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Abstract

More extensive and precise results are reported on the parameters of Z decay. On the basis
of 20 000 Z decays collected with the ALEPH detector at LEP we find:

M, = 91.182 £ 0.026 (exp) £ 0.030 (beam) GeV
Iz = 2.541 £0.056 GeV
and %y = 41.4 0.8 nb.

The partial widths for the hadronic and leptonic channels are:

Thaa = 1804144 MeV
Tete = 82.143.4 MeV
Ty+p- = 87.9 £6.0 MeV

and Trtr- = 86.1 £5.6 MeV,

in good agreement with the standard model. On the basis of the average leptonic
width It = 8391 2.2 MeV, the effective weak mixing angle is found to be
sin20w(M;z) = 0.231 + 0.008. '

Using the partial widths calculated in the standard model, the number of light neutrino
families is Ny = 3.01 £ 0.15(exp) % 0.05 (theo). '



1. Introduction

With the start-up of LEP, one of the interesting questions which could be addressed was that
of the number of neutrino species into which the Z decays, not by the direct observation of the
neutrinos, but by a precise measurement of the Z width, or of the cross-section at the Z peak.
The latter is statistically more powerful, but systematically more demanding because it requires
precise knowledge of the absolute luminosity and of the Z decay detection efficiency. Several
results based on the cross-section have been reported recently [1-5] and are in agreement with three
neutrino families, however, the most precise of these [5] is only 21/, standard deviations away
from four families. We therefore believe it useful to report the continuation of our work, based on
a six-fold statistical increase in the data sample. The analysis has remained basically the same, but
the detector has continuously improved and our understanding of the systematic errors has
progressed. In addition to the number of neutrino families Ny, new results for the Z mass and line
shape, as well as the leptonic branching ratios are given. For a brief description of the detector,
we refer toref. 5. A more detailed description is in preparation [6)].

2. Event triggers

Two independent triggers are used in this analysis: i) a basic trigger based on the
electromagnetic calorimeter (ECAL), which requires a total energy of 6.5 GeV in the ECAL barrel,
3.8 GeV in either ECAL end-cap, or 1.6 GeV in both end-caps; ii) a penetrating-charged-particle
trigger, which requires that at least 5 inner tracking chamber (ITC) wire planes and at least 4
hadron calorimeter (HCAL) double planes give signals in the same azimuthal region.

3. Z Event selection and efficiency

Events are selected in two independent ways, one based on calorimetric energy, the other on
charged tracks. Both require the basic trigger; the other trigger is used exclusively to measure the
trigger efficiency.

The calorimetric selection requires a minimum total electromagnetic and hadronic energy of at
least 20 GeV. In addition it is required that at least 6 GeV of this energy be in the ECAL barrel or
1.5 GeV in each of the ECAL end-caps. If there are at least 5 time projection chamber (TPC) tracks
(95% of the events) there are no further requirements. For events with 1 to 4 tracks, additional
cuts are imposed to eliminate e* e and p* y- final states. Bhabhas are rejected on the basis of their
characteristic tight energy clusters in the electromagnetic calorimeter. To eliminate muonic decays,
events are rejected if there are exactly two tracks, each with associated hits (4 or more strips in the
10 outer layers) in HCAL. For events with no tracks at all, two additional cuts are applied to



eliminate cosmic rays: a time window of * 350 nsec based on timing in ECAL, and a requirement
of at least two clusters of 3 GeV each in ECAL. This selection leaves 18 654 events: 16 930 with 5
or more tracks, 872 with 1 to 4 tracks, and 852 with no tracks. This latter class includes 804
events with the TPC turned off.  All events with less than 5 tracks were visually inspected; 121
events were identified as Bhabha events in which one or both electrons are in the cracks of ECAL
but the energy could be seen in HCAL, 14 events are classified as beamn gas interactions, 3 as
muon pairs, and 92 could not be identified, so that 46 with an error of + 46 were included in the
final event sample. As a check, in the visual inspection, t+ 1 - decays were identified. Almost all
T+ 1 - events should appear in the 1-4 track category. On the basis of the branching ratio
I'tt/T'had = 0.048 and the Monte Carlo simulation, 510 tt events are expected, and 524 were

found. This identification, however, is not used in the analysis.

