¢ EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH

CERN-PPE/90-187
December 14, 1990

A DIRECT MEASUREMENT OF THE Z° INVISIBLE WIDTH
BY SINGLE PHOTON COUNTING

-

The OPAL Collaboration

Abstract

The OPAL detector at LEP is used to measure the branching ratio of the Z° into invisible
particles by measuring the cross section of single photon events in et e~ collisions at centre-
of-mass energies near the Z° resonance. In a data sample of 5.3 pb™?!, we observe 73 events
with single photons depositing more than 1.5 GeV in the electromagnetic calorimeter, with
an expected background of 8 -+ 2 events not associated with invisible Z° decay. With this
data we determine the Z° invisible width to be 0.5040.07 £ 0.03 GeV, where the first error
is statistical and the second systematic. This corresponds to 3.0+ 0.4 £ 0.2 light neutrino
generations in the Standard Model.
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Introduction

Electron-positron collisions at centre-of-mass energies near and above the Z° resonance
provide an opportunity to determine the content of light matter which interacts only
through the weak force. Such particles contribute to the Z° invisible width, I'j,y, if their
masses are less than Mgzo/2. In the Standard Model! the invisible width is expected to
be? 0.501%5 055 GeV from the three neutrino species, where the central value corresponds
to the Z° mass of?* 91.17 & 0.02 GeV and a top quark mass of 150 GeV. The range of
this prediction results from a variation of the top quark mass between 50 and 230 GeV.
Additional generations or a new type of weakly interacting neutral particle would lead to
a larger invisible width. The Z° invisible width could also be reduced, for example by
the presence of right-handed neutrinos which mix with their left-handed counterparts.®
Precision measurements of I',, have been made so far by subtracting the observed widths
into multihadrons and charged leptons from the total width.®'® Qur most recent result®
obtained this way is 0.476 + 0.025 GeV. This method, however, assumes that all visible
decays of the Z° are accounted for in the analyses of the charged leptons and multihadrons.

In this paper a complementary approach is applied, which directly measures the cross
section for events where the Z° decays into invisible particles. The events are signaled
by a photon arising from initial state radiation. .Over a decade ago, several authors®
suggested that events of this kind could be used to determine the number of light neutrino

generations. The cross section for the process ete™ — vy can be written as’
d*o
dF - decsd. = H(E,, cosf.,s)o0(s") (1)
v ¥

where H 15 a radiator function for photons of energy E., and polar angle 8., s is the square
of the centre-of-mass energy, and oo(s') is the “reduced” cross section for the process
ete™ — v, in the new centre-of-mass system, given by s' = s — 2E.+/s. In lowest order
and by approximating the W contribution by a four-point interaction, oy is given by®:7

0'0(3) =

G} s (2+ Ny(g} +92) 2(g0 + 9a) [1 - s/Mg]) @

127 [1—s/ME) +T% /M2 {1 —s/M2]® + T% /M3

The dominant term is proportional to the number of light neutrino generations N, and
comes from the square of the amplitude for Z° production, shown in figure 1 a. The first
term arises from the square of the W-exchange diagram, figure 1 b, and the last term is
the W—Z interference; combined they affect the overall cross section by less than 5 % for
centre-of-mass energies between the Z° mass and 10 GeV above.”

In the past few years several experiments have measured single photon cross sections
at energies well below the Z° resonance.®:? Altogether they measured a total of 3.9 events
above background whereas 6.8 were expected for three neutrino generations, which gives
a combined limit of less than 4.8 light neutrino generations at 95 % confidence level.?

At collision energies well above the Z% mass, initial state photon radiation which brings
the electron-positron centre-of-mass energy back down to the Z° resonance is strongly
favoured. Hence it has been argued that at energies some 10 GeV above the Z° mass
the single photons could be easily observed and would allow for a precise measurement
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Figure 1. Two of the Feynman diagrams which contribute in lowest order to the process et e~ —
viry. a) Z° decay allows the production of any of the light neutrino species. b) W exchange
produces only eleciron neutrinos,

of the invisible width.® The measurement described here uses data collected in 1990 with
the OPAL detector at LEP at collision energies within only 3 GeV of the Z° resonance.
Therefore events with low energy photons, near 1 GeV, must be used in the analysis. Such
a measurement is more difficult than one using data at centre-of-mass energies far above the
Z® peak for the following reasons: The detector must trigger efficiently on a small amount
of energy, of order 1 % of the centre-of-mass energy, deposited in the electromagnetic
calorimeter; potentially large backgrounds exist from processes in which some final state
particles escape detection at angles close to the beam; the photon energy spectrum is
falling rapidly and hence it is necessary to have a precise knowledge of the calorimeter
energy scale.

To study the problems associated with the low energy single photon measurement,
we use events with single electrons scattered at large angles as a high statistics control
sample. These single electron events, which arise from the reactions ete™ — e¢te™ v and
cTe” — eve"ele”, allow a determination of the trigger and event selection efficiencies,
the background veto capability, and the calorimeter response to electromagnetic showers.
Hence, both the single photon and the single electron analyses are explained thoroughly.

The OPAL detector

The OPAL detector is described in detail elsewhere.’® Charged particle tracking is
provided by the central detector, consisting of the vertex, jet, and z chambers. The vertex
chamber contains 36 azimuthal sectors of 18 wires and the jet chamber 24 sectors of
159 wires, to measure the momenta of charged particles. The ionization measurement from
the jet chamber is used to calculate the mean energy loss, dE/dz, of particles traversing the
chamber gas; electrons lose on average 10 keV/cm. A particle travelling perpendicularly
to the beam direction traverses 0.08 radiation lengths from the interaction point to the
outer radius of the jet chamber. The central detector is contained inside a pressure vessel
and a solenoidal coil, which introduce an additional 1.8 radiation lengths of material at
normal incidence.

