q -+ K+I<-) S $. 

It is important to test these PQCD and QCD sum rule predictions for the 
whole arra.3. of baryon pairs at both the J/$ a.nd $‘. These decays give a direct 
measurement on the relative normalization of moments of the baryon distribution 
amplitudes. .4 particularly interesting qua.ntity is the rat,io r( J/Q, -+ pfi)/l?( J/q -+ 
72%). Including the electromagnetic one-photon int.ermedia.te stat,e contribution, one 
then obta.ins t@ prediction l?(J/$ + pp)/l?(J/G -+ 126) = 1.16. The present 

measurement.s- give BR( J/,$ -+ pp) = 0.22 f 0.02% and B&J/$? -+ 72-C) = 
O.lSkO.OS%,. An important part, of the QclD predict,ion is the elect,roma.gnet.ic deca.Jr 
amplitude controlled by the ratio of t,ime-like form fa.ctors nea.r the .J/$. Using the 
QC!D sum rule distribution amplitudes obtained by Chernyak and Zhitnit.skii. one 
predicts 

M~,$GP,, (Q’ = A4&$ ) = 1.1 Gt I,,‘” 

M;,&‘I;, (Q’ = A&) = -0.55 CM’-“, 

which can be directly checked by measurements off resonance. 

7. THE r-p PUZZLE 

We have empha.sized that a central prediction of perturba.ti\;e QC’D for exclu- 
sive processes is hadron helicity conservation: to leading order in l/Q, the t*ota’l 
helicity of ha.drons in the initia.1 sta.t.e must equal t.he total helicity of hadrons in 
the fina.l sta.te. This selection rule is independent of any photon or lepton spin 
appearing in the process. The result follows from (a.) neglecting qua.rk mass terms, 
(b) the vector coupling of gauge particles, and (c) the dominance of valence Fock 

sta.tes with zero angular momentum projections The result is true in each order of 
perturbation theory in Q,. 

Hadron he1icit.y conservation a.ppears relevant to a. puzzling a.nomal>. in the 
exclusive decays J/q and $’ + pi, I\‘*r and possibly other \tector-Pseudoscalar 
(VP) combinations. One expects the J/+ and $’ mesons to decay to hadrons 
via three gluons or, occasiona.lly, via a single direct photon. In either case the 
decay proceeds via IQ(O)/‘, where Q(O) is the wave function at the origin in t.he 
nonrelativistic quark model for CC. Thus it is rea.sonable to expect on the basis of 
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perturbative QCD that for any final hadronic sta.te 12 that the branching fractions 
scale like the branching fractions into eSe-: 

-- 

UsualI), this is true, as is well documented in Ref. 27 for @~‘~ 2rrTTs27riT-z-0: 
~T+T-J, and 3nS37r-ro, hadronic channels. The startling escept,ions occur for px 

and K*f;; where the present experimental limits 
27 

are QPT < 0.006:3 and Qri.K< 
0.0027. 

Perturbative QCD quark helicity conserva.tion implies8 QPX 3 [B($:’ -+ 

P)P(Jh --+ p-ir)] 5 Q,+,- [A4J,+/Mti ,]‘./t Tl ris result includes a form fact.01 

suppression proportional t,o [iMj,$/J4$~] 4 and an a.dditional two powers of the mass 
ratio due to helicity flip. However, this suppression is not nea.rly large enough to 
account for the data. 

From the sta.ndpoint of perturbative QCD, the obser\:ed suppression of $’ --t 

k’ P is to be expected; it is the J/+ that is anomalous?8 The $*’ obeys the per- 
turba.ti\:e QCD theorem that total ha.dron helicity is conserved in high-momenturn 
transfer exclusive processes. The general validity of the QCD helicit); conservat.ion 
theorem a.t charmonium energies is of course open to question. .4n alternative 
model 2g based on nonperturbative exponent.ial vertex functions, has recent,ly been 
proposed t,o account for the anomalous exclusive decays of the J/q!). However, 
helicity conservation has recei\Ted important confirmation in J/T) --+ pp where the 
angular distribution is known experimentally to follow [I +cos” 01 rather than sin ‘0 

for helicity flip, so the deca,ys J/T+! 1 t xp, and KJ? seem t.ruly exceptional. 

The helicit): conservation theorem follows from t.he a.ssumpt~ion of short,-range 
point.-like int.eractions among the constituents in a ha.rd subprocess. One \vaJ‘ in 
which the theorem might fail for J/I,!I -+ gluons --+ sr/, is if the intermediate gluons 
resonate to form a. gluonium stat,e (3. (See Fig. S. ) If such a sta.te exisk. has 
a. mass near that of the J/T), a,ncl is rela.tively stable, then the subprocess for 
Jl$ --+ T p occurs over large distances and the helicity conservat.ion theorem need 
no longer apply. This would also explain why the J/T) deca,ys into rrp and not the 
‘fi . 

