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Abstract 

Within the framework of a particular model for meson production, we have 

performed a perturbative QCD analysis for exclusive pair production of heavy 

mesons. Analytic calculations of angular distributions for pseudoscalar-pseudo- 

scalar, vector-pseudoscalar and vector-vector mesons are presented. Numerical 

estimates of the cross section, angular distributions and forward-backward asym- 

metry for various B, B*, T and T* mesons are given at an energy range of 20 GeV 

to 100 GeV. The forward-backward asymmetry from weak electromagnetic inter- 

ference is found to be large at TRISTAN energy. 
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1. Introduction 

The intermediate vector bosons of the standard model will be the subject 

of intense experimental and theoretical investigations once the e+e- colliders at 

SLAC (SLC), Japan (TRISTAN) and CERN (LEP) start operation. In e+e- 

annihilations, the interaction is mediated by the electromagnetic current (7) and 

the weak current (Z’).l At typical energies of SLC2 and LEP3, i.e., fi - Mz, the 

interaction will be dominated by neutral current through Z” production, while at 

lower energies (+ - 20 GeV) the electromagnetic current will dominate and Z” 

contributions will be negligible. The interesting region of medium energy (e.g., 

TRISTAN4 energies) will reveal the interference between weak and electromag- 

netic interactions. 

1 Among many properties of interest to experimental investigations is the 

forward-backward asymmetry, AFB, which is a representation of the interfer- 

ence between vector and axial couplings. (See Section 2 for the definition of 

AFB.) Since the vector coupling of Z” to the electron is close to zero (sin28w = 

l/4), AFB can be considered as a measure of weak-electromagnetic interference 

in e+e- annihilations. In this paper we focus on calculating the angular distri- 

butions and forward-backward asymmetry for the exclusive pair production of 

heavy mesons (mesons with at least one heavy quark c,b, t) within the energy 

range of 20 GeV to 100 GeV. 

Since the momentum transfer q involved in these processes, i.e., exclusive 

heavy meson pair production, is sufficiently large, they may be treated within the 

framework of perturbative &CD. Our calculation is based on a particular model 

for exclusive meson pair production. 5 We include explicit effects associated with 

the meson bound state by assuming that in the low momentum transfer domain 

the meson wave function describes a quark-antiquark bound state and, that at 

large momentum transfer, the momentum dependence of the meson wave func- 

tion is controlled by the Bethe-Salpeter kernel and thus by single-gluon exchange 

in the asymptotic limit. The mechanism based on this idea for exclusive produc- 
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tion of heavy mesons is shown in Fig. 1. In Figs. l(a) and l(b), the process is 

mediated via photon production while in Figs. l(c) and l(d) it is mediated by Z” 

boson. The main contribution from each set of diagrams depends on the energy 

regions as will be discussed in Section 3. In this model, the invariant amplitude 

M at the large momentum transfer q for processes of Fig. 1 factorizes5s6 into the 

convolution of hard scattering amplitude 2’~ and meson distribution amplitude 

4~. The requirement of large momentum transfer q is a necessary condition 

for factorization7 of invariant amplitude. Accordingly, the momentum trans- 

fer must be larger than the QCD scale parameter A - 100 MeV. In Fig. 1, 

the momentum transfer scale is set up by gluon momentum which is fixed by 

fi(l - ml/m), where ml and m are the masses of primary quark and me- 

son, respectively. Therefore, for the heavy meson pair production processes 

(i.e., ml = m,, ?nb, mt) we can invoke the factorization theorem. 

