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Abstract 

Evidence is presented for the production of prompt J/1// mesons (not originating in b-hadron decays) in hadronic Z” 
decays. Using a sample of 3.6 million hadronic events, 24 prompt J/$ candidates are identified from their decays into 
e+e- and ,LL+,CL- pairs. The background is estimated to be 10.2 f 2.0 events. The following branching ratio for prompt J/q+ 
production is obtained: Br(Z’ + prompt J/lc, + X) = (1.9 f 0.7 f 0.5 YII 0.5) . 10m4, where the first error is statistical, the 
second systematic and the third error accounts for uncertainties in the prompt J/e production mechanism. 

1. Introduction 

J/rl/ mesons are produced at LEP predominantly 

via b-hadron decays, with a measured branching ra- 
tio Br@?--+ J/$ + X) of about 4.0 + 10e3 [l-4]. A 

small number of J/e mesons, and other quarkonium 

states in general, are expected to be produced in frag- 
mentation processes. The production of Y mesons in 
hadronic Z* decays has already been observed [ 5 ] , 
but at present only upper limits exist for prompt J/e 
production [ 6 1. Recent interest in this prompt produc- 
tion mechanism is motivated by the observation at the 
Tevatron of quarkonium rates jarger than expected and 
the subsequent attempt to explain the excess by novel 
‘colour-octet’ production models [ 7-91. The produc- 
tion of prompt J/$ in Z* decays allows a non-trivial 
test of these models. 

’ And ai TRIUMF, Vancouver, Canada V6T 2A3 
2 And Royal Society University Research Fellow 
3 And Institute of Nuclear Research, Debrecen, Hungary 
4 And Department of Experimental Physics, Lajos Kossuth Uni- 

versity, Debrecen, Hungary 
5 And Ludwig-Maximilians-Universit;it, Miinchen, Germany 

Fig. 1. Feynman diagrams for various prompt .I/$ colour-singlet 

(Z”+ .I/$ cE, Z”- J/e qqgg and Z”- J/$ gg) and colour-octet 

(Z”-+ J/$ 94 and Z”+ J/r(, g) production processes. 

Initially, only ‘colour-singlet’ models were con- 
sidered in estimating the production of prompt J/G 
mesons. In Z” decays, these colour-singlet fragmen- 
tation processes consist of ‘c-quark fragmentation’ 
[lo], ‘gluon fragmentation’ [ 1 l] and ‘gluon radi- 
ation’ [ 121 contributions (see Fig. 1). The corre- 
sponding production rates have been calculated using 
perturbative QCD. According to these calculations 
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[ 131, the ‘c-quark fragmentation’ process is domi- 
nant, with a branching ratio of: 

BF(Z”+ J/+ cc) = 0.8. 10-4, 

including the contribution of cascade decays from I,&’ 
and xc states. In the alternative colour-octet models, 
J/$ mesons are first produced in a colour-octet state 
and then evolve non-perturbatively into colour-singlet 
states by emission of soft gluons. According to [ 131, 
the dominant process in this case is the ‘gluon frag- 
mentation’ process (see Fig. 1)) with a branching ra- 
tio of: 

Br(Z”+ J/e qq) = 1.9. 10-4, 

including cascade decays (see also alternative calcu- 
lations in [ 141) . Both the colour-singlet and colour- 
octet QCD calculations suffer from potentially large 
uncertainties since they include only leading terms. In 
the case of colour-octet models, the total rate depends, 
in addition, on free parameters adjusted to the Teva- 
tron data [ 91. The validity of these production mod- 
els and rates has yet to be confirmed by experimental 
measurements. 

In this paper, a search for prompt J/lc, mesons in Z” 
decays is performed. J/I$ mesons are identified from 
their decays into e+e- and ,u+P- pairs. The outline 
of this paper is as follows: a brief description of the 
OPAL detector is presented in Section 2, the main J/I++ 
selection criteria are described in Section 3, the prompt 
J/$ selection criteria are discussed in Section 4, and 
finally, the Z”+ prompt J/$ + X branching ratio is 
obtained in Section 5. 

