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Abstract. A search has been made for direct production ofprimary quark direction, and the accompanying hadronic

heavy quarkonium states in more than 3 million hadrdffic
decays in the 1991-1994 DELPHI data. Pronipt), v(25)

systems carry the same heavy flavour as the quarks bound
within the meson state. The presence of pronipt) pro-

and? candidates have been searched for through their lepduction is probed here using the lifetime distribution of the
tonic decay modes using criteria based on the kinematics aniticlusive.J /1) sample, while the search for a prompsignal
decay vertex positions. New upper limits are set at the 90%suggests the use of isolation criteria, because of its higher

confidence level foBr(Z° — (QQ) X)/Br(Z° — hadrons)
for various strong production mechanisms bfy) and 7';
these range down to.®@x 10~4. The limits are set in the
presence of a small excess (L% statistical probability of

a background fluctuation) in the sum of candidates from
prompt J/¢, (25), T(15),7(2S) and T'(35) relative to
the estimated background.

1 Introduction

Direct production of vector meson state@@ of heavy
quarksQ = ¢, b in hadronic Z° decay is expected to be
dominated by two fragmentation processes[1], [2]

— heavy quark fragmentation: Z° — (QQ)QQ _ 1)
— gluon fragmentation: Z° — qqg*, g* — (QQ)g9g (2)

whereq represents any quark d, ¢, s or b. In perturbative
QCD, there is also a short-distance process (scAl 1)

of hard gluon radiation off the heavy quarks which can then
form a bound state[3]

~ Z°— (QQ)gg (3)

This paper describes a search for promptly produce
1 and T mesons decaying to an electron or muon pair in
hadronic Z° decays at LEP. Such events would signal the

mass, and of a positivietag in the accompanying hadronic
jets.

QCD based calculations [1] predict probabilities of 2
10~4 for a J/+ state to be produced in an eventdf — cc,
and of 42 x 105 for an 7'(19) state in an event of°® —
bb (process (1)). ForJ /v, the branching fraction through
the second process in hadrori€ decays is 2< 105 [2)].
The branching ratios BiZ° — (QQ)gg) are expected to be
small, with branching ratios of 4 10~ and 2x 107° to
J/¢¥ andY'(1S), respectively.

Up to now in the LEP data, an upper limit of
104 (90% CL) has been set for direct production bfi)
states through the process (2) by the L3 experiment [4].
DELPHI has estimated a primary component of
7.7°%3 (stat)% in the proper time distribution of the inclu-
sive J/¢) sample (Ref. [5]). The inclusive multiplicity of
charm quark pairs from gluons has been measured by the
OPAL experiment [6] to be< n.z >=(2.27+ 0.28+ 0.41) x
10~2 per hadronicZ°, in agreement with the predictions
from the JETSET 7.3 fragmentation model used. However,
preliminary results from the CDF collaboration have re-
ported on an order of magnitude higher rates of direct
J/,9(2S), T (1S) and (25) production inpp collisions
[7] compared to initial predictions [1]. Several production

echanisms have been proposed to explain the CDF data
8].

presence of direct production processes. The prompt meson

states are identified by their leptonic decays: a pair of lep

2 Detector

tons with an invariant mass compatible with the meson state
and produced at the interaction point is a common signaturd his analysis relies mainly on identification of isolated

in all direct production processes.
Isolation of leptons with respect to the jet systems and
absence of a positive tag fohadrons in the hadronic jets are

muons and electrons, reconstructed with precise vertex pa-
rameters. Charged and neutral particles are used in defining
hadronic jets. The detector components relevant to these as-

good signatures for the gluon processes (2) and (3) becaugeects of event information are described here. A general

they produce quarkonium states at highegr [2] and the
hadronic system often consists only of light flavour hadrons.
Known backgrounds such ag/+) from bottom decays or

description of the DELPHI detector and its performance can

be found in [9] and [10].
The microvertex detector (VD) is closest to the inter-

events with semileptonic decays of heavy flavour hadronsaction point. It has three layers of silicon strip detectors at
possibly with hadrons misidentified as leptons, can be elim+adii of 6.3, 9.0 and 110 cm. Coordinates in th&¢ plane

inated very efficiently.

