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ABSTRACT 

.- . . We present measurements by the Mark II experiment of the ratios of the lep- 

tonic partial widths of the 2 boson to the hadronic partial width. The results 

are k = 0.037~~$~, & = 0.053’$:4: and k = 0.066~~:$$, in good agree- 

ment with the Standard Model prediction of 0.048. From the average leptonic 

width result, & = 0.053~~.~~~, we derive I’had = 1.56~~.~~ GeV. We find for 
- the vector coupling constants of the tau and muon vz = 0.31 f 0.31 ‘i.5: and 

?J; = 0.05 f 0.30 ‘!I;;. 

PACS numbers: 13.38.+c, 12.15.Ji 
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In this Letter we present the first study of 2 boson decays into lepton pairs .- 
c using the Mark II detector at the SLAC Linear Collider. We present the ratio of 

-. the partial decay width into lepton pairs to the partial decay width into hadrons: 

rn Br(Z + ZZ) - = 
rhad Br(Z t hadrons) ’ 

_ - which is independent of the center of mass energy. In the Standard Model this 

- ratio is expected’ to be 0.048. 

- 
. . 

- 

Data were collected in the e+e-center of mass energy (Ecm) range of 89.2 

to 93.0 GeV and correspond to an integrated luminosity of 19nb-l. A detailed 

description of the Mark II apparatus can be found in reference 2. This analysis 

uses information mainly from the central drift chamber and the electromagnetic 

calorimeters. Tracks from charged particles are reconstructed in the drift chamber 

in-the angular range 1 cos 81 < 0.92, where 19 is the angle with respect to the beam 

axis. The electromagnetic calorimeters consist of a barrel covering the angular 

range 1 cos 81 < 0.72 and endcaps extending the coverage to 1 cos 01 < 0.96. The 

Mark II data acquisition system is triggered by either two or more charged tracks 

within I cos 61 < 0.76, or by an electromagnetic shower with localized energy depo- 

sition greater than 3.3 GeV in the barrel or greater than 2.2 GeV in the endcap 

calorimeters. 

In order to study the leptonic decays of the 2, we select electron pair, p pair, 

Q- pair and hadronic event candidates, and then correct the observed number of 

events for detection inefficiency and for backgrounds from beam-gas interactions, 

cosmic rays, two-photon interactions and misclassified 2 decays. 

Charged tracks used in the event selection must originate from a cylindrical 

volume of radius 1 cm and half-length 3 cm around the beam line, centered at the 
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interaction point. To ensure efficient track reconstruction, the tracks must lie in .- 
c the angular range 1 cos 191 < 0.82 and have a transverse momentum with respect to 

the beam axis greater than 0.15 GeV/c. Calorimeter energy depositions greater 

than 1 GeV that are not associated with a charged track are used together with 

charged tracks to calculate the visible energy of the event. Events from 2 decays 

are required to have visible energy larger than 15% of E,, and charged energy 

- larger than 5% of E,, to minimize contributions from two-photon interactions 

and from beam-gas interactions. 

Hadronic and leptonic decays are separated on the basis of the number of 

tracks and the event thrust. Hadronic events are selected by requiring at least 7 
.- . . 

-. 

charged tracks coming from the interaction region, and leptonic event candidates 

are required to have fewer than 7 charged tracks. In addition lepton candidates 

must have at least one charged track in each event hemisphere, defined by the 

plane perpendicular to the thrust. axis calculated from the charged particles, and 

no tracks outside 1 cos 81 < 0.82. 

The separation of the leptonic 2 decays into e, /.L and 7 pairs requires additional 

criteria. Electron events are expected to deposit the full available center of mass 

energy in the calorimeter, and they are separated from p and r events by requiring 

that the total calorimeter energy Ecal is larger than 80% of EC,. The missing 

momentum carried away by neutrinos for r events is used to divide the remaining 2- 

prong sample into p and 7 candidates. Events are taken as muon candidates if both 

tracks have momentum larger than 60% of the beam momentum. Otherwise they 

are classified as r events. The effect of these two cuts is illustrated in Figs. 1 and 2. 

In addition, muon events are restricted to the fiducial volume of the barrel 

calorimeter limited by I cos 81 < 0.68, and the shower energies associated with the 
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tracks have to be smaller than 15 GeV. Lepton candidates with more than one 
.- 

c track in either thrust hemisphere are classified as T pairs if the effective mass of 

_. the charged tracks in that hemisphere is smaller than 2.2 GeV/c2 and the event 

thrust is greater than 0.99. This cut suppresses background from hadronic events. 

The detection efficiencies and contributions from other physics processes are 

- calculated using Monte Carlo simulations. We use the Lund (version 6.3) parton 

- shower model3 to simulate hadronic decays of the 2. For the p and r pair pro- 

duction we use the KORALZ generator4 , which includes initial and final state 

radiation effects. Electron pair production and two-photon interactions are sim- 

- ulated using the generators described in references 5 and 6, respectively. Monte 
. . 

Carlo generated events are used to simulate raw data events from the Mark II 

detector. They are combined with data from random beam cross triggers to ensure 

that the effects of beam related noise on the reconstruction of events are taken into 

account. The simulated events are then reconstructed in the same way as the real 

data. 

