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Abstract

The inclusive production of the η and ω(782) mesons is measured in the π+π−π0 decay mode in hadronic Z decays and
compared to model predictions. The analysis is based on 4 million hadronic Z decays recorded by the ALEPH detector between
1991 and 1995. The η production rate for xp = pmeson/pbeam > 0.10 is found to be 0.355±0.011stat ±0.024sys per event, and
the ω production rate for xp > 0.05 is measured as 0.585 ± 0.019stat ± 0.033sys per event. The branching ratio for ω → µ+µ−
is investigated. A total of 18.1 ± 5.9 events are observed, from which the muonic branching ratio is measured for the first time
to be BR(ω → µ+µ−)= (9.0 ± 2.9stat ± 1.1sys)× 10−5.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The description of the hadronization process in
QCD is deeply connected with the confinement prop-
erty and requires non-perturbative methods. The pre-
cise measurement of momentum spectra of identified
particles in the clean environment of e+e− annihi-
lation into hadrons may improve the understanding
of hadronization. Meanwhile these measurements are
necessary to test and tune the phenomenological mod-
els used to describe the hadronization: each of these
models has free parameters which must be determined
from comparison with data [1].

Resonant states and their dynamics are more closely
related to the original partons than pions. The η and
ω(782) mesons are copiously produced in hadronic
events and thus well suited to a study of hadroniza-
tion.

In this investigation a measurement of the inclusive
momentum distributions of the η and ω mesons
obtained through their π+π−π0 decays is presented,
which improves on the previous ALEPH results [2]
with higher statistics and reduced systematic effects.
It also complements the recent publication concerning
the γ γ decay of the η meson [3]. Studies by the OPAL
and L3 Collaborations can be found in [4–6].

The measurement of the partial width of leptonic
decay rates of the light vector mesons is a good test
both for the quark assignments (

∑
aqqq̄ with q =

u,d, s) in the vector meson and the quark charges.
With ρ0 = (uū − dd̄)/

√
2, ω = (uū + dd̄)/

√
2 and

φ = ss̄ the partial decay width of a vector meson V
to lepton pairs (� = e±, µ±) can be calculated using
the Van Royen–Weisskopf formula [7]:

Γ�(V → �+�−)= 16πα2Q2

m2
V

|ψ(0)|2,

where Q2 = (
∑

aqQq)
2 is the square of the flavour-

weighted sum of the charges Qq of the quarks (q =
u,d, s), ψ(0) is the amplitude of the qq̄ wavefunc-
tion at the origin, and mV is the meson mass. The
expected ratio of the leptonic widths is Γ�(ρ

0) :
Γ�(ω) : Γ�(φ)= 9 : 1 : 2 in agreement with the widths
and branching ratios measured as summarized in [8]
for the decay to e+e−. While Γ�(ρ

0) and Γ�(φ)

are in agreement with the prediction based on the
Van Royen–Weisskopf formula and lepton universal-
ity also for the muonic decay, only an upper limit [8]

so far has been established for the decay ω → µ+µ−
(Table 1). The muonic branching ratio of the ω is mea-
sured here for the first time.

After a brief description of the ALEPH detector,
the selection of hadronic events is detailed in Sec-
tion 3 and the particle identification in Section 4. The
improved measurement of inclusive η and ω produc-
tion in the π+π−π0 channel with a large data sam-
ple of about 4 million hadronic Z decays is presented
in Section 5. The measurement of the branching ratio
ω → µ+µ− is presented in Section 6, followed by a
summary and conclusions.

2. The ALEPH detector

The ALEPH detector is described in detail else-
where [9,10]. Charged particles are measured over the
polar angle range | cosθ |< 0.85 and | cosθ |< 0.69 by
the two layers of the silicon vertex detector (VDET).
This is surrounded by a cylindrical inner drift cham-
ber, and a large cylindrical time projection chamber
(TPC) which measures up to 21 three-dimensional
space points per track. A particle’s energy loss is sam-
pled in the TPC by up to 338 wires and 21 pads. The
tracking detectors are immersed in a magnetic field of
1.5 T and provide a momentum resolution of δpt/pt =
0.0006pt ⊕ 0.005 (pt in GeV/c). The TPC is sur-
rounded by an electromagnetic calorimeter (ECAL) of
lead-proportional tube construction, which covers the
angular range | cosθ | < 0.98 and has a thickness of
22 radiation lengths. It is finely segmented in projec-
tive towers of approximately 0.9◦ by 0.9◦ providing
an angular resolution of σθ,φ = 2.5/

√
E + 0.25 (E in

GeV; σθ,φ in mrad). The energy resolution is σE/E =
0.18/

√
E + 0.009 (E in GeV) for isolated showers.

