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Abstract

We report on measurements of the inclusive production of J, ¢ and y. mesons in hadronic Z decays, based on 3.2 million
hadronic events collected using the L3 detector at LEP. The J and ¢' mesons are reconstructed through their decays into
lepton pairs, while the y. mesons are reconstructed via the decay mode y. — J+ . The measured branching fractions are:
Br(Z — J+X) = (3.4040.23 (stat.) + 0.27 (sys.)) x 1072, Br(Z — ' + X) = (1.6 £ 0.5 (stat.) £ 0.3 (sys.)) x 1077,

Br(Z — ya +X) = (2,74 0.6 (stat.) 0.5 (sys.)) X 103, In the absence of a clear y«o signal, the upper limit at 90%

T i e vy e O
C.L.isset: BriZ » yo +X) <32x107. © I997E

n‘r

Elsevier Science B.

1. Introduction

The production of J, ¢’ and . charmonium states in
Z decays is predicted to proceed mainly via the decay
of b hadrons. Only a minor fraction is expected to be
prompt, deriving from the fragmentation of a gluon or
a ¢ quark in Z —qq decays. The calculation of Br(b
— J + X) suffers from large QCD uncertainties; the
resuits range from 0.2% to 2% [1-3]. Estimaies for
the rate of prompt J production Br(Z — J + X)), vary
from 1 x 1074104 x 1074 [4-7].

FEAC EIOn

The interest on quarkonium production has been re-
cently renewed by measurements at the TEVATRON
collider 8], which give prompt quarkonium cross sec-
tions much higher than predicted by first order color
singlet model [9] calculations. It has been shown [ 10]
that the color octet model [ 11,12] is able to reproduce

o oo s TR A | arsmntarzeee ~F A7 o

UUU! LHC 1aic dllU ine ouservea 1/( apliu Ui o1 CC Uuuud
states. At LEP present measurements of prompt J pro-
duction are consistent with both the color octet and the
color singlet predictions [ 13-15]. Features distinctive
of the color octet model could show up in the decays

ST 3 N N 2. POV . TRURY DURTTUy. JUy, T PR T = 1 oy Dt deie e Win
auppullcu Uy IO UCHindi DullUC\lllllIlblEllulll lul Duuun5, ¥YiS-
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of b hadrons into y. states, where both color-singlet

and color-octet matrix elements contribute at first or-

der [11]. The production of y.; states could be sig-
nificantly enhanced, as would be revealed by the value
of: R% = Br(b— xci +X)/Br(b—J +X), where
most of QCD uncertainties cancel out, which in the
color singlet model is computed to be R% ~ 0.27.
The production of y.o and y.; states, which is strongly
suppressed in the color singlet model framework [ 1],
would proceed at first order through the color-octet
matrix elements. Since the y.» has a non-negligible
branching fraction into J v, its production could result
in a visible signal close to the y.1 peak. Moreover,
the observation of a large .2 signal would validate
another model of charmonium production, the color
evaporation model [16].

We have previously measured the inclusive J and y.

Arint: in 7 4 12171 71 3
production in Z decays [13,17]. The present analysis

is performed on the data collected by the L3 exper-
iment [ 18] from 1991 through 1994, corresponding
to 3.2 million hadronic Z decays, with a tripled statis-
tics compared to the previous measurements. An im-
proved resolution for both the J and the x. signal is
obtained by adopting tighter lepton selection criteria.
A direct measurement of the Xc tO H pwuuuxuu ratio
is performed and the contribution of y.; states to the
signal is investigated.

7 as can be derived from [ 1] after accounting for the feed-down
from y. and ¢’ decays into J.
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2. The branching fractions Br(Z — J + X) and
Br(Z — ¢ +X)

Hadronic Z decays are selected requiring high mul-
tiplicity and high and well balanced visible energy
[19]. The selection efficiency is (98.9 £ 0.1)%, as
determined using Z —ag Monte Carlo events [20].