2. The OPAL detector 

The OPAL detector has been described elsewhere 
1151. The analysis presented here is based on in- 
formation from the central tracking system, the lead 
glass electromagnetic calorimeter and its presampler, 
the hadron calorimeter and the muon chambers. The 
tracking system consists of a two layer silicon mi- 
crostrip vertex detector [ 161, a vertex drift chamber, a 
jet chamber and a set of z-chambers for measurements 
in the z direction (z is the coordinate parallel to the 
beam axis), all enclosed by a solenoidal magnet coil 
which produces an axial field of 0.435 T. The main 

tracking detector is the jet chamber, which has a length 
of 4 m, a diameter of 3.7 m and which provides up to 
159 space points and close to 100% track-finding effi- 
ciency for charged tracks in the region 1 cos 191 < 0.92, 
where 8 is the polar angle with respect to the elec- 
tron beam direction. The momentum resolution can be 
parametrised as (~~,/p~)~ = (0.02)2+ (0.0015.p,)2, 
where pr (in GeV/c) is the momentum in the x - y 
plane. The jet chamber is also able to perform par- 
ticle identification by specific energy loss (dE/dx) 
measurements with a resolution of 3.5% for minimum 
ionising particles with the maximum number of ioni- 
sation samples [ 171. 

3. Event samples and J/qb selection 

The initial event sample consisted of hadronic Z” 
decays recorded by OPAL in 1990-94 and selected 
using standard criteria [ 181. Tracks were required to 
satisfy minimum quality cuts as in [ 191 and only 
events with at least 7 accepted tracks were consid- 
ered. The selection efficiency for multihadronic events 
is (98.1 f 0.5) %, with a background contamination 
smaller than 0.1%. After all cuts, a total of 3.6 million 
hadronic events were selected. 

The selection efficiencies were estimated using 
samples of 2000 Monte Carlo (MC) events simulat- 
ing each of the processes (see Fig. 1) : 2O-t J/$ cc, 
Z”-, J/$ qqgg, Z”-t J/$ gg, Z”-+ J/e qq and 

Z”+ J/G g, with the subsequent decay J/$ --+ .@+e-, 
-!? being either an electron or a muon. In all these 
processes, the partons were generated using the dif- 
ferential cross-sections provided in [ 10-131. In the 
first three processes, J/gl, mesons are produced in a 
colour-singlet state and in the last two processes, in a 
colour-octet state 6 . Since colour-octet states recom- 
bine into colour-singlet states by soft gluon emission, 
some extra energy is expected around colour-octet 
states. This extra energy has been neglected in the 
simulation, but is taken into account later in the 
discussion of systematic uncertainties. A sample of 
4 million MC events containing Za decays and an- 
other sample of 90000 events containing the decay 
chain Z0~b6-+J/IC, + X, with the subsequent decay 

6There is also a colour-octet contribution to the process 

Z”-+ J/I,+ CC, but this contribution is negligible 1131. 
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J/$--&C-, were used to estimate the background to 
prompt J/l/l production. Both samples were generated 
using the JETSET 7.4 MC program [ 201. Another 

background source originates from four-fermion 
events, namely from the process e+e-+ qq e+e-, 

where the efe- pair results mainly from virtual pho- 
ton emission. This four-fermion background was 

estimated using the FERMISV generator [ 211. The 

simulated four-fermion event sample of 20 000 events 

was equivalent to 20 times the integrated luminosity 
collected by OPAL. For all MC samples, the parton 
shower and hadronisation processes were simulated 
using the JETSET model, with parameter settings 
as described in [22]. All these samples were pro- 

cessed using the complete OPAL detector simulation 

program [ 231. 
The lepton identification and J/$ selection require- 

ments were the same as in [4]. Lepton candidates 
were required to satisfy the following acceptance cuts: 

p > 2 GeVlc, where p is the track momentum, and 
) cos 61 < 0.9. In order to ensure a reliable calcu- 
lation of the lepton pair invariant mass, an accurate 
polar angle measurement (z chamber association for 

barrel tracks, and constraint to the point where the 
track leaves the jet chamber in the case of forward 
tracks) was required for all Iepton tracks. J/lc, candi- 

dates were selected by demanding two electron or two 
muon tracks of opposite charge, with an opening an- 
gle smaller than 60” and with invariant mass 7 in the 

range 2.9-3.3 GeVlc2. 
The lepton pair invariant mass distribution obtained 

after all selection cuts (except the mass cut) is dis- 
played in Fig. 2. The total number of J/e candidates in 
the mass range 2.9-3.3 GeV/c2 is 741. The fake J/$ 
background can be obtained by counting the number 
of opposite-sign lepton pairs consisting of an electron 
and a muon (e*pF) . As discussed in [4], these Iep- 
ton combinations provide a measurement of the back- 
ground with a systematic error of 5%. The background 
calculated in this way amounts to 230 & 18 events, 
where the error includes both statistical and system- 
atic contributions. The background-subtracted number 
of J/.$ mesons in the data sample is NJ@ = 511 f 18, 