Tuan, Lepage, and 1” have thus proposed, following Hou and Soni[j” tha.t the 
p7r decay modes is caused by a quantum _ enhancement of J/$ --+ K’z and J/$ + 

mechanical mixing of the J/q with a Jpc = l-- vector gluonium state 0 c\rhich 
causes the brea.kdown of the QCD helicity theorem. The decay width for J/d* -+ 
p*(K*z) via. the sequence J/T) + 0 ---f pr(A’*f;;) must be substantially larger 
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Figure 8. Illustration of QCD contributions for J/1;‘, - yn. A noI]-perturbati\.e 
contribution due to a gluonjunl resona.nce is shown in (c). 

than the decay width for the (non-pole) continuum process J/,+ -+ 3 gluons --t 
P~(K*??). In the other channels (such as p~,pj%r’, 2x+2~-x”, etc.), the branching 
ratios of the 0 must be so small that the continuum contribution go\lerned by 
the QCD theorem dominates over that of the 0 pole. For the case of the +’ the 
contribution of the 0 pole must a,lwa.ys be ina,pprecia.ble ill comparison with the 
continuum process where the QC’D theorem holds. The experimental limits on QPr 
and Qri-.7;; are now substantially more stringent than when Hou and Soni ma.de 
their estima.tes of n/lo, I’oWPr and I’O--h-,~ in 1932. 

A gluonium state of this type was first postulated b?. Freund aad Nambu 
31 

based on 021 dynamics soon after the discover?: of the J/$ and $’ mesons. In 
fa.ct, Freund and h’ambu predicted tha.t, the 0 would deca!. prima,ril;. into ~7: a.nd 
I<*x, with severe suppression of deca,vs into other modes like e’t‘- as required fol 
the solution of the puzzle. 

Branching fractions for fina. sta,tes h. which can proceed only. through the in- 
termediate gluonium sta.te have the ratio: 

V4J,$ - MQ)’ + + I?; 
Qh = Qe+e- (M,, _ A4&’ + ; r; . 

It is assumed that the coupling of the J/+ and $’ to the gluonium state scales 
as the e+e- coupling. The value of Qh is small if the U is close in mass to the 
J/T). Thus one requires (A4,,, - A40)’ + i !Y’% 2 2.6 Q,{ GeV’. The experimental 

limit for Q,..s then implies [( hf,,, - ~40)’ + a I-&] “’ ,$ 80 Me\‘. This implies 
- ( itI,/+ - A40 (< SO MeV and To < 160 MeV. Typical allowed values are iz’lo = 
- 3.0 GeV, I’0 = 140 MeL’ or ,I4~7 = 3.15 GeV, ro = 140 Me\/. Notice that the 

gluonium state could be either lighter or heavier than the J/+. The branching 
ratio of the c3 into a given channel must exceed tha.t of the J/+. 

889 



It is not necessarily obvious that a. J pc = l-- gluonium sta.te with t.hese 
parameters would necessarily ha.ve been found in experiments to date. One must 
remember that though 0 --+ ~7: and c3 -+ I<*r are important modes o-f decay, at 
a mass of order 3.1 GeV many other modes (albeit less important) ar&availa,ble. 
Hence, a tota.l width I’0 2 100 to 150 MeV is quite conceivable. Because of the 
proximity of Mu to MJldl, the most important signatures for an 0 search via 

exclusive modes J/+ -+ I<*Eh, J/+ --+ p~ih; h = 7r7riT,7/?q’, are no longer a.vailable 
by phase-space considerations. However, the search could still lx carried out’ using 
4’ ---f Ii”l;;‘h, $’ + pnk; with h. = TT, and 77. Another way to search for 0 
in particular, a.nd the three-gluon bound states in general, is via. the inclusive 
reaction 7+!+ --+ (7rr) + X, where the XT pair is an iso-singlet. The three-gluon 
bound states such a.s 0 should show up as pea.ks in the missing ma,ss (i.e. ma.ss of 
S) distribution. 

The most direct wa.y to search for the 0 is to scan Fp or e+c- annihila.tioll at 
fi within - 100 Me\/ of the J/T,+, triggerin g on vector/pseudoscala,r deca).s such 
as 7rp or TIC*. 

