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ABSTRACT

We report the results of first physics runs of the L3 detector at LEP.
Based on 2538 hadron events, we determined the mass m, o and the width FZ“ of

the intermediate vector boson Z° to be m,o = 91.132#0.057 GeV and FZ°

+0. i =
2.588%40.137 GeV. We also determined rinvisible 0.567+0.080 GeV,
corresponding to 3.42%0.48 number of neutrino flavors. We also measured the
muon pair cross-section and determined the branching ratio ruu/rh =

0.056+0.006. The partial width of Z° » e'e” is ree= 88+9+7 MeV.
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The discovery of the intermediate vector bosons Z° and W‘r [1] at CERN by
the UAl and UA2 collaborations, following the original ideas and efforts of
C.Rubbia and S.Van der Meer, is one of the most important advances in
elementary particle physics. This discovery 1lays the foundations for the
experimental verification of the unification of the electromagnetic and weak
interactions. The electro-weak theory, advanced by Glashow, Weinberg and
Salam [2], now known as the Standard Model, predicted the mass and other
properties of these intermediate vector bosons. In this Standard Model, the
properties of Z° are wsll defined and can be calculated. For example, the
width of Z° is a measure of the number of different kinds of neutrino-like
particles in the universe. The mass of Z° is a precise measure of the
Weinberg parameter sinzew. Similarly, the forward-backward muon charge

asymmetry from Z° decays is also a measure of sinzew.

In this paper, we report on the first measurement by the L3
collaboration of some of the properties of Z° [3,4] obtained from the newly
constructed electron positron collider LEP, at CERN. LEP was completed on
time with performances nearly exactly matching expectations, in terms of
luminosity (now >103°/cm2?-sec), in terms of reliability (107 down time) and
in terms of background in the experimental area (negligible). The data were

taken at 7 energies centered at the Z° mass.

1) The L3 Detector

The L3 detector [5] shown in Fig.l is a 4w detector with the following
major components: surrounding the intersection region is a vertex chamber
with single track resolution of about 40um and double track resolution of
about 400um. The 2z coordinate is measured by four layers of proportional
chambers with a resolution of 500um. Electromagnetic showers are measured by
BGO crystals, each with approximate dimensions of 2x2cm? (entrance side) by
24cm (length) by 3x3cm? (exit side). These crystals provide us with a
measured photon and electron coordinate resolution of 1 to 3mm and an energy
resolution better than 17 above 2 GeV and of 5% at 100 MeV. The combination
of both vertex chamber and BGO information provides clean measurement of
inclusive electrons and also enables us to distinguish photons from
electrons. Surrounding the BGO, the hadron calorimeter was constructed with
uranium plates sandwiched with proportional chambers. It provides a uniform

measurement of hadron energy with seven absorption lengths of material. It



measures hadron energy with a resolution of (55/JE+5)Z and 46 = 3.0°,
Ag@ = 2.5°. The muon chamber system measures 50 GeV muons with a momentum
resolution of 27. In order to obtain good hadron rejection, the momentum of
muons is measured twice: first in the vertex chamber with a value of Pv’ and
second, by the precision muon chambers with a value Pu. The muon energy loss
AE is measured by the sampling calorimeter which also monitors large angle
photon radiation. The energy balance, PV = AE + Pu, enables us to eliminate
hadron decays and hadron punch-throughs from muon signals. The L3 magnet
provides a wuniform 5.0¢kGauss field along the electron positron beam
direction. The magnet has a useful inner volume of 12m by 12m by l4m. The
large volume of the magnet provides long measuring lever arms. This, together
with the precisely constructed muon chambers and support system enables us to

measure muon momentum precisely.

For the present analysis, we used the data collected in the following

polar angles:
- for the hadron calorimeter, between 25° and 155°
- for the muon chambers, between 35.8° and 144.2°

- for the electromagnetic calorimeter, between 42.4° and 137.6°.

The data from the vertex chamber were not used for this analysis.

2) Measurement of Luminosity

The luminosity is measured by eight radial layers of small angle BGO
crystals (24.7mrad < © < 68.8mrad) situated on either side of the interaction
point, at z=%2.75m. From the center of gravity of the showers, we calculated
the 6 and ¢ impact coordinates of the ei on the BGO calorimeters. Fig.2 shows
the coplanarity distribution (40 = ¢.-9.) and clearly demonstrates a
background free elastic e*e” -+ e*e” Bhabha peak. We used the following cuts

to select the Bhabha event candidates [6] :

. 160° < A < 200°
. 8, or 6. > 30.2mrad
E, > 0.25Js



This definition of the © cut reduces the sensitivity to transverse beam
offsets and detector alignment. The value of the O cut corresponds to the
boundary between the first two crystal layers and makes the event selection

less dependent on the algorithm used to determine the impact coordinates.