The hadron calorimeter (HCAL) uses the iron return
yoke as an absorber, for a total of 7.5 hadronic inter-
action lengths. The iron is interleaved by 23 layers of
streamer tubes, which provide a two-dimensional mea-
surement of muon tracks and a view of the hadronic
shower development. The HCAL is used in conjunc-
tion with the muon chambers, which are two double-
layers of streamer tubes with three-dimensional read-
out, and the tracking detectors to identify muons. The
calorimeters and the muon chambers cover nearly the
entire 4π solid angle.
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Table 1
Widths and leptonic branching ratios of the light vector mesons V [8]

Γ [MeV] BR(V → e+e−) BR(V → µ+µ−)

ρ0 150.2 ± 0.8 (4.49 ± 0.22) × 10−5 (4.60 ± 0.28) × 10−5

ω 8.44 ± 0.09 (7.07 ± 0.19) × 10−5 (CL = 90%) < 1.8 × 10−4

φ 4.46 ± 0.03 (2.91 ± 0.07) × 10−4 (3.7 ± 0.5) × 10−4

3. Event selection

For the event selection, good tracks are defined as
originating close to the interaction point (with trans-
verse impact parameter |d0| < 2 cm and longitudinal
impact parameter |z0| < 5 cm), having at least 4 TPC
hits, a polar angle in the range 20◦ < θ < 160◦, and a
transverse momentum pt > 200 MeV/c. Four million
hadronic Z decays are selected by requiring at least
five good tracks. The total energy carried by all good
tracks is required to exceed 15 GeV and the spheric-
ity axis must be in the range 35◦ < θ < 145◦. With
these cuts, a sample of 3.0 million events is selected.
The background to these events arises from tau pairs
and two-photon events and is estimated to be less than
0.4% [11].

For the measurement of branching ratio BR(ω →
µ+µ−) additional event cuts are applied to reject
heavy flavour events and events with missing energy:
events from Z → bb̄ and Z → cc̄ are rejected by a
lifetime tag [12] keeping about 95% of light flavours.
A further reduction is obtained by a cut on the miss-
ing energy corrected with hemisphere masses [13],
Emiss < 6 GeV, in the ω hemisphere.

For the purpose of comparing with models and as
a means of measuring the detector acceptance, sam-
ples of events generated with the JETSET 7.4 Monte
Carlo [14], modified with DYMU3 [15] for electro-
magnetic radiative effects and improved bottom and
charm decay tables, were passed through a full detec-
tor simulation and reconstruction program. The gen-
erator was tuned to describe the ALEPH data using
the inclusive charged particle and event shape distri-
butions [16]. For model comparison and as a system-
atic check for the extrapolation into the unmeasured
region the measured spectra were compared to those
of HERWIG 5.9 [17]. The model parameters were
tuned using ALEPH data in the same manner as men-
tioned above. For the measurement of branching ra-
tio BR(ω →µ+µ−) a sample of events was generated

with the JETSET 7.4 Monte Carlo, but with the muonic
branching ratio of the ω meson BR(ω → µ+µ−) set
to 100%. After a full detector simulation and recon-
struction, the generated events were subjected to the
same selection and analysis chain as the data.

4. Particle identification

The η and ω mesons are produced and decay at
or near the primary interaction point. To reduce back-
ground from charged particles produced far from the
interaction point, e.g., from K0

S decays or photon con-
versions, track candidates are required to be recon-
structed as good tracks (as discussed above) with
tighter cuts on the impact parameters (|d0| < 0.5 cm
and |z0| < 3.0 cm) and the transverse momentum
(pt > 250 MeV/c).

For the measurement of branching ratio BR(ω →
µ+µ−) additional cuts are applied to identify and
select muons above the background of mainly charged
pions. One VDET hit is required. For the identification
of muons the measured energy loss in the TPC,
dE/dxmeas should be consistent with the expectation
for a muon, (dE/dxmeas − dE/dxexp)/σexp > −2,
where dE/dxexp and σexp are the expected energy loss
and its resolution. The pattern in HCAL and the muon
chambers should match with the pattern expected for
penetrating muons, if the momentum is larger than
2.4 GeV/c. For lower momenta, 1.5 GeV/c < p <

2.4 GeV/c, the number of fired planes within the last
ten HCAL planes divided by the number of all fired
planes should be between 0.35 and 0.75 [18,19].

