Radboud Repository

Radboud University Nijmegen {§

1
g

PDF hosted at the Radboud Repository of the Radboud University
Nijmegen

The following full text is a publisher's version.

For additional information about this publication click this link.
http://hdl.handle.net/2066/124397

Please be advised that this information was generated on 2017-12-05 and may be subject to
change.


http://hdl.handle.net/2066/124397

Physics Letters B 287 (1992) 389-400 PHYSICS LETTERS B
North-Holland

A test of higher order electroweak theory in Z° decays
to two leptons with an associated pair of charged particles

OPAL Collaboration

PD Acton? G Alexander® J Allison®, PP Allportd, K.J Anderson¢, S. Arcellrf,

A Astbury®, D Axen!, G Azuelos®!, G A Bahan®, J TM Baines¢, A H Ball’, ] Banks¢,

G J Barkerk, R J Barlow®, S Barnett®,J R Batleyd, G Beaudomn®, A Beck®, J Becker?,

T Behnke™, K W Bell®, G Bella®, P. Berlich?, S Bethke®, O Biebel?, U Binder?,

IJ Bloodworth9, P Bock® B Boden?, HM Bosch®, S Bougerolle?, H Breuker’,

RM Brown™ R Brun’, A Buys’, HJ Burckhart’, P Capilupp1f, R K Carnegies,

A A Carterk, JR Carterd, CY Chang!, DG Charlton’, PEL Clarke? I Cohen?,

W J Collins4, J E Conboy!,M Cooper®, M Couch9, M Coupland¥, M Cuffiamf, S Dado",
G M Dallavallef, S De Jong™, L A del Pozo9, MM Deninnof, A Dieckmann® M Dittmar",
M S Dixit*, E. do Couto e Silva?, J E. Duboscq’, E Duchovmi 2, G Duckeck®, I.LP Duerdoth®,
D JP Dumas®, P A Elcombed, P G Estabrookss, E Etzion®, HG Evans®, F Fabbrnf,

M Fincke-Keeler®, HM Fischer?, D G Fong’, C Fukunaga®?, A Gaidot?®, O Ganel?,

JW Gary¥,J Gascon', RF McGowan® N1 Geddes™, C Geich-Gimbel?, S W Gensler¢,

F X Genuit?®, G Giacomellif, V Gibsond, W R Gibsonk, J D Gillies®, J Goldberg®,

M J Goodrickd, W Gorn¥, C Grandif, FC Grant9, J Hagemann™, G G Hanson?,

M Hansroul’, C.K Hargrove*, P F Harnison¥,J Hart’, PM Hattersley9, M Hauschild®,
CM Hawkes®, E Heflin%¥, RJ Hemingway$, R D Heuer',J C Hill49, SJ Hillier9,

D A Hinshaw!,J D Hobbs®, PR Hobson? D Hochman? R J Homer9, A K Honma®!,
SR Hou/, CP Howarth!, R E Hughes-Jones®, R Humbert¢, P Igo-Kemenes®, H IThssen®,

D C Imre?, A C Janissen®, A Jawahery!, P W Jeffreys®, H Jeremie', M. Jimack’, M Jobes9,
R WL Jonesk, P Jovanovicd, D Karlen®, K Kawagoe?®, T Kawamoto?, R K Keeler?,

R G Kellogg’, BW Kennedy!, DE Klem* T Kobayash12*, TP KokottP, S Komamiya 2,

L Kopke™, J F Kral®, R Kowalewsk:1®,J von Krogh°, J Kroll¢, M Kuwano?, P Kyberd¥,

G D Lafferty®, F Lamarche', J G Layter¥,P Le Du?’, P Leblanc’, AM Lee!, M H Lehto!,
D Lellouch?, P Lennert® C Leroy!,J Letts¥, S Levegrun®, L Levinson? SL Lloyd¥,

FK Loebinger®,J M Lorah’, B Lorazo!, MJ Losty*, X C Lou?,J Ludwigf, M Mannell1’,
S Marcelllmf, G Maringer?, AJ Martin¥, JP Martin!, T Mashimo, P MattigP, U MaurP?,
J. McKennaé, T J McMahon?, J R McNutt?, F Meyers’, D Menszner®, F S Merrtt®¢,

H Mes*, A Michelimif, R P Middleton®, G Mikenberg?, J Mildenberger$, D J Miller?!,

R Mir?Y, W Mohr¢, C Moisan!, A Montanarif, T Mori1?®, T Mouthuy?-3, B Nellen?,

HH Nguyen®, SW O’Neale™ F G Oakham*, F Odonicif, M Ogg®, H.O. OgrenY, H Oh¥,
CJ Oram®!,MJ Oregha®, S Orito2,J P Pansart?®, B Panzer-Steindel”, P Paschievici?,
G.N Patrick®, N Paz-Jaoshvili?, P Pfister?, J E Pilcher¢, D Pitman®, D E Plane’,