The fa.ct that the pi a.nd I<*x cha.nnels a.re strongl?r suppressed in $3’ decays 
but not in J/T/ decays clea.rly implies dyna.mics beyond the sta.ndarcl cha.rmonium 
analysis. The hypothesis of a. three-gluon &ate (3 with mass wit,hin 2 100 MeV 
of the J/,tC, mass provides a na.tura.1, perha.ps even compelling, esplana.tion of t,his 
anomaly. If this description is correct, then the $3’ and .J/$ hadronic decays not 
only confirm ha.dron helicit,y conserva.tion (at the $’ momentum scale). but they 
a.lso provide a. signal for bound gluonic ma.tter in QCD. 

A major problem, however, for the gluonium explanation of the ~7; puzzle. is 
the relatively large decay rat,e recently reported for J/$1 --+ &TO. The published 
branching ratio is 0.048 i 0.007% approximately three times larger than the T;+T- 
rake. Both of these I = 1 deca.ys are evidently due to electroma.gnet.ic deca.ys, but. 
there is no sign of suppression due to hadron helicity conservation. One possibility 
is that there are a.dditional q?g I = 1 resonances in the 13 GeV ma.ss range which 
cont,ribute t,o the LJK channel. In any event it will be very important to compare 
these branching ratios at, the v’ and off resonance. 

8. TIME-LIKE COMPTON PROC:ESSES 

The high luminosity of a Tau Cha,rm fa,ctorJ, can a,llow the st,ud~, of the ba.sic 
Compton amplitude J4(7* t 7r+r-y) and the related Compton processes. The 
interference of this amplitude with contributions from diagrams where the phot,on 
is emitted from the initial electron or positron will produce a large front-ba.ck 
asymmetry in the e+e- + 7r+~-y process. (See Fig. 9. ) We can estima.te 
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Figure 9. Interfering coherent amplitudes contributing to e+f- - -,r+x-. This 
process measures the crossed pion Compton amplitude. 

the event. r&e from R(e+e- 4 x+t~-y) - (cr/77)F;;‘(Q’) - lo-” to lo-” which 
corresponds to lo4 to lo3 events per yea.r at 1033c772-2s~c-1 luminosity. 

The Compton amplitude on a pion ha.s thus far been studied onl!; in the 77 -+ 
~$57~ reaction. ‘The avaikble Mark II and TPC/? 7 da.ta, is in reasonable a.greeme~t, 
with the leading twist QCJD predictions. The QCD ana,lysis predicts simple crossing I 
of the large-angle ^yy t 7rIT+7rTT- amplitude to the y* -+ r+n--, amplitude. Ext,ensive 
predictions a.re also now ava.ila.ble for off-shell phot.ons using PQCD fact,orizat,ion. 
A critical feature of the predictions is the presence of 1oca.l two-photon couplings 
which 1ea.d to a dependence on photon ma.ss Q much less severe than tha.t predicted 
by vect.or meson dominance. 

9. MULTI-HADRON PRODUCTION 

A high luminosity t’ +e- fa,cilit\: could be used for the study of four-ba.q.on 
exclusive final states and t,he sea.rch for new types of di-baryon st,ates such as the l 

H: the postulated ,411 resonance suggested b)’ Jaffe and others. (See Fig. 10.) 

e+ 

9-69 6457AlO 

Figure 10. Production of four-baryon sta.tes in e+e- annihila.tion. 
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Dimensional counting predicts that the cross section for the production of ;\r!l~ 

mesons, A’B baryons and .~TE baryons at different fixed center of mass solid angle 
AR scales as ACT cx s-~-~~~~-‘~‘~-“*‘E. Thus we can estimate Re+e--BIBz~l & - 

IFB~(Q~I~)FB~(Q~I~)I~.T~ le argument of the baryon form fa.ctor is Q2/&ince each 
Y baryon is produced with half the a.vailable momentum. At, s = Q’ g-16: Gel,.‘. 

; - ; this corresponds to an annihila.tion ratio R - 10U4. The production of the n$ 
55 nuclear final state is further reduced by t,he probability: that the nucleons fuse in a 

rest.ricted phase space, a,nd thus is suppressed by an additional power of l/Q’. 

The above estimates are consistent with the “reduced amplitude” formalism 
for exclusive nuclear processes which ha.s been successful predicting the scaling 
behavior of the deut,eron form factor a,nd the deut,eron photo-disint,egra.tion cross 
section at fixed ocm. 

One can thus envision having sufficient luminosity a.t a Tau-Charm fa.ctorJr to 
search for the H di-lambda in the missing mass distribution in the rea.ction t’tt.- -+ -- 
AAX. This method can be extended to sea.rch for exotic resona.nc.es in the .4p> Sp 
di-baryon systems. The ra.te for four-meson exclusi\;e channels is considera.bly 
larger, and affords the possibi1it.y of studying the interact.ions of di-meson systems 
such as 1i+A’+. In each case t,he study of multi-ha.dron exclusive channels can 
allow the st,udy of the sca.ttering length a.nd range of ha.dron-ha.dron final state 
interactions. 