7 The invariant mass resolution for muon pairs is approximately 
60 MeV/c2. For electron pairs, the distribution shows a radiative 

tail towards low values. 

2s 

’ 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

Invariant mass (GeV/c~ 

Fig. 2. Invariant mass distribution of e+e- and p+/*- pairs. The 

shaded histogram of e*pF pairs used to calculate the fake J/(c, 

background is superimposed. 

where the error results from the background subtrac- 

tion. 

4. Selection of prompt J/$ candidates 

Most of the J/e candidates originate from b-hadron 
decays and are expected to be surrounded by other b- 
quark decay products and by particles created in the 
b-quark fragmentation process. Prompt J/$ mesons 

are expected to be rather isolated, although the degree 
of isolation is model dependent (see discussion in the 
next section). In addition, J/q mesons from b-hadron 

decays carry the lifetime information of the parent b- 
hadron, whereas prompt J/$ are expected to originate 
from the primary event vertex. Based on these consid- 
erations, the separation of prompt J/$ candidates is 
performed with the help of the following variables: 
- The ‘isolation energy’, EisoI. This energy is defined 

as the extra energy (sum of track momenta and 
energy of electromagnetic clusters not associated 
with tracks), contained within a cone of half-angle 
30” around the direction of the reconstructed J/9. 

- The ‘decay length significance’, L/cr~, of the lepton 
pair. The decay length L is obtained as the distance 
in the x-y plane between the estimated event vertex 
position and the dilepton decay vertex, using the di- 
rection of the reconstructed J/lc, as a constraint (a 
more detailed description can be found in [ 241) . 
The error in L, a~, is estimated from the track pa- 
rameter errors and the uncertainty in the position of 
the event vertex. 
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Fig. 3. Etsot distribution for a) all .I/$ candidates, b) candidates 
satisfying ]L]/Q < 4 and c) candidates satisfying L/Q > 4. 
The shaded histogram represents the Z&t distribution for e*,uF 
pairs. The solid line represents the expected distribution for b-quark 
decays, added to the fake J/G background. The simulated Eisot 
distribution for prompt J/$ mesons produced according to the 
processes Z”- J/g qq (solid line) and Z”- J/t+9 cE (dashed 
line) is shown in d). According to the theoretical calculations 
reported in Table 2, these two processes are dominant. 

Prompt .I/$ candidates are selected by imposing the 
additional cuts: Eisol< 4 GeV and \Ll/a~< 4. 
The Eisol distribution for all J/tc, candidates is dis- 
played in Fig. 3a, together with the distributions for the 
fake J/lc, background and for simulated J/(cl mesons 
originating in b-hadron decays. The MC sample is nor- 
malised to the number of J/G mesons found in the data 
after demanding L/a,>2, in order to ensure that the 
J/q+ sample originates predominantly from b-hadron 

decays. An excess of events is observed in Fig. 3a 
at small values of Eisol- Furthermore, this excess of 
events is enhanced at small values of L/q, (namely 
IL//Q < 4), as shown in Fig. 3b. No excess is ob- 
served, on the contrary, in the b-decay enriched sam- 
ple obtained for L/CL > 4 (see Fig. 3~). Finally, the 
invariant mass distribution after all cuts (except the 
mass cut) is displayed in Fig. 4a. This distribution still 
shows a peak at the position of the J/g mass, thus 
indicating that the observed excess of events can be 
related to a J/e signal. 
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Fig. 4. a) Invariant mass distribution of prompt J/$ candidates 
before the invariant mass cut. The shaded histogram includes 
e*pT pairs used to calculate the fake J/q5 background and the 
four-fermion background. b) Momentum distribution of prompt 
J/$ candidates after all cuts (including the mass cut). The shaded 
histogram includes all background sources and the solid line rep- 
resents the simulated prompt J/$ distribution added to the back- 
ground. 