We are left with a total of 18 470 events. The distribution in total calorimetric energy is
shown in Fig. 1a, together with the Monte Carlo prediction. Fig. 1b shows the distribution of the
calorimetrically determined thrust axis. The experimental energy distribution is somewhat wider
than the simulation. This difference is due to noise problems in the hadron calorimeter but has a
negligible effect on the detection efficiency; the only use made here of HCAL is the 20 GeV total
calonimetric energy requirement. This conclusion is corroborated by the agreement between data
and Monte Carlo at low energy in Fig. 1a. The calculated efficiencies are (99.4 £ 0.2)% for
hadronic events, and (60 + 6) % for t+ 1~ events. The possible contamination by the two
photon process (YY) is estimated using the sample at the lowest energy, in which this background
would be concentrated. We study the cross-section of the data with calorimetric energy between
20 and 35 GeV (330 events) as a function of the beam energy. The Z component must exhibit the
resonance characteristics whereas the Yy component is almost independent of energy. There is no
indication of a Yy component. The upper limit for the whole data sample due to Yy background is
0.1%. The total systematic uncertainty in the efficiency for this selection is estimated to be 0.6%.

The charged track selection requires at least 5 tracks in the TPC with the sum of the track
energies (assuming the pion mass) larger than 10% of the center-of-mass energy. The tracks must
have a polar angle above 18.2°. This ensures that at least 6 TPC pad rows are traversed; at least 4
reconstructed coordinates per track are required. The distance of closest approach of the
reconstructed tracks from the collision point must be less than 10 cm along the beam and 2 cm
transverse to it. Track reconstruction efficiency is ~ 99%. Distributions based on the tracks, such
as multiplicity, total energy, sphericity, thrust, etc. are in good agreement [5,7] with hadronization
models [8] . For the accepted events, distributions of the total energy and sphericity axis are
shown in Fig. 2a and 2b, respectively. The calculated efficiency for qq events is (97.5 + 0.6)%.
The background of t* t- events is estimated at (30 = 10) events, and is subtracted. The
background from the two-photon process is calculated to be 15 pb. To check the two-photon
contribution, the cross-section for events with track energy between 0.1 Ecum and 0.15 EcMm is
studied as a function of center of mass energy to separate the resonant and non-resonarnt



contributions. A non-resonant cross-section of (-2 + 32) pb is found, and (15 £ 15) pb is
subtracted from the observed hadronic cross-section. The total systematic uncertainty in the
efficiency for the track selected sample is also estimated at 0.6%.

The trigger efficiency is measured by means of the penetrating track trigger, which is entirely
independent, and which overlapped in 92% of the events. Events triggered by the penetrating
track trigger and missed by the basic trigger correspond to 0.05% of the accepted event sample.
Conservatively, the trigger inefficiency is 0.140.1% for both event samples.

4. Luminosity detector, acceptance conditions and trigger

Accurate measurement of the luminosity is essential to the precise determination of the peak
cross-section, especially because the acceptance for the Z events is very close to unity and the
uncertainty correspondingly small. The Bhabha events used to measure the luminosity have a
polar angle dependence of sin46/2; a clear and well understood acceptance at the inner boundary is
therefore crucial.

The ALEPH luminosity detector consists of a wire chamber arrangement followed by a
calorimeter (LCAL) around the beam pipe at small angles on both sides of the detector. Only the
calorimeter is used in the present analysis. It is a 38 layer lead and proportional-wire chamber
sandwich construction, read out in projective towers, 784 on each side (see Fig. 3a). Each tower
is read out in 3 stories, 4.7, 10.4 and 9.4 radiation lengths in depth, respectively. There are two
semicylindrical modules on each side covering the polar angle range 42-160 mrad. Within each
module, the mechanical precision in the relative position of the towers is 120 pim. The uncertainty
on the inner radius due to the relative positioning of the two'modules is 140 pum. The distance
of the shower maximum from the collision point is 280 cm. The energy resolution is 3%,
tower-to-tower response uniformity + 2%, and the spatial resolution of the shower position
1.2 mm in x and y.