For the selection of neutral pions two-photon in-
variant mass spectra are formed. The photon energy is
estimated from the energy collected in the four central
ECAL towers of a cluster, correcting to the full energy
from a parametrization of the shower shape for a single
photon in the calorimeter. While the energy resolution
is degraded to σE/E ≈ 0.25/

√
E (E in GeV) with this
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technique, hadronic background and clustering effects
are reduced. Photon candidates are only accepted if the
estimated energy is greater than 0.8 GeV. Neutral pion
candidates are accepted if the energy of the photon pair
is less than 16 GeV (to remove large uncertainties in
the acceptance correction at high energy). The invari-
ant mass of the photon pair must also be within ±3σ
of the expected mass. The π0 energy resolution is im-
proved by constraining the mass of the π0 candidates
to 135 MeV/c2. The poor purity at low momentum,
due to the large multiplicity of low energy photons
giving rise to a large combinatorial background, is im-
proved by a “ranking” method: candidates that share
photons with other candidates are ranked in an order
determined by a π0 estimator. The estimator R is cal-
culated for each candidate from the photon pair open-
ing angle θ12 and the χ2 from the mass constraint:

(1)R = θ12
(
1.0 + 0.1χ2).

All π0 candidates sharing photons with other candi-
dates are removed except the one with the smallest
value of R.

5. Inclusive production of η and ω

5.1. Extraction of the η and ω signals

The η and ω cross sections are extracted from
invariant mass distributions in the π+π−π0 decay
mode. All charged tracks are assigned the charged
pion mass; for neutral pion candidates the kinematic
refit constrains the mass to the π0 mass. Data are
analysed in six intervals of scaled momentum xp =
pmeson/pbeam, where pbeam is the LEP beam momen-
tum. Only candidates satisfying xp > 0.10 for the η

and xp > 0.05 for the ω are considered, as the signal
to background ratio is too small for lower momenta.

The invariant mass spectra are fitted as the sum of
a background and a signal function. Subtracting the
like-sign spectra from the unlike-sign spectra allows
the backgrounds to be represented simply by a third
order polynomial. The signal function is empirically
parametrized as the sum of three Gaussian functions;
the relative widths and normalizations of the three
Gaussians are determined from the Monte Carlo and
are fixed with the overall normalization left free. The
results of fits to the data for the η and ω are shown

in Figs. 1 and 2, respectively. The fit to the first
momentum interval for the η yields a large (≈50%)
uncertainty, therefore this momentum interval is not
considered further.

5.2. Extraction of efficiencies and rates

The production rate per event, R, is calculated for
each momentum interval by correcting the fitted sig-
nal S for the reconstruction efficiency ε and normal-
izing to one event. The rate is corrected for branching
ratio BR(η → π+π−π0) = 0.230 ± 0.004, BR(ω →
π+π−π0) = 0.888 ± 0.007, and BR(π0 → γ γ ) =
0.9880 ± 0.0003 [8] to give the rate for all decay
modes. The calculation is as follows:

(2)R = S

N

1
ε

1
BR

,

where N is the total number of hadronic events
in data and ε is the efficiency. N is obtained as
N = NgenN

d
acc/N

MC
acc , where Ngen is the number of

generated events in the Monte Carlo, while Nd
acc

and NMC
acc are the numbers of accepted events after

preselection in data and Monte Carlo, respectively.
The efficiency ε is defined as ε = nrec/ngen, where
nrec is the number of reconstructed η (ω) mesons in
the Monte Carlo, and ngen is the number of generated η
(ω) mesons in the Monte Carlo (before event selection
cuts).

The implementation of the η → π+π−π0 decay
in JETSET is according to phase space, while for the
ω → π+π−π0 decay it is according to the correct
matrix element. For this analysis the Monte Carlo was
reweighted for the η decay by parametrizing the decay
transition probability λη as λη ∝ 1 − T ∗

0 /T
∗
0,max as

suggested in [4], where T ∗
0 is the kinetic energy of

the neutral pion in the η rest frame and T ∗
0,max is its

maximum possible value. This form is consistent with
λη ∝ 1 + 2αy proposed in [20] and the measurements
in [20,21], where y = (3T ∗

0 /Q) − 1, Q is the mass
difference between the η and its daughters, and α =
−0.47 ± 0.04. The η efficiency is taken as the average
of the results obtained with the two parametrizations.