10. HEAVY QUARK Esc~~srv~ STATES AND FORM F.~c,ron ZEROS IN QCD 

The exclusive pair production of heavy hadrons IQlg,). IQIQ~Q;I) consisting 
of higher genera.tion quarks ( Q2 = 1: b, c! and possibly S) can be reliably predict.ed 
within the flamework of perturbative QCD, since the required wa.vefunct’ion input, 

32 is essentially determined from nonrelativistic considerations. The results can be 
a.pplied to ese- annihila.tion, yy annihilation, and W and 7, decay into higher 
genera.tion pairs. The norma.liza.tion, a.ngular dependence and helicity structure can 
be predicted a,wa,y from threshold. allowing a detailed study of the basic elements 
of hea.vy quark ha.droniza.tion. 

In the case of the Tau-Charm fa.ctory, it is interesting to test the predict,ions 
of QCD factorization for time-like meson form fa.ctors for the production of heav\s 
meson pairs, such as e+e- + 00 a.nd e+e- -+ O,o,. 

.4 particularly striking feature of the QCD predictions is the existence of a zero 
_ in the form factor and e+e- annihilation cross section for zero-helicity ha.dron pa.ir 

production close to the specific time-like value qr’/4Mi = mh/3nz~ where ~71, and 
me a.re the hea.vier and lighter quark ma.sses, respectively. This zero reflects the de- 
structive int,erference between t,he spin-dependent and spin-independent (Coulomb 
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exchange) couplings of the exchanged gluon shown in Fig. 11; it is thus a. novel 
feature of the ga.uge theory. In fact, all pseudoscalar meson form factors are pre- 
dicted in QCD to reverse sign from space-like t,o t,ime-like a.symptotic~ol7lent um 
transfer because of their essentially monopole form. For ??ah > he the&m facto] 
zero occurs in the physica region. 

e+ 

S 
e- 
9-69 

C 
6457All 

Figure Il. Illustration of the dominant hard sca.tteriug dia.gram for D,o, pail 
production in QCD. 

In the case of eSe- --f O,o, the amplitude vanishes and changes sign at 
Q’/4M& E 772,/3132,. Since ba.ckground terms a.re expected to be monotonic: an 
amplitude zero must occur somewhere above threshold in c+e- --+ O,o,. (See Fig. 
12.) The a,bsolute rate nea.r threshold for this process depends on the wavefunct,ion 
parameters, particularly the mea,n square rela.tive velocit). of’ the constituents. N’e 
estimate R(D,D,) < 10A4: a rate measura.ble at a high-luminosity Tau-Charm 
factory. 

To lea.ding order in l/q”, the production amplitude for hadron pair production 
is given by the fa.ctorized form 

where [&i] = 5 (xi=, XY~ - 1) n’,“=, dzk and 11 = 2,s is the number of yuarlis 
in the valence Fock sta,te. The scale F is set from higher order calcula.t.ions. hut 
it reflects the minimum momentum transfer in the process. The main dynanIica1 
dependence of the form factor is controlled by the ha.rd sca,ttering amplitude TH 
which is computed by replacing ea,ch hadron by collinear constituents P,” = ZiPi. 

- Since the collinear divergences are summed in 4~; TH can be systematically com- 
_ puted as a. perturbation expansion in a,($). 

The distribution amplitude required for heavy hadron production c$H ( X1, q’) 
is computed as an integral of the valence light-cone Fock wavefunction up to the 
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s.99 6457A12 

Figure 12. Perturbative QCD prediction3’ for R(E+E- - D,o,). The normal- 
imtion depends on assumphons for the D, wavefunction. 

scale Q’. For the case of heavy quark bound states: one can assume that the con- 
stituents are sufficiently non-relat.ivistic tha.t gluon emission, higher Fock states. 
and retarda.tion of the effective potential can be neglected. The a.nalysis of Sec- 
tion 2 is thus relevant. The quark distributions a.re then controlled b?; a simple 
nonrela.tivistic wavefunction: \vhich can be taken in the model form: 

This form is chosen since it coincides with the usual Schrodinger- Coulomb wave- 
function in the nonrela.tivistic limit for hydrogenic atoms and has the correct large 
momentum beha.vior induced from the spin- independent gluon couplings. The 
wavefunction is peaked a.t the ma.ss ra.tio z; = ???.;/MH: 

where (ki) is evaluated in t,he rest frame. Normalizing the wavefunction to unit 
- probability gives 

c’ = 12&r ( (v2))5h71~(172~ + 7729) 

where ( u2) is the mean squa.re relative velocity aad 117 T = 1)21m:!/( I)LI $ ~22) is the 
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reduced mass. The corresponding distribution a.mplitude is 

It is easy to see from the structure of TH for eSe- + Lkln/r tha,t the spectator 
quark pair is produced with momentum transfer squared y3xSyS = 4172:. Thus 
hea.vy hadron pair production is dominated by dia.grams in which the primary 
coupling of the virtual photon is to the heavier qua.rk pair. The perturbative 
predictions a,re thus expected to be accurate even near threshold to leading order 
in a,(4172:) where ?7z( is the ma.ss of lighter quark in the meson. 