The acceptance region is defined by a boundary between towers as shown for one haif of
one module in Fig, 3a. The acceptance region excludes an inner band of towers and further
excludes a large outer region, essentially the region outside ~110 mrad. The latter exclusion
results in a loss of ~15% of the luminosity events, but was desirable, since this region is
shadowed by the end-plate of the ITC and TPC, degrading the electron energies somewhat and
consequently introducing a systematic error. Acceptance requires that the electron or positron
shower pulse height in the front storey is larger in the acceptance region than in the boundary
region on one side. There is no such requirement on the opposite side other than that the shower
position be inside a 125 mrad contour. The side on which the boundary conditions must be met
alternates from one event to the next. The asymmetry in the acceptance condition, together with



the requirement of alternation from event to event, ensure that the acceptance is independent, in
first order, of transverse and longitudinal displacement of the collision point and of small
displacements of the beam direction. The pulse height requirement across the fiducial boundary
results in a remarkably precise definition of the fiducial region: the position uncertainty at the
boundary is ~150 um. The projective nature of the geometry is essential here. The x - y position
of the beam crossing relative to the calorimeters is measured for each LEP fill on the basis of the
shower positions on the two sides with a precision of ~ 0.2 mm, but the consequent corrections
are negligible.

In addition to the geometric requirement, it is required that the energy on each side is greater
than 0.22 Ecpm, and the sum greater than 0.6 Ecm.

Three triggers were used in the luminosity determination:

A basic luminosity trigger. This trigger requires a coincidence between the two
sides with more than 20 GeV on one and 16 GeV on the other.

A high level single trigger, requiring more than 31 GeV on either side. This
trigger serves as a check and permits the efficiency determination of the basic
trigger.

Prescaled single triggers of more than 20 GeV and 16 GeV on either side.
These triggers enable determination of the background due to random
coincidences of off-momentum electrons.

The initial data sample [5] had a small problem in the coincidence trigger, which has since
been corrected. The luminosity trigger inefficiency for the total sample is measured to be
(0.1 £0.1)%.

Fig. 3b shows the polar-angle distribution of accepted events on the fiducial side, for data
and simulation. Fig. 3¢ shows the total energy distribution. Fig. 3d shows the distribution in the
difference, Ad, between the azimuthal angles in the two arms after correction for beam position and
magnetic deflection. The Bhabha events are near 180° acut at 170° is applied. The data shown in
this figure also permit an estimate of the background due to random coincidences in the two sides
between single, off-momentum particles. This background is distributed much more broadly in
A¢ than the luminosity events. The events in the region 0° <A ¢ < 10° and 160° < A$ < 170° can
be used to subtract the background at 170° < A¢ < 180°. As can be seen in Fig. 3d, the
background is small, at a level of ~ 0.4%.

The effective cross-section is calculated using an event generator that includes first-order
radiative corrections [9]. The events were generated at 91.0 GeV collision energy and the cross-



section is found to be 26.78 £ 0.15 (stat)  0.20 (theo) nb at 91.0 GeV. For other energies this

Cross-section was multiplied by the factor (91 GeV/Ecy)2 and corrected for small (<1%)
electroweak effects.

We checked that the cross-section within our cuts is not very sensitive to radiative
corrections. The difference between the lowest-order and the first-order calculations is about 1%.
The systematic error introduced by neglecting higher orders is expected to be smaller than this
value; we assume an error of 0.7%. The hadronic vacuum polarization has been included [10].
The uncertainty for the small momentum transfer involved is of order 104, and is therefore
negligible.

The systematic relative errors in the determination of the luminosity are estimated as follows:

Position of pad towers within a module and between the two halves 0.002
Inadequacy of simulation 0.009
Energy resolution and cell to cell variation 0.003
Uncertainty in collision position and beam angle relative to calorimeters negligible
Theoretical uncertainty, higher order radiative effects 0.007
Statistics of simulation 0.004
Total estimated systematic error 0.013

