
NlftflEF NL89C1188 

NATIONAAL INSTITUUT VOOR KERNFYSICA EN HOGE-ENERGIEFYSICA 

March 1989 NIKHEF-H/ 89-5 

Bottonium Production At LEP 

K.J. Abraham, 

NIKHEF-H, 
P.O. Box 41882, NL - 1009 DB 

Amsterdam 
March 28, 1989 

Abstract 

We investigate the production of T(3S1) and T | ( {
, S ( J ) with two gluons from 2 decay. We find 

that at LEP luminosities experimental detection will hardly be feasible. 

i n t i i i f f 11 men «itittii M 111 MintiHi i tMHit »H«*«tiftHHf ir rriititi *• i«iit m n f i rit • i m » "Mi* "*• • * • *f rf »f H •• f • •• >*•• •• • i 

IkHePSEcflE-H PoSTBÜé 41662, 100* 66 AMSTEftflAti 



Bottonium Production at LEP 

K.J.Abraham 
NIKHEF-H 

Post Bus 41882 
1009 DB Amsterdam 

The Netherlands 

March 28, 1989 

Abstract 

We investigate the production of T(3Si) and rfb^So) with two 
gluons from Z decay. We find that at LEP luminosities experimental 
detection will hardly be feasible. 

Introduction 

The decays of heavy quark bound states (onia) provide valuable informa
tion on the nature of the quark-antiquark binding potential. Onia have 
been hitherto produced almost exclusively by parity conserving strong and 
electromagnetic interactions. Hence relatively little is known about the 
properties of pseudo-scalar and pseudo-vector onia. However, the existence 
of axial current couplings of the Z to heavy quarks allows for the production 
of odd parity onia from Z decay. 

In this paper we consider the production of T (*S\) and rjb (
15o) from 

a Z decaying into bottom and anti bottom quarks with the emission of two 
gluons, thereby consistent with both kinematics and colour conservation. 
While such decays are admittedly rare, the high luminosities expected at 
LEP make it conceivable that they may be observed. Furthermore, a precise 
measurement of there decay widths could determine the vector and axial 
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current couplings of the b quark to the Z on the Z resonance independent of 
$Wi and thereby provide a check on the parameters of the Standard Model. 
As has been pointed out in [l], such checks have rarely been performed. 

The following section contains an outline of the bound state formalism 
employed. Then we describe some details of the calculation as well as 
some numerical checks on the accuracy of the Monte-Carlo simulation. We 
conclude with a discussion of our results. 

Guberina et.al.[2] have considered a similar process, however with the 
two gluons replaced by a single photon. With only a single particle besides 
the onium in the final state, the phase space integration, already restricted 
by the fact that the onium is a bound state, reduces to one over orientations 
alone, leading to an extremely small branching ratio. With two gluons 
present in the final state along with the onium there remains a non-trivial 
phase space integration to be performed and this leads to a somewhat larger 
branching ratio, which, as will be seen, is still disappointingly small. 

The Bound State Formalism 

The non relativistic bound state formalism which we use was developed by 
Kuhn et al.[3].(See also [4]). For the sake of clarity we briefly outline a few 
salient points of this formalism as applied to S-wave onia. 

At the heart of the formalism lies the assumption that in the rest frame 
of the onia, the invariant mass of the quark anti-quark pair is very much 
larger than the kinetic energy of their relative motion.lt is shown in detail 
in [2] that one may (for S wave onia ) approximate the non-relativistic 
bound state wave function by the value of the wave function at the origin. 
In this limit, both the quark and anti-quark satisfy free particle mass-
shell conditions, simplifying checks of gauge invariance. Furthermore, the 
mass of the onium M, is related to that of the (anti)quark m , b y M a 2m, 
neglecting small corrections. With all these assumptions the Feynman rules 
for the onia are correspondingly simplified. Broadly speaking, the initial 
and final state free particle spinors are replaced by a suitable projection 
operator which is 4 x 4 matrix. For the sake of convenience we reproduce 
from [2] the projection operators for 1S0 and 35i onia of mass M and 
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momentum Q> neglecting unnecessary constants. For 1S0 onia we have 

*o(0)~75(#+AO 

and for 3Si onia we have 

*o(0W(ff+Jlfl 

where e is the polarisation of the vector onium and ZQ{0) is related to the 
overall normalisation of the bound state wave function. Zo(0) for S-wave 
onia can be related in a fairly model independent manner [2] to the width 
of the decay, 

T —* e+e~ 

It is worth pointing out that the Feynman rules are co.ariant although the 
initial assumptions in constructing the formalism are not. 