To determine the acceptance, e‘*e” + e*e (y) events were generated using
the Monte-Carlo program described in [7]. The generated events were passed
through a detector simulation which included effects of energy loss, multiple
scattering and showering in the detector materials and the beam pipe. The
simulated events were analyzed by the same program used to analyze the data.
The accepted cross section contains a small (0.4%) correction from the
e*e” » yy(y) process [8]. The systematic uncertainty on this acceptance
includes Monte-Carlo statistics (2.5Z), internal detector geometry (2.0%),
overall detector positioning as well as beam offsets and beam collision
angles (1.57) [9]. We arrive at an overall systematic error of 3.57 on the

acceptance.

To assess the systematic effects of the event selection cuts on the
integrated luminosity L, these cuts were studied independently. The results
are given in Table 1. Clearly, the value of L is very stable for changes of
the cuts. If we add in quadrature the maximum change in L for each variable,
we estimate a 1.57 systematic uncertainty in L due to the event selection

cuts in 6, A¢ and E.

Table 1
Event selection variable Sensitivity
6(mrad) | ) | E(Gev) Data | Monte Carlo | AL
30.2 180°+20° 0.25Js
32.0 nominal nominal -7.77 -6.97 -0.97
33.8 " " -21.47 -21.67 +0.27
35.6 " " -34.57 -34.17Z -0.67
41.1 , " " -55.97 -56.3Z +0.97
nominal 180°+10° " -1.87% -0.87% -1.07
' 180°+30° " +0.47 +0.27 +0.27
" nominal 0.35/s -3.37% -2.67 -0.77%




Table 1: Sensitivity of the Bhabha sample to the event selection
cuts O, Ap and E. The first line 1lists the nominal cuts;
subsequent lines show the percentage change in the selected event
samples for the corresponding changes of the cuts. The last

column gives the relative change in the integrated luminosity.

Finally, we estimated the efficiency of the luminosity trigger, which
required 2 20 GeV in both the *z BGO calorimeters, to be 98%27. Combined with
an event loss of <0.67 duesto errors in the hardware decoding, we get a 2.1%

trigger uncertainty in L.

Combining the systematic uncertainty in the acceptance (3.57) with the
systematic uncertainty in the event selection (1.5%) and triggering (2.17%),
we arrive at a total systematic uncertainty of 4.3%. The number of Bhabha

events and the integrated luminosity are listed in Table 2.

In the following sections, we describe the data on hadrons, electrons
and muons. The data were analyzed by two independent groups of physicists,
each of the groups deciding their own event selection criteria and cuts. The
agreement of comparison of final event samples and cross sections gives us
confidence in the validity of the data sample and enables us to assign

systematic errors in the final numbers.

3) Measurement of Hadrons

The event selection for the process e'e” + hadrons was based entirely on
the energy measured in the BGO and hadron calorimeters. The Monte-Carlo
distributions were generated by the Lund program, JETSET version 6.3,
described in [10]. The generated events were passed through a detector
simulation which included effects of energy 1loss, multiple scattering,
interactions and decays in the detector materials and beam pipe. After
simulation, the events were analysed by the same program used to analyse the

data.

Figures 3 to 6 compare the data and Monte-Carlo distributions in some of
the quantities upon which cuts are applied. We define ET as the total energy

measured in the detector, Eh as the energy measured in the hadron



calorimeter, E, as the energy imbalance along the beam direction, E; as the
transverse energy imbalance, and the number of jets as being that determined
by a cluster algorithm applied in the same way to data and Monte-Carlo. We

selected events by applying the following:

Ep
1. 0.65 < o= < 1.35

Eh

2. = > 0.10

ET

3. 1Ea] < 0.20
ET

4. EL < 90.25

ET

S. Number of jets above 20 GeV

v
(=

v
N

6. Number of jets above 10 GeV

These cuts have been applied in the distributions shown. The data and
Monte-Carlo agree in all the distributions shown as well as in a wide range

).

of jet variables (thrust, aplanarity, number of jets, cosejet

With the above criteria, we find an acceptance of 0.76%0.01+0.02 where
the first error is statistical and the second systematic. The systematic
error on the acceptance has been determined by varying the cuts on Monte
Carlo and data. A trigger and data acquisition efficiency of 0.98+0.02 has

been determined, giving an overall acceptance of 0.74+0.01+0.03.

The rate of background has been calculated using Monte-Carlo. We find a
1.240.27 contamination from t pair production and a 0.8%0.27 contamination
from electron pair production. Other sources of background are negligible

when the above criteria are applied.

The event selection has been checked independently by physicists

‘scanning all events passing much looser cuts. The agreement is within 17.