J and ¢ candidates are reconstructed via their de-
cays into muon or electron pairs. Muons are identi-
fied and measured in the muon chamber system. Muon
tracks are required to consist of track segments in at
least two of the three layers of the muon chambers, and
to point to the interaction region. Electrons are identi-
fied as electromagnetic clusters in the electromagnetic
calorimeter associated to a track in the central tracking
chamber. Both the barrel and the end cap regions of
the calorimeter are used. Tight requirements are made
on the shape of the electromagnetic shower and on the
quality of the angular and momentum matching with
the track. The energy of the electrons is measured us-
ing the electromagnetic calorimeter.

In the laboratory system, the J — £t£~ decay typi-
cally results in one high and one low momentum lep-
ton. We therefore select muon {electron) candidates
with a momentum in excess of 2.5(1.5) GeV for
the least energetic one and larger than 4 GeV for the
most energetic one. In order to reduce the combina-
torial background, we require the opening angle be-
tween two oppositely charged lepton candidates to be
smaller than 80°.

Further details on the adopted selection criteria can
be found in [21,22]. All data distributions are in good
agreement with the Monte Carlo simulation of 6 mil-
lion Z — qq decays. In Fig. 1 the lepton spectra in the
¥ invariant mass region are shown.

The invariant mass spectra of the selected u*u™
and e*e™ pairs are shown in Fig. 2. We perform an un-
binned maximum-likelihood fit to the two distributions
in the mass region 2.0 < M.~ < 4.5 GeV. In this fit
the] — £¥4~ and ¢’ — £*£~ decays are described by
two Gaussian functions and the background is mod-
elled using a fourth order polynomial. The two Gaus-
sian functions are constrained to have the same width
and a shift of 589 MeV between the central values,
corresponding to the known difference between the ¢
and J masses {23]. From the fit we obtain 241 = 25
J— utu™ and 200+ 18 J — e’e™ decays, together
with27+10 ¢’ — ptu~ and 1247 ¢’ — e*e™ can-

l 2

+ ® Data _
& MCZ-qqg

B MCb-J+X

Py
[~
[~

8

| 40
P, (GeV)
200 F €
Uy ® Data _b)
0 MCZ-qq
MCb - J+X

g

L)

Number of events / GeV Number of events / 2 GeV
o

5 15 20

10
P, (GeV)
Fig. 1. Spectrum of (a) the most energetic lepton and (b)
the least energetic lepton for £t¢~ pairs in the mass region
2.8 < My, < 3.4 GeV. All selection cuts are applied but the

ones on the lepton momenta, The arrows indicate the position of
the cuts.

didates. The resulting mass values and resolutions for
S
the J signal are: M} # = (3118+12) MeV, 01 - =

(123 4 12) MeV and M§'¢™ = (3093 + 8) MeV,
Tere— = (85+£9) MeV, in agreement with the expec-
tations from the Monte Carlo simulation.

The signal is simulated by 16000 Monte Carlo Z —
bb events [20], imposing the decay chain b — J + X
followed by J — £*£~ for one of the b hadrons. The
Peterson fragmentation function for b quarks is used
with {xp}) = 0,702 in accordance with the LEP mea-
surements {24]. The generated events are reweighted
according to the J momentum in the B reference sys-
tem, in order to reproduce measurements performed
at the Y(4S) [25]. From the Monte Carlo simula-

. » a . . + e
tion we estimate the selection efficiencies ej‘ Bz

0.259 + 0.005 and €§ ¢~ = 0.212 £ 0.005, where the
quoted errors are statistical only.

The summary of the relative systematic errors on
Br{(Z—J+X) is given in Table 1. Uncertainties
due to the adopted lepton identification criteria are
evaluated by varying the lepton identification pa-
rameters. The cut on the least energetic lepton mo-
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Fig. 2. (a) Invariant mass spectrum of utpu~ and (b) ete™
selected pairs. The line represents the result of the unbinned
maximum-likelihood fit described in the text.