which is transverse to the electron beam directionare

The situation is more involved for quark fragmentation available at polar anglesfrom 37° to 143. The VD points
processes, which are expected to produce leptons at tranatone provide an impact parameter precision ofi.2d for

verse momentum of the order @/, with respect to the

high momentum charged particles. In the data collected in
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1994, thez coordinate is measured with a precision com-liqqg [13] have been used to describe this expected back-

parable toR¢ by the double-sided VD layers. The charged ground. The efficiencies of the selection criteria for the

particle trajectories are reconstructed in the DELPHI centraldirect production mechanisms have been checked by us-

tracking system using the Inner Detector, the Time Projecing fully simulated events. The direct production channel

tion Chamber (TPC) and the Outer Detector which coverZ® — qqg*, g* — J/¢ gg has been studied using the

polar angles between 3(and 150. A precision of 35%  generator[2]. The heavy quark fragmentation is described in

has been obtained on the momentum of muons of 45 GeV/the JETSET 7.3 model with a momentum spectrum which

in the solenoidal magnetic field of.Z2 T. At polar angles agrees with the prediction[1], while the rate is about a fac-

11° — 33 and 147 — 169 forward drift chambers extend tor of three higher. For the channgl® — J/v (Y)gg, a

the tracking acceptance. phase space model with JETSET7.3 fragmentation has been
Electron showers are reconstructed within the polar andeveloped.

gles of 42 — 138 in the High density Projection Chamber

(HPC) with a depth of 1B radiation lengths (foff near 90).

The electron identification algorithm is based on the showe3.1 General event selection

profile, the ratio of the shower energy to the track momen-

tum (E/p), and the particle mass determination by using thecharged particles with polar angles betweed a@d 160,

Ring Imaging Cherenkov counters aitfl /dx data fromthe  with track length larger than 30 cm and with momenta
TPC. Within the acceptance of the HPC, 85 to 90% of thegreater than 100 MeVi/c are selected. The relative momen-
electrons with momenta greater than 2 GeV/c are identifiequm error has to be less than one, and projections of impact
with a probability of 5% for hadrons in jets to be misiden- parameters with respect to the beam position less than 5 cm
tified as electrons. The momentum reconstruction of elecin the transverse plane and 10 cm in the beam direction are
trons includes corrections for traversing the detector materia}equired_ Energy clusters in calorimeters, with the cluster en-
by using a track refit and detected bremsstrahlung photongrgy below 45 GeV and without associated charged particles
The electromagnetic energy measured in the forward elecyre taken as neutral particles.

tromagnetic calorimeter (EMF) at polar angles +36° and Hadronic Z° events are selected as events with charged
144 — 170 has been used in the reconstruction of forward mytiplicity more than four, with the total charged energy
jets. The gain in using electrons identified in the EMF would greater than @0 x E,,,, and with the thrust axis satisfy-
be marginal because of lower acceptance and efficiency, ar;qg | cosfiprusi < 0.95. A total of 3125150 events have
hlg_her background due to increased detector material in frongeen selected. The selection efficiency is larger than 98%
of it. S _ _ _for hadronicZ° decays. The background fromf 7~ pairs
Muons are identified as charged particles with associ{and~y~ collisions to smaller extent), evaluated by simula-

ated hits in muon chambers in the outer part of the instrution of these processes, has been estimated to. 7% @
mented hadron calorimeter in the iron magnet yoke. Muonthe analyzed sample.

candidates traverse a thickness 0% &bsorption lengths

or more ( near 90). Three sets of barrel drift chambers,

each with two cell layers with azimuthal overlap, provide 3 5 gelection of isolated lepton pairs
three-dimensional hit information for muons at polar an-
gles 52 < 6 < 12&. The hits patterns in two forward
muon chamber layers which cover polar angleés-43° and
137 — 17T are also used. The gap between the barrel and— hoth lepton momenta are greater than 3 GeV/c and the
forward muon chambers is covered by streamer tube planes, sum of the lepton energies is greater than 10 GeV;
present since 1994. The muon identification efﬁCiency within _ the Opening ang|e of the |epton pair is less thaf; 90

the acceptance of the muon chambers i80% at momenta  _ the probability for both leptons to come from the same
greater than 3 GeV/c with an estimated probability of 3%  decay vertex in space is greater that %.

for a hadron in a jet to be misidentified as a muon.