To leading order in l/q2, the amplitude for meson pair production is given 

by the factorized form (q2 = s in e+e- c. m. system) 

M = P4 [h/j] 6&i,i2)~~ (a~j;q~dh+#w (yi,i2) , J J (1) 

where [dzi] = 6 (l- CE=, z~)I-JF~~ d zk and n = 2 is the number of quarks in 

the valence Fock state. The scale i2 is set from higher order calculations, but it 

reflects the minimum momentum transfer in the process.5l6 The main dynamical 

dependence of the form factor is controlled by the hard scattering amplitude 

2’~ which is computed by replacing each hadron by collinear constituents with 

momenta zip1 or yip2 where pl and pa are the momentum of the mesons. Since 

the collinear divergences are summed in 4~, TH can be systematically computed 

by a perturbative expansion in os (q2) .8 

For the heavy quark system,” we use the bound state wave function deter- 

mined by nonrelativistic considerations as a further model assumption. The use 

of nonrelativistic wave function is probably not realistic, especially for mesons in 

which the lighter quark mass is comparable to binding energy. It serves, however, 
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as a useful guide and one eventually hopes to use the actual distribution ampli- 

tudes when they become available. For now, the use of simplified distribution 

amplitudes can be thought as applying the mean value theorem to the integral 

over x with average x taken as an effective mass ratio. For mesons with the spin 

A, 4~~ is generically given by5j6 

&f, (Xi,q2) = 36 (X1 - z) (2) 

where fan is the decay constant of heavy meson with spin X such that fMc = fPs 

(pseudoscalar) and fMi = fv (vector). 

In Section 2, we derive the analytic results for angular distributions of mesons 

with different spin combmations. Section 3 is devoted to numerical estimates of 
.I 

angular distributions and forward-backward asymmetry, and Section 4 contains 

a summary of our results and conclusions. 



2. Angular Distributions and Asymmetry 

The hard scattering part of the amplitude M in Eq. (1) can be written as a 

general form given by 

TH = -i c (H,‘(a) + H;(b)) q/sr 
I=r,Z 

(3) 

where s-, = s and sz = s - Mg + iI’zMz. Using the property of h-function in 

Eq. (2), the leptonic and hadronic parts of the amplitude are given by 

Ly = -ia (k2) 7’l rf u (ICI) (44 

H: (4 
. 

i4?ra,CF 
s2(1 - r)3 Tr 

{[ 
c v(rPW(l- r)p2) *7a 

spins 1 
. C ’ CC1 - r, Pl) a(rPl) 7& (A - r,& + rm) rlc r& 

spins 1 
H;(b) = 

i4KC2,CF 
s2(1- r)3 T, c v(rpz)a ((1 - r)p2) 7a . 

spins 1 

(44 

r 
- 

i 
c w - r)Pl)Qpl) 1 7cL Cj (- k + rib + rm) ra} 

spins 

where CF = 4/3 is a color factor, r = ml/m, and 

l?T=e , r: =ve+A, 75 

r7, = Q~ , r6=VQ+AQ75 

V~=2Is--4Qsin~Bw , V,=4sin28w--1 

AQ = -213 , A, = 1 . 

(5) 

Here the spin sum notation Cspin, includes the appropriate Clebsch-Gordon 

coefficients for the meson spin wave function. 
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In Eq. (5), I3 is the third component of the weak isospin of the quark coupled 

to Z”, and Q is the charge of the quark (in the unit of e, electron charge). 

The spin sums appearing in Eqs. (4b) and (4~) would result in a particular 

spin combination between produced mesons. For pseudoscalar mesons, the spin 

sum becomes6*g 

c v(rp2)a ((1 - t)p2) = 75’h$ ml . 
spin 

While for vector mesons 

x v(rpz)a ((1 - r)pz) = @$4 I 
spins 

. The differential cross section can be written in terms of amplitude M as 

da ml2 d- -=- 
dcose 32~s 

(6) 

(7) 

(8) 

where r2 3 4m2/s. Using Eqs. (2)-(8), th e angular distribution for a particular 

spin combination of produced mesons becomes 

7r3 f& fiA, dc7 * a2 - CY; 
e+e-*MA MA, = 81(1 - r)6 sin4 26~s {(s - Mii2 + r;Mg} 

(9) 

. $%n2e+@‘(i+c0s2e)+c~X’c0se [ 1 
where X and A’ refer to helicity states of the mesons, and coefficients c;” are 

given in Table 1. 

