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ABSTRACT

Perturbative QCD predictions are given for the ete™ pair produc-
tion of vector and pseudoscalar hadrons which are bound states of heavy
quarks. A striking result is the prediction of an exact zero above thresh-

old for the production of heliéity-zero hadron pairs.
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One of the important testing grounds of the perturbative aspects of Quantum
Chromodynamics (QCD) is exclgsive processes at moderate to lé.rge momentum
transfer. By use of the factorization theorem for exclusive processes and evolution
equations for distribution amplitudes, the leading scaling behavior and helicity
dependence of form factors and hadron scattering amplitudes can be predicted.1
In some cases, notably vy — 777~ and K+ K, predictions for the normalization
and angular behavior of the cross sections can also be made without explicit infor-
mation on the nature of the bound state wavefunctions. Recent measurements
of the normalization and scaling behavior are, in fact, in good agreement with
the QCD predictions.3 In most cases, however, detailed predictions for exclu-
sive processes require knowledge of the nonperturbative structure of the hadrons
as summarized by the valence quark distribution amplitudes ¢y (z;, @) of the
hadrons. For example, by imposing constraints from QCD sum rules, Chernyak
and Zhitnitsky have constructed nucleon distribution amplitudes which account
for the sign and normalization as well as the scaling behavior of the proton and

neutron magnetic form factors at —g? > 10 Gev2.*

In this paper we point out that exclusive pair production of heavy hadrons
JQ1_Q_2>, |@1Q2Q3) consisting of higher generation quarks (Q; = ¢, b, ¢, and possi-
bly s) can be reliably predicted within the framework of perturbative QCD, since
the required wavefunction input is essentially determined from nonrelativistic
considerations. The results can be applied to ete™ annihilation, vy annihilation,
and W and Z decay into higher generation pairs.5 The normalization, angular
dependence and helicity structure can be predicted away from threshold, allowing

a detailed study of the basic elements of heavy quark hadronization.

A particularly striking feature of the QCD predictions is the existence of a



zero in the form factor and et e~ annihilation cross section for zero-helicity hadron
pair production at the specific timelike value ¢?/4M% = mh/Zmé where m), and
my are the heaviér and lighter quark masses, respectively. This zero reflects
the destructive interference between the spin-dependent and spin-independent
(Coulomb exchange) couplings of the gluon in QCD. In fact, all pseudoscalar
meson form factors are predicted in QCD to reverse sign from spacelike to timelike
asymptotic momentum transfer because of their essentially monopole form. For

my, > 2my we shall show that the form factor zero occurs in the physical region.

To leading order in 1/¢?, the production amplitude for hadron pair production

is given by the factorized form

Myg = /[dxi]/[dyj]¢L($i,52)¢%(yj,§2)TH(xi,yj;qz,acM) (1)

where [dz;] = 6 (ZZ=1 zg — 1) [I5=; dzx and n = 2,3 is the number of quarks in
the valence Fock state. The scale §? is set from higher order calculations, but it
reflects the minimum momentum transfer in the process.1 The main dynamical
dependence of the form factor is controlled by the hard scattering amplitude T
which is computed by replacing each hadron by collinear constituents P'." =z, Pl.
Since the collinear divergences are summed in ¢p, Ty can be systematically

computed as a perturbation expansion in Ozs(qz).6

The distribution amplitude

kL<]e?|
bu(zi, ¢) = / [d%k )9 (24, k) (2)
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is computed from the valence wavefunction of the hadron at equal time r =t + 2
on the light cone and gives the probability amplitude for the coﬁstituents with
light-cone momentum fraction z; = (k? + k?)/(P% + P%) to combine into the
hadron with relative transverse momentum up to the scale Q2. For the case of
heavy quark bound states, we shall assume that the constituents are sufficiently
non-relativistic that gluon emission, higher Fock states, and retardation of the
effective potential can be neglected. The quark distributions are then controlled

by a simple nonrelativistic wavefunction, which we take in the model form:

C

Ym(zi k) = — 2 2 (3)
ki,+m +m
iz M%I_ llzl 1 _ 22:2 2

We choose this form since it coincides with the usual Schrédinger- Coulomb
wavefunction in the nonrelativistic limit for hydrogenic atoms and has the correct
large momentum behavior induced from the spin- independent gluon couplings.

The wavefunction is peaked at the mass ratio z; = m;/Mg:

, 2
L R ) (4)
" My MY
where (kZ) is evaluated in the rest frame. Normalizing the wavefunction to unit
probability gives
C? = 1287 (<v2>)5/2mf(m1 + my) (5)

where <v2> is the mean square relative velocity and m, = mimg/(m1 + my) is
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the reduced mass. The corresponding distribution amplitude is

C - 1
1672 [zy29MY — zom? — zyml]

h' ¢(z;) =

R
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It is easy to see ffom the structure of Ty for ete~ — MM that the spectator
quark pair is produced with momentum transfer squared ¢?zsys = 4m2. Thus
heavy hadron pair production is dominated by diagrams in which the primary
coupling of the virtual photon is to the heavier quark pair. The perturbative

predictions are thus expected to be accurate even near threshold to leading order

in o, (4m?) where my is the mass of lighter quark in the meson.
4

We have computed the leading order ete™ production helicity amplitudes for
higher generation meson (A = 0,%£1) and baryon (A = +1/2,+3/2) pairs from
Eq. (1) as a function of ¢ and the quark masses. The Lorentz and gauge invari-
ant form factors for meson pair production are defined by the electromagnetic
coupling of the meson as shown in Table I. The analysis is simplified by using
the peaked form of the distribution amplitude, Eq. (6). From the calculation
of helicity amplitudes, we found that V3(¢%) = My T(q%). Therefore, we use the

following notation:

Foo(q®) = S(q%)
F11(¢%) = Vi(q®)

Foi(¢?) = Mu T(¢*) = Va(d?) .