The total number of prompt J/e candidates in the 

mass range 2.9-3.3 GeV/c2 is Ncan,j = 24. The back- 
ground in this mass range originates from the follow- 
ing sources: 
- Fake J/G candidates, determined from e*@ com- 

binations. This background amounts to 2.0 & 1.4 
events, the error being mainly statistical (the sys- 
tematic error is of the order of 5%). Using the MC 
sample of 4 million Za decays, this background is 
2.7 f 1.5 events, a result compatible with the value 
quoted above. 

- Lepton pairs from four-fermion events. This back- 
ground has been calculated using the four-fermion 
simulated sample and amounts to 1.5 f 0.4 events, 
the error including statistical (0.3) and system- 

atic (0.2) contributions. This background value in- 
cludes a small contribution of 0.2 events from res- 
onant J/G production, and in general all higher or- 
der corrections to the FERMISV MC discussed in 
[ 251. The systematic error of 0.2 events is equal to 
the sum of all these corrections as in [ 251. 

- Real J/$ candidates originating in b-hadron decays. 
This background has been calculated using the sim- 
ulated sample of 90 000 events containing the decay 
chain Z”--+bb-+J/$ + X, and amounts to 6.7 f 1.4 
events. The various contributions to the total error 
are detailed in Table 1. The J/G momentum spec- 
trum in b-decays (at rest) has been reweighted to 
match the distribution measured by CLEO [ 261. 
The difference between this spectrum and the spec- 
trum obtained with JETSET is used to calculate the 
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Table 1 
Contributions to the background uncertainty for J/$ originating 
from b-hadron decays. 

Error source Events 

normalisation error 
J/l/l spectrum in b-decays 
b-quark fragmentation 
b-quark lifetime 
track parameter resolution 
MC statistics 

Total background uncertainty 

0.2 
0.8 
0.8 
0.1 
0.5 
0.5 

1.4 

systematic error for this background source. The 
MC events were generated using the Peterson frag- 

mentation function for b-quarks [ 271, with an av- 

erage energy of the primary b-hadron, scaled by the 

beam energy, of (xE)+, = 0.713 i 0.012, as in [4]. 
The inclusive b-hadron lifetime rb = 1.54 f 0.02 
ps [28] has also been used in the event simula- 
tion. The experimental errors on these two quanti- 
ties have been used to calculate the corresponding 
systematic errors for the background. Finally a vari- 
ation of track parameter resolutions as in [4] has 
been performed to estimate the uncertainties in the 

modelling by the MC of the Eisol and L/Q quan- 

tities. 
The total background is N&g = 10.2 + 2.0, and the 

background-subtracted number of prompt J/$ candi- 

dates is: 

N prompt - - Ncand - &kg = 13.8 f 4.9 f 2.0, 

where the first error is statistical and the second re- 
sults from the background uncertainty. The probability 
that the background fluctuates to the observed signal 
of 24 events is 2. 10e4. Since most of the background 
consists of bb events, the background estimate can be 
further investigated by searching for b-hadrons in the 
hemisphere opposite to the J/+ direction. This search 
was performed by means of an algorithm which looks 
for vertices displaced from the estimated event vertex 
position. These vertices are taken as b-hadron decay 
candidates if they contain at least 3 tracks, if they are 
separated from the primary vertex by at least 3 times 
the uncertainty in the separation distance, and if the 
output value of an artificial neural network designed to 
reject non-b background is acceptable. This b-tagging 

algorithm is described in more detail in [ 291. The ef- 
ficiency of this algorithm applied in the hemisphere 
opposite to the J/G direction can be estimated us- 

ing the high purity Z”--+b6 data sample obtained by 
selecting J/$ candidates satisfying L/a~>2. The re- 

sulting efficiency is (40.0 f 2.6)%, where the error 
is statistical. Out of the 24 prompt J/e candidates, 3 
are identified by the b-tagging algorithm. This result 

is compatible with the expected value assuming that 
the data sample consists of 13.8 prompt J/$ and 10.2 
background events originating mainly from b-hadron 
decays as explained above. Using the b-tagging ef- 
ficiencies obtained from the MC for the signal and 
the various background sources, this expected value 
is about 4.7 events. On the contrary, if all candidates 
originate from b-hadron decays, the expected number 

of b-tagged events is 9.1 f 0.6, and the probability of 
observing only 3 events is 2.1%. 