The lea.ding order e+t- production helicity amplitudes for higher generation 
meson (A = 0,&l) and baryon (A = &l/2,&3/2) pa.irs a.re computed in Ref. 32 
a.s a function of q’ and the quark masses. The analysis is simplified by using the 
peaked form of the distribution amplitude, Eq. (6). In the case of meson pa,irs the 
(unpolarized) eSe- annihilation cross sectibn has the general form* 

- 
47r $ (e+e- -t M~ll4,) = a POete--p.+p.- 

[ 
$-i 

2 sil,-) B 

3p” 
•t q1 - 13’) (1 t co2 6)[Fo,1(q’)1’ 

1 

where q’ = s = 4M$@ and the meson velocit,y is d = 1 - 
4M” 

.,H The production 
Y” 

-k Fxx(q2) is the form fa.ctor for the production of t.wo mesons which have both spin and 
helicity (Z-component of spin) as X and 1 respectively. There are two Lorentz and gauge 
invariant form factors of vector pair production. However, one of them turns out to he 
the same as the form factor of pseudoscalar plus vector production multiplied by MH. 
Therefore the differential cross section for the production of two mesons with spin 0 or 1 
can be represented in terms of three independent, form kctors. 

895 



form factors have the general form 

FAX = : 
-- 

; - 
,-s where A and B reflect the Coulomb-like and transverse gluon couplings. respec- T 

- tively. The results to leading order in as are given in Ref. 32. In general A and B 
have a. slow logarithmic dependence due to the $-evolution of the distribution a.m- 
plitudes. The form fa.ctor zero for the case of pseudoscalar pair product.ion reflects 
the numerator structure of the TH amplitude. 

2 
Numerator b ~1 

- ‘1 117 ] 1 112; x1 

q 
----.--z.-- 

- 4n4g X2,/] 4M; x;y2 > 

For the peaked wavefunction, 

If 1721 is much greater than 7722 then the el is dominant, and changes sign at 
q?l4h4$ = ml /%~a;,. The contribution of the ~2 tSerm and higher order contri- 
butions are small and nearly constant in the region where the el term changes 
sign; such contributions ca.n displa.ce slightly but not remove the form fa.ctor zero. 
These results also hold in quantum electrodynamics; e.g. , pair production of 
muonium (p - e) atoms in c+e- a,nnihilation. Ga.uge t,heory predicts a zero at 
q* = 172p,/2172e. 

These explicit results for form factors also show t1la.t the onset of the leading 
power-law scaling of a form factor is controlled by the ra.tio of the A and B terms: 
i.e. , when the tra.nsverse cont,ributions exceed t,he Coulomb mass-dominated con- 
tributions. The Coulomb contribution to the form factor can also be computed 
directly from the convolution of the initial and final wavefunctions. Thus; contrary 
to the claim of Ref. 12 there are no extra factors of o$(q*) which suppress the 
“hard” versus nonperturbative contributions. 

The form factors for the heavy hadrons a.re normalized by the constraint that 
_ the Coulomb contribution to the form factor equals the total hadronic charge at 

q2 = 0. Further, by the correspondence principle, the form factor should a.gree 
with the standard non-rela.tivistic calculation a.t small momentum transfer. All of 
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these constraints are satisfied b)’ the form 

- ; - At large Q’ the form factor can also be written a.s 
_ - --i-L z= = 

Ff& = el 16;;fii (s) 
1,; 

+(1+-4), -= dx q( x. Q) 

0 

where fM = (6y3/7rM~)‘/’ is the meson decay constant. Detailed results for FF 
and B,B,’ production are give in Ref. 32. 

At low relative velocity of the hadron pair one a.lso expects resonance contri- 
butions to the form factors. For these hea,vy systems such resonances could be 
related to qq# bound states. From Watson’s theorem, one expects any resonaace 
structure to introduce a final-state phase factor, but not. destroy the zero of the 
underlying QCD prediction. 

Analogous calcula,tions of the haryon form fa.ctor, retaining the constit.uent 
mass structure have also been done. The numerator structure for spin l/2 baryons 
ha.s the form 

A + Bij;'+ cq4 . 