Pairs of identified leptons have been considered when

Electrons recognized as photon conversions in the detector
material are rejected [10]. For each lepton pair considered,
the hadronic system obtained by removing the lepton pair is
reconstructed as two jets by using an appropriate value of
the ymin Parameter [14]. Only pairs with both jet energies
The analysis is based on data collected with the DELPHIabove 10 GeV are considered.

detector at LEP in the period 1991-1994 consisting of about The numbers of selected lepton pairs in the invariant
3.2 x 10° hadronicZ° decays. mass interval from 2 to 15 GeViaare listed in Table 1,

A sample of 55 x 10° Z° — ¢q events generated labelled as ‘selected pairs’. Predictions from simulation of
by the JETSET 7.3 parton shower Monte Carlo [11] with hadronic Z° decays and four-fermion processes are also
the DELPHI tuning ofb and ¢ decays B meson lifetime  shown, normalized to the number of hadronic events in
1.6 ps), followed by the full detector simulation [12] has real data. The systematic uncertainties in comparing real
been used. Specific simulated samples of the> J/¢X data with simulation have been studied by relaxing the lep-
channel with varying lifetime, decay and fragmentation char-ton identification requirements to charged particle-particle
acteristics of bottom hadrons have also been used. In addand charged particle-lepton pairs in the mass range 2 to
tion, simulated samples of four-fermion processés™ — 15 GeV/¢ for the real and simulated data. The general

3 Data samples
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Table 1. Summary of events rates satisfying the selection criteria, show- DELPHI
ing, from left to right, opposite-sign rates for data, simulagdhadronic 80 P

events and simulated 4-fermion processes, and like-sign rates for data an@ [ o) geq g b) Real

simulation. The simulation results are normalized to the number of hadronic = [ Njuw = Nuw

events in real data. The errors in simulated data are statistical, the systematic = | Here- 0 Hee

uncertainty is 30%

-

40

selection Real + Sim (Z0) +— Sim (4-f) +— Real+4+  Sim.++ r - Eﬁ $
a) # selected pairs: c $ R ° -
gt 764  860+22  11+25 224 219+ 11 ® ﬂ@ B 5 ]
ee 450 4504+ 46 5+ 15 171 168+ 16 5 ‘ e i % % a B
e 759 801+ 20 - 369 353+13 o BHE = [BAEaE A1

0 10 20 E nge(“‘f"j»%e\/ 0 0.2 0.4 0.6 O.S‘COSO(“‘
b) # isolated pairs 80 .

20 12+ 3 51+17 2 17+10 s or R

be 11 52417 29+13 0 00 toposmoEenBee 12 gsmaoNuBee
ep 12 80+21 - 3 22411 60 - i 10 L 4-fermio
c) # pairs with short decay lengths L r
i 13 25407 42+07 0 063+ 0.37 "0 i
ee 6 13+05 23+05 0 00 [ r
e 2 42+1.1 - 1 114057 20 | L

ilsN F
d) # pairs with short decay lengths and light flavour jets gﬂ B ‘ F
m 10 13+05 35405 0 0344 0.20 0 e
ce 5 08403 17403 0 00 e cBRei-ruf Cav
eu 1 22+0.6 - 0 0.33+0.17

2 o 40
Table 2. Summary of uncertainties in the background estimate for events izoo e D‘ﬁlg“ﬂ”?‘zb g K D”Decbt;hi””;:b
in the mass windowsJ/v, 2S5) and T°(15), (25), (3S). The system- 30
/i, ¥(25) and T(15), (29), (39). The sy Sro a0 as Foo o sy as

atic uncertainties are estimated as differences in the rates of lepton-lepton,
particle-lepton and particle-particle pairs in the real and simulation data.
The total uncertainty is the quadratic sum of the individual contributions 100