P Poffenberger®, B Polif, A. Pouladdej®, E Prebys’, T W Pritchard, H Przysiezniak',

G Quast™ M W Redmond®, DL Rees9, G E Richards¢, K Riles¥, S A Robinsk,

D Robinson®, A RollnikP?,J M Roney®, E Ros’, S Rossberg?!, AM Rossi™>, M Rosvick?,
P Routenburg®, K Rungef, O Runolfsson’, D R Rust?, S Sangheras, M Sasaki?, C Sbarra’,

0370-2693/92/$ 05 00 © 1992~Elsevier Science Publishers B VAl rights reserved 389



Volume 287, number 4 PHYSICS LETTERS B 13 August 1992

A D Schaile?, O Schaile!, W Schapperts, P Scharff-Hansen", P Schenks®,

H. von der Schmitt®, S SchreiberP, C. Schwick™, J Schwiening?, W G Scott®, M Settles?,
B C Shen¥, P Sherwood!, R Shypit®, A SimonP, P Singh¥ G P Sirolif, A Skuja’,

AM Smuth?, TJ Smith’, GA Snow!, R Sobie®6 R W Springer!, M Sproston®,

K. Stephens®, J Steuerer®, R Strohmer®, D Strom®’, H Takeda?, T Takeshita?®3,

P Taras!, S Tarem? P Teixewra-Dias®, N TeschP, N J Thackray4, G. Transtromer?,

NJ Tresthan®, T Tsukamoto? M F Turner4, G Tysarczyk-Niemeyer®, D Van den plas’,
R Van Kooten’, GJ VanDalen", G Vasseur®®, CJ Virtue*, A Wagner™, D L Wagner¢,
C. Wahl?,J P Walker?, CP Ward9, DR Ward9,PM Watkins9 A T Watson?,

N K Watson",M Weber®, P Weber®, S Weisz", P S Wells", N Wermes®, M A Whalley9,
G W Wilson?, J A Wilson9, V-H Winterer!, T Wlodek? S Wotton®, T R. Wyatt®,

R Yaan? G Yekutieliz, M Yurko!, W Zeunerfand G T Zorn’

2 Brunel University, Uxbridge, Middlesex UB8 3PH, UK
b Department of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel
¢ Department of Physics, Schuster Laboratory, The University, Manchester M13 9PL, UK
d Cavendish Laboratory, Cambridge CB3 0HE, UK
¢ Enrico Fernu Institute and Department of Physics, Unwersity of Chicago, Chicago, IL 60637, USA
f Dipartimento di Fisica dell’ Universita di Bologna and INFN, 1-40126 Bologna, Italy
& Department of Physics, Unversity of Victoria, P O Box 3055, Victoria, BC, Canada V8W 3P6
b Department of Physics, University of British Columbia, 6224 Agnriculture Road, Vancouver, BC, Canada V6T 1Z1
! Laboratoire de Physique Nucleaire, Universite de Montréal, Montreal, Quebec, Canada H3C 3J7
) Department of Physics and Astronomy, University of Maryland, College Park, MD 20742, USA
k Queen Mary and Westfield College, Untversity of London, London E1 4NS, UK
t Fakultat fur Physik, Albert Ludwigs Unwversitat, W-7800 Freiburg, FRG
™ Unwversitat Hamburg/DESY, II Institut fur Experimental Physik, W-2000 Hamburg 52, FRG
™ Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX, UK
© Physikalisches Institut, Universitat Heidelberg, W-6900 Heidelberg, FRG
P Physikalisches Institut, Universitat Bonn, W-5300 Bonn 1, FRG
q School of Physics and Space Research, University of Birmingham, Birnungham B15 2TT, UK
' CERN, European Organisation for Particle Physics, CH-1211 Geneva 23, Switzerland
$ Department of Physics, Carleton University, Colonel By Drive, Ottawa, Ontario, Canada K1S 5B6
Y Unwersity College London, London WCIE 6BT, UK
Y Department of Physics, Technion—Israel Institute of Technology, Haifa 32000, Israel
Vv Birkbeck College, London WCIE 7HV, UK
Y Department of Physics, University of Califorma, Riverside, CA 92521, USA
X Centre for Research in Particle Physics, Carleton University, Ottawa, Ontario, Canada K1S 5B6
Y Department of Physics, Indiana University, Swain Hall West 117, Bloomington, IN 47405, USA
z Nuclear Physics Department, Weizmann Institute of Science, Rehovot 76100, Israel
a International Centre for Elementary Particle Physics and Department of Physics,
Unversity of Tokyo, Tokyo 113, Japan
and Kobe Unwversity, Kobe 657, Japan
a DPhPE, CEN-Saclay, F-91191 Gif-sur-Yvette, France