Some checks on the systematic quality of the luminosity measurements were possible. The
precision of the geometrical event selection could be checked by repeating the selection, but basing
it not on the first calorimetric layer of 4.7 radiation lengths, but instead on the second of 10.4
radiation lengths which contains the bulk of the shower. Ina sub-sample of the data, 4169
events were selected on the basis of the first layer and 4171 on the basis of the second. A total of
6 events were not in common. A second, more comprehensive, check was possible by comparing
the result to that obtained o2 the basis of a more restrictive selection in which the inner boundary is
displaced by one tower width. The ratio of accepted events was found to be 0.732 + 0.004
compared to the Monte Carlo expectation of 0.729. In a third check, the energy requirement was
changed from the fraction of 0.6 for the total energy to 0.66 and 0.55 of the beam energy for the
showers on the fiducial and non-fiducial sides respectively. The acceptance changed by 1.5 %
compared to the Monte Carlo expectation of 1%. The discrepancy of 0.5% is due to known flaws
in the detector simulation, but is below the given error of 0.9%.



5. Cross-sections on the 7Z Resonance

Data were obtained at 11 energies: at the Z peak, and at the peak +£0.25 GeV, £ 1.0 GeV,
+1.5GeV,+2.0GeV, +3.0GeV and + 4.0 GeV. The results reported here are based on
~ 20000 Z decays which include the 3 300 already reported [5]. The calorimetric selection did not
require the TPC, so that its integrated luminosity is higher than that for the track selection. For the
data accessible to both selections, 96% of the events are in common. The remaining 4% are found
only calorimetrically: 2/3 of these are T+ T - decays and the remaining 1/3 are hadronic decays.
These differences are as expected from the simulation. A detailed comparison of the two selections
for the events with at least 5 tracks finds an agreement of better than (.3%.

The number of Z and luminosity events are given in Table 1 for the different energies and the
two event selections. The resultant hadronic cross-sections are listed as well. In the case of the track

selection, Opad = Nirack %Lm, where €irack = 0.975 £ 0.006.
Etraxck Lum

. . . N
In the case of calorimetric selection, Opaq =< GL“m,
€cal NLum

Ot
where  €cal = Ecalhad +— Ecals 1
Chad
=0.994 + 0.048 - 0.60 = 1.022 £ 0.006 (at the peak),

where the error includes all systematic uncertainties.

In the following analysis, the average result of the two selections, also given in Table 1, is
used. The systematic errors are not included in Table 1. They are 1.3% for the luminosity
measurement, 0.6% for the Z events of each selection, and 0.4% for the corresponding error in the
combined cross-section.

6. The resonance parameters

The energy dependence of the cross-section near the Z resonance is expected to have the Breit-

Wigner form:
Ohad = ®had s T2 (1+ 8rad () (1)
s-M2)2 + 52 T,2/M,2
Iee I'had
where GOhyq = 128 ——— .
had MZ2 1_,22

Here, I'ee and T'had are the partial widths for Z decay to e*e” and qq, respectively, I'; is the total

7 width, and M, is the Z mass. To obtain a meaningful cross-section the bremsstrahlung from the



initial state has to be resummed to all orders as described in ref. [11-15]. The effect of these
corrections is summarized in the term 8.54(E) of (1), which, although of the order of 30% at the
peak, is known to better than 0.5%.

A three-parameter fit to the data on the basis of equation (1) and the computer program of
Burgers [15] and the formula of Borelli et al. [16] yields the peak cross-section GO,g, the Z mass
and I';:

COhad = 41.4+ 0.8 nb
M, = 91.182 = 0.026 (exp) = 0.030 (beam) GeV
Iy = 2.541 1+ 0.056 GeV.

The beam error in My is due to the uncertainty in the mean e*e- collision energy. This error was
determined by the LEP Division [17].

The absolute scale error from luminosity and acceptance systematic errors introduces
correlations between the points, and these correlations have been taken into account in the fit. In the
result for Mz, the error due to the uncertainty in the collision energy is stated separately . The

possible changes in beam energy from one run period to another do not contribute significantly to
any of these quantities.

The %2 of the fit is 10.5 for 8 degrees of freedom. The cross-sections and the expectations for

two, three or four neutrinos are presented in Fig. 4. Fig. 5 shows the 68% and 99% confidence
limit contours in the G%haq - I'; plane. The results are in agreement with, but considerably more

precise than, the measurements of only two months ago [1 - 5].