The overall efficiency in the measured momentum
region is 15.3% for the η and 11.2% for the ω.
The measurements cover only the momentum region
xp > 0.10 for the η and xp > 0.05 for the ω. To
estimate the total production rate the measured rates
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Fig. 1. Fits in the η region made to the invariant mass spectra of data (like-sign subtracted).

Fig. 2. Fits in the ω region made to the invariant mass spectra of data (like-sign subtracted).
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are extrapolated to xp = 0 using the fragmentation
function in the Monte Carlo. The fraction of η mesons
for xp > 0.10 is 29.56%. For the ω meson the fraction
for xp > 0.05 is 58.8%.

5.3. Systematic uncertainties

The largest systematic uncertainties are determined
to stem from the photon energy cut, the impact pa-
rameter cut, fit range and signal width, description
of the neutral pion spectrum, and the uncertainty in
the η and ω branching ratios. Systematic uncertainties
are determined by varying cuts and taking the largest
change in the calculated rate as the systematic error.
Additionally, a systematic error is assigned represent-
ing the uncertainty in the extrapolation of the mea-
sured rate to xp = 0. Details of the systematic checks
are given below.

A cut of 0.8 GeV is applied on the energy of
photons. This cut is varied by ±0.1 GeV. A d0 cut
of 0.5 cm is applied to remove tracks originating
from decays of particles at some distance away from
the primary interaction point. As this cut is tight
a check is performed to determine any associated
systematic uncertainty. This cut is decreased to 0.3 cm
and increased to 1.0 cm. Other cuts on charged
track parameters do not have significant systematic
uncertainties associated with them.

In the fitting procedure mass spectra are fitted six
times with a different fit range. The value for the ex-
tracted signal is seen to vary; a systematic error is as-
signed to this, calculated as the standard deviation of
the six results. For the η, significant variations in ex-
tracted signals occur for different choices of the back-
ground function, and a systematic error is assigned
for this fitting uncertainty. The fitting procedure is re-

Table 2
Systematic and statistical errors on the η production rate in each measured momentum interval. All values are expressed in percent

Measured xp interval

Source of error (η) All 1 2 3 4 5 6

Photon energy cut 4.5 – 12.1 6.7 3.4 1.2 1.4
Track selection 1.1 – 2.5 3.2 0.4 1.7 1.7
Fit range and background 2.0 – 5.0 3.3 3.0 1.4 2.0
Fit width 1.5 – 3.2 4.5 0.4 2.6 1.4
π0 spectrum 2.8 – 2.8 2.8 2.5 2.9 4.8
η branching ratio 2.2 – 2.2 2.2 2.2 2.2 2.2
η matrix element 2.3 – 3.9 2.2 1.4 1.1 0.3

Total systematic error 6.8 – 14.7 10.2 5.8 5.2 6.2
Statistical error 3.1 – 7.9 5.6 3.5 2.3 3.0

Total error 7.5 – 16.7 11.6 6.8 5.7 6.9

Table 3
Systematic and statistical errors on the ω production rate in each measured momentum interval. All values are expressed in percent

Measured xp interval

Source of error (ω) All 1 2 3 4 5 6

Photon energy cut 4.1 10.6 2.2 2.8 1.7 0.1 1.8
Track selection 2.6 6.7 1.9 1.2 1.1 0.5 1.1
Fit range 1.0 1.7 3.2 2.2 2.0 0.3 1.1
Fit width 0.8 1.0 3.3 1.8 0.4 0.2 0.5
π0 spectrum 2.7 2.5 2.8 2.8 2.5 2.9 4.8
ω branching ratio 0.7 0.7 0.7 0.7 0.7 0.7 0.7

Total systematic error 5.7 13.0 6.2 5.1 3.9 3.0 5.4
Statistical error 3.2 7.8 4.2 3.3 2.8 2.0 2.9

Total error 6.5 15.2 7.5 6.1 4.8 3.6 6.1
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peated with the width of the signal function as a free
parameter, and the variation in the number of extracted
mesons is taken as a systematic error. To check the
effect of fixing the mass in the fitting procedure, the
procedure is repeated with the mass as a free parame-
ter in the fit. The fitted masses are found to be stable
and no significant variation in the extracted number of
mesons was found, therefore no systematic error is as-
signed. Uncertainties in the meson reconstruction effi-
ciency arise from the modelling of the π0 spectrum. It
has been checked that bin-to-bin migration effects are
below 1% for all but the highest xp bin. Even there the
estimated effect is smaller than other relevant system-
atic uncertainties.

