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The cross-section for e*e~ — hadrons in the vicinity of the Z boson peak has been measured with the ALEPH detector at the
CERN Large Electron Positron collider, LEP. Measurements of the Z mass, M;=(91.174+0.070) GeV, the Z width I, =
(2.68+0.15) GeV, and of the peak hadronic cross-section, of53* = (29.3+1.2) nb, are presented. Within the constraints of the
standard electroweak model, the number of light neutrino species is found to be N,=3.27+0.30. This result rules out the possi-
bility of a fourth type of light neutrino at 98% CL.
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1. Introduction

The Z boson was discovered in 1983 at the pp col-
lider at CERN [1,2]. Detailed studies of its proper-
ties can now be performed in e *e~ collisions at LEP.
In the standard electroweak model [3]. the Z boson
is expected to decay with comparable probability into
all species of fermions that are kinematically al-
lowed. The decay rate of the Z into light, neutral,
penetrating particles such as neutrinos, that would
otherwise escape detection, can be measured through
an increase in the total width I';. Detection of addi-
tional neutrino species would put in evidence addi-
tional fermion families, even if the masses of their
charged partners are inaccessible at presently avail-
able energies. One additional species of neutrino
would result in an increase of 6.6% in [,. Further-
more the peak cross-section to any detectable final
state f is very sensitive to this change and would de-
crease by 13% for one more neutrino species. This
cross-section can be expressed in terms of I, and of
the partial widths, I, I',, [;,of the Zintoe*e~, neu-
trinos, and the final state f as

_ Ly
ML T2

gpes (1=0,2a) =07(1=Jra) (1)
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with
rZ=NvFv+3rec+rhad’ (2)

where N, is the number of light neutrino species. In
the particular case where f comprised mostly had-
ronic final states, uncertainties in the overall scale of
partial widths, such as those related to the lack of
knowledge of the top quark mass and more generally
to electrowcak radiative effects, as well as uncertain-
ties in the ratio of hadronic to leptonic partial widths,
largely cancel in this formula. The QED initial state
radiative correction, &,,4. 1S quitc large, but has been
calculated to an accuracy believed to be better than
0.5% by several authors [4].

Cross-sections are measured by taking the ratio of
the number of selected Z decays, hercafter referred to
as hadronic events, to the number of small anglee*¢~
events from the well calculable Bhabha scattering
process, hereafter referred to as luminosity events.

2. Description of the ALEPH detector

The data presented here have been collected with
the ALEPH detector during the first three weeks of
running at LEP, from 20 September to 9 October
1989. Guided by carlier measurements of the Z mass
by the CDF [5] and Markll [6] Collaborations, data
were collected mainly at the Z peak and in the near
vicinity of it. Integrated luminosities of 64 nb~"' at
the peak and 88 nb~"' on the sides of the peak were
recorded.

A dctailed description of the ALEPH detector is in
preparation [7]. The principal components relevant
for this measurement are:

- The Inner Tracking Chamber, ITC, and 8-layer cy-
lindrical drift chamber with sense wires parallel to the
beam axis from 13 cm to 29 cm in radius. Tracks with
polar angles from 14° to 166° traverse all 8 layers.

~ The large cylindrical Time Projection Chamber,
TPC, extending from an inner radius of 31 cm to an
outer radius of 180 cm over a length of 4.4 m. Up to
21 space coordinates are recorded for tracks with po-
lar angles from 47° to 133°. Requiring 4 coordinates,
tracks are rcconstructed down to 15°.

- The Electromagnetic Calorimeter, ECAL, a lead
wire-chamber sandwich. The cathode readout is sub-
divided into a total of 73 728 projective towers. Each
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tower of about 1° % 1° solid angle is read out in three
stacks of 10, 23 and 12 layers (respectively 4, 9 and
9 radiation lengths). The signals from the 45 wire
planes of each of the 36 modules are also read out.
The two endcaps cover polar angles from 11° to 40°
and 140° to 169° and the barrel covers polar angles
from 40° to 140°.