The electromagnetic calorimeter consists of barrel and endcap arrays of lead glass
blocks which cover the solid angles | cosé| < 0.82 and 0.81 < |cos8} < 0.98 respectively,
where 6 is the polar angle with respect to the beam axis, with no gaps in the azimuthal
angle ¢. The barrel lead glass blocks, approximately 10 x 10 ¢cm? in cross section and
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over 24 radiation lengths in depth, are located at a radius of 2.46 m from the beam axis,
outside the coil. They are arranged to point slightly away from the interaction point to
prevent neutral particles from escaping detection through the gaps between the blocks.
The endcap lead glass blocks are arranged with their axes parallel to the beam direction
in two arrays 2 m away on either side of the interaction point and provide a total depth
of typically 22 radiation lengths. Clusters are formed from one or more contiguous blocks
which contain signals above the thresholds of 20 MeV and 50 MeV for the barrel and
endcap respectively. In this analysis, endcap clusters are only used if they contain two
or more blocks; all barrel clusters above 100 MeV are used. (The cluster energies which
are used in this analysis refer to the energy deposited in the lead glass, uncorrected for
any energy a particle may lose before it enters the calorimeter.) Just in front of the lead
glass blocks are gas presampler detectors. The barrel presampler consists of two cylindrical
layers of limited streamer mode tubes with wires running axially. Clusters are found using
the signals from the wires and from cathode strips on both sides of each layer, oriented at
45° to the wire direction. Directly in front of the barrel presampler is a cylindrical layer
of 160 time-of-flight (TOF) scintillation counters, parallel to the beam axis. The TOF
system covers the region |cos §| < 0.82.

The return yoke of the magnet surrounds the lead glass arrays and is instrumented
to form the hadron calorimeter. The barrel hadron calorimeter consists of nine layers
of limited streamer mode tubes interleaved with 10 em thick iron slabs. This analysis
uses the signals from aluminium cathode strips running parallel to the streamer tubes to
identify the presence of muons. The endcap and poletip hadron calorimeters extend the
coverage to within 8° of the beam axis. Barrel and endcap muon detectors complement the
muon identification with four layers of chambers outside the hadron calorimeter. Muon
segments, formed from clusters of signals from the strips of the hadron calorimeters and
muon detectors, are used in this analysis to veto.events due to cosmic ray and beam halo
muons.

The two forward detectors, each consisting of calorimeters, proportional tube cham-
bers, drift chambers and scintillators, provide a luminosity measurement by counting low
angle Bhabha events. In this analysis, the calorimeters are also used to veto events with
an electron or a second photon scattering above 2°. A small gap between the forward and
lead glass calorimeters is filled by a lead-scintillator sandwich of seven radiation lengths.

For Monte Carlo studies, a detector simulation program!! is used which includes a

detailed description of the detector geometry and material as well as effects of detector
resolutions and efficiencies. It produces output identical in format to that of the detector
data acquisition system, such that the data can be processed by the same analysis chain
as the real events.

Trigger

Events with only a single photon in the barrel region are recorded if either of the
following trigger conditions are satisfied:

(a) A cluster exists in the barrel electromagnetic calorimeter whose energy is above a
threshold of approximately 3 GeV.



(b) A cluster exists in the barrel electromagnetic calorimeter whose energy is above a
lower threshold of approximately 1 GeV and which matches in azimuth with a TOF
counter which fired within 40 ns of the beam crossing.

Since approximately 80 % of photons with normal incidence on the coil convert before
reaching the TOF counters, the TOF-calorimeter coincidence provides an eflicient trigger
for low energy single photons.

The threshold behaviour of these triggers is studied by using events with a single
electron in the barrel region. In addition to trigger conditions (a) or (b), such events are
also recorded if they satisfy either of the following:

(c) A track found by the trigger electronics matches in # and ¢ with an electromagnetic
cluster above approximately 1 GeV.

(d) A track and a TOF counter which fired match in ¢.

Single electron analysis

Events with a single electron in the barrel region provide an excellent control sample to
study the detector response to low energy particles. Such events are selected by requiring
that only one track exist, its point of closest approach to the origin be less than 30 cm along
either beam direction and less than 6 mm in the perpendicular plane, and its momentum
transverse to the beam axis be greater than 1 GeV. There must be an electromagnetic
cluster with at least 500 MeV of energy deposited within | cos 8| < 0.7 and within 200 mrad
of the track direction. The event must not contain a second cluster above 300 MeV 1n the
electromagnetic calorimeter, separated by more than 200 mrad from the primary cluster.
Single muon events are removed by requiring the mean energy loss as measured in the
jet chamber, dE/dz, to be greater than 9 keV/cm, which is 98 % eflicient for the single
electron events.

A total of 53980 events satisfy these criteria. The observed transverse momentum and
angular distributions of the events are shown in figure 2 to be described by the lowest
order Monte Carlo expectations from radiative Bhabha scattering!? ete™ — eTe™y and
two photon production!® of electron pairs eTe™ — eteete™.

Events satisfying the track-TOF trigger coincidence {d) are used to determine the
efficiency of the calorimeter triggers and the results are shown in figure 3. The low threshold
trigger is more than 98 % efficient for deposited energies above 1.3 GeV; the high energy
trigger reaches this efficiency at 3 GeV. The TOF efficiency is found to be 97.7 £ 0.2 %,
and has no strong dependence on angle or energy. The efficiency of the track trigger is
found to be 96.910.2 %. The overall trigger efficiency for this single electron sample, which
includes events depositing energies above 0.5 GeV, is determined by using the redundancy
of conditions (a—d) to be 99.2 + 0.1 %.