The calculation of asymmetry can proceed along the same lines. By defini- 

tion, AFB is 

A FB = 
J; (6) dcose - J!l (&) dcose 

, 
u 

(10) 
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where u is the total cross section. Substituting for da/dcos 8 from Eq. (9), the 

asymmetry becomes, 

A;% = 3cp 
4~:” + 8~;~’ (11) 

with the coefficients ci” as given in Table 1. The numerical estimates of the 

angular distribution and AFB for different mesons will be presented in the next 

section. At this point, however, we need to make a few comments with regard 

to the meson decay constants as introduced in Eq. (2). Due to uncertainties in 

parameters such as fps and f,,, it is rather difficult to predict how much smaller 

the cross section of exclusive process is than that of the corresponding inclusive 

process. If we use the present parameters as given in Table 2, however, then we 

have a factor between 1W2 - 10m3 compared to inclusive processes.1° There is a 
. large range of variations for the numerical values of some meson decay constants. 

For exclusive reactions we are considering, this can introduce about an order of 

magnitude uncertainty in the estimates of cross sections. More detail will be 

given in the next section. 



3. Numerical Estimates 

i) e+e- +pS+pS(X=X'=O) 

. 

For two pseudoscalar mesons, the interference between axial and vector cou- 

pling terms vanishes. As a result, the angular distribution do/dcos 8 is sym- 

metric. It is dominated by r-exchange at lower energies (s < Mi) and by 

Z”-exchange at higher energies (s M Mg). A particularly striking feature of the 

present QCD model predictions is the existence of a zero in e+e- annihilation 

cross section for pseudoscalar meson pair production at the specific timelike value 

@  = d-m (see Table 1). Th e existence of a zero in the form factor and 

e+e- annihilation cross section for a pair of spin-zero mesons was first predicted 

in Ref. 5 for pure electromagnetic processes. By including Z” contributions, how- 

ever, the same phenomena still exist. In Fig. 2, the angular distributions for 

production of B,B, mesons are shown [see Eq. (9)] where the numerical values 

of masses and decay constants are taken from Table 2. As we can see the nor- 

malization of angular distribution becomes exceedingly small as fi is close to 

d-m B 31 GeV. 

ii) e+e- 4 ps + V (X = 1 , A’ = 0) 

In this case, as observed from Table 1, the coefficient ci” # 0 which gives 

rise to a finite asymmetry, AFB. Again, for s < Mg, the EM current dominates; 

interference term will be small and angular distribution is rather symmetric. At 

medium energies, however, 7-Z” interference becomes large which result in an 

asymmetrical angular distribution. These features can also be deduced from the 

analytic expression derived for angular distribution da/d cos 0 in Section 2. From 

Eq. (9) and Table 1 we observe that due to factor (1 - r)2 in c:‘, this coefficient 

is small compared to ci” and ci” and, consequently, the terms proportional to 

( 1+cos2 8) and cos 0 are the main contributions to da/d cos 8. For s << Mg, it can 

be easily seen that cl0 >> c$’ and a symmetric angular distribution will result. 

On the other hand, for fi = Mz/2, the coefficient ci” will dominate and the 
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cos 8 term in Eq. (9) determines the shape of angular distribution. At s w Mi, 

the interference between 7 and Z” disappears due to negligible contribution from 

r-exchange. Nevertheless, the cross terms arising from V-A interference in the 

Z”-couplings to quarks and leptons give rise to an asymmetry and ci” still remains 

larger than c2 lo. These features are shown in Fig. 3 where we have plotted the 

angular distributions for B,-mesons at various energies. The forward-backward 

asymmetry AFB, which is given by Eq. (11) and plotted in Fig. 4 indicates 

the intersecting region of TRISTAN energy range for B,-mesons. For T-meson 

production the available phase space is very limited due to the heavy mass of 

t-quark. As shown in Figs. 5 and 6, however, many features of electroweak 

symmetry breaking can be tested around the energy range of SLC and LEP. 

iii) e+e- + V + V (X = X’ = 1) 