Received 22 April 1992

The OPAL detector at LEP was used to study the reactionse*e~ — ete~V,ete” — ptu~Vandete™ — 1+17V,
where V represents an additional pair of oppositely charged tracks coming directly from the event vertex Rates for
these processes were determined using selection criteria similar to those described 1n a recent publication by the ALEPH
Collaboration 1n which a possible excess 1n the T+ 7~V channel was reported In the OPAL data no discrepancy was
found between the measured production rates and those expected from known physics processes 1n any of the three
channels The measured distributions of the invanant mass of the V and angle between the V and closest lepton are
also described adequately within the context of the standard model
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1. Introduction

Thas letter reports on a study of £ ¢~V events pro-
duced 1n e*te” collisions using the OPAL detector at
LEP In this context, £¥{~ represents the primary
electron, muon or tau pair 1n a leptonic decay of the Z°
and the V 1s an additional pair of oppositely charged
particles, leptonic or hadronic, coming directly from
the event vertex Within the standard model such
events are expected to occur as a result of pair pro-
duction by virtual in1tial or final state bremsstrahlung
photons and the production rates can be reliably cal-
culated Current precision measurements of the lep-
tonic branching fractions of the Z° [1,2] do not ex-
plicitly take into account the £*¢~V events which
are expected to contribute at the 0 1% level Because
events from the related process, A qqaV, tend to be
included 1n the Z° hadronic branching fraction mea-
surements 1t 1s evident that as the measurement of
the ratio of leptonic to hadronic branching fractions
of the Z° approaches the 0 1% level, 1t will be neces-
sary to account for the £* £~V events in the selection
of Z° — £%¢~ events In addition the £*¥¢~V and
qqV processes are important backgrounds in searches
for a Higgs boson at LEP[3] For these two reasons
1t 1s important to vernify the validity of the currently
available calculations Although studies of the pro-
cessesete” —ete ete  andete” —ete utyu at
the PEP and PETRA colliders have shown no dis-
crepancies with QED[4], the AMY Collaboration at
the TRISTAN collider has reported an observation of
an anomalously high e*e~ u* 1~ production rate [5]
Furthermore, 1n a recent publication by the ALEPH
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Collaboration on £*£~V production at LEP, a possi-
ble excess of events in the vt~V channel 1s reported
[6] In order to search for an anomalous T+ 7~V pro-
duction rate as reported by ALEPH, the present OPAL
analysis parallels the ALEPH analysis as closely as
possible, given the differences between the OPAL and
ALEPH detectors The analysis also addresses the 1s-
sue of a possible anomaly 1n the ete~ u* u~ channel
The OPAL detector 1s described 1in detail in ref [7]

Ithas a central detector consisting of a vertex chamber,
a ‘jet’ chamber, and z-chambers inside a solenoidal
magnetic ficld The coordinate system 1s defined with
+ z along the ¢~ beam, # and ¢ being the polar and
azimuthal angles, respectively The magnet coil 1s sur-
rounded by a time-of-flight counter array, a lead-glass
electromagnetic calorimeter with a presampler, and an
mstrumented magnet return yoke serving as a hadron
calorimeter which 1n turn 1s surrounded by a set of
muon chambers The endcap system occupies the re-
gion |cos ] ~ 0 8 It consists of electromagnetic and
hadron calorimeters, muon chambers and a low-angle
forward detector which 1s used to determine the lu-
minosity to an accuracy of better than 1% [1] The
analysis presented here used data collected at centre-
of-mass energies between 88 2 and 94 2 GeV which
amounted to an ntegrated lummosity of 18 6 pb™!
and corresponded to 429 000 multihadronic decays of
the Z°

2. Simulation of known physics processes

In order to stmulate the various processes which
could contribute to the £ ¢~V signal, several Monte
Carlo data sets were used The response of the OPAL
detector to the generated particles in each case was
modelled fully using a stmulation program [8] based
on the GEANT [9] package In all cases, the Monte
Carlo and real data were analysed 1n an identical
manner