Calculations 

We now go over to the actual details of the calculations.There are six dis
tinct Feynman graphs to be considered.Three of these are shown in the 
Appendix, the other three are just exchange contributions^ • is the Feyn
man rule for the onium in the final state.AH other Feynman rules are the 
same as in [2].) There is a trace to be taken over the spinor loop; this auto
matically includes a trace over colour indices which vanishes for all graphs 
containing three-gluon couplings which we have therefore excluded. It is 
now straightforward to write down the Feynman amplitudes for the graphs 
in the Appendix. Since the expressions are not very revealing we will not 
give them here. All traces over gamma matrices and other algebraic ma
nipulations were performed using the symbolic algebra routine FORM of 
J.A.M. Vermaseren. We use g00 = +1, in order to conform with the metric 
conventions built into FORM. The decaying Z is taken to be unpolarised. 
This is perfectly acceptable for the purpose of establishing the order of mag
nitude of the decay width, and in addition leads to a major simplification; 
Schouten identities, difficult to implement on symbolic algebra routines are 
nowhere required. 
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We now go on to the actual phase space integration. Working in the 
rest frame of the Z, it turns out to be convenient to remove the energy-
momentum conserving 6 function by first integrating over the 4 momentum 
of the onium. Since all polarisations are summed over, the angular integra
tions are trivial. The remaining integral is over the gluon energies E\ and 
E2. The integrand is symmetric in E\ and E2, but unfortunately still to un
wieldy to be integrated over analytically. Hence we perform the remaining 
phase space integration by Monte Carlo simulation using the subroutine 
VEGAS [5].(We assume that T and i)h have the same mass, which is rea
sonable seeing that J/W and t)e have very nearly the same mass.) However, 
this is not completely straightforward as individual terms in the integrand 
are divergent as one or the other of the gluons becomes soft,x although the 
integrand as a whole is free of infra-red divergences. Under such circum
stances, a Monte Carlo simulation is numerically unstable and the results 
thereby unreliable. Transforming the integrand so that it is term by term 
infra red finite over the entire physical phase space is rather difficult. How
ever, the physical phase space like the integrand is symmetric under the 
exchange of gluon energies [6]. Hence it suffices to integrate over half the 
phase space and double the result. We first consider the half of phase space 
where E\ > E2. This includes the region in which E2 ~ 0. It is not difficult 
to rewrite the integrand so that it is term by term finite as E2 —> 0. (This is 
easiest done by judiciously substituting Q + k\ + k% for Qz in terms which 
diverge in this limit and bringing them under a common denominator.) 
Now the Monte-Carlo simulation may be carried out without encountering 
numerical instabilities. As a precaution we repeat the process for the other 
half of phase space, i.e. where E2 > E\ and compare the results of the two 
integrations. They differ by < 1%. This is a powerful consistency check. 

There is an uncertainty in the value of the strong coupling constant at 
the Z resonance due to the mass of the top quark. We have extrapolated 
from a value of .132 at 34 Gev to the Z mass, assuming that we do not cross 
the top threshold. This seems reasonable in light of recent lower bounds on 
the mass of the top quark [7], We use tree level formulae for electro-weak 
coupling constants, with Gp = 1.17 x 10~5 and sinfyy = .23, 

1 Kinematics forbids both gluons from being simaltaneously soft. 
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Results and Conclusions 

The branching ratios for Z —*• onium -f- 2 gluons 
for different onia are found to be 

2.64 x 10"7 for the rfb 

and 
2.1 x 10~7 for the T. 

For the sake of comparision, the corresponding rates for charmed mesons 
are 

2.18 x 10"7 for the ne 

and 
5.02 x lO" 8 for the J / ^ . 

If ca(cv) is the coupling of the axial(vector) current of the quark to the Z, 
then the branching ratios for decay into pseudo-scalar(vector) mesons is 
proportional to c*(c*). (All terms containing cvca vanish on summing and 
averaging over polarisations.) 

While the decay widths for the pseudo-scalar mesons are approximately 
equal, those for the vector mesons differ by a factor of 4, This is largely 
due to the different cv values for c and b quarks. 

Assuming that 107 Zs are produced by LEP by the end of 1990, it 
is immediately clear that the experimental signals will be very difficult to 
detect. It will not be feasible to establish the existence of any of the mesons 
produced in the manner we have discussed. It is conceivable that branching 
ratios for the more loosely bound P-wave onia, independent of any specific 
potential model, are larger due to phase space enhancement. Whether this 
gain is of the orders of magnitude or so, which would be required for a 
reasonable experimental signal, is debatable. 

It would seem therefore, that the study of the various bound states in 
the bottonium system will have to be postponed until LEP II goes on line, 
where they can perhaps be observed [8]. 

On completion of these calculations we became aware of a similar in
vestigation where inclusive J / ^ production is studied, [9]. The results in 
[9] and the ones we have presented above are compatible . 
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Figure Captions 
Three of the graphs contributing to Z —» onium + 2 gluons. The other 
three may be obtained by exchanging gluon polarisations and momenta. 
We use the following notation, 
Qz -* momentum of Z 
Q -+ momentum of onium 
ki,ki -*• momenta of gluons 
Cj —¥ polarisation of gluon of momentum fci 
c2 —• polarisation of gluon of momentum k<t 
Momentum conservation requires that Qz = Q + ki + fcs. 
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