For the η, the effect of the matrix element proposed
by [4] and [20] which is not included in JETSET is
corrected for by reweighting JETSET to agree with
proposed parametrizations. Although little effect on
the momentum spectra is seen for high η momenta,
the effect at low momenta is large (23% in the lowest
measured momentum interval). As a correction, the
mean of the two weighting schemes is applied to the
measured rates, and the difference in the two schemes
in each momentum interval is taken as the systematic
error.

Statistical and systematic errors are summarized
in Tables 2 and 3 for the η and ω measurements,
respectively. For the systematic errors the individual
errors from each source are shown for each measured
momentum interval (1 to 6). The error for the total
measured momentum range, calculated for each error
source, is taken as the sum of the errors in each
interval weighted by the rate in each interval. The
calculations take into consideration whether the errors
are correlated or not. The statistical errors are taken
from the fitting procedure. The last line shows the final
error for each momentum interval.

The extrapolation of the measured rates to xp = 0
relies on the Monte Carlo to give the correct scale
factor for the extrapolation. For the extrapolation the
shape of the fragmentation function in JETSET 7.4 is
used. To estimate the uncertainty in the scale factor
the calculation is repeated for the HERWIG Monte
Carlo. For the η, extrapolating from xp = 0.10, the
difference, 5.8%, between HERWIG 5.9 and JETSET
7.4 is taken as the systematic uncertainty in the
extrapolation. For the ω, extrapolating from xp =
0.05, the difference, 2.4%, between HERWIG 5.9 and

JETSET 7.4 is taken as the systematic uncertainty in
the extrapolation.

5.4. Results

Table 4 shows the results for rates and differential
cross sections in each measured momentum interval.
Results of summing over the measured xp intervals
are shown; the final line gives the result of extrapolat-
ing this to xp = 0 together with an extra error of 5.8%
and 2.4% representing the uncertainty in the extrap-
olation of the measured η and ω rates, respectively.

Fig. 3. Measured differential cross sections for the η in comparison
with Monte Carlo predictions. The errors shown are the quadratic
sum of statistical and systematic contributions.

Fig. 4. Measured differential cross sections for the ω in comparison
with Monte Carlo predictions. The errors shown are the quadratic
sum of statistical and systematic contributions.
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Table 4
Measured production rates per hadronic event and differential cross sections for the η and ω. The errors correspond to statistical and systematic
uncertainties. The value for the total systematic error is taken from Tables 2 and 3 for the η and ω, respectively, where correlations between
errors are taken into account. The results of summing over the measured xp intervals are given, including the extrapolation to the full xp range
with an additional error representing the uncertainty in the extrapolation

xp η rate (1/σtot)(dσ/dxp)

0.10–0.15 0.1236 ± 0.0098 ± 0.0182 2.471 ± 0.195 ± 0.363
0.15–0.20 0.0753 ± 0.0042 ± 0.0077 1.506 ± 0.084 ± 0.154
0.20–0.30 0.0802 ± 0.0028 ± 0.0047 0.802 ± 0.028 ± 0.047
0.30–0.50 0.0611 ± 0.0014 ± 0.0032 0.306 ± 0.007 ± 0.016
0.50–1.00 0.0146 ± 0.0004 ± 0.0009 0.029 ± 0.001± 0.002

0.10–1.00 0.355 ± 0.01 ± 0.024
All 1.200 ± 0.037 ± 0.082 ± 0.070

xp ω rate (1/σtot)(dσ/dxp)

0.05–0.10 0.2222 ± 0.0173 ± 0.0289 4.444 ± 0.347 ± 0.578
0.10–0.15 0.1246 ± 0.0052 ± 0.0065 2.493 ± 0.105 ± 0.130
0.15–0.20 0.0825 ± 0.0027 ± 0.0042 1.650 ± 0.054 ± 0.084
0.20–0.30 0.0852 ± 0.0024 ± 0.0033 0.852 ± 0.024 ± 0.033
0.30–0.50 0.0569 ± 0.0011 ± 0.0017 0.284 ± 0.006 ± 0.009
0.50–1.00 0.0139 ± 0.0004 ± 0.0008 0.028 ± 0.001 ± 0.002