The four-fermion Monte Carlo [10] simulates to
lowest order the purely leptonic processes ee — eeee,
eeul, €eTT, uuup, putt, 7117, and 1s the same gen-
erator as was used 1 ref [6] Data sets correspond-
1ng to integrated luminosities of several hundred in-
verse picobarns per process were generated at vari-
ous energies distributed over the Z° peak m accord
with the LEP energy scans The cross sections ob-
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tained from the generator were corrected in order
to obtain predicted cross sections valid in the im-
proved Born approximation for centre-of-mass ener-
gies near the Z° mass The generator does not include
init1al or final state radiation effects, apart from the
pair production by the virtual photon Inmitial state
radiation (ISR) 1s expected to have an important
influence close to the Z° resonance and a correc-
tion factor was applied to the predicted rates to ac-
count for ISR effects A correction factor, given by
o (Z° — qq with ISR) /o (Z° — qg without ISR), was
computed at each centre-of-mass energy point using
the Monte Carlo described in ref [11] This factor
ranges between 0 74 and 1 47

The four-fermion Monte Carlo was also used to
determine ¢*£~V production rates for the case in
which the V 1s a pair of charged hadrons Assuming
that lepton pairs of the four-lepton final state come
from a single virtual photon emission, the rate for
qq emission was estimated to be the rate for pu*u~
emission scaled by the R-value,

o(ete™ — two charged hadrons + anything)
glete — utu-)

s

as measured 1n lower energy ete” annihilation ex-
periments [12] and evaluated at an energy equal to
the invariant mass of the V This treatment included
contributions from 7+ 7 nn° states, which were not
explicitly removed 1n the analysis The selection ef-
ficiency for these states 1s difficult to evaluate As
a cross-check, therefore, the weights were also deter-
mined using the data on the time-like pion form fac-
tor [12] which includes contributions only from the
ntn~ final state An overall systematic error of 15%
was assigned to the predicted event rates from the
four-fermion Monte Carlo 1n order to cover uncer-
tainties associated with the lack of initial and final
state radiation effects 1n the generator (10% and 5%
respectively) and the R-value weighting (10%)

In order to evaluate the background coming from
the multthadronic decays of the Z°, the JETSET
Monte Carlo [13] was used with the parameters
tuned to fit the global event shape distributions in
OPAL multihadron data [14] A total of 432000
events was generated and passed through the full
detector simulation and reconstruction code As a
cross check on potential fragmentation systematics,
a sample of 96 000 events generated using the HER-
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WIG Monte Carlo [15] with parameters tuned to the
OPAL data [14] was also used

Backgrounds from radiative dimuon and Bhabha
events 1n which the photon converted in the ma-
terial of the detector were estimated using 70000
events generated with the KORALZ Monte Carlo
program[16] and 74 000 events generated with the
BABAMC Monte Carlo program [17], respectively
The 1ntegrated luminosities of these samples were
62 pb~' and 23 0 pb~!, respectively, after the scan
over the Z° resonance was taken into account Back-
ground from 7 pair production was evaluated using
122000 KORALZ Monte Carlo events This corre-
sponds to a scan-equivalent integrated luminosity of
110 pb~!

Non-resonant z-channel two-photon processes were
stmulated with the generator described 1n ref [18]
Monte Carlo event samples were generated for each
of the various processes of interest with integrated
luminostties of 20 pb~!

3. Event selection and analysis

In order to obtain a clean sample of £ * £~V events, 1t
was necessary to reject various sources of background
mcluding Z° — 7+ 1~ events, multthadron events, ra-
diative di-lepton events (in which the photon con-
verted 1n the material of the detector) and two-photon
events

For the purposes of this analysis three mutually
exclusive classes of tracks have been defined “good
quality tracks”, “medium quality tracks” and “con-
version tracks” Two oppositely charged tracks were
1dentified as coming from the conversion of a photon
and were referred to as conversion tracks if (1) they
each had more than 12 jet chamber hits (11) Ay, <
4 mm, where Ax, was the mimnimum distance between
the points where tangents to the tracks at those points,
projected onto the xy plane, were parallel, and (111)
the reconstructed mass of the track pair, assuming
zero particle mass, was less than 150 MeV A track
which has not been 1dentified as originating from a
conversion was classified as a good quality track if (1)
D > 100 MeV (where p, 1s the transverse momentum
of the track relative to the beam axis), (1) the num-
ber of jet chamber hits on the track was at least 20 and
more than 50% of the geometrically possible number
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of hits for its polar angle, (111) the distances of clos-
est approach to the origin in the plane perpendicu-
lar to the beam (|do|) and parallel to the beam (|zo|)
were less than 1 cm and 50 ¢m, respectively, and (1v)
{cosf| < 095 A medium quality track was defined
as a non-conversion track which failed the good qual-
1ty criteria but had (1) p. > 100 MeV, (1) the num-
ber of hits greater than 20, and (1) |do| < 1 cm 1f p,
< 250 MeV (Often very low momentum tracks were
segmented 1nto several tracks in the reconstruction
phase This last requirement ensured that these low
momentum tracks were counted only once by taking
advantage of the fact that these excess segments usu-
ally had large reconstructed dy values because of the
large amount of multiple scattering )