The detection efficiencies, which include acceptance corrections, for the dif- 

ferent classes of events with the selection criteria described above are: 88% for 

hadronic events, 66% for 7 pairs, 54% for p pairs. The efficiency for electron pairs 

produced at the 2 peak within / cos 61 < 0.82 is 93%. There are 397 hadronic 

events, 13 p pairs, 21 7 pairs and 18 electron pairs which satisfy the selection 

criteria. 

For the 7 sample the estimated background from qQ production is 0.6 events, 

from electron pair production 0.2 events, and from p pairs 0.5 events. For the p 

sample the background from electron and tau pairs and from hadronic events is 

less than 0.1 events. The background for the electron sample from all other physics 
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processes is less than 0.15 events. Backgrounds from cosmic rays and beam-gas .- 
e interactions are estimated by displacing the volume which defines the interaction 

_. region along the beam direction. We then look for events originating from the 

displaced volume which otherwise would fulfill the event selection criteria. From 

this procedure we estimate a background of 0.15 events for the p sample, 0.3 

events for the 7 sample and <0.4 events for the hadronic sample. The remaining - 

- backgrounds in the qij and leptonic samples are negligible. 

The electron sample has a sizeable contribution from QED and weak- 

electromagnetic interference. To reduce this contribution we make the additional 

demand that the positron scattering angle 8 be in the range -0.82 < cos 6’ < 0.68, 
. . 

eliminating the forward region where the QED contribution is largest. This cut 

leaves 12 events with a background of 1.4 f 0.6 events due to QED and weak- 

electromagnetic interference. The overall efficiency after all cuts is 0.62. 

The systematic errors include the uncertainty of the calorimeter energy scale 

and the trigger efficiency, the estimate of the effect of beam-related noise and the 

model dependence of the Monte Carlo generation of 

they are much smaller than the statistical errors. 

After inclusion of all systematic and statistical 

ratios of the partial decay widths are8 : 

hadronic events; in all cases 

uncertainties 7 
the resulting 

r ee - = 0 037+O.Ol6 
had * 

-0.012 

r L!!i= 0 053+O.O2O 
Ld * -0.015 

- = 
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These results are consistent with each other and agree well with the Standard Model 
.- 

c prediction of 0.048. Under the assumption of lepton universality the combined 

_. lepton sample yields I’ll/I’had = 0.053’~:~~~. 

The hadronic width of the 2 depends on the quark couplings and may have ad- 

ditional contributions from new particle production. Since the lepton couplings are 

experimentally better constrained than the quark couplings, we assume a Standard 

- Model width for the leptons, I’ll = 0.083 GeV, and derive from our measurement 

the hadronic width, l?had = 1.56-o.24 ‘“.28 GeV. The prediction from the Standard 

Model quark couplings is l?had = 1.73 GeV, in agreement with our measurement. 

- The number of leptonic events can be used also to provide measurements of the 
. . 

leptonic couplings. At the 2, the cross section is proportional to (~2 + $) . (uf + 

$), where a and 2, denote the axial-vector and vector couplings of the incoming 

elEctrons and the final state leptons. We compare the measured number of p 

pair and 7 pair events with the expectation from our luminosity measurements 

and the cross section with wl as a parameter. We use the cross section formula 

given in Ref. 9 together with our measured values for the 2 mass and width” , 

MZ = 91.14 f 0.12 GeV/c2 and r = 2.42~~:~~ GeV. If we fix the experimentally 

well constrained quantities a,, ue and ai to their Standard Model values, we find 

w; = 0.31 f 0.31 ‘8.:: and $ = 0.05 f 0.30 . ‘i.zi The first error represents the . . 

statistical error, and the second the systematic error, which is entirely dominated 

by our uncertainty in the 2 width. These results can be compared with previous 

measurements, vT = -1.04~t1.25~~ , vP = -0.24j~0.32~~ and the Standard Model 

value, vl = -0.07. 

The forward-backward charge asymmetry AFB for leptons in e+e- annihilation 

is defined as the difference of the integrated differential cross sections for the pos- 
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itively charged lepton emitted into the forward and backward hemispheres, where 
.- 

c the forward hemisphere is defined by the direction of the positron beam. For the 

_. combined lepton sample of 9 muon and 15 tau events from the region around the 

2 pole, 90.6 GeV < E cm < 91.5 GeV, we measure AFB = 0.05 f 0.22, where 

a radiative correction of +0.02 has been applied13 . For our data set we expect 

AFB = 0.026 for Mz = 91.14 GeV/c2, in good agreement with the measurement, 
- 

- but the result is not precise enough to place useful limits on Standard Model pa- 

rameters. 

In conclusion, we have measured the ratios of partial widths of the 2 decaying 

.- into electron, muon and tau leptons to the hadronic partial width. We have derived 
.- . . . the hadronic partial width and values for the vector coupling constants of the p and 

r leptons. These measurements confirm within their statistical precision the weak 

ceuplings of the leptons and quarks to the 2 boson as predicted by the Standard 

Model. 

-. 
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FIGURE CAPTIONS - 
. 

-. 

1) Calorimeter energy divided by E,, for data and Monte Carlo predictions for 

electron (solid), muon (dashed) and tau (dotted) pairs. The arrow indicates 

the cut at 0.8 to separate electron from muon and tau events. 

2) Ratio of pmin to the beam momentum for two track events after the cut to 

is the smaller of the two momenta in the event. remove electron events. pmin 

The data are shown with a Monte Carlo prediction for electron (solid), muon 

(dashed) and tau (dotted) p airs. A cut at 0.6 is used to separate muon and 

tau events. 
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