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Abstract

A measurement of the single photon production cross-section is presented based on a data-
sample of 40.5 pb�1 collected with the OPAL detector at centre-of-mass energies within 3 GeV
of the Z0 mass. Single photon events arise from initial state radiation and the production of an
\invisible" �nal state consisting of neutrinos or possibly particles such as sneutrinos or photinos.

The single photon topology is also sensitive to new Z0 decays such as Z0 ! ���� ! ��� or Z0 !
X, X! invisible particles. A total of 447 single photon candidates were observed with energy
exceeding 1.75 GeV in the polar angle region j cos �j < 0:7. The estimated background from

processes with visible reaction products, mainly e+e� ! e+e�, is 37 � 6 events. Interpreting
the cross-sections as being solely due to Z0 decay to invisible particles and the expected W-

contributions, the Z0 invisible width is determined to be 539 � 26 � 17 MeV corresponding to

N� = 3:23 � 0:16 � 0:10 light neutrino generations. The di�erential cross-section with photon
energy is presented. Upper limits are set on additional invisible contributions to the Z0 width,
on possible non-resonant processes, and on Z0 decays to single photons. The energy spectra are

used to constrain exotic sources of high energy single photons. In particular, the radiative two-

body decay of the Z0 to a new particle X, with mass below 64 GeV and an invisible signature,

has a Z0 branching ratio of less than 4:3� 10�6 at 95 % con�dence level.
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1 Introduction

Decays of the Z0 can result in the pair production of neutral weakly interacting particles with

mass less than 1
2
mZ. The existence of a substantial Z

0 branching ratio into such \invisible" �nal

states (� 20 %) has been inferred from precision measurements of the production cross-sections

of hadrons and charged leptons in centre-of-mass energy scans near the Z0 resonance [1, 2].

The total width of the Z0, �Z, measured from the lineshape width is some 500 MeV larger than

can be accounted for by the visible width of the charged leptons and quarks measured from the

pole cross-section. This indirect measurement of the invisible width, �inv, is of high precision.

It is consistent with the Standard Model expectation for three light neutrino generations and

can be interpreted as a measurement of N� = 2:980� 0:027 [1, 2, 3], where N� is the e�ective

number of light neutrino generations deduced from the Z0 invisible width based on the expected

partial width for one light neutrino generation (N� = �inv=��
SM ). Within the Standard Model,

with three light neutrino species, �inv is expected to be 500:8� 2:6 MeV for mZ = 91:187 GeV

and mtop in the range 100 to 200 GeV [4].

In this paper we directly measure the production cross-section of events with invisible par-
ticles. Such events, expected to be predominantly due to Z0 decays to invisible particles, are
observable when a photon radiated from an initial state lepton is the only particle detected by
the experiment, thus signalling an annihilation to an invisible �nal state. This direct method
of determining �inv was recognised by many authors [5]. It is statistically less precise than the

indirect one but is complementary in many respects. In particular, the indirect method depends
on measuring all visible decays, even exotic ones. Single photon events can also arise within the
Standard Model from t-channel W exchange yielding electron-type neutrinos. Together with
the interference of the W diagram with the Z0 exchange diagrams, these W contributions are
expected to reduce the single photon cross-section at the Z0 peak by about 8 %. At higher ener-

gies, the single photon cross-section measurement can probe the W-W- coupling [6], however
this contribution is expected to be small near the Z0 mass.

Single photon measurements have been made at lower energy e+e� colliders [7] and at LEP,
initially by OPAL [8] and later also by L3 and ALEPH [9]. The average of all previous LEP

measurements is N� = 2:97 � 0:17. These results agree with the Standard Model expectation

for three light neutrinos and also with the indirect measurements.

New physics processes, such as production of additional heavy neutrinos, or other weakly
interacting particles, such as sneutrinos [10], could lead to non-integral values of the measured

N� . Mechanisms such as the existence of right-handed neutrinos which mix with their left-

handed counterparts [11] could reduce N�. Thus precise measurements of N� are needed to

address such models.

The single photon topology also constitutes a very simple experimental signature which

can be used to set model independent upper limits on the production cross-section. These

upper limits are relevant to the production of several new particles, such as neutralinos, single
excited neutrinos, variant axions [12], technicolour inspired pseudo Goldstone bosons [13] and

gravitinos [14]. Many searches for particular particles using the single photon topology appear

in the literature [7], [15]. The lower energy searches are complementary since \background"
from Z0 decay to invisible particles is heavily suppressed.
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In this paper, we explore possible Z0 decays to single photons and constrain possible non-

resonant sources of single photons such as e+e� ! ~~. The fully corrected di�erential cross-

section with photon energy is presented and compared with the expectation for ��() produc-

tion. We also search for the production, in association with a photon, of a new particle (invisible

or with invisible decay modes), by examining the recoil mass distribution of the photon.

The relevant aspects of the OPAL detector are described in section 2. The selection of single

photon event candidates, and the estimation of the e�ciency of this event selection are described

in sections 3 and 4 respectively. The background from various processes with visible reaction

products is estimated in section 5 and checked in section 6. The e�ciency estimate is based

on measurements from the data with control samples. The background is mainly estimated by

Monte Carlo simulation of known background processes, and it is checked with data by relaxing

some of the selection criteria. The results on the total cross-section are presented in section 7.

The interpretation of these results within the Standard Model is described in section 8, while

in the next section we derive limits on new physics contributions. In section 10, we present the

di�erential cross-section with photon energy, which is both compared to the expectation from

e+e� ! ��() and is used to set model independent limits on exotic sources of single photons.