So far this determination of the Z resonance parameters has been essentially model
independent. It is possible to use the Standard Model predictions for the partial widths [18],

Thad = 1737 + 22MeV
It = 835 = 0.5MeV
and vy = 166.5 £ 1.0MeV,

together with I'y = ['hag + 3111 + Ny I'yy to find Ny, on the basis of the measured total width I,.
The result is Ny = 3.30 £ 0.37.



7. Number of neutrino families

In the frame of the standard model, the statistically most powerful way to obtain the number
of neutrino families is not from the measurement of the width, but from the peak cross-section,
O%%ad. The data are refitted with only Ny and M; as parameters. Since the mass determination is
independent of the absolute cross-section and the width, M changes only slightly in this fit. We
find:

&
I

91.175 £ 0.027 £ 0.030 GeV
3.01 £ 0.15 (exp) + 0.05 (theo).

5
a
2
<

|

The theoretical uncertainty is due to uncertainties in the partial width calculation and is
discussed in our previous letter [5]. The x2 of this fit is 11.3 for 9 degrees of freedom. The

agreement with the earlier results [1-5], which give an average of Ny = 3.13 £ 0.25, is good.

8. Leptonic branching ratios

The leptonic branching ratio of the Z [19,20} has been determined, using the larger data
sample, in a way similar to that reported in [19]. The result of the detailed analysis is given in
Table 2. The e*e- and T+t~ channels were analyzed in a manner identical to [19] using the same
range of energies. A somewhat larger data sample, however, was used for the t+1" than for the
ete~. For the p*y- channel a slightly different procedure to [19] was adopted in order to extend
the angular range to icos@l < 0.90 and data at all center-of-mass energies were used. Candidate
events for - pairs were selected as in [19]. However, muons were identified here by requiring
also that at least one of the two energetic tracks to have a low energy deposit in the ECAL,
compatible with a minimum ionizing particle. Some runs in which the HCAL readout was not
operational were excluded. The principal backgrounds in each channel in Table 2 are lepton pairs
mistaken as another type of lepton pair. The last row in Table 2 gives the ratios of the numbers of
lepton pairs to hadronic events where the latter were selected using the reconstructed charged
tracks as described in section 3.

Table 3 shows these ratios (P) together with the branching ratios (B) and partial widths (I')
deduced from the measured values of 6%, and I derived above, correcting for the effect of
single photon exchange. Since the measured leptonic branching ratios are equal within errors,
compatible with lepton universality, the average values I'i+1-, Pr+1- and By+- are also given. From
these numbers the hadronic and invisible branching ratios are deduced following the procedure
described in [19]. They all agree very well with the standard model prediction.
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The value of g can be checked by using I'haq; we find 0s=0.22+0.10, assuming the first
order expansion I,y = 1"23 d( 1+ o0g/m).
Since the branching ratios add to unity, the ratio of the invisible to the leptonic width is:

I_‘inv _ 1 1
T B P

3 = 578+0.39
I'+-

where Bi+(- and Pj+- are the averaged leptonic branchin g ratios and the ratio of the leptonic to
hadronic events, respectively, and ',y and I'1+- are the invisible and leptonic partial widths.
Taking the value I'vi/T'i+- = 1.99 + 0.01, expected from the Standard Electroweak Model, the
number of neutrino types is 2.90 £ 0.19. The importance of this result compared to the previous
one, to which it is very strongly correlated, is that the ratio I'y3/Tj+1- is the only assumption from
the standard model used in the analysis. The result is still valid if additional unexpected states
yielding hadrons are present in Z decays.

The average leptonic partial width can be related to the effective weak mixing angle
sin20y (M) [21] in the following manner:

o(Mz) * M; (1 + (1- 4 5in20,,(M))?)

F +1- = 1 + K .
r- =« ) 48 5in20y,(M,) c0s28(M,)

>

where K = (0.2£0.3) % represents additional electroweak effects [22] and (M) is the
effective QED coupling constant .

From our measurement, I'*+j- = 83.9 £ 2.2 MeV, we find:

sin20,,(M,) = 0.231 + 0.008.