mentum is varied in the (2-4) GeVrange for muons
and (1-3) GeVrange for electrons; the cut on the
most energetic lepton momentum is varied in the (2-
6) GeVrange. We also vary the angular cut between
the two leptons, in the 60°~100° range. The total vari-
ation on Br(Z — I + X) observed by varying kine-
matical cuts is 3.9%, to be compared to the 2% un-
certainty estimated by varying < xy > between 0.711
and 0.695 in the Monte Carlo simulation of the signal.
Detector inefficiencies are evaluated using the online
database information, and checked with an alternative
method, based on the analysis of Z — £7¢~ decays.
Relative to a fully efficient detector, acceptance fac-
tors of 0.81 + 0.06 for J — e*e™ and 0.85 £ 0.05 for
J — utu~ decays are estimated, where the quoted
errors are conservatively derived from the differ-
ence of the two evaluations. The fitting procedure is
checked by counting the number of events inside the
invariant mass window Mj & 30+ ,- and subtracting
the background found in simulated Z — qq decays.

Table 1

Relative systematic errors on the measurement of Br(Z —J+ X).
The contributions from J — ete ™, ] — utu~ and the combined
channel are detailed.

ABr(Z — I+ X)/Br(Z — ] + X)

Jmete™ J—putp~ It
Lepton identification 35% 22% 22%
Kinematical cuts 3.7% 4.1 % 3.9%
Detector inefficiencies 7.4% 6.2% 5.0%
M.C. statistics 1.8% 1.8% 3%
Fitting procedure 3.5% 39% 26%
Br(] — £t¢™) 32% 32% 32%
Total 10.1% 9.4% 79%

Using Br(J — £+£7) = 0.0601 &= 0.0019 [23], we
measure:

Br(Z— J(ete™) +X)

+0.31£0.35) x 1073

N

2
3.4

o~

Br(Z - Xutu™)+X)
=(3.38+0.35+0.32) x 1072,

Combining the two measurements and taking into ac-
count common systematic errors, we obtain the fol-
lowing branching fraction:

Br(Z —J+X) = (3.40£0.23+0.27) x 107°.

From the number of reconstructed ¢’ — £7¢~ de-
cays we measure:

Br(Z — ¢ +X)=(1.6£05+0.3) x 1073,

where the major systematic uncertainty arises from the
evaluation of the background under the ¢’ peak and
from the knowledge of Br(¢/' — £t¢7) [23].

The branching fractions Br(b —J+X) and
Br(b — ¢’ +X) can be evaluated, taking into ac-
count the fraction of J and ¢ not produced in b decays.
The estimates of prompt J production yield values of
Br(Z — J + X), from 1 x 10~% to 4 x 107, depend-
ing on the model adopted and with at least a factor two
uncertainty in the calculations [4-7]. Present exper-
imental resuits on prompt J production [ 13-15] are
consistent with these predictions. We therefore use:
Br(Z — J + X), = (242) x 10~*. For prompt ' pro-
duction we use Br(Z — ¢’ +X), = (1+£1) x 107*
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{7]. Assuming the Standard Model value Ry, = 0.2156
[26], we derive:

Br(b— J+X) = (1.06 £ 0.08 +0.11) x 107,
Br(b — ¢’ + X) = (0.46 + 0.16 + 0.08) x 1072,

3. The branching fraction Br(Z — y. + X)

Inclusive y., meson production in Z decays is mea-
sured via the yc1 — J, v decay. In order to increase
the statistics in the J — e*e™ channel, some of the
electromagnetic identification criteria are relaxed. A
total number of 440 4 32 (background subtracted)
J — ¢4~ events are selected in the mass window be-
tween 2.8 and 3.4 GeV,

Photon candidates are identified as isolated clusters
in the electromagnetic calorimeter having a shape con-
sistent with an electromagnetic shower, and with no

o ets .
. nninting tn the chictar within fnnr fimag
chargw frack PUINLNEZ 10 (G0 GUSIED Wil O dIG8s

the expected angular resolution in the azimuthal plane.
In order to reduce the combinatorial background, only
photons inside a 40° cone around the reconstructed J
direction and with energy larger than 1.1 GeV are se-
lected. Further details on the selection variables can
be found in [22].