To compare the observed number of single electron events with that expected from
the lowest order calculations, systematic effects from the acceptance, efficiencies, and back-
grounds are taken into account. A correction factor of 1.01 £0.02 is applied to the observed
cross section to account for effects which may not be properly accounted for in the de-
tector simulation. The error is dominated by uncertainties in the transverse momentum

7



2000 F [T T T T T [T T T[T T T TT+ ‘ T T T T [T T T T LI B B g
- 3 1000 — ]
1750 £ a) - b) .
: E 800 - -
> 1500 = ] - -
O 1250 F =2 g N §
uu’_ - 3 P 600 — -]
S 1000 - 4 E - .
@ C ] 2 B 7
s 750 [ 4 M a0 .
@ - g - .
500 = " ]
C ] 200 — —
250 = . / N
0 :=|= k .'_' 0 _=|=|= %5 Lg
1 2 3 4 5 6 -1 -0.5 0 0.5 1

Transverse momentum (GeV) -cos § xcharge

Figure 2. a) The observed transverse momentum spectrum and b) the angular distribution of
single electron events compared with Monte Carlo expectations normalised to the integrated lu-
minositl of 5.3 pb~!. The shaded histograms show the contribution from the reaction ete~ —
ete~eTe™, while the unshaded areas show the part from ete™ — ete™, with a strong asym-
metry in the forward direction. The Monte Carlo statistics equal that of the data.
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Figure 3. The efliciencies of the barrel electromagnetic calorimeter triggers are shown as deter-
mined from single electron events which trigger from a track-TOF coincidence. The solid triangles
show the behaviour of the low threshold trigger which is used in coincidence with a track or TOT
counter. The open triangles show the stand alone high threshold trigger.

measurement due to energy losses in the detector material. The background from two
photon production of muon pairs is estimated from data and Monte Carlo simulation® to
be 0.2+ 0.1 %. After applying these corrections, the ratio of the observed cross section to
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that expected from the lowest order Monte Carlo calculations is 0.96 + 0.01 £ 0.02, where
the first error is statistical and the second systematic.

Single photon analysis

(1)

(2)

Single photon candidates are selected by requiring the following:

The deposited energy for a single photon, defined to be the total energy observed
in a 200 mrad half-angle cone centred on the highest energy cluster in the region
|cos 8] < 0.7, must be greater than 1 GeV. This highest energy cluster, combined
with any clusters contiguous with it, must not extend more than 200 mrad in the
polar or azimuthal directions, corresponding to more than five lead glass blocks in
either direction. This requirement removes cosmic ray and beam halo muons which
graze the barrel lead glass block array.

No other cluster may be present more than 200 mrad away from this largest one
anywhere in the barrel or endcap electromagnetic calorimeter with more than 300 MeV
deposited energy.

There must be no reconstructed central detector track with 20 or more jet chamber
hits.

To remove background from beam wall and beam gas interactions, the event must
contain no vertex chamber sector with 5 or more hits and no jet chamber sector with
50 or more hits.

The energy deposited in each forward calorimeter must be less than 2 GeV.

To remove background from cosmic ray and beam halo events, at least one presampler
cluster must exist within a 400 mrad half-angle cone around the photon direction,
and the presampler cluster with the largest signal inside this cone must match the
electromagnetic cluster coordinates to within 50 mrad.

Remaining cosmic ray events are rejected if they contain a reconstructed muon segment
in any of the hadron calorimeters or muon chambers, or strips with signals in three
or more of the outer 8 layers of the barrel hadron calorimeter in any 45° azimuthal
road. In addition, the number of strips hit in any of the hadron calorimeter barrel or
endcap sectors must be less than 5.

There is a total of 136 events which satisfy these criteria. Since backgrounds are smaller
and better understood for higher energy single photons, only the 73 cvents with single
photons depositing more than 1.5 GeV in the calorimeter are used to determine the 70
invisible width. The events between 1 and 1.5 GeV are used as a background control
sample, with which to verify the background estimates.



Efficiency of the single photon selection

The efficiency of the single photon selection is determined from a variety of data
samples. The selection of the single electron sample is described above. A sample of
tagged single photons from the processes e*e™ — ete~y and ete™ — yyy is selected by
requiring the events satisfy all criteria except (5) and that they are tagged by more than
half the beam energy being deposited in one forward calorimeter with less than 2 GeV
in the other. Also used are events from ete™ — yy'¢ and ete™ — [Ti~, where [ is an
electron or muon and both leptons are scattered at wide angles. Finally, 80287 random
beam crossing events recorded throughout the data taking are used to measure inefciencies
introduced by sources of noise.

Trigger efficiency

The trigger efficiency is estimated using the threshold behaviour as measured with
single electron events, as shown in figure 3, and by using the deposited energy spectrum
from a Monte Carlo sample'® of e*e™ — vy events which satisfy the single photon
selection. For the complete sample of single photons which satisfy the selection criteria
and deposit between 1 and 1.5 GeV in the electromagnetic calorimeter, the trigger efficiency
is 89.2 + 3.1 %; above 1.5 GeV this improves to 98.7 + 0.1 %.

Efficiency of the calorimeter requirements

The cluster size limits of 200 mrad in the polar and azimuthal angle are satisfied by
all 5980 single electron events except for one which has a photon radiated very near the
electron direction.