Table 2 gives the cross sections for e*e” -+ hadrons measured as a

function of energy along with the number of hadron events and the luminosity.



The errors on the cross sections given include systematic errors. There is an
overall normalization uncertainty of 67 which is not included in the errors
quoted in the table. This overall systematic error has been computed by
adding the systematic errors from the luminosity determination and the hadron

selection in quadrature.

Table 2
Energy Hadrons Corrected Bhabhas Luminosity Cross Section

(Gev) hadrons (nb-1) (nb)
89.26 114 152.#15. 1320 15.940.4 9.6%1.0
90.27 344 456.125. 1942 23.940.5 19.1#1.2
91.01 319 420.%24. 1145 14.3%0.4 29.4%1.9
91.27 1221 - 1608.%47. 4427 55.6+0.8 28.9%1.0
92.26 188 246.+18. 830 10.7%0.4 23.1#1.9
92.52 107 140.%14. 622 8.0%0.3 17.4%1.9
93.27 245 318.+#21. 2186 28.710.6 11.1#0.8
all 2538 12472 157.1

Table 2: Hadron and Luminosity data

The cross sections given in Table 2 are our basic measurements which are
fully corrected. To understand the significance of these measurements, we

have performed three fits to the data:

1) A fit to the Z° mass within the Standard Model [11,12].

2) A model independent fit to determine the Z° mass, width and branching
ratio into hadrons.

3) A fit within the Standard Model to determine the Z° mass and its width

into particles, like neutrinos, which are invisible in our detector.

The last two fits were performed using analytic forms for the Z° cross
section which have been given by Cahn [13] and by Borrelli et al. [14]. These
functions include the initial state radiation in a relativistic Breit-Wigner
resonance shape. The two analytic forms give identical fit results. The two
analytic expressions reproduce the cross sections of the programs ZBATCH and
ZHADRO [11) within 0.57 in the energy range for which we have data if the

same values of the mass, width and branching ratios are used.



In the first fit, we assume that the Standard Model correctly predicts
the width and branching fractions of the Z°. The only free parameter, aside
from the overall normalization which is allowed to vary within the error
quoted above, is the mass of the Z°. We find that the mass of the 2° is
91.135+0.057 GeV.

In the second fit, we allow the Z° mass, width and branching ratio into
hadrons to vary. The branching ratio is, of course, directly dependent on our
overall normalization. From this fit, we find the Z° mass to be 91.132

+0.057 GeV and the total width to be 2.588%0.137 GeV.

Finally, in the third fit, we determine the number of light neutrinos
assuming we know the Z° width into hadrons and into leptons from the Standard
Model (a_=0.12, m£°p=60 GeV, my; . =100 GeV). In this fit, the Z° mass is a
free parameter along with the invisible width. The Z° mass is found to be
91.133#0.056 GeV. Note that the value of the mass and its error are quite
insensitive to the fitting method used. The invisible width is 0.567%0.080
GeV giving the number of light neutrino flavors of 3.42%0.48. This fit is
shown in Fig.7. The curves from the first and second fits are

indistinguishable from the curve in Fig.7.

Since this is the beginning of the first physics run of our experiment,
we have been rather conservative in our estimates of systematic errors. An
estimate of the effect of normalisation uncertainties was obtained by
repeating the analysis while setting the systematic errors to zero. In that

case, we obtain 3.29+0.22 for the number of neutrino flavors.

The results of all three fits, including x2? are summarized in Table 3.
The errors on the parameters given in this table include all statistical and
systematic errors associated with our experiment. The error on the Z° mass
must be increased due to the uncertainty in the absolute normalization of the
LEP machine enefgy. This wuncertainty is 0.046 GeV [15]. When added in
quadrature with our error of 0.057 GeV, we get an overall error on the Z°

mass of 0.073 GeV.



Table 3
Fit Z° mass Total Width Invisible Width x2/DF
(GeV) (GeV) (GeV)
1 91.135+0.057 4.7/5
2 91.132+0.057 2.588%0.137 3.8/4
3 91.133+0.056 0.567+0.080 4.0/4

Table 3: Summary of fitted' results

4) Measurement of Electron Pairs

The event selection for the process e'e” - e*e (y) was mainly based on
the BGO calorimeter. We selected events by applying independently the two

following sets of cuts to our data sample :

a) Two electromagnetic clusters in the BGO calorimeter with a total energy
> 0.7Js, or

b) The most energetic electromagnetic cluster in BGO having an energy
>0.45/s and a second electromagnetic cluster >2 GeV in the opposite
direction with an acolinearity angle <25°, and an energy deposition in
the hadron calorimeter behind both electromagnetic clusters less than

5 GeV, in order to eliminate Tt contamination.

The two methods have an efficiency of 0.90%0.06 and 0.86%0.06
respectively. The quoted errors are systematic. The systematic error on the
efficiency has been determined by varying the cuts on Monte-Carlo and data.
We find from Monte-Carlo studies no significant contamination from =t pair
production. Other sources of background, such as e*e” - yy, are negligible
when the above criteria are applied. The number of events selected by the two
methods 1is in very good agreement, once corrected for their slightly

different selection efficiency.