0.05–1.00 0.585 ± 0.019 ± 0.033
All 0.996 ± 0.032 ± 0.057 ± 0.024

Table 5
Comparison of the total measured production rates with Monte Carlo predictions. Values in parentheses indicate the discrepancy between Monte
Carlo and data in terms of the total experimental error

(η) xp > 0.10 (η) all xp (ω) xp > 0.05 (ω) all xp
data 0.355 ± 0.026 1.20 ± 0.11 0.585 ± 0.038 0.996 ± 0.070
JETSET 7.4 0.296 (−2.3σ) 1.00 (−1.8σ) 0.771 (+4.9σ) 1.310 (+4.5σ)
HERWIG 5.9 0.289 (−2.5σ) 1.04 (−1.5σ) 0.678 (+2.4σ) 1.125 (+1.8σ)

Table 6
η rate measured in this analysis compared to values published by LEP experiments

Experiment η decay mode η rate

L3 [5] γ γ 0.93 ± 0.01 ± 0.09 ± 0.06
OPAL [4] γ γ , π+π−π0 0.97 ± 0.03 ± 0.10 ± 0.04
This study π+π−π0 1.20 ± 0.04 ± 0.08 ± 0.07

ALEPH [3] xp > 0.10 γ γ 0.282 ± 0.006 ± 0.015
This study xp > 0.10 π+π−π0 0.355 ± 0.011 ± 0.024

Measured differential cross sections are compared to
Monte Carlo predictions in Figs. 3 and 4 for the η

and ω, respectively. Table 5 compares the total rate
in the data to the Monte Carlo predictions. The errors
are the quadratic sum of the statistical and systematic
contributions. The final column gives the result of ex-
trapolating the measured rate to xp = 0. Values inside

the brackets indicate the discrepancy between Monte
Carlo and data in terms of the total experimental er-
ror. Table 6 compares the results of the η measurement
with results published by ALEPH [3], OPAL [4] and
L3 [5]. For the ω, Table 7 compares the results with
those of published results by ALEPH [2], OPAL [4]
and L3 [6].
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Table 7
Results for the ω production rate measured by three LEP experi-
ments

Experiment ω rate

ALEPH [2] 1.07 ± 0.06 ± 0.12 ± 0.04
L3 [6] 1.17 ± 0.09 ± 0.15
OPAL [4] 1.04 ± 0.04 ± 0.13 ± 0.03
This study 1.00 ± 0.03 ± 0.06 ± 0.02

For the η, the total estimated production rate of
1.200 ± 0.037stat ± 0.082sys ± 0.070extrap per event
is somewhat higher than the predictions of both
JETSET 7.4 (1.00η per event) and HERWIG 5.9
(1.04η per event). This result is also somewhat higher
than the results published by LEP experiments. The
two measurements for the η → γ γ mode [3] and
the η → π+π−π0 mode differ by more than twice
the estimated error, the ratio (rate obtained with the
π+π−π0 mode to the rate obtained with the γ γ mode)
being 1.26 ± 0.04stat ± 0.10sys. This is consistent with
a recent finding by OPAL [4] of 1.14 ± 0.07stat ±
0.13sys for the same ratio.

For the ω, the total estimated production rate of
0.996 ± 0.032stat ± 0.057sys ± 0.024extrap per event
lies significantly below the prediction of JETSET 7.4
(1.31ω per event) and somewhat below that of HER-
WIG 5.9 (1.13ω per event). Published results from
L3 [6] and OPAL [4] for the production rate of the ω

are in good agreement with the result of this analysis.

6. The branching ratio BR(ω → µ+µ−)

6.1. Extraction of the signal

The signal ω → µ+µ− is obtained from the invari-
ant mass distribution of two identified muons of oppo-
site charge originating from a common vertex (Fig. 5).
The signal is taken as the number of events in the mass
region 770 MeV/c2 < m(µ+µ−) < 795 MeV/c2 re-
duced by the estimated background in the same re-
gion. Monte Carlo studies have shown the background
to be linear as a function of the invariant mass. The
level of background in the signal region is extrapo-
lated from the background in the sidebands in the mass
ranges 500 MeV/c2 <m(µ+µ−) < 745 MeV/c2 and
820 MeV/c2 <m(µ+µ−) < 1000 MeV/c2. Applying

Fig. 5. Invariant mass distribution m(µ+µ−) for hadronic events
containing a muon pair after standard cuts as described in the text.
The ω signal of JETSET is normalized to the signal in the data
shown.