The isolation requirement that no other cluster be present above 300 MeV is demon-
strated in figure 4. The energy spectrum of clusters separated by more than 200 mrad
from the highest energy barrel cluster for events which pass all criteria except for cut (2),
is shown for the barrel and endcap calorimeters separately. Also shown is the occupancy
measured in random beam crossing events. Below 300 MeV the additional clusters are
consistent with random processes, whereas above 300 MeV there is a small excess. This
excess is discussed in the section dealing with backgrounds from two photon production.
The inefliciency of the isolation requirement due to random noise is determined from ran-
dom beam crossings to be 0.5+ 0.1 %. A Monte Carlo simulation’®, including the double
radiative process ete™ — viryy, indicates that if this requirement were removed, only
2.0 % additional events would he selected.

Efficiency of the detector occupancy requirements

Criteria (3) and (4) remove events with activity in the central detector, and hence
single photons which convert in the beam pipe or in the volume of the central detector are
excluded from the sample. The photon conversion probability in these regions is compared
with the detector simulation by using events from the reaction ete~ — vy. In the region
fcos b < 0.7, 5.7+ 2.2 % of the photons are observed to convert (as defined by failing
cut (3)), in good agreement with the expectation of 5.9 &+ 0.7 % from the simulation. A
search is made for single photon events which convert in the central detector after passing
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Figure 4. The spectra of the next highest energy cluster separated from the highest energy barrel
cluster by more than 200 mrad are shown for single photon candidate events by the points for
a) the barrel and b) the endcap electromagnetic calorimeter. The histograms show the spectra of
cluster energies measured in random beam crossings, normalised to the number of single photon
candidates. To pass the single photon selection, candidate events must not have a second cluster

above 300 MeV. The first bin in each histogram shows the number of events with no other cluster
above 100 MeV.

through the inner part of the vertex chamber by selecting events which would pass the
single electron selection, except that two tracks are found within 30° in azimuth and fewer
than 10 hits are found in the vertex chamber. Seven such events are observed compared to
the Monte Carlo expectation of 4.6% 1.0 events. Overall, the estimated lossof eTe™ — viry
events from the detector simulation of photon conversions in the beam pipe and central
detector is 5.8 +£ 0.5 %. To account for the uncertainty in the material in the central
detector, this inefficiency is taken to be 6 £ 2 %. Apart from conversions, the inefficiency
of the requirement that no central detector track be found in single photon events is
neglgible.

The inefficiency introduced by the muon rejection, cut (7), is observed to be 0.8+0.1 %
for the single electron sample, consistent with an estimate of 0.6+0.1 % from random beam
crossings. This indicates that the probability for a low energy electromagnetic shower to
punch through to the hadron calorimeter is very small. The combined inefliciency of the

occupancy requirements (2}, (4), (5), and (7) is determined from random beam crossing
events to be 2.5+ 0.1 %.

Efficiency of the presampler requirements

The single photon selection requires a signal to be present in the presampler near
the shower, and hence only those photons which convert in the material in front of the
presampler are selected. Various samples of isolated photons are used to measure the
photon conversion efficiency of the coil. Of the 87 tagged single photon events sclected
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Table 1. The efficiency of the presampler requirements is studied with a variety of data samples.
Shown are the coil conversion probability and the efficiency for the presampler matching for both
the data and Monte Carlo simulations. The difference between the predicted conversion efficiencies
for the three samples is expected to be due to the different angular distributions. From the level
of agreement observed, a systematic uncertainty of 3% is assigned to the simulation of the coil
conversion, and 2% for the simulation of the matching requirement.

Coil conversion (%) data Monte Carlo
tagged single photon events 75.9+4.6 842424
ete™ — vy 929+19 885417
ete™ — [Ty 76.4 £ 3.4 80,9+ 1.3

Presampler match (%) data Monte Carlo
single electron events 92.5+£0.3 954+ 0.3

tagged single photon events 95.5+2.2  96.0 % 1.1

without the presampler requirement but which satisfy the high threshold calorimeter trig-
ger (a), 66 events have a presampler cluster within 200 mrad of the shower or a TOF signal
within 200 mrad in azimuth. This observed coil conversion efficiency of 75.9 + 4.6 % is
somewhat lower than the expected efficiency of 84.2 £ 2.4 % as estimated from the Monte
Carlo detector simulation of tagged single photons from radiative Bhabha scattering!?,
ete™ — ete ™, and three photon production'®, ete™ — vyy. In the ete™ — yv sample,
the observed conversion efficiency of 92.9 + 1.9 % is slightly higher than the expectation of
88.5 & 1.7 % from the detector simulation. In the radiative electron and muon pair events,
76.43 3.4 % of photons are seen to convert, compared with the expectation of 80.9+1.3 %.
The comparisons between the measured and expected coil conversion efficiencies are sum-
marised in table 1.

The Monte Carlo simulation of eTe™ — vy predicts that 82.1 + 1.3 % of photons
above 1 GeV convert i the coil. To allow for a possible error in the simulation, the
efficiency for coil conversion is taken to be 82 + 3 %.