- The superconducting, solenoidal coil, providing a
magnetic field of 1.5 T.

— The Hadron Calorimeter, HCAL, comprised of 23
layers of streamer tubes interleaved in the iron of the
magnet return yoke, read out by a total of 4608 pro-
Jective towers. Signals from each of the tubes are also
read out. The modules are rotated in azimuth by ~2°
with respect to the electromagnetic calorimeter so that
inactive zones do not align in the two calorimeters.
The two endcaps and the barrel of the hadron calo-
rimeter cover polar angles down to 6°.

— The Small Angle Tracking chamber, SATR, with 9
planes of drift tubes, covering angles from 40 to 90
mrads, for precise measurement of small angle elec-
tron tracks.

~ The Luminosity Calorimeter, LCAL, similar in its
construction and read-out to ECAL, extending from
50 to 180 mrads, providing energy and position mea-
surement of the showers produced by luminosity
events.

Hadronic events were triggered by two indepen-
dent first level triggers: (i) an ECAL-based trigger,
requiring a total encrgy of 6 GeV deposited in the
ECAL barrel or 3 GeV in either of the ECAL endcaps
or 1 GeV in both in coincidence; (i1) an ITC-HCAL
coincidence, for penetrating charged particles, re-
quiring 6 ITC wire planes and 4 to 8 planes of HCAL
tubes in the same azimuthal region.

Luminosity events were also triggered in two ways:
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abled triggers and the status of each of the relevant
subdetectors was recorded with each event. Events
were accepted only when both ECAL and LCAL were
running and when both ECAL and LCAL triggers
were enabled. A possible bias could come from the
few data acquisition failures that occurred during the
run. A careful investigation of all the events before,
during, and afier each failure revealed a possible but
small loss of 0.4% of the hadronic events. This check
could be done for the events that were mishandled
because their trigger pattern was always recorded and
the trigger patterns of hadronic and luminosity events
are unique enough to allow an estimate of the losses
in each category.

3. Event selection

To provide a check, two independent event selec-
tions were used. The first one selected hadronic Z de-
cays only, and was based on TPC tracks. The second
ong selected decays of the Z into hadrons as well as t
pairs, and was based on calorimetric energy. The
event samples overlapped to the extent of 95%. The
cfficiencies of both methods were very close to unity
and systematic uncertainties in these efficiencies were
less than 1%. Altogether 3112 events were retained in
the track selection and 3320 events in the calorime-
tric selection.

3.1. Selection with TPC tracks

Hadronic Z decays (a typical event is shown in fig.
1) were selected on the basis of charged tracks only,
requiring at least S charged tracks. The energy sum of
all charged tracks was required to be at Iecast 10% of

(1) a coincidque og L5 GeV deposited in LCAL on ___the centre-of-mass enerev. Tracks were reauired to
I,_"—-"‘ DN ki -_— el
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Fig. 1. A hadronic Z decay in the ALEPH detector: (a) x-y view;
(b) r-z view.

angle distribution, are in good agreement with the
simulation, as shown in fig. 2. The efficiency of this
selection method i1s 0.975+0.006, on the peak; the
error corresponds to assigning a conservative 20%
energy scale uncertainty near the cut. Uncertainties
in hadronization models were reduced to a very small
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Fig. 2. Propertics of charged tracks in hadronic events and com-
parison with simulations. In cach plot, the solid points represent
data and the lines represent the simulation normalized to the data:
(a) distribution of the charged-track energy sum per event; (b)
charged-track multiplicity distribution; (c) sphericity distribu-
tion for cvents where the sphericity axis had a polar angle such
that |cos 9,,,| <0.8: and (d) polar angle distribution for charged
tracks.

level by using the measured sphericity distribution for
the acceptance calculation. Due to initial state radia-
tion, this efficiency varies slightly on the side of the
Z peak by up to —0.003.