At energies close to threshold, angular momentum conservation dictates an 

an.gular distribution dominated by terms proportional to sin2 8, if r is not close to 

1 (e.g., B, prod UC t ion). At this energy Z” effect will be negligible and coefficient 

cil is much greater than cil and cil in Eq. (9). This feature is clearly exhibited 

in Fig. 7(a) h w ere the angular distribution of a pair of B,-mesons is plotted at 

an energy close to threshold. As the energy increases, the related orbital angular 

momentum can assume different values, and all of terms in Eq. (9) contribute to 

angular distribution (see Fig. 7). At energies fi w Mz/2, the 7-Z” interference 

becomes large compared to other contributions and a very asymmetric distribu- 

tion will result. As discussed for (V+ps) production, near Z”-pole, the 7 effect 

is negligible and only a slight asymmetry arises from V-A cross terms in the 

Z”-couplings to quarks and leptons. The forward-backward asymmetry shown 

in Figs. 4 and 6 (dashed line) have very similar features to the case of (Vfps) 

production discussed in the preceding part. 



4. Summary and Conclusions 

Studying heavy meson production processes at e+e- colliders like TRISTAN, 

SLC and LEP can provide valuable information about: a) QCD mechanism re- 

sponsible for hadroniziation of heavy quarks to heavy mesons and b) electroweak 

couplings of Z” to quarks and leptons. 

For the case of exclusive production of heavy mesons, we presented the angu- 

lar distributions for pseudoscalar and vector mesons. The onset of leading power 

behavior is controlled simply by the mass parameters of the theory. Specifically, 

we confirmed that the present model based on perturbative QCD predicts a zero” 

in the cross section for the exclusive pseudoscalar meson pair production even af- 

ter weak interactions are incorporated into the model by including Z”-production. 

Although the cross sections for exclusive processes are small compared to single 

particle inclusive reactionslO and require large luminosity, the observation of zero 

cross section by the present model can provide a unique test of the theory and 

its applicability to exclusive processes. 

. 

We also found that 7-Z” interference effects give rise to a rather large forward- 

backward asymmetry when a vector meson is produced. Specifically, for vec- 

tor mesons production, the shape of angular distribution, 1 + cy cos2 8 + p cos 8 

changes from Q = -1 and ,0 = 0 near threshold to (1: > 0 and p # 0 away from 

the threshold (see Fig. 7). Th ese effects become small near Z”-pole; however, for 

,,G = Mz (where the cross section is rather large), there is still slight asymmetry 

which is solely due to V-A interference in the Z” coupling to quarks and lep- 

tons. Finally, the forward-backward asymmetry from weak and electromagnetic 

interference is found to be large within the TRISTAN energy range. 
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Table 2 
The numerical values of the parameters used in Eqs. (9) and (11). 

% = 0.2 fM = 0.28 GeV 
mt = 40 GeV mb = 5 GeV 

m u = 0.3 GeV Mz = 92.9 GeV 

rz = 2.9 GeV 

m, = 1.5 GeV 

sin28w = 0.23 

5 
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Figure Captions 

Fig. 1. Exclusive production of mesons in e+e- annihilations. Four more dia- 

grams are obtained by exchanging the primary- and secondary-quark pairs. 

Fig. 2. Angular distributions for production of II,%?, pseudoscalar mesons. 

Fig. 3. Angular distributions for &-meson in (e+e- + ps+V) at various energies. 

Fig. 4. Forward-backward asymmetry for &-mesons in e+e- + ps+V (solid 

line) and e+e- + V+V (dashed line). 

Fig. 5. Angular distributions for Z’,-mesons in (e+e- -+ ps+V) at various energies. 

Fig. 6. Forward-backwardasymmetry for T,-mesons in e+e? + ps+V (solid line) 

and e+e- + V+V (dashed line). 

. Fig. 7. Angular distributions for IIt-mesons in (e+e- --) V+V) at various ener- 

gies. 

-. Fig. 8. Angular distributions for T:-mesons in (e+e- + V+V) at various energies. 
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