Fig. 6. Invariant mass distribution m(µ+µ−) for hadronic events
containing a muon pair with tighter cuts (as explained in the text).
The ω signal of JETSET is normalized to the signal in the data
shown.

the cuts described in Sections 3 and 4 results in an op-
timal signal-to-background ratio, S/

√
S +B .

6.2. Measurement of BR(ω → µ+µ−)

Fig. 5 shows 35 events in the signal region. A back-
ground of 16.94 events is estimated from the side-
bands, leaving 18.06 ± 5.92 signal events. When the
acceptance is taken from JETSET 7.4, but with the mo-
mentum spectrum and rate corrected to agree with the
π+π−π0 analysis, a muonic branching ratio BR(ω →
µ+µ−)= (9.0±2.9)×10−5 is obtained, based on the
selected events shown in Fig. 5.

The effect of tightening cuts in order to increase
S/

√
B is shown in Fig. 6. For this, the additional re-

quirements are muon momenta greater than 2.5 GeV/c,
two VDET hits instead of one, and a stronger bb̄
event rejection (keeping 90% of light quark–antiquark
events). In the signal region 14 events are kept, with an
estimated background of 3.24 events, leaving 10.76 ±
3.74 signal events.
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6.3. Systematic error analysis

Uncertainties on the muonic branching ratio come
from the uncertainty of the momentum spectrum of the
ω and its rate in hadronic events, which are taken from
the π+π−π0 analysis. If the momentum spectrum
from JETSET 7.4 is used, the extracted branching ratio
would increase. Half of the difference from the shape
of the spectrum is taken as systematic error (4%).
Further systematic errors come from the uncertainty
of the measured rate of ω production per event in
the ω → π+π−π0 analysis. Because event selection
and track selection are similar in both analyses their
errors are assumed fully correlated and neglected. The
remaining errors (π0 selection, fitting procedure, etc.)
are studied by varying the Monte Carlo momentum
spectrum according to these remaining errors. An error
of 6% is obtained.

Possible uncertainties can arise from the track
selection and b-tag probability. The last also changes
the flavour composition of the sample; the ω rate
for different flavours has not yet been measured. The
π+π−π0 analysis was therefore repeated with the
cuts on b-tag probability and track selection from this
analysis. An error of 4% is derived. The estimation of
the background is dominated by the limited statistics
in the sidebands. Smaller uncertainties come from
a possible curvature of the background shape, e.g.,
due to the ρ meson. The error is determined to
be 6%. Further systematic uncertainties are related
to the performance of the ALEPH detector [10]:
muon identification [19] (±5%), tracking resolution,
which influences the signal shape (±5%), and the
missing energy, the impact of which is found to be
negligible. The limited Monte Carlo statistics adds 3%
to the error. Other sources of systematic error such as
background are found to be small and are neglected.
The total systematic error is obtained by adding the
contributions in quadrature, giving ±13%.

6.4. Results

The muonic branching ratio is measured to be
BR(ω → µ+µ−) = (9.0 ± 2.9 ± 1.1) × 10−5 from
the observation of 18.06 ± 5.92 signal events. This
is in agreement with the expectation from the flavour
composition of the vector mesons and from lepton
universality.

7. Summary and conclusion

The inclusive production of the η meson and the
ω vector meson in hadronic Z decays has been studied
and compared to model predictions. Decays of the type
η → π+π−π0 are reconstructed for the momentum
interval of xp > 0.10 where xp = pmeson/pbeam.
Decays of the type ω → π+π−π0 are reconstructed
for the momentum interval of xp > 0.05. A signal is
seen in the muonic decay ω → µ+µ−.

The average η rate per event for xp > 0.10 is mea-
sured to be 0.355 ± 0.011stat ± 0.024sys; an extrapo-
lation to xp = 0 using the shape of the fragmentation
function in JETSET 7.4 yields a total production rate
of 1.200 ± 0.037stat± 0.082sys ± 0.070extrap per event.
The predictions of both JETSET 7.4 (1.00η per event)
and HERWIG 5.9 (1.04η per event) are somewhat be-
low this result. The use of the matrix elements pro-
posed by [4] and [20] resulted in a significant effect
on the momentum spectrum for low η momenta. The
matrix element is not present in JETSET 7.4 and HER-
WIG 5.9. Published results of L3 [5] and OPAL [4] are
somewhat lower than the result of this analysis.