Blgx — u/v x

20

Selection Source of uncertainty Uncertainty 10
Selected track pairs momentum spectra,
track reconstruction and vertex fit 12% 0. e = e e
Lepton identification  efficiencies and misidentification 10% £ cone(l+1,) Gev ’ ’ ) " cosal
Isolation criteria jet reconstruction,
semileptonic decay properties, Fig. 1. Distributions of the isolation variableg) cone energy sum for real
J/+ decay properties 20% u*p~ ande*e™ pairs, b) the smallest angle of a lepton with respect to
Decay length criteria b-hadron lifetimes, the jet directions for real pairs satisfying the cone energy @utone en-
vertex reconstruction 10% ergy sum for simulatedZ® and 4-fermion eventsj) the smallest angle of
Simulation statistics 12% a lepton with respect to the jet directions for simulaté® and 4-fermion
events satisfying the cone energy cut. The distributions from direct produc-
Total ( quadratic sum) 30% tion models are shown ig) andf) (with arbitrary normalization). Arrows

indicate the maximum values allowed for events to be selected

agreement leads to estimates of systematic uncertaintie[%n pairs are low in the real data in agreement with simula-
summarized in the first and the second ltems of Table 2. tion which suggests that the fraction of misidentified isolated
The background to prompt lepton pairs from bottom de-

cay toJ/v, from semileptonic decays of heavy quarks andleptons 's small. (Like-signed lepton pairs due’8 — 5°
from hadrons misidentified as leptons, is reduced by requir-mlxIng are removed by the cut on opening angle of the lep-

ing isolated lepton pairs and small missing energy for theton pair). The lower number of’. ~ pairs relative to the
9 pton p . L 9 ay u*p~ ande*e” sample in the isolated selection indicates
event by means of the following criteria:

that double semileptonic decays are suppressed in the se-
— the sum of energies of charged and neutral particles idected sample. The fact that the missing energy/momentum
the cones of 20 half opening angle around the lepton veto has a small effect on the sample of isolatdd pairs
candidates is required to be less than 4 GeV, adds further support that they do not originate from double
— leptons are required to have angtesvith respect to the  semileptonic decays.
jet axes such thdtcosa (jet,l) | < 0.8 ;
— in events with total reconstructed energy less th&0L ) )
E.m, the angle3 between the missing momentum vector 3.3 Lepton pair decay lengths ahdagging

ggod the lepton pair momentum is required to be abovel_he decay lengthd,, of the lepton pair is computed as

the absolute difference between the fitted di-lepton vertex
The distributions of these variables are shown in Figs. 1land the mean beam spot position in the plane averaged
and 2, and the statistics of lepton pairs satisfying these criteever periods of the order of one hour of colliding beams.
ria are listed in Table 1. A systematic uncertainty of 20% hasFigure 3 shows the decay length, and its precisiom(d,,).
been evaluated (Table 2). This includes detector and mode lepton pair is considered to be produced in the primary
uncertainties (lepton spectra). The rates of like-signed lepinteraction point (prompt pair) if
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Table 3. Efficiencies of the decay vertex amdagging criteria

a) Selected pairs from simulation:

criterion channel: direct — J/v b— J/y
decay length L 0.83+0.04 018+ 0.04
ee 0.77+0.10 019+ 0.04
andb veto o 0.69+ 0.05 0.0824 0.007
ee 0.59+0.12 0.0954 0.009

b) Selected pairs:
criterion sample: real + sim +— real £+ sim ++

decay length jnn 0.21+0.02 021+0.01 042+ 0.05 037+ 0.03
ee 0.21+0.03 025+ 0.02 032+ 0.05 041+ 0.03
e 0.28+ 0.02 027+ 0.01 034+ 0.04 041+ 0.02
andb veto i 0.11+0.01 011+0.01 019+ 0.03 020+ 0.02
ee 0.15+ 0.02 013+ 0.01 021+ 0.03 028+ 0.03
e 0.11+0.01 012+ 0.01 015+ 0.02 023+ 0.02