An event was selected if 1t had either four or six
good quality tracks and if the total energy as deter-
mined from the momenta of these tracks was greater
than 16 GeV This energy requirement efficiently re-
moved two-photon events from the sample Any six-
prong event was rejected if there were, 1n addition to
the good tracks, any medium quality tracks or conver-
sion tracks Four-prong events were removed at this
stage only 1f they contained more than two medium
quality tracks or more than two conversion tracks
This allows the analysis to retain sensitivity to four-
prong £ ¢~V events which contained a conversion
Only good quality tracks were used during the rest of
the analysis A total of 3783 events survived the above
cuts, consistent with a predicted total of 3755 events
1n the Monte Carlo simulation (see table 1)

As 1s apparent from table 1, the major background
at this stage of the analysis was duetoete™ — tt¢~
events In order to remove this background 1t was
required that, in four-prong events, no combination
of three tracks (triplet) having a charge of +1 could
have a mass less than 3 GeV In all mass calculations
a zero particle mass was assumed In six-prong events,
masses were calculated for all possible combinations
of three tracks having a charge of £1 A six-prong
event was required to have exactly one such combina-
tion of three tracks with a mass less than 2 GeV The
momentum vector sum of the triplet having a mass
less than 2 GeV was 1dentified as a T momentum vec-
tor and was treated as a single particle in the rest of
the analysis This process ensured that 1in a six-prong
event the three-prong 1 candidate was 1dentified un-
ambiguously The mass of the remaining three tracks
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Fig 1 (a) Distnibution of the minimum triplet mass 1n
four-prong events and the mass of the three tracks in
six-prong events that are not identified as the three-prong
tau Distributions for both the data (points with error bars)
and for Monte Carlo expectations (line histograms) are pre-
sented after all cuts except the cut on the triplet mass (b)
The distributions of 8, — 6,, — 6,, for data and Monte
Carlo are shown for the combination of tracks having the
smallest value for this quantity The plot 1s presented after
all cuts were applied except this one and those on lepton
parr classification In both (a) and (b) the shaded part of
the histogram represents the contributions from all sources
other than ¢*t/~V The arrows 1n the figures indicate the
position of the cuts

1n the six-prong event was required to be greater than
3 GeV The distribution of the smallest triplet mass in
the four-prong events and the mass of the three tracks
not 1dentified as the three-prong 7 in the six-prong
events 1s shown 1n fig la after all other cuts were
applied Distributions for both the data and for the
Monte Carlo expectations are presented The num-
ber of events surviving the triplet mass cut was 202
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Table 1
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The expected and observed numbers of events A summary of the comparison between data and the Monte Carlo simulation
of all known processes as each successive requirement 1s imposed The Monte Carlo 1s normalised to the integrated luminosity
of the data The expected numbers of £+ £~V events are given in the fourth column from the left and are followed by the
prediction of the multihadron background from JETSET and the backgrounds from tau pairs, muon pairs, Bhabhas and
two-photon processes The errors 1n the Monte Carlo total column include contributions from Monte Carlo statistics and the

15% uncertainty on the £+£~V rate discussed in the text

Cut description Data Monte Carlo

total £re-v qaq 1T uu ee 2%
charged multiplicity 3783 3755 +30 671 146 3476 52 560 46
conversion removal
charged energy
triplet mass 202 178 *12 590 56 428 37 155 19
opening angle V 76 882+ 96 532 15 63 26 104 09
and opening angle
£re-
recoil kinematics 70 813+ 92 513 12 52 26 104 0
£% ¢~ 1dentification 50 571+ 55 440 0 29 14 87 0
ete”V 21 323+ 47 236 0 0 0 87 0
utu-v 18 153+ 22 138 0 0 14 0 0
tHrV 11 95+ 18 66 0 29 0 0 0

compared to 178 events expected 1in the Monte Carlo
simulation (see table 1) Note that the ALEPH Col-
laboration used a triplet mass cut of 1 7 GeV instead
of 3 GeV This point will be discussed 1n more detail
below

Within the events which survived these cuts, V can-
didates were formed from the various combinations
of oppositely charged tracks with the remaining tracks
considered as lepton pair candidate tracks The open-
ing angle between the two lepton candidates was re-
quired to be greater than 90° and the opening angle
between the two tracks forming the V was required
to be less than 120° These cuts are 1dentical to those
used by the ALEPH Collaboration and help to re-
duce multihadron and 7% 1~ background After these
cuts a total of 76 events remained, to be compared
with the expectation of 88 2 events from the Monte
Carlo analysis The Monte Carlo expectation com-
prised 53 6 £t£~V events, 14 9 multthadron events
and 6 3 Z° — t*1~ decays, together with contribu-
tions from Z° — u*tu~(y), Z° — ete” (y) and two-
photon processes Note that at this stage, and subse-
quently, cuts were applied to £7£~V configurations
rather than to events An event was retained if any
configuration within the event passed the cuts Also,