By requiring the centroid of the presampler cluster with the largest signal to agree
within 50 mrad of that found by the electromagnetic calorimeter, backgrounds from cosmic
ray and beam halo muons are strongly suppressed. A presampler cluster exists for 97.1 +
0.2 % of single electron events, and of these the fraction which satisfies the matching
requirement is 95.3 & 0.3 %, yielding an overall efficiency of 92.5 4 0.3 %. The Monte
Carlo simulation of single electron events has somewhat higher efficiencies; 97.6 + 0.2 %
and 97.74+0.2 %, giving 95.430.3 % overall. The efficiency shows no strong dependence on
the energy or direction of the electron. The angular separation is shown in figure 5, for the
single electrons, along with the single photon candidates, and suggests that the matching
efficiency may be higher for photons than for electrons. To measure the matching efficiency
for photons we use tagged single photon events which are selected without the presampler
requirement but which have an in time TOF signal within 200 mrad in azimuth. Only
one of the 89 events has no nearby presampler cluster and three others fail the matching
requirement for an overall efficiency of 95.5 & 2.2 %. This agrees with the Monte Carlo
simulation of tagged single photon events which predicts an overall efficiency of 96.04+1.1 %.
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Figure 5. The separation between presampler and electromagnetic calorimeter clusters for single
photon candidates is required to be less than 50 mrad. The points show this separation for
candidate events passing all other cuts, and the histogram is the distribution from single electron
events, normalised to the number of single photon candidates which survive this cut. Most of the
events failing this cut alone originate from cosmic rays and beam halo.

In the Monte Carlo simulated sample of eTe™ — viry events, the efficiency for the
presampler matching requirement is 96.9 4+ 0.4 %. To account for a possible difference
between the efficiencies for the data and Monte Carlo, the efficiency for this requirement
is taken to be 97 £ 2 %.

Check of the overall efficiency

As an overall check of the analysis, the spectrum and angular distribution of the
tagged single photon events are shown in figure 6 to agree with the expectation from the
processes ete” — eTeTy and eTe” = vyyy. After correcting for a trigger efficiency of
99.0+£ 0.1 % and for the efficiencies described above, the ratio of the observed cross section
to that expected from the lowest order Monte Carlo calculations is 1.02 + 0.11 - 0.08.

Estimation of the background to single photons

Radiative Bhabha scattering and ete™ annihilation to three photons

The dominant background to the ete™ — viry process comes from low Q% radiative
Bhabha scattering, in which both electrons escape at small angles with respect to the beam
axis. It is shown in figure 6 that this process is understood when one electron scatters
into the fiducial volume of the forward calorimeters. It is important therefore to verify
the proper simulation of the region in which the forward calorimeters lose veto efficiency.
Figure 7 shows the fraction of single electron events which deposit more than 2 GeV in
either forward calorimeter, as a function of the transverse momentum of the wide angle
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Figure 8. Single photon events, tagged by more than one half of the beam energy deposited in a
forward calorimeter, are compared with the expectations from the reactions eTe~ — e*e™y (un-

shaded areas) and ete™ — yyy (shaded histograms) and provide a check of the overall efficiency.
Shown in a) is the spectrum of the single photons, and in b) the cosine of the angle between the
photon and the beam axis from the tagging side. It is seen that the photons tend to be in the
same 2-hemisphere as the tag, as expected.

electron, compared with the Monte Carlo simulation. In the data, there are more tagged
single electron events with transverse momentum below 1.5 GeV than expected from the
lowest order calculations. For the lowest transverse momentum bin, excess events are
observed over all polar angles of forward detector clusters with energies typically below
half of the beam energy. We interpret the excess events in this bin to he coming from
double radiative Bhabha scattering, ¢Te™ — ete~yy. In the second bin of transverse
momentum of figure 7, the excess events primarily have clusters at the inner edge of the
forward calorimeters. In this case they are presumed to arise from an imprecise simulation
near the inner edge, which can be accounted for by reducing the effective minimum veto
angle by about 1 mrad. The Monte Carlo single photon background estimates are therefore
reduced by 54 5 % to account for the discrepancy in the tagging acceptance.

For the 1194 single electron events with transverse momentum above 2.5 GeV, the sim-
ulation predicts less than one event to deposit less than 2 GeV in either forward calorimeter,
whereas eight are found; of these the highest transverse momentun is 5.4 GeV. Less than
one event is expected to be the result of an asymmetric conversion of a photon from the
process ete™ —» viy. The additional contribution to the single photon background from
ete™ — ete ™y due to this apparent tagging inefficiency is less than 0.5 events for the
complete data sample.

Overall, radiative Bhabha scattering is estimated from a Monte Carlo simulation!? to
contribute 13 & 2 events to the single photon sample between 1 and 1.5 GeV in deposited
energy, and 5 &= 1 events above 1.5 GeV.

The background from e*e™ annihilation into three photons, ete™ «» vy, is estimated
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Figure 7. The fraction of single electron events depositing more than 2 GeV of energy in either
forward calorimeter is shown as a function of the single electron transverse momentum for the
data (points) and the Monte Carlo simulation (histogram).

by Monte Carlo simulation®® to contribute 14-1 events to the single photon sample between
1 and 1.5 GeV in deposited energy, and is negligible above 1.5 GeV.

Two photon processes

A potentially large background exists from two photon production of resonances,
ete™ — ete™ X, where X is fo, 7%, n, or n'.7 The spectra of single photons from these
sources are expected to be softer than that from radiative Bhabha scattering, and there-
fore these channels must be understood when studying very low energy single photons.
Selection cut (2) removes multiphoton final states when a second photon deposits more
than 300 MeV in the electromagnetic calorimeter. Monte Carlo samples of these events
have been generated'” in order to estimate their contribution to the single photon sample.
In the data there is a total of five events which satisfy the single photon selection except
that a second cluster exists with energy between 300 MeV and 1 GeV. This is comparable
to the Monte Carlo expectation of 2.0 0.4 from ete™ — viryy, 3.3+ 1.3 from two photon
production of the f, and 1.640.2 from random noise. A visual scan of the five events shows
that two are consistent with two photon resonance production, one from radiative Bhabha
scattering with an unreconstructed low angle electron, one from a cosmic ray event, and
one is ambiguous. Between 1 and 1.5 GeV 'in deposited energy, the expected background
from two photon production of resonances is 6 £+ 2 events; with a 1.5 GeV threshold this
reduces to 1 £ 1 event.