DELPH]I DELPHI
® @ E a) track pairs [ D) track pairs
s La) Real 3 Lb) Sim . o Real 0% My 6 Rreal
€400 H Jen €200 H Jep 104 __ Simulation r —S\'mu\uﬁon
NP P E T
756 e’ [ E e'e” E -
200 |- 200 | : ﬁ\ E
L & L S I ?Hm P I
;_‘ a 0.1 0.2 0.3 0.4 a 2 4 6 8 10
r r % xy decay distance (cm) xy decay distance / error
0 o - = i i
0 05 E(tot;/E(cms) 0 05 E(tot;/E(cms) 80 35
[%jsim primary J/¥ E &Sim primary J/¥
500 W 30F W
» 9 Hete E Hete
3 kc) Real E(tot) < 0.8 E(cm) 3 Fd) Sim E(tot) < 0.8 E(cm) 2o 22w E
2 2 i E
2400 | e 400 ] e oV
:gxﬂl =R ;
7%6 e L E e'e”
200 200 d
120
0 o 180 e) Sim J/¥ from b f) Sim J/¥ fram b
A7 100 &
0 50 100 1 0 50 100 1 160 N
E?dgo rg)?dgr) 140
120
Fig. 2. Distributions of the missing energy/momentum variabisTotal 100
energy normalized tdcm in events with energetic lepton pairs. Angle 20
between the missing momentum and the lepton pair momentum vectors, for
events with total energies below83x Ecm (dotted arrow ina)). b) andd) 2

are asa) andc) but for simulatedz® events normalized to the real events

s« decay Sistancd/ error

max Fig. 3. a) Decay length distributions for charged particle pairs satisfying
dey < 2.5 0(dzy) and dgy < Ay the event selection criteria (nonisolated) in real data (circles) and simulation
(histogram).b) asa) but for decay lengths normalized by their errors. The

max — . arrows show the maximum values allowed for selected pairs, with two or
where dwy =05 (1'0) mm is used for muon (eleCtron) more associated VD pointsX' 2VD’) or less than two associated VD points

pairs with two or more VD points associated to each track: - vp). c) Decay length distributions for simulated primarys) —

anddMX = 1.0 (20) mm for muon (electron) pairs having ,*,~ ande*e~ events.d) Distributions of decay lengths normalized by

one or no VD hit association. These criteria take into accountheir errors for the subsample of within the cut on decay lengtie)-f) as

the difference in resolutions of muon and electron pairs,c}-d) but for J/¢ from b decays - relative normalization to primasy's

and they allow for poorer decay Iength precision for muonsis arbitrary. The arrows show' the maximum values allowed for selected
. . uon (‘w’) and electron (&) pairs

outside the VD acceptance. The upper part of Table 3a list§'

the efficiencies of decay length cuts for selected pairs from

simulated//« from decays ob-hadrons and from simulated 0.1 ps in the lifetime ofb-hadrons in samples of simulated

direct processes. The agreement between simulation and refal> J/9¥X.

data is shown in the upper part of Table 3b. Further checks The flavour content of the hadronic jets is analyzed with

on two particle and particle-lepton pairs limit the systematicthe DELPHI b tagging procedure. The algorithm uses im-

uncertainty to 10% for the numbers of lepton pairs selectegact parameter significances to compute probab#fipy of

by the decay length criteria (Table 2). This estimate includesa set of charged particles all to originate from the primary

the uncertainty in the lifetime df hadrons, as a variation of vertex; the probability is computed from tracks with positive

8% in the rate of selected pairs is observed for a change difetime-signed impact parameters. The algorithm has been
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Fig. 4. Invariant mass distributions of isolated x~ ande*e™ pairs for

a) real data, and) simulated hadronicz® decays and processe~ —
I*1~qq. The realeu and like-sign lepton pairs are shown @), and the
simulated ones ird). All events satisfy the event selection with cuts on
decay lengths and satisfy tlbeveto

calibrated for the analyzed data sets with the procedure use
in [15]. The veto of bottom events, defined Bgyx > 0.1,

is used in selecting candidates in all the channels except the
bottom fragmentation t&. In this channel a bottom tag, de-
fined asPytx < 0.1, is required.Pyty is always computed
from tracks with positive impact parameters. The rates of se-
lected particle pairs in real data and simulation agree within
2%, which is assigned as a systematic uncertainty inbthe
tagging. The lower parts of Tables 3a) and b) summarize the
expected selection efficiencies when both the decay length
criteria and the veto are imposed.