Contamination of the sample of hadronic events
by t pairs from Z decays was estimated to be
(5.1x1.5) events, and in fact three events compati-
ble with that hypothesis were found in the sample.
Contamination by beam-gas interactions was esti-
mated from the number of ¢vents found passing the
selection cuts except for the longitudinal vertex po-
sition: about onc event is expected. Finally the back-
ground from e*e~ —»e¢*e~ +hadrons (“‘two-photon™
events) was calculated to be about 15 pb, represent-
ing a contamination of 0.5% 10~2 to the peak cross-
section.
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3.2. Selection using the calorimeters

The aim of this method was to select hadronic and
tevents. The basic requirement was that the total ca-
lorimetric encrgy be above 20 GeV, as well as either
26 GeV in the ECAL barrel or at least 1.5 GeV in
each ECAL endcap. These requirements reduce both
two-photon events and muon-pair ¢vents to a negli-
gible level. Large-angle e*e~ events were rejected on
the basis of their characteristic tight energy clusters
in the electromagnetic calorimeter. For the few events
with no tracks at all, cuts were applied to eliminate
cosmic rays: a timing cut and a cut on the minimal
number (2) of clusters above 3 GeV in ECAL. On
the basis of Monte Carlo simulation as well as the
scanning of events the resulting selection efficiency is
0.994 +0.005 for hadronic events and 0.60 + 0.05 for
T events, giving a combined gy,4+ 0, efficiency of
0.974 +0.006. Contamination by events other than
hadronic or T was estimated to be less than 0.4%.

The two event samples were compared event by
event. Differences were well understood given the
different characteristics of the two selections.

3.3. Trigger efficiency

The trigger efficiency was measured by counting
cvents where one or both of the ECAL and ITC-
HCAL triggers occurred; it was found to be 100% for
the ECAL trigger and 87% for the ITC-HCAL trig-
ger, giving an overall efficiency of 100%.

4. Determination of the luminosity

Luminosity events were selected on the basis of the
energy deposited in the LCAL towers. Neighboring
towers containing more than 50 MeV were joined into
clusters, giving energy and position of the shower.
Events were required to have a shower reconstructed
on cach side of LCAL.

In order to minimize the dependence of the accep-
tance upon precise knowledge of the beam parame-
ters, an asymmetric sclection was performed: on one
side (e.g., the e* side), showers were required to have
more than half of their energy deposited in a fiducial
volume (fig. 3) excluding the towers situated at the
edge of the detector; the total energy deposit on that

PHYSICS LETTERS B

16 November 1989

ylem)

L0

30

20

Fig. 3. End view of the Luminosity Calorimeter, showing the tower
limits; the shaded area represent the towers excluded from the
fiducial area.

side was also required to be larger than 55% of the
beam energy; on the other side (e~ side), only a total
energy deposition of more than 44% of beam energy
was required. The respective roles of the e* and e~
sides were interchanged in every other event. Finally,
the difference in azimuth, Ag, between the e* and the
e~ was required to be larger than 170°.

The accepted cross-section was calculated using a
first order event generator [8] with a full simulation
of the detector. The value obtained for the cross-sec-
tion for Bhabha scattering into the region within these
cuts was found to be (31.12+0.45.,,%0.31,;,) nb, at
a centre-of-mass energy of 91.0 GeV and for a Z mass
of 91.0 GeV. the first error represents the effect of
uncertainties in the simulation. calibration, and po-
sitioning of the apparatus; the second one represents
the possible error due to neglecting higher order ra-
diative effects, and the uncertainty in the photon
vacuum polarization [9]. Properties of the luminos-
ity events are shown in fig. 4, and compared with the
simulation. The optimum energy resolution has not
yet been obtained, but the acceptance is quite insen-
sitive to this. Other propertics are in good agreement
with expectations. The displacements of the beam
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ALEPH Table |
T T T T ) L B Summary of systematic errors in the luminosity measurement.
> 800 1. 1500F = DATA B transverse and longitudinal shower profile +0.005
v £
© 600 S — MC energy scale +0.002
~ cnergy resolution and cell-to-cell calibration +0.007
[ 400 external alignment and beam parameters +0.002
& internal alignment and inner radius +0.010
e 200 description of material +0.005
higher order radiative cffects +0.01
30 50 total uncertainty: =0.02

ENERGY (GeV)

L] T L] L] L]
() = DATA

300f — MC_
[%2]
Z 200F + .
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100} .