The y.; candidates are selected inthe M(£Y{™y) —~
MEYF) = (414 £+ 56) MeV mass-difference win-
dow, which is centred around the M{yq) ~ M(J)
expected value [23], and about three times wider than
the average Monte Carlo resolution, omc = 18.7 MeV.
Fig. 3 shows the energy spectrum of photons selected
in the signal mass region and Fig. 4 the momentum
of the selected y.; candidates. In Fig. 5 the measured
M{EY ¢ y) — M{£T£) spectrum is shown. A total
of 64 events is selected in the chosen signal region.

The background can be divided in two components:
events where a fake J is selected and events where
a true J is combined with an uncorrelated photon.
The background due to fake J is studied using data
taken from the sidebands of the J peak and from
e*u¥ pairs in the J mass region. The background
due to random I — y combinations is studied through
Z — J + X Monte Carlo events, excluding y. produc-
tion. The obtained distributions are shown in Fig. 6.
Their shapes are similar, and no residual structure is
seen in J — vy combinations. The total expected back-
ground shape is obtained by summing the two con-
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s

Number of events / 0.5 GeV
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Fig. 3. Spectrum of photons in the mass region
M{EH~y) — M{£Y8~) = (414 L 56) MeV, after all selection
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indicates the position of the cut.
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Fig. 4, Momentum of £¢Y£~y combinations in the
M{ZTe™y) — M(£+8~) = (414 £ 56) MeV mass region.

tributions, weighted according to the signal to back-
ground ratio found under the J mass peak. A function
of the form: fpg(x) = A-exp(ax+b/x?), where x =
M(&*8~y)y —~M(£t¢™ ), is used to describe the back-
ground shape. The a and b parameters are determined
through a maximum-likelihood fit. The normalisation
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Fig. 5. Measured M(£+2-y) — M(£¥£~) spectrum. The arrows

delimit the signal region. In the insert the background subtracted
distribution is shown.

> 75} @ Data J sidebands
[} OMCb-sd+X
=

0

o

—

n

€ 50

o

>

)

Y-

<]

®

225

£

3

=

0.5 1
M(I* I y) - M(I* T) (GeV)

Fig. 6, M{£T~y) — M(£+£) background. The points are data
taken from the sideband of the J peak and from e*u¥ pairs in
the J mass region (fake J background) associated with inclusive
photon candidates. The histogram is the prediction from the Monte
Carlo of inclusive J production without y. states (background
due to random J — ¥ combinations). The curve is the background
shape fitted from the sum of the two types of background. The
normalisation is to the expected fake § background.

Table 2
Relative systematic errors on the measurement of Rff,d and
Br(Z — yo +X).

AR%,N /R%d ABr/Br(z_.m +X)

M.C. statistics 2% 5%
¥ selection 0% 10%
J purity 4% -

A€y /e - 7%
Bkg. subtraction 7% 7%
Yo counting 8% 8%
ABr/Bry —i+n 6% 6%
QBI;{BTG_Q,# 3 - 3%
Total 17 % 18%

factor A is derived from the data events counted in the
side bands of the y. mass window. After background
subtraction, the number of observed y.i candidates is
N(xa) =32.8+8.0.

The xc signal is simulated using Z - bb decays
{20]. The acceptance for finding the y.;, once the
J has been selected, is 0.342 &+ 0.007. The total ef-
ficiency, including the J, selection, is found to be
0.081 =+ 0.004, where the errors are statistical.

The evaluation of systematic uncertainties on both
the Br(Z ~ yc1 + X) and RZ =Br(Z — ya +X)/
Br(Z — J+X) measurements is summarised in Table
2. We vary the cut on the energy of the photon between
0.5 and 1.5 GeV. The acceptance angle between the
photon and the J direction is varied between 20° and
60°. Varying also the shower shape and isolation re-
quirements, we estimate the total systematic error in-
duced by the photon selection to be 10%. The system-
atic errors induced by the J selection efficiency cancel
out in the R% | ratio. This ratio is however affected by
the purity of J selected in the dilepton sample.