Thirteen '~ and sixe*e™ isolated pairs satisfy the
decay length criteria. Twque pairs remain out of twelve
selected pairs. If, in addition, the veto is imposed, ten
whu—, five efe™ pairs and aue pair remain. In the simula-
tion, 103 & 3.2 (stat. and sys.)'l~ (I = p or €) pairs with
short decay lengths are expected, angl# 2.3 events re-
main after theb veto, dominantly from four-fermion events
(two thirds) and combinatorial background (one third). The
expected number of /¢y events coming fronb-hadrons is
predicted to be @ + 0.1; the contribution fromy(25) is
estimated to be negligible. It should be noted, that the con-
tribution from direct production mechanisms in the general
simulated sample (JETSET) is small within the overall sys-

tematics and does not need to be subtracted. The backgroumgl, ¢ an isolated .+

in the di-lepton mass rangel > 5 GeV/¢ consists of four-
fermion events only, and is.2+ 0.2 events.

While the samples of isolated lepton pairs in data and
in simulation agreed within statistics before the vertex crite-

ria, and the efficiencies of vertex criteria on larger inclusive Table 1. The invariant masses of the selected lepton pairs in
data and in simulation (hadroni® decays and four-fermion

pairs in real data after vertex criteria is slightly higher than processes added up) are shown in Fig. 4. A summary of rel-
expectations. The data and simulation agree very well forevant event variables of the candidate events is listed in

samples agree as well, the residual sample of isolAted
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- DELPHI
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Fig. 5. Reconstructed /¢ andY"(1S) masses using their leptonic decag}.
Selectedu* .~ pairs in real data (see Table 1) and in simulation (hatched).
The mass window 26 — 3.24 GeV/¢ contains 90 % of the simulated
J/1. b) Same asa) for e*e~ pairs. The 90 % mass window is&D —
3.26 GeV/@. c) SimulatedY(1S) — p*p~. The mass window @ —
10.6 GeV/@ contains 95 % of the simulateli(1S, 25,3S) — p*p~. d)
Sdame ag) for e*e. The 95 % mass window is.9 — 10.8 GeV/@

DELPH Interactive Analysis

Beam 45.6 GeV Run: 40231 DAS : 29-Jul-1993
10:28: 51

Proc: 3- Aug- 1994 Evt: 2978 g 26- Aug- 1994

Act

Deact

™ TE 15 1K VST PA
0 4

(0 (302)( 0 (40)(29( 0( 0

0o 0 0 0o 0 0

oC 0

0
COCoCoC (o0

8.64 GeVic .
6.83 GeVic

the ep and I*1* pairs. This information is summarized in Table 4.

w~ pair in a hadronic eventM, .+, = 299+
0.03 GeV/é&, compatible with aJ/+ decay
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Table 4. Selected isolated prompt lepton pairs with light flavour jets. The pairs compatible with
quarkonium states are indicateffl; 4 andplT+2 are the energy sum of the reconstructed leptons
and the transverse component of the momentum vector with respect to the closaét jés

the invariant mass of the fitted lepton system wighuncertainty for muon pairs extracted from

the fit covariance matrix. For electrons an estimate of the 68% probability interval isRBggd.