394

for the selection criteria described below, the electro-
magnetic energy was used instead of the track energy
if the electromagnetic energy associated to a track was
larger than the track energy This retained sensitivity
to electrons which radiated

In the ALEPH analysis [6] a series of cuts was made
after the lepton pair candidates were boosted 1nto the
frame recoiling against the V In order to provide as
close a comparison as possible with the ALEPH re-
sults, the same set of cuts has been applied here
(1) X7 > 005 and X; > 005 where X)) 1s the ratio
of the lepton candidate energy to the energy kinemat-
1cally available to the lepton
(1) The acollinearity angle between the two lepton
candidate tracks (6,) was requred to satisfy 6, <
6.1 + 0.2 + 100 mrad Here 6, 15 the maximum
angle which an electron from a 7 decay can make with
the t flight direction, given the momentum of the
electron The 100 mrad allows for the experimental
resolution of the OPAL detector The distribution of
0, — (04 + 0,2) 15 shown 1n fig 1b for the combina-
tion of tracks with the smallest value of the quantity
before this cut was applied It is evident that this dis-
tribution 1s well reproduced by the Monte Carlo The
corresponding cut used by the ALEPH Collaboration
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was 35 mrad (2°) If a lepton candidate failed the
Xi2y > 005 cut, the X (2) value was re-evaluated with
the momentum of the lepton candidate redefined as
the vector sum of the lepton candidate track momen-
tum and energy vectors of the electromagnetic clus-
ters within 18° of the track but not associated to the
track The configuration was rejected only if these re-
defined X2y values also failed the X;z) > 005 cut
This algorithm increased the efficiency for selecting
1717V events 1n which the decay products of one or
both 7’s included 7%s A total of 70 events remained
after this cut was applied, to be compared with the
Monte Carlo expectation of 81 3 events

Finally, a set of cuts was applied 1n order to clas-
sify the lepton pair candidates as an e*e™, u*tu~ or
t+1~ pair A lepton pair candidate was considered an
ete” or utu~ pairif X; > 08 and X, > 08, where
X, and X, were defined 1n the recoil frame discussed
above The lepton pair candidate was classified as a
1% u~ pair 1if both lepton tracks had hits in the muon
chambers or hits 1n the outer layers of the hadron
calorimeter or deposited less than 2 GeV of energy in
the electromagnetic calorimeter Otherwise it was clas-
sified as an e*e~ pair provided that the electromag-
netic calorimeter energy associated with the lepton
candidate tracks was more than 60% of (Eem — ES),
where E.ry 15 the centre-of-mass energy and ES 1s the
energy of the charged tracks associated with the V
An event was classified asa 7" Vevent if X; <09,
X2 <09, X, + Xy <12and Evis/Eem < 0 80, where
E, s 1sthe visible energy 1n the event, obtained from the
combined information from central tracking cham-
bers, calorimeters and muon chambers Fig 2a dis-
plays the distribution of E,,s/ Ecm for a control sample
obtained with the above selection criteria with the ex-
ception that the triplet mass cut was reversed events
were selected if the triplet mass was less than 3 GeV
This sample was dominated by Z° — 7+t~ events
and, like the 771~V event sample, contained a sig-
nificant number of leptons From this figure 1t can be
seen that the Monte Carlo describes the data for this
variable adequately (Inthe ALEPH analysis a cut was
made such that the total energy of a t* 1~V event 1s
less than 80 GeV ) In order to reduce the multihadron
background 1n the v+ 7~V sample 1n this analys:s fur-
ther, an additional criterion was employed here which
was not used 1n the ALEPH analysis for t+1~V can-
didates 1t was required that the number of good qual-
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Fig 2 (a) Scaled total energy in a control sample domi-
nated by four-prong Z— 7+ 7~ events The data are repre-
sented by the points with error bars while the Monte Carlo
1s represented by the line histogram, (b) the number of elec-
tromagnetic calorimeter clusters in excess of the number of
good tracks for the same control sample, (¢) Monte Carlo
of scaled total energy versus (N°us — Nirack) for ¢+7-V
events (dots) and for the multihadronic background (open
squares), (d) Scaled total energy versus (Nclus — ytrack)
the data In (c) and (d) the solid lines indicate the position
of the cuts

