PHYSICAL REVIEW D

VOLUME 31, NUMBER 1

1 JANUARY 1985

Prompt lepton production in upsilon and #z-quarkonium decays
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We have calculated the lepton-energy distributions and invariant-mass-squared distributions for
the decay of upsilon and t-quarkonium mesons into leptons +X via either ¢ or b quarks as on-shell
intermediate states. We also predict the branching ratios for those decays.

I. INTRODUCTION

Decays of bound states of heavy quarks provide a good
process to make quantitative tests of perturbative quan-
tum chromodynamics (QCD). This is due to the relatively
large masses of the constituent quarks which require the
interaction energy to be large, forcing the strong-coupling
constant to be small (asymptotic freedom). In this paper
we discuss the three-gluon decay modes of the upsilon and
t-quarkonium mesons. One of the gluons subsequently
produces a heavy-quark pair, one or both of which then
decay semileptonically.

An interesting possibility is that these prompt leptons
can be used as a signal of charm and/or bottom produc-
tion. Using perturbative QCD, we have calculated
branching ratios and lepton-energy distributions for the Y
or t-quarkonium —3G—¢gX —I*I~X. We find that the
branching ratios for the case when the g7 pair is ¢¢ or bb
are small but in principle measurable. The lepton-energy
distribution and invariant-mass distribution of the lepton
pair are quite distinct and should be easily distinguishable
from the background.

In Sec. I A, we discuss the model we use to describe
the upsilon and #-quarkonium and present the QCD ex-
pressions for the lowest-order contributions to the decay
processes described above. In Sec. II B, we show the dis-
tributions and branching ratios obtained from these ex-
pressions.

II. CALCULATIONS AND RESULTS
A. The model

The vector mesons are assumed to be J P—1~ bound
states of two heavy quarks, bb or #t, each of which carries
half the mass of the meson. This means the g and g are
treated as though they are free particles. The meson is as-
sumed to decay at rest in the laboratory system into three
gluons, one of which produces a quark-antiquark pair.
The quark and the antiquark subsequently decay weakly
into leptons. The decay of a particle-antiparticle bound
state into (or via) three gauge field quanta has been dis-
cussed in several different contexts.!—* (References 1 and
2 discuss production of photons and/or gluons per se.
Reference 3 considers production of a lepton pair, via a
photon, with two gluons. Reference 4 considers jet for-
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mation from three gluons, or two gluons with a photon.)
We have, for reasons of convenience, recalculated the de-
cay amplitude and have written the square of the ampli-
tude in a manifestly symmetric form. The differential
rate for the strong-interaction part of this process (Fig. 1)
is given by
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(NS—4)N>-1) 5
32N,2 36’
My =mass of the vector meson, and ¥(0) is the bound-

state wave function at the origin. |(0)|? is determined
from the electronic partial width via the relation
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where « is the fine-structure constant and e, is the rela-
tive quark charge (eqz% for the b quark). The ampli-
tude can be obtained from the one given in Eq. (A6) of
Ref. 5 by crossing the P; and P, momenta in that expres-
sion to the outgoing channel. The square of the ampli-
tude is given by

’ %! |2=m2L/.wH/.w > (3)

where m is the mass of one of the outgoing quarks,

FIG. 1. The decay of the heavy vector meson into three
gluons, one of which pair produces a heavy-quark—antiquark
pair which subsequently decay to leptons.
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The propagators are given by

D3;=2p-p;, (8a)

D,=2p-p,, (8b)
and

Dy =2p-k—k?, (8¢c)

where 2p is the momentum of the incoming vector meson.
The differential leptonic decay rate of the b or ¢ quark
is given by the phenomenological expression®
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FIG. 2. (a) The energy distribution of either of the outgoing
leptons measured in the rest frame of the upsilon for the process
Y—GGcc—putu~X. (b) The invariant-mass squared of the
ptu~ pair for the process described in (a).

where I'= total width and x is the fraction of energy car-
ried away by either lepton. x is measured in the rest
frame of the decaying quark.