Thus it is possible to have tL<:o form factor zeros; e.g. , at, space-like and tinle-like 
values of 4”. 

Although the measurements are difficult a.nd require large lunlinosit,~.. the ob- 
serva.tion of the striking zero st,ructure predicted by QCD would pro\+de a unique 
test of the theory and its applicability to exclusive processes. The onset of leading 
power beha.vior is controlled simply by the mass pa.rameters of the theory. 

11. EXCLUSIVE 7-y REACTIONS 

A number of interesting yy annihilation processes could be studied advanta- 
geously at a Tau-Charm factory. Such two-photon reactions ha.ve a number of 

unique features which are important for testing QCD:“3 

1. Any even charge conjugation hadronic state can be created in the annihila- 
tion of two photon-an initial state of minimum complexity. Because in 
annihilation is complete, there are no spectator ha.drons t,o confuse resonance 
analyses. Thus, one has a. c1ea.n environment, for identifying the exotic color- 
singlet e\;en C composites of quarks aad gluons \q?j >: lgg >, jggg >, Iq?g >, 
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Iqg@ >> ... which are expected to be present in the few GeV mass range. 
(Because of mixing, the a.ctual mass eigenstates of QCD may be complicat,ed 
admixt,ures of the various Fock component.s.) .A 

2. The mass and polarization of each of the incident virtual phot$s can be 
c.ontinuously varied, allowing highly detailed tests of theory. Because a spin- 

: 
;_ c one stat.e cannot couple to two on-shell photons? a. J = 1 resonance can 
~5 r=” i be uniquely identified by the onset. of its production with increasing photon 

34 
mass. 

3. Two-photon physics plays an especially important role in probing dynamical 
mechanisms. In the low momentum transfer doma.in, ~7 rea.ctions such a.s the 
total annihilation cross section and exclusive vector meson pa.ir production 
can’give important insights into the nature of diffractive rea,ctions in QCD. 
Photons in QCD couple directly to the quark currents a.t any resolut,ion scale. 
Predictions for high momentum transfer ye reactions, including the photon 
structure functions, R:(r,Q’) and F~(x>Q’). high 1)~ jet product,ion. and 
exclusive channels are thus much more specific than corresponding hadron- 
induced reactions, The point-like coupling of the annihila.ting photons leads 
to a. host of special fea.tures which differ markedly with predictions ba.sed on 
vector meson dominance models. 

4. Exclusive y-y processes provide a. window for vien’ing the wavefunctions of 
ha.drons in terms of their quark and gluon degrees of freedom. In the case of 
yy annihilation into ha.dron pkrs, the a.ngular distribution of the production 
cross section directly reflects the shape of the distribution amplitude (valence 
wavefunction) of each hadron. 

A simple, but still very important example: is the Q”-dependence of the re- 
action y*y --+ 1\4 where A4 is a pseudoscalar meson such as the 7. The invariant 
amplitude contains only one form factor: 

u 44/L,, = t/luaTP~U ‘F,,(Q’) . 

It is easy to see from power counting at large Q’ that the dominant amplitude (in 
light-cone gauge) gives Fyll(Q2) - l/Q” and arises from diagrams which have the 
minimum pa.th carrying Q’: i.e. , diagrams in which there is only a. single quark 
propagator between the two photons. The coefficient. of l/Q’ involves only. the 
two-particle yq distribution amplitude 4( z, Q). which evolves loga.ritlin-iicall!- on 
Q. Higher particle number Fock sta.tes give higher poM:er-law falloff contributions 

- to the exclusive amplitude. 

The TPC/rr data36 shown in Fig. 13 are in st,riking agreement with the 
predicted QCD power: a fit to the data gives F,..ll(Q’) N (l/Q’)‘& with n = 1.05 zt 
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Figure 13. Comparison of TPC/-,-, dat.a36 for the 7 - q and 7 - 11’ transition form 
factors with the QCD lea.ding twist prediction of Ref. 35. The \:MD predictions are also 
shown. 

0.15. Dat,a. for the 7’ from Pluto and the TPC/yy experiments give similar results. 
consistent with scale-free behavior of the QCD quark propagator and the point 
coupling to the quark current for both the real and virtual photons. In the case of 
deep inelastic lepton scattering, the observa,tion of Bjorken scaling tests the sa.me 
scaling of the quark Compt,on amplitude when both photons a.re virtual. 