We observed a total number (efficiency corrected) of N = 108%11+8 events
during the data taking, out of which 70#9%5 are found at the two energy
points very close to the Z° pole (91.01 GeV and 91.27 GeV). These events are



- 10 -

used to derive a cross section for the process e*e” = e*e’(y) in the polar

angular interval 42°< © <138° at the Z° pole. We find
o(e*e” »+ e*e " (y)) = 1.05%0.13%£0.09nb.

The first error is purely statistical and the other has been computed by
adding the systematic errors from the luminosity determination and the
selection efficiency in quadrature.

The measurement of the production cross section for e'e” final states at
the 2° peak was also used to determine the partial Z° width Fee' In order to
include the effects of photon as well as Z° exchange, we used the Monte-Carlo
generator BABAMC [16]. We inserted a scale factor multiplying the weak
couplings 4 and 8y in the program. We thus determined the prediéted number
of e*e” events inside our acceptance, corresponding to the cuts described
above, as a function of the ratio of the width Fee to the-width corresponding
to the Standard Model. We find that ree = 8849 (statistical) *7 (systematic)
MeV, where the systematic error includes the uncertainty due to our measured
error on the Z° width. This result compares to the Standard Model prediction
of 83.3 MeV, at our measured Z° mass value of 91.13 GeV. We note that the

contribution of pure QED, without the Z° to the accepted cross section is 127

so that the measurement of Fee is completely dominated by weak effects.

S) Measurement of muon pairs

We have determined the ratio of the Z° width into muon pairs to its
width into hadrons. The muon pair selection has been made with four different
sets of cuts on muon momentum, vertex position and scintillator timing
relative to the beam crossing. With these cuts we select four samples of
events, the smallest having 66 muon pairs and the largest having 97. The four

event samples when corrected for acceptance of the cuts all give
r =0. *0.
up/ Tp=0-056£0.006

within 20.001. We estimate a systematic error of 47 or 0.002 on the muon
selection. From this, we obtain Fuu=92i6 MeV (from our fitted value of rh-ree

and assuming ' =" ).
ee gy
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With the muon pair data, we have made a determination of the mass and
width of the Z°. The data points are shown in Fig.8. Fitting our data only on
our muon pairs, we find that MZ=90.77t0.19GeV and that the total width is
1.92+0.53GeV. The fit chi square is 2.3 for 3 degrees of freedom.

6) Summary

Thanks to the excellent performance of LEP, we have analysed 2538 hadron
events, 95 electron pairs,and 97 muon pairs near the Z° mass region. With a

conservative estimate of our overall normalization uncertainty of 67, we have

measured

the mass of the Z° to be: Mjo= 91.132%0.057 GeV

(not including the 46 MeV machine energy uncertainty)

the width of the Z° to be: T, 0= 2.588%0.137 GeV

the invisible width: r, ... = 0.567+0.080 GeV
invisible

Which gives for the number of neutrinos: 3.42 +0.48

We also determined independently Fuu= 92+6 MeV

and I' = 88%9+7 MeV
ee
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Figure Captions

Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Fig.8

Schematic view of the L3 detector.

An example of the A¢ distribution of the Bahaba events in the

luminosity monitor. The arrows indicate the 160° < Ap < 200° cut.

Distribution of observed total energy ET normalized to s compared

with Monte-Carldé for hadron events. The overall energy resolution

is 127.

Distribution of observed relative hadronic energy Eh/ET compared

with Monte-Carlo.

Distribution of observed energy imbalance parallel to the beam
direction (IE" |) normalized to the observed total energy ET

compared with Monte-Carlo.

Distribution of observed energy imbalance perpendicular to the beam
direction (E;) normalized to the observed total energy E; compared

with Monte-Carlo.

Measured cross section for e*e” - hadrons as a function of Js. Data

are shown with statistical errors only. The curve shows a fit to

the Cahn formula (13] in which M,, and T. . . were left free.
Z invisible

The normalization was floated within the quoted 67 systematic

error. The widths ree’ Fuu, r and T were taken from the

Tt hadrons
Standard Model.

Measured cross-section for e*e” »+ u*p- as a function of Js. The
solid line is the Standard Model fit. Data are shown with

statistical errors only.
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