An accurate Monte Carlo event generator for the process ete™ — ete™[T{™y where
! is a lepton, is not available. One study” estimates that this background is negligible for
single photons above 1.5 GeV, but could be as much as a third of the radiative Bhabha cross
section for photons between 1 and 1.5 GeV. Hence we estimate that 4 £4 events contribute
to the sample between 1 and 1.5 GeV, and neglect this background above 1.5 GeV.
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Other Z° decays

The background from events in which the Z° decays into undetected charged particles,
is evaluated by Monte Carlo simulation.'® Only u 1=+ final states are found to contribute
a measurable background. In our data sample, this process is expected to contribute
0.6 & 0.4 single photon events depositing between 1 and 1.5 GeV in the electromagnetic
calorimeter, and 1.0 £ 0.4 events above 1.5 GeV. The cross section is largest above the
Z° resonance. We take this background to contribute 1 + 1 event in each single photon
sample, below and above 1.5 GeV.

Other backgrounds

There can be large backgrounds which arise from cosmic rays, beam halo, beam wall
and beam gas interactions. Their contribution to the single photon sample cannot be easily
calculated. Instead, we estimate these backgrounds with the precise time measurement
from the TOF system, which is not used in the event selection.

An estimate of the contamination of muons from cosmic rays and beam halo is possible
by examining the TOF distribution of the single photon candidates. As shown in figure 8a,
the differences between the measured and expected flight times are consistent with the
TOF resolution, as demonstrated by the single electron events. From a visual scan, none
of the four single photon candidates without TOF information has any evidence of activity
from muons. Also shown in figure 8a is the distribution of events failing the single photon
selection only by cut (6), and when the electromagnetic cluster size is allowed to be as
large as 400 mrad in polar or azimuthal angles. The large number of events more than 6 ns
carly is due to beam halo muons which travel in time with the beam and cross the barrel
electromagnetic calorimeter. No events of this type remain in the single photon sample.
Since no single photon candidate has a measured time of flight more than 2 ns from the
expected flight time, we assume that the cosmic ray and beam halo muons contribute no
events to our sample.

Background events resulting from an interaction of a beam electron with the gas
inside the LEP ring or with the beam pipe wall can generate photons from any point
along the beam axis. Since such interactions will produce particles mainly in the forward
direction, events generating photons in the barrel region will tend to originate upstream
of the nominal collision point, and hence the particles will arrive at a TOF counter earlier
than expected for a photon coming from an interaction at the origin. The measured time
after the beam crossing, ¢, can thus be used to estimate the z coordinate of the interaction
which produced the photon,

_ t%c¢2 — R%/sin* ¢ 5
A = e~ R|cot8]) (3)

where R is the distance from the beam axis to the TOF counters (R/c = 7.9 ns). With a
TOPF resolution of 250 ps observed for single electrons, the precision in the 2,, measurement
varies between 7.5 cm at cos# = 0 and 25 cm at |cosf] = 0.7 for photons coming from
the interaction point. Figure 8b shows the distribution of z,, for the single electron and
single photon events. Also shown are the 14 events which fail only requirement {4), that
there be fewer than five hits in any vertex chamber sector and fewer than 50 in any jet
chamber sector. These events were visually scanned; nine are consistent with beam gas or
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Figure 8. a) The measured minus expected flight times for single photon candidates (points)
compared with the distribution from single electrons (solid histogram) and from events failing
the presampler cluster requirement and when the electromagnetic cluster size is allowed to be as
large as 400 mrad in polar or azimuthal angles (dashed histogram). b) The estimate, 2jn¢, of
the z coordinate of the interaction producing the photon, using the time of arrival at the TOF
counters. Upstream production corresponds to ziny < 0, which is expected for beam wall or beam
gas production. The histogram is the distribution of the single electron sample, normalised to
the single photon sample. The single photon candidates are indicated by the solid points. The
open circles show beam gas - beam wall candidate events; those which fail the selection only by
requirement (4).

beam wall interactions far from the origin; all have 2, < —100 c¢cm and have showering in
the vertex and jet chamber. Three events show evidence of several low angle tracks in the
vertex and jet chambers, and two others have small showers only in the vertex chamber.
These five events have photons consistent with originating from the interaction point, with
Zint > —100 cm. Hence, they may be from beam gas or beam wall interactions near the
origin, although one or more could be the result of general beam backgrounds, as there is an
expected loss of 1.5 events as deduced from random triggers. One additional event of this
type is observed; it arises from a single electron which undergoes a strong bremsstrahlung
in the outer wall of the vertex chamber. The beam wall - beam gas candidates show no
dependence on the centre-of-mass energy, and only two of these deposit more than 1.5 GeV
m the electromagnetic calorimeter.

Since no material is present to absorb a 1 GeV photon coming from an interaction
within 200 c¢m of the origin, beam gas and beam wall interactions occurring anywhere in
this region can contribute background. Two single photon candidates have z, < —100 camn,
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whereas from the distribution of the single electron candidates we would expect 0.5 such
events. In one of the two events, more than 1.5 GeV is deposited in the calorimeter.
Assuming a uniform population along the beam axis for beam wall and beam gas events
which satisfy the single photon selection, we estimate the contamination of such events in
the sample of single photons above 1 GeV to be 2 4 2 events.

The requirement that the coordinates of a presampler cluster match well with the
electromagnetic cluster strongly suppresses background from many sources. There is an
observed excess of events in figure 5, outside the selected region, with separations between
50 and 200 mrad. Of these 41 events only two have a TOF signal within 2 ns of the
expected flight time for a photon coming from the origin, and 20 have no TOF signal
at all. A visual inspection finds the two events to be consistent with signal events. The
expectation from the ete™ — vy Monte Carlo sample is that 1.8 + 0.4 events would
populate this region, consistent with the two observed events.