is explained in the text. The last two columns list the total reconstructed energy and the angle
between the missing momentum and the lepton pair momentum vectors

leptons Fio vl My, day Putx  Erec/  apmissm
GeV GeVic GeV/@ pum Ecm dgr
i 10 8 288  120+160 100 094 61
whp= (J /1) 15 12 299 350+ 156 Q65 075 120
wr— (J/) 14 9 304  220+480 Q70 105 122
W 24 15 340  270+£180 Q11 063 144
prum(@2S) 12 11 353  350+£320 Q11 088 87
W 10 7 604 70+£180 Q70 085 53
W 16 9 663 30+£45 Q067 060 92
W 35 15 864  140+140 Q97 104 73
prum(r@Es) 41 15 977  260+£190 Q80 097 144
prum(r2s)) 23 18 996  860+£660 100 088 130
ete” 12 6 242 40+120 Q49 058 154
ete” 11 10 244 80+185 Q16 081 99
ete (J/) 21 11 274  490+260 Q78 089 55
ere (J/1) 18 15 305 70+ 150 Q54 Q60 148
ete™ (1(25)) 21 13 347  180+170 028 088 46
e 12 7 415 90+150 Q68 083 148

Table 5. Summary of predictions, data and upper limits. Column ‘Pred.’ gives predictions from models [1] [2] and [3]. ‘Real prompt
pairs’ gives the numbers of candidate events in mass window® ¢f )(2S) and Y. Numbers of prompp* .~ ande*e™ pairs are
shown, with the additional conditions dnveto or tag. ColumnsB Rrate and 'BRjjyit’ give branching ratio estimates (see text) and
90% c.l. upper limits

channel Pred. Real prompt pairs Background BRrate BRjjmit

levts b veto b tag levts x10~4 x10~4
pp  ee  pp ee nu+ ee /Z°(had) /Z0%had)

cc— J/p X 0.03 incl. lifetime distribution used[5] 328 6.2

g — J/v g9 0.25 22+16 5.9

70 — gg T/ 0.03 } 2 2 00 12:£04 (b veto) 0.32+0.24 0.87

g* — ¥(25) g9 - 6.0+ 4.7 29

20 g0 0(25) o} 1 1 o0 o0 096+ 0.31 (b veto) 0894 0.70 %9

bb— T X 0.03 s o0 o o J{012+0040tag) 0 8.7

ARy 0.06 0.47 + 0.14 (b veto) 0.48+ 0.46 1.7

continuum — 5 2 3 1 48+ 1.5 (b veto) — —

Table 6. Efficiencies of the selection criteria for direct production channels

By comparing the measured invariant masses with the

Process Efficiencies (%) vector meson mass windows, eight events are found to be
B bt ee compatible with being decays af/1, ¢(2S) or 1" states.
cc—J/p X 02£02 <075 (90 % CL) There are four//+ candidates, two events ¢{25) — ¥,
go —J/Ygg 41+05 25403 and two candidates in the mass windowlofA typical can-
— g9 J/¢ 28+ 2 17+2 . Lo -
b T X 28+10 17406 didate is dlsp_layed in Fig. 6._ The event rates and th_e expected
79— ggv  29+3 11+ 3 background in the mass windows and in the continuum are

4 Mass resolution and the resonance hypothesis

The reconstructed masses0fu~ pairs from real data and
simulatedJ/vy and 7°(1S) states are displayed in Fig. 5 a)
and c). The mass windows.96 — 3.24 GeV/é, 351 —
3.85 GeV/¢ contain 90 % of the muon pairs froni/+
and(25), respectively. The interval of. 20— 10.6 GeV/Z
contains 95 % of those fror((15),7(2S) or 7(3S) de-
cays. The mass window of @0 — 3.86 GeV/¢ is estimated
to contain 90 % of the electron pairs frai(y, (25), and
the window 79 — 10.8 GeV/@ 95 % of 1" states, see Fig. 5
b) and d). The wider mass windows are neededefar
distributions because of bremsstrahlung of electrons.

summarized in Table 5. The statistical probability for such
a number of events (or more) to appear in mass windows
is computed using the prescription[16] (Poisson processes
with background). The uncertainty in the estimated back-
ground is taken into account by sampling the background
with a Gaussian distribution. Probabilities 0f4%, 31%

and 11% are found for the data vs. expectations within the
J/, T/ +p(2S), and J /4 +(2S) + T windows, respec-
tively. The probability to have more than six events in the
continuum is 25%. The small observed excess thus has a
tendency to be related to the meson mass windows rather
than to the continuum. There is no significant excess in any
individual window, however.
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— Br(Z° — (2S)gg)/ Br(Z° — hadrons) 3.9 x 1074
— Br(Z° — bbY)/Br(Z° — hadrons)x 9 x 104
— Br(Z° — Tgg)/Br(Z° — hadrons) 2 x 1074