5. Inclusive branching ratio 

The fraction of prompt J/e events in Z” decays is 
calculated as follows: 

MZ”+ prompt J/$ + X> Nprompt eJ/V 
Br(ZO~ J/e + X) 

=---t 
NJh Eprompt 

where eJ/i is the efficiency to select all J/$ candi- 
dates, and eprompt is the efficiency to select prompt 
J/e candidates. The efficiency EY,, calculated using 

the b-decay MC, is eJ,@ = 0.230f0.002, where the er- 
ror is statistical. The small proportion of prompt J/e 

events in the total J/lc, sample introduces a negligible 
correction to eJ&. The eprompt efficiency depends very 
significantly on the production process, as can be seen 
in Table 2. This dependence is introduced in particu- 
lar by the isolation cut (see also Fig. 3d). For each 
process the theoretically predicted branching ratio is 
reported in Table 2. The average efficiency, obtained 
by weighting individual efficiencies according to the 
theoretically expected rates, is Eprompt = 0.146f0.008, 
where the error is statistical. Prompt J/ll, mesons may 
also originate from cascade decays. Assuming that di- 
rect J/e, J/’ and xc states are produced with relative 
abundances 0.5:0.2:0.3 [ 131, the efficiency is further 
reduced to Eprompt - - 0.129 & 0.007. This value is used 
below to calculate the Z” branching ratio to prompt 
J/#I events. 
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Table 2 
Monte Carlo calculation of J/C selection efficiencies for the various prompt J/e production models. The last column gives the theoretical 
branching ratio for each process. The errors are statistical. 

Production Efficiency 
process no isolation cut 

Zc-+J/$ cE 0.262 f 0.011 
Z’-+J/+ siigg 0.203 f 0.010 
Z’+J/$ gg 0.215 + 0.010 
Z’--+Jlti s4 0.221 & 0.011 
Z’+Jlti g 0.273 f 0.012 

Efficiency 
isolation cut 

0.084 f 0.006 
0.104 f 0.007 
0.148 f 0.009 
0.174 + 0.009 
0.271& 0.012 

Br(7% prompt J/$ + X) 
expected 

0.8. 1O-4 [ 131 
0.2.10-4 [ll] 
0.5 10-s [ 121 
1.9.10-4 [ 131 
1.6. 1O-7 [13] 

Table 3 
Summary of systematic uncertainties on the fraction of prompt 
J/$ events in Z” decays. 

Error source Contribution 

background to Np,ompt 
background to NJ~ 

efficiency ratio 
polarization 
cascade decays 
MC statistics 

Total systematic error 

14.5 % 
3.5 % 
7.2 % 
6.3 % 

13.5 % 
5.5 % 

22.9 % 

The following systematic uncertainties have been 
considered in the calculation of the fraction of prompt 
J/$ events (see Table 3) : 
- The uncertainties on NJ,,) and Nprompt due to the 

background subtraction were determined as de- 
scribed above. 

- Most of the systematic uncertainties on the effi- 

ciencies cancel in the ratio EJIJ, /t5prompt. The uncer- 
tainty on eprompt due to the extra cuts on Eisot and 
L/crt was determined by varying the track param- 
eter resolutions, as in [4]. There is in addition an 
uncertainty related to the MC modelling of the &or 
energy for colour-octet models, due to soft gluon 
emission. An indication of this uncertainty can be 

obtained by comparing the efficiency for the pro- 
cesses ZO-+J/@ qq (with no gluon emission) and 
Z’-+J/$ qqgg (with the emission of two hard glu- 
ons) , and is included in the model uncertainty dis- 
cussed below. 

- The prompt J/e selection efficiency has been cal- 
culated assuming that J/q mesons decay isotropi- 
tally. In order to account for the unknown J/G po- 
larization, the efficiency has been recalculated as- 

suming that the angular distribution of leptons from 

J/$ decays is proportional to 1 + cos’ 8*, where 
19* is the emission angle in the J/e rest frame with 

respect to the J/lc, direction in the laboratory frame. 
- As mentioned before, the efficiency Eprompt is re- 

duced if the J/e originates from cascade decays of 
r++’ and xc states. The full difference in efficiency, 
assuming only direct J/$ production, and assuming 

relative production rates for J/l/i. +’ and xc states 
of 0.5:0.2:0.3, is used to estimate the systematic un- 
certainty due to these production rates. 