L

L1
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3

Fig. 4. Properties of luminosity cvents passing sclection criteria
and comparison with simulations. In each plot, the solid points
represent data and the lines represent the simulation normalized
to the data: (a) shower cnergy distribution for events passing the
tight fiducial cut; (b) azimuthal separation A¢ of the two oppo-
site clusters: (¢) polar angle distribution.

were measured using luminosity cvents themselves
and corrected for.

The beam-related background contamination was
estimated from single arm, prescaled triggers. These
triggers were combined into artificial double arm
events. The number of such combinations passing the
selection cuts was normalized to the number of real
coincidences with A¢<90°. This background sub-
traction was performed for each run and was of the
order of 1% or smaller.

The contamination by physics sources such as
e*e~ —yyorete” —c*e~fT has been estimated to be
less than 2x10-3 The interference of the Z ex-
change diagram with the purcly QED contribution has
been taken into account when determining the reso-
nance paramcters.

The trigger efficiency was measured for each data
taking period by comparing the number of events
passing the selection criteria that set the single arm
trigger. the coincidence trigger, or both. Incfficien-
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cies in the trigger were traced down to faulty elec-
tronic channels. Efficiencies vary with the run, rang-
ing from 0.98 to 1.00 with an average value 0of 0.997 +
0.002.

A summary of the luminosity systematic errors is
given in table 1. A relatively small normalization er-
ror was possible mainly as a result of the excellent
spatial resolution of the calorimeter ( ~300 um for
electrons necar the tower boundartes), the good back-
ground conditions delivered by the machine, the
availability of a redundant set of triggers and prog-
ress in the theoretical calculations [10]. The relative
normalization uncertainty of cross-section measure-
ments at different energies comes mostly from differ-
ences in background conditions and trigger cffi-
ciency. These uncertainties were taken into account
in the statistical error.

5. Determination of the Z resonance parameters

The number of Z events, of luminosity events, to-
gether with the cross-sections are given in table 2 for
the two event selection methods.

Two different fits were performed to the data. In
the first fit, the basic parameters of the Z resonance,
its mass M, width 'z, and QED corrected peak cross-
section

12n 1'“.1}
M3 T2

()’?E

are cxtracted with little model dependence. In the
second fit. the constraints from the standard model
are applied to determine Mz and N,.

The three parameter fit was performed using com-
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Table 2
Event numbers and cross-section as a function of centre-of-mass energy. The overall systematic error of + 2% in the cross-sections is not
included.
Energy Selection from TPC tracks Selection by calorimcters
GeV

Nhad Numi Ohag (Nb) Niaa + N, Niymi Ohaa 0. (nb)
89.263 120 443 9.00+0.92 134 450 9.89+0.97
90.265 406 715 18431 1.14 445 736 19.62+1.17
91.020 656 668 31.29+1.72 678 669 3228+1.76
91.266 1156 1295 28.16+1.14 1243 1309 29.96+1.19
92.260 258 377 21.11£1.72 268 374 22.10%1.78
92.519 125 247 15.52+1.71 142 260 16.75+1.76
93.264 391 883 13.36+0.82 410 889 13.92+0.84

puter programs by Burgers [11] and Borelli ¢t al.
[12]. folding a Breit-Wigner resonance (with s-de-
pendent width ) with the second order exponentiated
initial state radiation spectrum. Results from fitting
with the two programs were in good agreement with
each other. These approximate programs agree ade-
quately with complete electroweak calculations (see
D.Y. Bardin et al., in ref. [4] and ref. [13]) for
centre-of-mass energies within +2.5 GeV of the peak.
These fits yield the values for the mass and width of
the Z boson shown in table 3.