1ty electromagnetic clusters 1n excess of the number of
good quality charged tracks (N~ N'"%) be Jess than
five A good quality cluster in the barrel region had at
least 170 MeV of deposited energy, while in the end-
cap region, where the lead-glass blocks are parallel to
the beam axis, a good quality cluster was required to
have at least two blocks and a mimimum of 250 MeV
deposited energy The distribution of NWS— Ntk for
the same control sample described above 1s shown 1n
fig 2b and again there 1s adequate agreement between
data and Monte Carlo Scatter plots of E.s/Ecm ver-
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sus NMs_N¥ack for Monte Carlo and data are shown
1n figs 2c¢ and 2d, respectively In fig 2c¢ the dots rep-
resent T 17V events while the open squares represent
multihadron background events It 1s evident that the
predicted multihadron background was substantially
reduced by the above cut while the 7+ 17V signal was
expected to suffer a very small decrease

Following the application of the above critena,
events were rejected for which no combination of
tracks was classified asanete”V, utu~Vort 1™V
candidate In the very few cases in which more than
one acceptable combination survived for an event, a
unique assignment was made after all other cuts had
been applied by choosing the combination with the V
having the smallest invariant mass

After these events were selected, the particles asso-
ciated with the V were classified as electrons, muons
or hadrons This classification did not remove any
events The particles were considered to be an elec-
tron pair 1f the ratio of their energy, as measured 1n
the electromagnetic calorimeter, to the sum of their
momenta was at least 0 7 This criterion was applied
to the sum and not to each particle individually in
order to handle cases 1n which both tracks were asso-
ciated to the same electromagnetic cluster because of
the calorimeter’s intrinsic granularity If one of the V
particles had a match to a track in the muon chambers
or the outer layer of the hadron calorimeter, the parti-
cles were classified as muons Otherwise, the V parti-
cles were assumed to be hadrons The cross contami-
nation was determined from the Monte Carlo and was
found to be significant only for the leptonic contam-
ination of the hadron channel where the background
from electron and muon pairs being misidentified as
a pair of hadrons was 23% The backgrounds in the
two leptonic channels from cross contamination was
less than 10%

4. Results and discussion

The final numbers of events are summarised in
table 1 A total of 50 events remained, comprising 21
ete”V, 18 utu~Vand 11 t*7-Vevents Also shown
1n table 1 are the expected event rates from known
physics processes 323 ete"V, 153 utu~Vand 95
1+ 177V events, including background contributions as
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determined by Monte Carlo of 8 7, 1 4 and 2 9 events,
respectively

The background contamination in the 7+7~V chan-
nel consisted of 2 9 events from Z° — 7577 (y) The
background from the multithadronic decays of the Z°
was estimated from the JETSET Monte Carlo sam-
ple which was equivalent 1n size to the data sample
No events survived 1n that sample A cross check of
the sensitivity of this background to the multihadron
fragmentation scheme was performed with a smaller
sample of HERWIG Monte Carlo events amounting
to roughly one quarter the size of the data sample
The number of HERWIG Monte Carlo events sur-
viving the cuts on charged multiplicity, charged en-
ergy and triplet mass was found to be 1 640 3 times
larger than that for JETSET However, no HERWIG
events survived all cuts This study was used to assign
an additional systematic error of *5°% on the esti-
mate of the multithadron background contribution at
each stage 1n the analysis The backgrounds were in-
vestigated further by separating the sample into four-
prong and s1x-prong events, with the expectation that
the background problems would be very different 1n
the two sub-samples Also, the effect of reducing the
triplet mass cut from 3 GeV to 2 GeV in order to
make a closer comparison with the ALEPH analysis
has been examined The resuits of these investiga-
tions are shown 1n table 2 On the basis of the data
shown 1n table 2 and given the limited statistics in the
multihadron Monte Carlo, we conclude that our six-
prong 7+ 7~V sample becomes heavily contaminated
by multihadron background when the triplet mass
cut 1s lowered It 1s also evadent that the four-prong
t*7~V sample 1s not as badly contaminated How-
ever, because of the limited Monte Carlo statistics
we cannot exclude the presence of some multithadron
background in the four-prong sample even when we
apply a triplet mass cut of 3 GeV The background
from poorly measured Z°® — t* 1~ events 1n the four-
prong sample 1s predicted to become increasingly im-
portant as the triplet mass cut 1s reduced from 3 GeV
to 2 GeV This effect appears to be larger 1n the data
than 1n the Monte Carlo simulation Thus although
our Monte Carlo studies indicated that a triplet mass
cut of 2 5 GeV would be sufficiently tight to reduce
this background to an acceptable level, to be conser-
vative a 3 GeV cut was applied at the cost of a rela-
tively minor reduction in acceptance Note, however,
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The T+ 1~V sample 1n the OPAL experiment for various choices of the triplet mass cut The four-prong and six-prong samples
are shown separately The errors on the multihadron background are dominated by the Monte Carlo statistical error and a
systematic error of jgo% associated with fragmentation The errors on the £+ £~V Monte Carlo quantities are dominated by
the 15% systematic uncertainties discussed 1n the text The error on the v+t~ background 1s less than 25% for a triplet mass
greater than approximately 2 5 GeV and arises from the uncertainties 1n the stmulation of the detector material and Monte
Carlo statistics For triplet masses well below 2 5 GeV the uncertainty 1s dominated by the inadequate modelling of poorly