Taking into account the statistical and systematic 
uncertainty, the fraction of prompt J/G events in Z” 
decays is: 

Br(Z’+ prompt J/e +X) 

Br(Z’-, J/G + X) 
= (4.8 f 1.7 + l.l)%. 

The stability of this result was checked by varying the 
Eisol cut between 3 and 5 GeV. No significant variation 
in the result was observed. 

The momentum distribution of prompt J/l/l candi- 
dates is displayed in Fig. 4b. This distribution is com- 
patible with all models of prompt J/G production ex- 
cept Zc-+J/+ g. In this last model, the momentum, 
scaled by the beam energy, is expected to exceed 0.95 
for 90% of the candidates. Since no event is observed 
in this momentum region, an upper limit of 10% (at 

90% CL) can be obtained for the contribution of this 
process to the total prompt J/q signal. 

As explained before, the average efficiency .+,mpt 
depends on the theoretically expected rates for each 
of the production processes, but these calculated rates 
have large uncertainties. An additional error is there- 
fore included to account for these theoretical uncer- 
tainties. This error is calculated as the r.m.s. spread 
of the efficiencies for the various production models 
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(see Table 2) and amounts to 27.5%. The Z” -+ J/$ g 
process has been excluded from the calculation, since 
both the theoretical branching ratio and the momen- 

tum distribution of prompt candidates indicate that its 

contribution to the total signal is likely to be small. 
Taking into account all uncertainties, the fraction of 

prompt J/S events in Z” decays is: 

Br(Z’--+ prompt J/$ +X) 

Br(Z’-, J/e + X) 

= (4.8 + 1.7 -f 1.1 zt 1.3)%, 

where the first error is statistical, the second sys- 
tematic, and the third error accounts for model 

uncertainties. Using the measurement from [4] 

Br(Z”-+ J/(c, +X) = (3.9 f 0.2 f 0.3) . 10w3, the 

following inclusive branching ratio is obtained: 

Br( Z”+ prompt J/$ + X) 

= (1.9 f 0.7 f 0.5 zt 0.5) * 10-4. 

This branching ratio is in agreement with the the- 
oretical expectation of 2.9 . 10e4, obtained by 
adding together all production mechanisms. How- 
ever, the experimental measurement does not ex- 

clude the hypothesis that the prompt J/$ signal 
is produced by colour-singlet processes alone. In 

this case, the measured branching ratio would be 

Br(Z”+ prompt J/$ +X) = (2.7 f 0.9 f 0.4 f 
0.7) - 10W4, to be compared with the theoretical ex- 

pectation of 1.0. 10m4. This result is also compatible 

with the upper limit of 4. 10m4 obtained by DELPHI 
for colour-singlet processes [ 61. 

6. Summary 

The production of prompt J/l/l mesons in hadronic 
Z” decays has been studied using a sample of 3.6 mil- 
lion hadronic Z” decays. A total of 5 1 I J/G mesons 
are identified from their decays into e+e- and ,u+prc- 
pairs. Prompt J/q candidates are selected by requiring 
isolation and a production vertex not significantly dis- 
placed from the estimated event vertex. The number of 
prompt candidates is 24, with an estimated background 
of 10.2 f 2.0 events. The probability that the back- 
ground fluctuates to the observed number of 24 events 
is 2 . 10w4. Assuming that the dominant production 

mechanism is gluon fragmentation into colour-octet 

J/lc, states, the following measurement of the fraction 
of prompt J/$ events in the total sample is obtained: 

Br(Za-+ prompt J/+ + X) 

Br(Z’+ J/e + X) 

= (4.8 f 1.7f 1.1 f 1.3)%, 

corresponding to an inclusive branching ratio of: 

Br(Za-+ prompt J/e + X) 

= (1.9 f 0.7 f 0.5 f 0.5) * 10-4. 

In both cases, the first error is statistical, the second 
systematic and the third error is obtained after consid- 
eration of other possible production mechanisms. 
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