In the case of meson pairs the (unpolarized) ete™ annihilation cross section has



the general form

do - — 3 1 )
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where ¢* = s = 4M#7° and the meson velocity is 8 =1 — -—q2— The production

form factors have the general form

<”2>2 2
Fix= (72)? (4,5 +3°B)3) (8)
where A and B reflect the Coulomb-like and transverse gluon couplings, respec-
tively. The results to leading order in a; are given in Table II. In general A and
B have a slow logarithmic dependence due to the ¢2-evolution of the distribution

amplitudes. The form factor zero for the case of pseudoscalar pair production

reflects the numerator structure of the Ty amplitude,

2 2
1 m T
Numerator ~ e; (qz M 2 1 ) (9)

4M% T2y 4MY iy

For the peaked wavefunction,

1 mi meo m?2
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If m; is much greater than mq then the e; is dominant and changes sign at

q®/4M?% = mj/2my. The contribution of the e term and higher order contribu-
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tions are small and nearly constant in the region where the e; term changes sign;

such contributions can displace slightly but not remove the form factor zero.

These results also hold in quantum electrodynamics; e.g. pair production of
muonium (u — e) atoms in ere_ annihilation. Gauge theory predicts a zero for

paramuonium production at g2 = my/2me.

These eﬁcplicit results for form factors also shows that the onset of the leading
power-law scaling of a form factor is controlled by the ratio of the A and B terms
in Eq. (8); i.e., when the transverse contributions exceed the Coulomb mass-
dominated contributions. 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 7, there are no extra factors of a,(g?) which

suppress the “hard” versus nonperturbative contributions.

The form factors for the heavy hadrons are normalized by the constraint that
the Coulomb contribution to the form factor equals the total hadronic charge at
g* = 0. Further, by the correspondence principle, the form factor should agree
with the standard non-relativistic calculation at small momentum transfer. All

of these constraints are satisfied by the form

2
16~4 M? g¢  2mq
My 2 H
= - — 1 2. 11
Fo,o(CI) e1 @+ )2 <m%> (1 4M12{ iy +1e (11)

At large ¢? the form factor also agrees with the standard QCD prediction

6 32 2
F(]go)zell ey (Mg>+(1“*2), I

1
ot (o e / iz4(z,Q)  (12)

where far = (673 /7M. H)l/ 2 is the meson decay constant. Predictions for various

heavy mesons are shown in the figures. The results for the cross sections are



given in units of R using the u*u™ rate as reference. The basic unknown is

2

v = v’

m2 which sets the scale for capture into the wavefunction in relative
transverse momentum. The same probability amplitude enters the normalization

of the inclusive production of heavy hadrons in heavy quark hadronization.

Although the mass of the strange quark may be too low to trust these predic-
tions, we also give pre&ictions for FF production since the predicted zero appears

in a domain accessible to present storage rings.

At low relative velocity of the hadron pair one also expects resonance contri-
butions to the form factors. For these heavy systems such resonances could be
related to ¢¢gg bound states. From Watson’s theorem, one expects any resonance
structure to introduce a final-state phase factor, but not destroy the zero of the

underlying QCD prediction.

We have also performed analogous calculations of the baryon form factor,
retaining the constituent mass structure. The numerator structure for spin 1/2

baryons has the form

A+Bg +Cq". (13)

Thus it is possible to have two form factor zeros; e.g. at spacelike and timelike

values of ¢2.

Although the measurements are difficult and require large luminosity, the ob-
servation of the striking zero structure predicted by QCD would provide a unique
test of the theory and its applicability to exclusive processes. As we have shown,
the onset of leading power behavior is controlled simply by the mass parameters
of the theory; there is no way to postpone the region of validity of the perturba-

tive predictions. The results of this paper may also be applicable to lower mass



systems, but in this case the mass parameters for the light quarks are evidently

replaced by vacuum condensate and other nonperturbative contributions.®
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Table I. Definition of meson form factors. The dashed and solid lines

represent the pseudoscalar and vector mesons respectively.

Vertex Type

el

q
ie (p, +p.) S(q*
p p/=p+q
q iee(X) - €' (X) (pu + p}) Vild®)
—tie {e()\) -p e;“'()\')
e(2),p /o, pleptq [T (N)-peu(N)}Va(e®)
q
€ €uvpo p¥ €*P(N') ¢° T(g?)
?
b e'(\), p'=p+q

11




Table II. The results for the meson form factors.

A and B are defined by Eq. (8).

(0,0) (0,1) (1,1)
e1m4] + ezm42 61m3] + egmsz elm4l -+ e2m42
(my + my)* (my + mg)3 (my + mg)*

—2mims (elm% -+ ezmg)
(m1 + mg)*
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FIGURE CAPTION
Fig.1. Predictions of

o(ete™ — My My)
olete” — utu~)

Ryom, =

for various heavy mesons M; and Ms:
(2) Bp 5,
(b) Ry

(c) Ry I/ .
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