mechanisms (& 3) have been checked by using fully sim- The limits are either new or improve earlier results. The re-
y g fully sults are extracted in the presence of a small excess over

ulated events (see Table 6). Ffy from Ch@"’? and gluon the expectations when the candidate events are summed up
fragmentation, and for the hard gluon radiation, the decay

length cuts and thé veto are imposed in estimating the ef- the mass windows 0f /), ¥(25), T This excess has a
ficigncies The decay length cht)s ahdag are requi?ed for probability of about 1% to be a statistical fluctuation. Apart

the channelZ® — bbY". The uncertainties shown are due to from a statistical fluctuation, the events may arise from an
. . S unaccounted or underestimated source. For instance, the res-
simulation statistics, only.

. - onance contributions in the 4-fermion processes are not con-
As expected, the selection has a very low efficiency

for charm fragmentation intd//+ due to cuts on isolation sidered in simulation. Their rate, however, is expected to
. 9 . . . he small [17], about 10% correction to the estimate from
and on jet-lepton angles. This channel is better constraine

. . . ) o e 4-fermion continuum part within th&/:) mass window,
by using the mcluswe]_/w proper time distribution of the and as such not sufficient to explain the fluctuation. Among
earlier DELPHI analysis of [5]. The prompt component of

7.7°53 (stat)% is combined with the world average values the direct strong production mechanisms studied here, the

. , 0 = gluon processes come the closest in interpreting the data.
[16] for relevant branching ratios & — bb andb — J/¥.  For example, taking the data as a signal/gf) from gluon

As the prompt component is compatible with zero, the re-fragmentation would suggest rates which are a factor of ten

5 Sensitivity to standard production mechanisms,
and upper limits

The efficiencies of the selection criteria for the production

sult can be expressed as 90% confidence level upper limifpove the initial predictions [2].

as listed in Table 5.

_The Obserlved candidates, the ba:Ckground' eStimE}teSa th&knowledgementswe are greatly indebted to our technical collaborators
efficiency estimates and the leptonic branching ratios arend to the funding agencies for their support in building and operating the
used for the processes (2) and (3) as follows. As theDELPHI detector, and to the members of the CERN-SL Division for the
number of observed candidates is not significantly above*cellent performance of the LEP collider.

expectations in any mass window, the result is best ex-

pressed as 90% confidence level upper limits. The uppereferences

limits for signal events in the mass windows $ft> and
T(15), (25),(3S) are computed analogously to the proba- 1.
bility estimates of the previous section. In computing the
limit for the final statebbY", no candidates are assumed as 2:
the observed hadronic systems in the selected events are un-
likely b jets (the probability of twa@bY candidates to satisfy
b veto is less than 2%). The uncertainties in efficiency esti- 4
mates are taken into account by shifting them down by ones,
standard deviation. The upper limits are listed in Table 5, 6.
which also includes branching ratio estimates if the events 7
are taken as signal. The branching ratios are computed from
the observed number of candidates after subtracting the exy
pected background.

6 Summary

A data sample of more than 3 million hadron#® events
from the DELPHI detector has been analyzed to search forg.
direct production ofJ/v, (2S) and 7(15), (25) or (3S)
states. Kinematical cuts and vertex criteria have been usetf:
to select events with a lepton pair where the background
from weak decays and the continuum spectrum has beep,
highly suppressed.

Upper limits are set for the expected strong productioni2.
mechanisms off /v, 1(25) and?Y" states at 90% confidence
level

— Br(Z° — ccJ/v)/Br(Z° — hadrons) 6 x 1074

— Br(Z2° — qqg*, g* — J/vg9)/Br(Z° — hadrons)
< 6x1074

— Br(Z° — J/1gg)/Br(Z° — hadrons) 0.9 x 1074

— Br(Z° — qqg*, g% — ¥(2S)gg)/Br(Z° — hadrons)
< 29%x 1074
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