B. Predictions of the model

1. Upsilon decay

The energy distribution of either of the outgoing mas-
sive leptons as measured in the rest frame of the upsilon is
shown in Fig. 2(a) for the process Y—GGce—putu~ +X.
In this and all subsequent figures, the distributions were
generated using the mass of the muon. However, there is
no significant difference in the distributions when the
mass of the electron is used in place of that of the muon.
The energy distributions for the less massive leptons (e,u)
are easily distinguishable from that of the tau, since the
position, width and amplitude of the peak in the energy
distribution are dependent to some extent on the mass of
the lepton.

In Fig. 2(b) the invariant-mass squared M, of the two
charged leptons is plotted. The shape of the distribution
for large M ,” is sensitive to the rest mass of the two lep-
tons. The smaller rest mass (electron mass) produces a
broader tail for the M ,? distribution than does the larger
rest mass (muon mass). However, the branching ratios are
the same in both cases.

In Table I, we give the predicted branching ratio for the
decay of the upsilon via the process shown in Fig. 1.

2. t-quarkonium

We have calculated the lepton-energy distribution and
invariant-mass-squared distribution for two different de-
cay channels. In Figs. 3(a) and 3(b), we have plotted these
distributions for the process (tt)—GGce—p*u~+X, and

TABLE I. Branching ratios.

Decay mode (M —q3X) /T iora
" Y—ctX 0.0079
(t1)—ctX 0.03949
(tt)—bbX 0.0226




80 ‘ L. CLAVELL], P. H. COX, AND B. HARMS 31

1012 14 16 18 20

E in GeV

010
%, -008F (b)
L -
S
£ .006F
5 L
%1.5.004-
—ft L

o002}

v
000 % 0 7 4 e 5 20

M, in Gev?

FIG. 3. (a) The energy distribution of either of the outgoing
leptons measured in the rest frame of the (#f) system for the
process (#)—>GGce—p*pu~X. (b) The invariant-mass squared
of the u+u~ pair for the process described in (a).

in Figs. 4(a) and 4(b) we have similar plots for
(tt)—>GGbb—>pu*u~ +X. Comparing Figs. 3(a) and 4(a),
we see that they are very similar except that the bb chan-
nel distribution peaks at a slightly higher energy and has a
somewhat higher tail due to phase-space effects. The
invariant-mass-squared distributions, Figs. 3(b) and 4(b),
show a higher and narrower peak in the ¢ channel than
in the bb channel at the low-mass-squared end of the dis-
tribution because of the wider range of momenta available
to the ¢ quarks.

The branching ratios for the two channels are given in
Table I. The larger value for the c¢¢ channel is expected
on the basis of phase-space considerations.

III. CONCLUSIONS

The results presented here, plus those of Ref. 3, will be
~useful in sorting out the various contributions to prompt

=3
<
@

T
s
(&}
£
Cfis002
olT
i
001
e S S (OB P ¥ S T-a )
ELin GeV
.0020p
[
[
0016} (b)
: i
L3
& o012}
£ N
ofs +
EIA
L0004}
............................
-00005 510 A5 20 25 36550
M,22in GeV?

FIG. 4. (a) The energy distribution of either of the outgoing
leptons measured in the rest frame of the (tf) for the process
(t1)—>GGbb—p+u~X. (b) The invariant-mass squared for the
p ™ pair for the process described in (a).

lepton production in the decay of heavy-vector mesons.
The hope that prompt massive-lepton production could be
used to signal charm' production in heavy-vector-meson
decay is somewhat diminished by the smallness of the
branching ratios for the processes investigated in this pa-
per. Nevertheless, as machine energies and luminosities
increase, the decays of heavy vector mesons may provide a
viable means of studying sequential decays of the heavy
quarks.
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