Electromagnetic calorimeter energy scale and resolution

For a precise measurement of the single photon cross section, at centre-of-mass energies
near the Z° mass, it is essential to understand the scale of the photon energy measurement,
since the photon spectrum is a rapidly falling distribution. The single electron sample
can be used to study the simulation of energy loss in the coil, and the energy scale and
resolution of the calorimeter, because the electron momentum is also well measured from
its curvature in the central detector.

The difference between the central detector momentum and the calorimeter energy is
shown in figure 9 as a function of momentum and polar angle for data and Monte Carlo
single electrons. It is seen that the calorimeter energy scale and mean energy loss in the
coil are well simulated The agreement is better than 50 MeV for all energies below 3 GeV

and over the full range of polar angle considered. The energy resolution is slightly better
in the detector simulation by 20-40 MeV.

This study shows that the detector simulation of the photon energy measurement
can be used directly. The energy scale uncertainty at 1.5 GeV is assumed to be 30 MeV,
which corresponds to an uncertainty in the single photon acceptance of 2.1 % for the single
photon sample above 1.5 GeV. The slight discrepancy in the observed resolutions has a
negligible effect on the single photon acceptance.

The selection of single photon events used to determine the Z° invisible width requires
the photons to deposit more than 1.5 GeV in the electromagnetic calorimeter. In order
to present total cross sections for single photon events in which the true photon energies
are above 1.5 GeV, it is necessary to correct for the energy loss in the coil. A correction
coefficient is determined from the Monte Carlo data at each centre-of-mass energy point,

. N(Edeposit > 1.5 GeV, Ecm)
C(Ecm) - N(Etrue > 1.5 GGV, ECIII) (4)

where N refers to the number of events passing the single photon selection with the energy
cut replaced by the one indicated. Table 2 lists the correction factors thus determined. By
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Figure 9. The difference in the electron energy measurement by the central detector and by the
electromagnetic calorimeter is shown by the circular points as a function of a) the momentum and
b) the cosine of the polar angle, for the data (solid circles) and the Monte Carlo {open circles).
The resolution of the energy measurement is shown in ¢) and d). In order to separate the effects
of incident momentum and angle, in a) and c) only events with |cos 8] < 0.5 are considered and
in b} and d) only events with p < 3 GeV are used.

Table 2. The energy correction coefficients listed are the ratios of Monte Catlo single photon
events which deposit more than 1.5 GeV in the calorimeter to those whose true energy is above
1.5 GeV. The errors shown are from Monte Carlo statistics; there is in addition a correlated

uncertainty of 0.02 from the energy scale uncertainty of 30 MeV.

Eem (GeV)  C(Eem)
88.22  0.886 +0.054
80.22  0.860 & 0.049
90.22  0.829 % 0.045
01.22  0.672 +0.043
92.22  0.773 % 0.029
93.22  0.826 % 0.020
94.22  0.837£0.018

varying the calorimeter energy scale and resolution by 30 MeV, this leads to a correlated
uncertainty of 0.02 in these coefficients.
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Table 3. The luminosity and the number of single photon candidates which deposit between
1.0 and 1.5 GeV and more than 1.5 GeV in the calorimeter at each centre-of-mass energy point.

Em (GeV) L {pb™') E<15GeV E>15GeV

88.22 0.400 ) 2
80.22 0.546 3 2
90.22 0.264 2 2
91.22 2.752 26 20
92.22 0.379 3 3
93.22 0.498 11 17
094.22 0.473 11 25

Results

A total of 73 single photon candidates depositing more than 1.5 GeV in the calorimeter
is observed in the data sample of 5.3 pb~! used in this analysis. Table 3 shows the
luminosity and the number of single photon candidates recorded at each of the seven
centre-of-mass energy points.

Efficiency corrections are summarised in table 4 along with the background estimates.
For photons depositing more than 1.5 GeV in the calorimeter, the overall efficiency is
72.0 + 3.4 %, and the total number of background events in the sample is estimated to be
8£2. The backgrounds do not depend strongly on the centre-of-mass energy. An additional
1.6 % systematic error arises from the uncertainty in the luminosity measurement.?

The single photon spectra of deposited energies at each of the centre-of-mass energies
are shown in figure 10 along with the Monte Carlo expectations for the process ete™ —
vy, assuming three generations of light neutrinos, and with the backgrounds from the
sources discussed above. The Monte Carlo data are corrected to represent the expected
number of events. The angular distributions are shown in figure 11 for deposited energies
below and above 1.5 GeV. In general, good agreement is observed.

The corrected cross sections are shown in table 5 for the process ete™ — vy, where a
photon is above 1.5 GeV in the angular region | cos 8| < 0.7 and with no restrictions placed
against additional photons. These are determined by using the number of observed events
and the integrated luminosity as shown in table 3, applying the efficiency and background
corrections given in table 4, and then scaling the results by the coefficients in table 2 to
account for the energy loss. Finally, a correction of +2+1 % is applied to account for the
restriction against a second photon depositing more than 300 MeV in the electromagnetic
calorimeter. The overall systematic error from the uncertainties in these corrections and
m the integrated luminosity 1s 5.6 %. In addition, there is an uncertainty in the corrected
cross sections of 0.8 pb from the uncertainty of the background.