The determination of the a, b parameters and of the
normalisation of the function fpg gives a statistical
error on the background under the y.; signal region of
7.4%. We assume that all the selected candidates are
from y.; decays. We do not expect any contamination
due to y.o mesons, since their branching fraction into
Ty is negligible. The contamination due to Yoo — J¥
decays has, however, to be investigated. A xc2 sig-
nal would be located at M(£*47y) — M(£Y¢7) =
459,29 MeV. Shrinking the width of the acceptance
window around the sxpected y.; signal position by
omc. we obtain a 7% increase of the measured branch-
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Fig. 7. Maximum likelihood fit to the M(£¥¢~y) — M(£Y¢™)
mass difference spectrum. In the insert the background-subtracted
distribution of the signal region is shown.

ing fraction; enlarging the acceptance window by omc
results in a 3% decrease. As a further check, an alter-
native counting procedure is adopted. We perform an
unbinned maximum-likelihood fit to the M{(£¥2"y) —
M(€t€7) distribution. The same function fpg(x) is
used to describe the background, but a and b are left
as free parameters in the fit. Two Gaussian shapes are
used for the y.; and the y.; signal, constrained to have
the same width and a shift between central values con-
sistent with the known M, , — M, mass difference
of 45.6 MeV [23]. The result of this fit is shown in
Fig. 7. We obtain a mass difference M(yc1) — M(1)
of 413.2‘*_:?3‘3 MeV, consistent with the expected value
of 413.65 4+ 0.13 MeV [23]. The fitted resolution is
10.8733 MeV. The numbers of yci and yc; candi-
dates found by the fitare N =30.177] and N =
8.813%. N& is in good agreement with the N(xc1)
value obtained previously in this paper. Including the
variation of Br(Z — y. + X) observed by changing
the mass-difference acceptance window, we assign to
the counting procedure a relative systematic error of
+8% .

Using Br{ya — Jy) = 0.273 + 0.016 [23] we
derive:

Br(Z — yo +X) =(2.7+0.6 £0.5) x 1073,

R% =0.80+0.19+0.14.

Using the results from the two-Gaussian fit, the 90%
confidence level of the likelihood function corresponds
to an upper limit of 16 observed y, events. Using
Br(xo2 — Jy) =0.135+£ 0.011 [23] and accounting
for systematic errors, we set an upper limit:

Br(Z — yo +X) <32x107?

at the 90% confidence level.

The yo production rate from fragmentation
processes is expected to be of the same order
of magnitude as the J. The color singlet predic-
tion is Br(Z — ya +X)p, =~ 0.5 x 107* [4]
whereas a higher value, around 1.4 x 1074, is ex-
pected in the color octet framework [7]. Assuming
Br(Z — yo + X)p = (1.4 £ 1.4) x 107* we derive:

Br(b — yo +X) = (0.84 £0.20 £ 0.16) x 1072,

Even assuming prompt Y. production but no
prompt J production, our Ri_l measurement corre-
sponds to: R% | =0.75+0.1940.15, which is signifi-
cantly higher than the color singlet model expectation

b ~
Ry, ~0.2.

4. Summary

With a sample of 3.2 million hadronic Z decays we
obtain:
Br(Z - J+X)

= (3.40 4+ 0.23 (stat.) £0.27 (sys.)) x 1073,
Br(Z — ¢’ +X)

= (1.6 £ 0.5 (stat.) £ 0.3 (sys.)) x 1073,
Br(Z — ya + X)

= (2.7 4 0.6 (stat.) & 0.5 (sys.)) x 1073,
These results improve and supersede our previous
measurements [13,17]. The results on J and ¢’ are
consistent with the other LEP measurements {27,14].

The result on . is the most accurate today.
We obtain a 90% C.L. upper limit:

Br(Z — o2 +X) <32x 107°.
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If assumptions on the contribution to charmo-
nium production due to fragmentation processes
are made, the measured inclusive Z decay rates
can be related to b decays. While the inferred
b—J (¢, xo1) + X rates are consistent with mea-
surements performed at the Y(4S) [2528], the
Br(b — yc1 + X)/Br(b—J+X) ratio is higher
than expected from first-order color singlet model
calculations, and suggests the existence of additional
mechanisms of quarkonia production.
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