The QCD power 1a.w prediction, F-,s(Q’) h l/Q’. is consist.ent. with dimen- 

sional counting’ and also ernel-ges from current, algebra arguments (when both 

photons are very virtual).3i On the other hand, the l/Q’ falloff is also expected 
in vector meson dominance models, The QCD a.nd L’DM predictions ca.n be rea.d- 
ily discriminated by studying y*y* -+ 7. In VMD one expects a product of form 
factors; in QCD, the fall-off of the amplitude is still l/Q’ where Q’ is a. linear com- 
bina.tion of Qf and Qf It is clea.rly very importa.nt to test this essential feature of 
QCD. 

We also note that photon-photon collisions provide a way to measure the run- 
ning coupling constant in an exclusive channel, independent of the form of ha,dronic 
distribution amplitudes.35 The photon-meson transition form factors FT.-~ (Q’): 
A4 = 7r”, lj”, f, etc., are measurable in tagged ey --+ e’A4 reactions. QCD predicts 
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1 &(Q”) 
as(Q") = G Q’IFn,(Q:!)12 

where to lea.ding order the pion distribution amplitude enters both nur&rator and 
denominator in the same manner. ~A 

- 
Exclusive two-body processes yy -+ HH a,t, large s = I/1;& = (41 + ~2)‘) and 

fixed 6:; provide a particularly important laboratory for testing QC”D, since the 
large momentum-transfer beha.\rior! helicity structure, and often e\:en the absolute 

normalization can be rigorously predicted. 35138 Th e angular dependence of some 

of the yy -+ Hz cross sections reflects the shape of the ha.dron distribution am- 
plitudes $H(x;,Q). The Y~TA~ -+ Hz a.mplitude can be written as a. fa,ctorized 
form 

where TAX! is the hard sca.t.tering helicity a.mplitude. To leading order T x 

a(c+/M~&)” and da/& - lW~~‘“+“f‘(Ocm) ih M ere ?z = 1 for meson and 12 = 2 
for baryon pa,irs. 

Lowest order predictions for pseudo-scalar and vector-meson pairs for each 
helicity amplitude are given in Ref. 35. In each case the helicities of the hadron 
pa.irs are equal and opposite t,o lea.ding order in l/W’. The normalizat~ion and 
angular dependence of the lea.ding order predictions for 7’1 annihila.tion into cha.rged 
meson pairs are almost model independent; i.e. , they are insensitive to the precise 
form of the meson distribution amplit,ude. If the meson distribution a.inplit udes is 
symmetric in T a.nd (1 - z), then the same quant,ity 

controls the x-integration for both Fr(Q2) and to high accuracy .k!(ry -+ .i;‘~-). 
Thus for charged pion pairs one obta.ins the relation: 

Note that in the case of charged kaon pairs, the asymmetry of the distribution 
amplitude ma.y give a small correction to this relation. 
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The scaling behavior, angular behavior, and normalization of the 72 exclusive 
pair production reactions are nontrivial predictions of QCD. Mark II meson pair 
data and PEPJ/PEPS data3’ for separated rTs7r- and I<+L’- production in the 
range 1.6 < l/r/,, < 3.2 GeV near 90” are in satisfactory agreement with the 
normalization and energy dependence predicted by QCD (see Fig. 14). In the case 
of 7r07ro production, the cos ecln dependence of the cross section can be inverted to 
determine the x-dependence of the pion distribution amplitude. 

The wavefunction of hadrons containing light and heavy quarks such as the I<. 
D-meson are likely to be asymmetric due to the disparity of the quark masses. In 
a ga,uge theory one expect,s tha.t the wavefunction is maximum when the quarks 
have zero rela.tive velocity; this corresponds to x, 0; 772;~ where ml = l;i + m2. An 
explicit model for the skewing of the meson distribution amplitudes based on QCD 
sum rules is given by Benyayoun and Chernyak. 4o These authors also apply their 
model to two-photon exclusive processes such as yy -+ h ‘+A”- and obt.ain some 
modification compared to the strictly symmetric distribution amplitudes. If the 
same conventions are used to la.bel the quark lines, the calculations of Benyayoun 
and Chernyak are in complete agreement with those of Ref. 35. 

The one-loop corrections to the hard scattering amplitude for meson pairs have 

been calculated by 
41 

Nizic. The QCD predictions for mesons cont,aining admixtures 
38 

of the jgg) Fock state is given by Atkinson, Sucher, and Tsokos. 

The perturbative QCD analysis has been extended to baryon-pa.ir production 
in comprehensive analyses by Farrar, et 

42,38 al. and by Gunion, et al. 38 Predictions 
are given for the “sideways” Compton process -17 -+ pp, 43 pair production. 
and the entire decuplet set of baryon pair states. The arduous calculation of 
280 yy -+ qqqqqq diagrams in TH required for calcula.ting yy -t BP is greatly 
simplified by using two-component spinor techniques. The doubly charged 4 pair 
is predicted to ha.ve a fairly small normalization. Experimentally such resonance 
pairs may be difficult to identify under the continuum background. 