The average ω rate per event for xp > 0.05 is mea-
sured to be 0.585 ± 0.019stat ± 0.033sys; an extrap-
olation to xp = 0 yields a total production rate of
0.996 ± 0.032stat ± 0.057sys ± 0.024extrap per event.
The rate lies significantly below the prediction of JET-
SET 7.4 (1.31ω per event) and somewhat below that
of HERWIG 5.9 (1.13ω per event). Published results
from L3 [6] and OPAL [4] for the production rate of
the ω are in good agreement with the result of this
analysis. This measurement also agrees with that pre-
viously published in [2] and improves it substantially.

In the muonic decay mode of the ω vector meson,
18.1 ± 5.9 events are observed yielding the first mea-
surement of the muonic branching ratio of BR(ω →
µ+µ−) = (9.0 ± 2.9stat ± 1.1sys) × 10−5. The result
is in agreement with the expectation from the flavour
composition of the vector mesons and from lepton uni-
versality.

Acknowledgements

We wish to thank our colleagues in the CERN
accelerator divisions for the successful operation of
LEP. We are indebted to the engineers and technicians



ALEPH Collaboration / Physics Letters B 528 (2002) 19–33 33

in all our institutions for their contribution to the
excellent performance of ALEPH. Those of us from
non-member countries thank CERN for its hospitality.

References

[1] For a review see:
A. Böhrer, Phys. Rep. 291 (1997) 107;
I.G. Knowles, G.D. Lafferty, J. Phys. G 23 (1997) 731.

[2] ALEPH Collaboration, Z. Phys. C 69 (1996) 379.
[3] ALEPH Collaboration, Eur. Phys. J. C 16 (2000) 613.
[4] OPAL Collaboration, Eur. Phys. J. C 5 (1998) 411.
[5] L3 Collaboration, Phys. Lett. B 371 (1996) 126.
[6] L3 Collaboration, Phys. Lett. B 393 (1997) 465.
[7] R. Van Royen, V.F. Weisskopf, Nuovo Cimento A 50 (1967)

617;
R. Van Royen, V.F. Weisskopf, Nuovo Cimento A 51 (1967)
583.

[8] Particle Data Group, Eur. Phys. J. C 15 (2000) 1.
[9] ALEPH Collaboration, Nucl. Instrum. Methods A 294 (1990)

121;

ALEPH Collaboration, Nucl. Instrum. Methods A 303 (1991)
393.

[10] ALEPH Collaboration, Nucl. Instrum. Methods A 360 (1995)
481.

[11] ALEPH Collaboration, Eur. Phys. J. C 14 (2000) 1.
[12] ALEPH Collaboration, Phys. Lett. B 313 (1993) 535.
[13] ALEPH Collaboration, Phys. Lett. B 322 (1994) 275.
[14] T. Sjöstrand, Comput. Phys. Commun. 82 (1994) 74.
[15] J.E. Campagne, R. Zitoun, Z. Phys. C 43 (1989) 469.
[16] ALEPH Collaboration, Phys. Rep. 294 (1998) 1.
[17] G. Marchesini, B.R. Webber, Nucl. Phys. B 310 (1988) 461;

G. Marchesini et al., Comput. Phys. Commun. 67 (1992) 465.
[18] ALEPH Collaboration, Nucl. Instrum. Methods A 346 (1994)

461.
[19] O. Krasel, Charm-Produktion in γ γ -Wechselwirkungen im

ALEPH-Experiment, Diploma Thesis, Siegen University,
1999.

[20] D.W. Carpenter et al., Phys. Rev. D 1 (1970) 1303.
[21] M.L. Stevenson et al., Phys. Rev. 125 (1962) 687;

J.G. Layter et al., Phys. Rev. D 7 (1973) 2565.


	Inclusive production of the eta and omega mesons in Z decays, and the muonic branching ratio of the omega
	Introduction
	The ALEPH detector
	Event selection
	Particle identification
	Inclusive production of eta and omega
	Extraction of the eta and omega signals
	Extraction of efficiencies and rates
	Systematic uncertainties
	Results

	The branching ratio BR (omega->µ+ µ-)
	Extraction of the signal
	Measurement of BR(omega->µ+ µ-)
	Systematic error analysis
	Results

	Summary and conclusion
	Acknowledgements
	References