An analytical program!®'" which evaluates the cross section for ete™ — viry is used to

determine the Z° invisible width. This program uses an improved Born approximation of
equation (1) with an s-dependent Z® width to account for the weak radiative corrections,
and uses the method of structure functions to include the higher order electromagnetic
radiative corrections. The “reduced” cross section, equation (2), can be rewritten in terms
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Table 4. Summary of the efficiency of the single photon selection and the background estimates,
separated for the samples below and above 1.5 GeV in deposited energy. The occupancy vetos refer
to the occupancy requirements in the electromagnetic calorimeter, the vertex and jet chambers,
the forward calorimeters, and the hadron calorimeter and muon detectors, from criteria (2), (4),
(5), and (7). The backgrounds are quoted as the number of events expected to contribute to the
observed single photon sample.

1< E<13GeV E>15GeV
Efficiencies (%)

trigger 89.24+ 3.1 98.74+£ 0.1

occupancy vetos 975+ 0.1 97.5£0.1

no conversion in central detector 94 £ 2 94 42

conversion in coil 82 +£3 8243

presampler match 97t 2 974 2

total efficiency (%) 65.0 £ 3.8 72.0+ 3.4

Backgrounds (events)

ete” — ete 13£2 5+1
eteT — yyy 1+£1 -

ete” s ete” X (X = fo,7%n,n") 6+2 1+1

ete” — ete It 4+4 -

ete™ — putp~ 1+1 11

beam gas and beam wall interactions 1+1 1+1

total background (events) 26+ 5 8+2

of the Z% invisible width as
12 | A T
oo(s) = - Coein + W terms. (5)

M% (s - ML)? + s'T% /M2

Hence the Z% invisible width can be specified in the analytical program by I'j,, = N,I',,
where N, i1s an arbitrary real number of neutrino generations and I',, is the Standard Model
Z° partial width for each neutrino generation. To describe the Z° resonance we use as input
parameters our most recent measurements®of the Z° mass, Mz = 91.174+0.02 GeV, and its
width, I'z = 2.5140.02 GeV. To define the Z° partial widths to electrons and neutrinos, we
use our measured value, sin® 8,, = 0.232 + 0.003. We allow the real parameter N, to vary,
while keeping the total width fixed, to determine the invisible width which corresponds to
our observed 73 events. In this determination of the Z° invisible width we assume that the
W contribution is indeed given by the Standard Model, and that no other diagrams, other
than those shown in figure 1, lead to final states with a single photon and no other visible
particles.

This analysis gives a Z° invisible width of 0.50 & 0.07 & 0.03 GeV. Assuming the
Standard Model Z° coupling to neutrinos, this corresponds to 3.0 4 0.4 4 0.2 light neutrino
generations, The corrected cross section is shown as a function of centre-of-mass energy
in figure 12, along with the expectations for N, = 2,3,4. As a check of the normalisatjon
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Figure 10. The energies deposited in the electromagnetic calorimeter by all the single photon
candidates are shown at each of the seven centre-of-mass energy points. Also shown are Monte
Carlo expectations, normalised to the recorded luminosities and corrected for trigger and se-
lection efficiencies. The unshaded region of the histogram shows the prediction for the process
eTe™ — vy assuming three generations of light neutrinos while the shaded portion corresponds
to the component {from background. The first bin (between 1 and 1.5 GeV) is not used in the

determination of the Z° invisible width.

of the analytical formula, the Standard Model Monte Carlo ete™ — vy event generator
program'® is used. The expected number of events is calculated for two, three, and four
generations, where in this case the Z° total width varies with the number of neutrino

generations. By interpolation, the value which corresponds to the 73 observed events is
N, = 3.1.
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Figure 11. The angular distribution for the single photon candidates depositing a) between 1 and
1.5 GeV, b) more than 1.5 GeV in the electromagnetic calorimeter, from the complete data set.
Also shown are Monte Carlo expectations, corrected for trigger and selection efficiencies, for the
process et e” -2 viry, assuming three generations of light neutrinos {unshaded areas), and the
background sources {shaded histograms).

Table 5. The corrected cross sections, ¢, are listed at each centre-of-mass energy for single photon
production above 1.5 GeV in the angular region |cos 8| < 0.7 and with no restrictions against
additional photons. The errors indicate the uncorrelated uncertainties only. In addition, there
are correlated uncertainties of 5.6 % and 0.8 pb.

Ecm (GeV) o (pb)

88.22 6+6
89.22 444
90.22 10£9
91.22 1244
92.22 21+ 11
93.22 96 £ 14
94.22 8718

With this measurement of the invisible width, the number of single photon candidates
which deposit between 1 and 1.5 GeV in the electromagnetic calorimeter is expected to be
64 & 6 including backgrounds, in good agreement with the 63 observed events. By using
these lowest energy events as a background control sample, the statistical significance of
the complete single photon sample is reduced. However, this control sample provides an
important check of the background calculations using the data themselves.

Summary

A direct determination of the Z° invisible width is performed by measuring the single
photon cross section at centre-of-mass energies near the Z° resonance with the OPAL
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Figure 12. The corrected cross sections (pb) at each centre-of-mass energy point for single
photons above 1.5 GeV in the angular range | cos 6| < 0.7 from the process etTe™ — vy, The
solid curve shows the result corresponding to 3.0 light neutrino generations. The expectations
from two and four light neutrino generations are shown by the lower and upper dashed curves
respectively.

detector. A total of 136 events are observed in which the photon deposits more than
1 GeV in the electromagnetic calorimeter. The 73 events which deposit more than 1.5 GeV
are used to determine the invisible width, I,y = 0.50 £ 0.07 + 0.03 GeV. Assuming the
Standard Model Z° coupling to neutrinos, this corresponds to 3.0 + 0.4 +0.2 light neutrino
generations. ‘
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