The normalization and angular distribution of the QCD predictions for proton- 
antiproton production depend in deta.il on the form of the nucleon dist’ribution 
amplitude, and thus provide severe tests of the model form derived by Chernyak. 
Ogloblin, and Zhitnitskii I1 from QCD sum rules. 

The region of applicability of the lea.ding power-la.& predictions for J-/ -+ p@ 
requires that one be beyond resonance or threshold effects. It presumably is sel by 
the scale where Q4G~ (Q”) is roughly constant; i.e. , Q” > 3 GeV’. Measurements 
of baryon pairs at a Tau-Charm factory are thus probably too close to threshold 

for meaningful tests of the PQCD predictionsP4 
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Figure 14. Comparison of yy - X+K- and yy - li+h’- IWZSOII pair production 
data with the parameter-free perturba.tive QCD prediction of Ref. 35. The theory 
predicts the normalization and scaling of the cross sections. The data are from the 
TPC/yy collaboration.3g 

The QCD predictions for yy t HP can be extended to the case of one or two 
virtual photons, for measurements in which one or both electrons are tagged. Be- 
cause of the direct coupling of the photons to the quarks, the Qf and 62: dependence 
of the yy -+ HH amplitude for transversely polarized photons is minimal at Ml’ 
large and fixed O,,, since the off-shell quark and gluon propagators in 7’~ already 
transfer hard momenta; i.e. , the ‘27 coupling is effectively local for Qf, LJi << &. - 
The -y*y* -+ BB and MM amplitudes for off-shell photons have been calcula.ted 
by Millers and 

38 
Gunion. In each case, the predictions show strong sensitivity to 

_ the form of the respective baryon and meson distribution amplitudes. 
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12. HIGHER TWIST EFFECTS 

One of the most elusive topics in PQCD has been the unambiguous iden- 
tifica.tion of higher-twist effects in inclusive reaction. A signal for a. dyna.mical 
higher-twist amplitude has been seen in pion-induced Drell-Yan reactions, where a 
l/Q’ component to t.he pion structure function F,“(zr: Q’) coupling to longitudi- 
nal photons dominates the cross section at. large 11. In a.ddition, a Rice-Fermilab 
experiment studying pion-induced di-jet production has found evidence for the 
directly-coupled pion higher-twist subprocess rg -+ qq which has the unusual prop 
erty that there is no jet of hadrons left in the beam direction. 

In the case of inclusive quark jet fragmentation, e+e- ---+ -irX, PQCD predicts 
analogous anomalous behavior in the jet distribution at la,rge z = E,/Q. In the 
analysis one must take into a.ccount the subprocess y* t rqij illustrated in Fig. 
15 where the pion is produced directly at short distances, in addition to the 
standard leading twist process where the pion is produced from jet fragmentation. 
The net result is a prediction at large z of the form 

Although the corresponding B term has been observed in the Drell-Yan reaction. 
it has never been seen unambiguously in jet fragmentation. The lower energies of 
a. Ta.u-Charm fa.ctory should be a.dvantageous in ident,if\;ing the 1 /Q’ dependence 
of the direct. pion contributions. 

e- 
9-69 6457A15 

Figure 15. Higher-twist contribution to jet fragmentation in e+e- - ;r,x. The 

pion couples through its distribution amplitude &(z, Q). 
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13. TAUONIUM AND THRESHOLD T+T- PRODUCTION 

In principle, J ’ = l- QED bound states of ~$7~ could be produced as \:er!. 

narrow resonances below threshold in ese- 
45 

annihilation. Unfortuna.tely the 
observation of even the lowest ortho-tauonium state at a measurable level would 
require much higher incident energy resolution then presently possible. The higher 
n excitations are suppressed by a factor 1/n3, so radiative decay signals would not 
be produced at a practical rate. Worse, the r will decay weakly before radiative 
transitions can occur. 

The continuum production of the r+r- near threshold is strongly modified by 

final-state QED interactionsP6 The leading order correction to the Born term at 
threshold, has the form (1 + of(~)) where v = (1 - 4M;l’/s) and 

The singu1a.r fa.ctor in l/z! cancels the phase-spa.ce factor in the Born cross section. 
giving a non-zero rate for production at threshold. The analogous effect is well- 
known in QCD for threshold charm production, and ha.s been taken into a.ccount. 
in the duality formulas which relate charm hadron production to the mass of the 

47 
charm quark. It would be interesting to check the threshold production of 
e+e- --+ ~$7~ and verify this interesting feature of r electrodynamics. 
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