This determination is insensitive to assumptions on the top quark mass, the Higgs boson
mass or the Higgs structure of the theory. It constitutes the most precise direct determination at
this time of sin26,, from neutral current couplings of leptons.
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Table 1

Results for Opag near the Z peak. The number of Z decay candidates and luminosity event

numbers and resultant hadronic cross-sections for the two event selections, as well as the

combined result are shown. The errors are statistical only.

Track selection

Calorimeter selection

Average
Energy Nirack Nrum Cross-section, Ncal Nrigym  Cross-section, Cross-section
GeV nb nb nb
88.278 306 2015 4.43+ 0.27 405 2447 456+ 0.25 4.49 + Q.25
89.289 337 1020 9.45% 0.59 546 1570 9.46 % 0.47 9.46 = 0.47
90.285 1620 2310 19.65+ 0.63 1714 2341 19.58 £ 0.62 19.61 £ 0.62
91.036 4057 3691 30.16% 0.68 4812 4188 30.15 + 0.64 30.15 £ 0.64
91.288 4312 3835 30.58+ 0.68 4579 3874 30.82 % 0.68 30.70 £ 0.63
91.531 2884 2680 29.04+ 0.78 3501 3136 28.79%0.71 28.92 £ 0.71
92.286 1340 1686 21.01% 0.78 1429 1715 21.00% 0.76 21.00 £ 0.76
92.565 130 222 1540t 1.71 143 225 1591+ 1.73 15.65 £ 1.71
93.292 827 1585 13.50% 0.58 913 1685 13.36 + 0.56 13.43 + 0.56
94.278 234 688 8.62% 0.66 258 715 8.61%x0.64 8.61 £ 0.64
65.036 95 396 5.98% 0.69 170 662 6.00%0.53 5.99 + 0.53
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Table 2

Details of the evaluation of the corrected number of events for the three channels Z -> I+ 1-. The
last row gives the ratio (P) of leptonic events to hadronic events of the same data sample.

ete- Uhglhy T+
1+1- candidates 398 * 20 382 20 581 *24
background events 14 3 2 + 1 47 9
t-channe] subtraction 60 = 6 +5
Z—> 11" (raw) 323 +21 %6 380 20 £ 1 534 +24 £ 9
Cross-section accept. (%) 73.4 85.5 89.5
Selection efficiency (%) 94.5 2.0 96.5 +01.1 91.6 +2.0
Trigger efficiency (%) 100.0 -0.2 98.3 £0.6 99.710.2
Z — > 1*]- (corrected) 466 £ 30 =13 469 25 £ 5 653 129 *15
Z —> hadrons (corrected) 10385 +103 9769 99 13880 £119

P (%) 4.48 1030 30.12 4.80 +£0.26 x0.05 4.70 *0.2120.11
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Table 3

Measured ratios (P) of leptonic to hadronic Z decays, branching ratios (B) and partial
widths (T') for the different decay modes.

Decay P B I'(MeV)
Z—> ete 0.0448 = 0.0031 0.0323 =* 0.0012 82.1 + 34
Z— prp 0.0480 + 0.0026 0.0346 * 0.0023 879 + 6.0
Z- 1ttt 0.0470 £ 0.0024 0.0339 £ 0.0021 86.1 + 5.6
Z- 1+l 0.0468 =0.0015 0.0330 * 0.0006 83.9 + 2.2
Z — hadrons | 0.710 % 0015 1804 + 44.

Z -~ invisible 0.191 + 0014 495 + 41.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. §

Distributions for calorimetrically selected events. a) total calorimetric energy;
b) absolute value of the cosine of the thrust axis.

Distributions for track selected events. a) total track energy; b) absolute value of the
cosine of the sphericity axis.

The luminosity calorimeter. a) tower structure in one quadrant showing acceptance
boundary; b) distribution of the polar angle. ¢) distribution of the total Bhabha
energy relative to the collision energy, before and after background subtraction. The
minimum value for acceptance is 0.6; d) distribution of the difference in the azimuthal
angle between the two sides. The acceptance region is 170° < A < 180°.

Cross-section for e*e- —> hadrons as function of LEP energy. The Standard Model
predictions for Ny = 2, 3 and 4 are shown.

Contours of constant %2 in the 6%yg - I'; plane, and the Standard Model predictions for
Nv = 2, 3 and 4.
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