The data points and the result of the fit are shown
in fig. 5 for the track sclected events.

The error in M7 does not yet include the uncer-
tainty in the mean ¢*e~ collision energy. This error
was determined by the LEP division [14] on the ba-
sis of mcasurements of uncertainties in the magnetic
field integrals and in the orbit positions to be 5x 104
or 45 MeV. Including this uncertainty, we find
Mz =(91.174£0.055,, £0.045.¢p) GeV . (3)
The value agrees with the two previous best measure-
ments, refs [5,6], but the uncertainty is smaller by a
factor of 2.

Mg is cffectively uncorrclated with the other two
parameters. The correlation between I, and ¢° for
the track selected data sample is shown in fig. 6.

In the standard model, I, I'}.q and I, are calcul-
able with a small uncertainty of about * 1% due to
(1) electroweak radiative effects involving unknown

o (nb)

BEST FIT ... 4

No=2 +/
N =3 s o ‘\‘ -

—
91 93
ENERGY (GeV)

Fig. 5. The cross-section for e*e~ —hadrons as a function of
centre-of-mass energy and result of the three parameter fit.

Table 3
M, (GeV) I'; (GeV) o° (nb) g (nb)
hadronic events 91.178+0.055 2.66+0.16 39.1x1.6 29.3+1.2
hadronic+ T events 91.170+0.054 2.70+0.15 40.9+1.7 30.5+1.3
combined 91.174+0.054 2.68+0.15
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cancel in ¢°. The uncertainty in [},q, related to the
QCD correction, cancels in part in ¢°; the resulting
uncertainty Ac®/6°=0.4AT,4/>=0.003 is much
smaller than the effect produced by a single neutrino
family, Ag®/o%= —0.13. Combining these errors in
quadrature one finds

N,=3.2710.30. (5)

The hypothesis N, =4 is ruled out at 98% confidence
level. This measurecment improves in a decisive way
upon previous determinations of the number of neu-
trino species from the UAL [16] and UA2 [17] ex-

Fig. 6. The total width versus the peak hadronic cross-section,
with 68% and 90% CL experimental contours. The standard model
prediction for 2, 3 or 4 species of neutrinos is also shown, with
its theoretical error.

Table 4
Standard model partial widths of the Z in MeV for the measured
value of Mz, a,=0.12+0.02 and sin®0,,=0.230 % 0.006 have been

used as input.

I'ee (McV) 835+ 0.5
I, (MeV) 166.5+ 1.0
Tyag (MeV) 1737 +22

particles, such as the top quark; (ii) the value of the
strong coupling constant a,. The standard model pre-
dictions for the partial widths are given in table 4,
The standard model predictions for ¢® and I'; assum-
ing 2, 3, and 4 species of light neutrinos are shown in
fig. 6. The value N,=3 is preferred. More precise in-
formation on N, is contained in the peak cross-sec-
tion o®.

If the partial widths are taken from standard model
predictions, a two parameter fit can be performed,
leaving M; and N, as only freec parameters. This fit,
performed with the programs of refs. [12.15] on the
two data samples, lcaves the value of M, unchanged.
The result for N, is

N,=3.27+0.24,, +0.16,,, +0.05,,, (4)

where the errors coming from statistics, experimen-
tal systematics and theoretical uncertainty are shown
separately. Theoretical uncertainties due to electro-
weak radiative effects consist mostly in a change of
the overall scale of the partial widths, and largely
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cosmological [20] or astrophysical [21] arguments,
as well as from a similar determination at the Z peak
[22].

The demonstration that there is a third neutrino
confirms that the T neutrino is distinct from the e and
g neutrinos. The absence of a fourth light neutrino
indicates that the quark-lepton families are closed
with the three which are already known, except for
the possibility that higher order families have neutni-
nos with masses in excess of ~30 GeV.
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