measured T+ 7~ events and 1s larger

Triplet-mass cut Data Monte Carlo

(GeV) total £tV qaq 17
four-prong 7+t 1~V events 30 9 88 59 0 29

25 10 111 64 1 38

20 20 136 69 1 57
six-prong T 1~V events 30 2 07 07 0 00

25 2 17 07 1 00

20 2 28 07 2 0t

Table 3

that fig la shows clearly that the triplet mass resolu-
tion 1s modelled adequately in the Monte Carlo This
1s the only cut which was changed significantly in the
OPAL analysis relative to the ALEPH analysis

In summary, the OPAL data show no indication of
an excess of events 1n any £*¢~V channel In partic-
ular, the ratio of the measured 77V production rate
to that predicted 1n the standard model 1s

77V production rate (data)
77V productionrate (SM )
=1210 5(stat ) =0 2(syst )

<2 3 at the 95% confidence level

This 1s to be compared with an observed enhancement
factor of more than four by ALEPH A similar limit on
the absolute enhancement factor has been published
recently by the Mark II Collaboration based on data
taken at /s = 29 GeV[19]

The distribution of the invarant mass of the V in the
OPAL analysis 1s presented 1n figs 3a-c for ete™V,
ptu~Vand tt17V events separately The measured
distributions are fully consistent with the expected
distributions based on the Monte Carlo analysis, and
show a tendency for the events to cluster at lower
masses (0-10 GeV)

In figs 4a~-c the V mass 1s plotted for the three clas-
sifications of the V e*e™, u*u~ and n*n~ after the
three ¢*¢~ channels were combined The 50 events
were classified as 23 £¥ ¢~ eYe~, nmne £+ ¢~ u* u~ and

The expected and observed numbers of events for each
classification of the £+¢— pair and the pair of charged
particles associated with the V

(Y- vV

ee U nn

data Monte data Monte data Monte

Carlo Carlo Carlo

ee 11 16 4 5 45 5 114
uu 8 68 2 29 8 56
17 4 38 2 18 5 39
totals 23 270 9 91 18 209

18 ¥4~ m*n~ events to be compared with the ex-
pected rates of 27 0, 9 1 and 20 9 respectively Table 3
summarises the classification of these events in both
data and Monte Carlo From fig 4 and table 3 one sees
agreement between data and Monte Carlo both 1n the
overall rates and general shapes of the distributtons in-
cluding the expected enhancement of the £* ¢t n~
rate 1n the region of the mass of the p(770) From
these results, the 95% confidence level upper limit
on a possible absolute anomalous enhancement factor
of the eTe~u* u~ production rate 1s 2 3 to be com-
pared with AMY’s observed enhancement factor of
over three

The distribution of the cosine of the opening angle
between the V and the closest lepton 1s presented in
fig 5 for the combined £* £~V sample Again the mea-
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Fig 3 Distributions of the mass of the V m (a) ete™V
events, (b)utu~V events and (c)tt1~V events after all
cuts have been applied The points represent data and line
histograms represent Monte Carlo where the shaded por-
tion represents the contribution from all sources other than
£~V

sured distribution 1s fully consistent with the Monte
Carlo distribution, and shows a forward peaking char-
acteristic of the bremsstrahlung process

In conclusion, the agreement between data and
Monte Carlo 1n this analysis, both for the absolute
rates and the differential distributions, strongly sup-
ports the hypothesis that the selected £+£~V events
come predominantly from the leptonic four-fermion
and related hadronic processes and, at the present
level of accuracy, are adequately described by the the-
oretical models [10] discussed above
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Fig 4 Distributions of the mass of the Vinete~V, ut u~V
and t+71~V events where (a) V—ee, (b) Vo uu, and
(¢) V— mr after all cuts have been applied The points
represent data and hine histograms represent Monte Carlo
where the shaded portion represents the background con-
tributions In (a) most of the background 1s from sources
other than £+£~V while in (c) the background 1s mainly
from £+£~ u* u~ events
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