2 OPAL detector

The OPAL detector, described in detail in [16], is a detector with a pressurised central tracking
system operating in a 0.435 T axial magnetic �eld. The lead-glass electromagnetic calorimeter
together with presamplers and time-of-ight (TOF) scintillators is located outside the magnet

solenoid and pressure vessel. The magnet return yoke is instrumented for hadron calorimetry
and is surrounded by external muon chambers. Electromagnetic calorimeters close to the beam
axis1 measure luminosity and complete the acceptance. The detector features of relevance to
this analysis are described briey below.

The central tracking system operates at a gas pressure of 4 bar and consists of a vertex drift

chamber, a jet chamber and z-chambers. For data recorded after 1990, the vacuum chamber
in the central region was made of beryllium and reduced to a radius of 5.3 cm, and a silicon
micro-vertex detector [17] was installed at a radius of about 6 cm immediately outside this inner

beam-pipe. The polar angle coverage of the tracking detectors is such that at least 20 points
are measured in the jet chamber for charged tracks in the range j cos �j < 0:963. Tracks with

j cos �j < 0:97 are measured with at least �ve hits in the vertex drift chamber. The probability

of a photon conversion occurring in the material of the beampipe and the central tracking
detector is about 8% in the barrel region for data recorded after 1990.

Most photons (� 80%) incident on the material of the pressure vessel and magnet coil (1.8
radiation lengths at normal incidence) in the barrel region, convert and are therefore detected

in the TOF and barrel presampler detectors located in front of the lead-glass calorimeter. The

TOF detector consists of 160 scintillator counters forming a barrel of mean radius 2.36 m. Each
counter is 6.8 m long (in z), and light is collected from both ends. The time of arrival of a

photon is measured with a resolution of better than 300 ps. The presence of a signal in this

1A spherical polar co-ordinate system is used with the polar angle � de�ned relative to the electron beam
direction (z).
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detector in coincidence with the barrel electromagnetic calorimeter means that a lower energy

threshold can be used to accept single photon events in the trigger.

The energies of photons and electrons are measured by the barrel and endcap lead-glass

electromagnetic calorimeters. These detectors provide full azimuthal coverage in the polar

angle range of j cos �j < 0:82 for the barrel and 0:81 < j cos �j < 0:984 for the endcaps. The

forward detector electromagnetic calorimeters on both sides of the interaction point cover the

polar angle region between 34 and 132 mrad. All three calorimeters provide sampling of the

electromagnetic shower development over typically 24 radiation lengths for �ducially contained

particles. When high energy electrons or photons are incident on the gap between the endcap

lead-glass and the forward detector, some fraction of the shower is usually detected at the edge of

one of these calorimeters. An additional electromagnetic calorimeter, called the gamma-catcher,

�lls this gap. It consists of a ring of lead-scintillator sandwich modules of seven radiation lengths

thickness. The gamma-catcher was fully operational only for the data recorded in 1992. Thus,

photons and electrons are detected with an acceptance of almost 4�.

The barrel lead-glass blocks have a pointing geometry. To achieve good hermeticity, the
small 1 mm gaps between the lead-glass blocks do not point exactly to the interaction point.

The blocks of the endcap calorimeter are arranged with their axes parallel to the beam direction.
This means that the gaps do not point to the interaction point, and that particles from the
interaction point typically deposit energy in several lead-glass blocks. Clusters are composed of
contiguous blocks with at least one containing 20 (50) MeV for the barrel (endcap). Clusters are
considered in the analysis if they have an energy exceeding 100 MeV. In the endcap region, only

clusters with at least two blocks are considered. The cluster energies which are used correspond
to the energy deposited in the active material (lead-glass) and have not been corrected for energy
loss in the material in front of the calorimeter. The intrinsic energy resolution of the calorimeter
is 5{6%/

p
E which is degraded by about a factor of two by the material of the magnet coil and

the pressure vessel.

The presence of muons is detected by the hadron calorimeters and muon detectors. This

muon identi�cation is used to veto events with muons originating from cosmic ray interactions
or beam halo events2, as well as e+e� collisions. In particular, the hadron pole-tip calorimeter

extends the muon coverage to about j cos �j = 0:985.

Single photon events in the barrel region are triggered by an inclusive trigger, based on

the presence of at least one azimuthally matched coincidence between a TOF signal in an 18�

half-angle azimuthal wedge and a corresponding signal in a trigger sector of the barrel electro-

magnetic calorimeter having more than about 700 MeV deposited energy. The electromagnetic
component of the trigger is about 50 % e�cient at 700 MeV, 90 % e�cient at 1 GeV and fully
e�cient at 1.5 GeV. The trigger system is described in detail in [18].

3 Event selection

The analysis is designed to be e�cient for low energy photons whilst keeping under control a

number of backgrounds. The principal background to the e+e� ! ��() signal is radiative

2Muons produced by interactions of o�-momentum beam particles with the vacuum chamber.
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Bhabha scattering, e+e� ! e+e� where the photon is detected at wide angle and the electrons

remain undetected at low angles close to or within the beam-pipe. In an hermetic detector

such as OPAL, this type of background can be controlled with a minimum transverse energy

requirement, of order 1 GeV, on the wide angle photon in conjunction with a calorimetric veto

on additional signi�cant energy deposits. In addition \instrumental backgrounds" arising from

cosmic-ray muon interactions, muons from the beam halo, or interactions of beam particles

with residual gas in, or with the wall of, the vacuum chamber must be considered.

The event selection criteria will be described in four stages :

� Neutral topology : require no charged tracks

� Photon acceptance/trigger de�nition

� Isolation (calorimetric vetoes)

� Background suppression

The �rst two stages de�ne the acceptance of the analysis and its e�ciency. The isolation
criteria are essential for rejecting several sources of physics background. Lastly the background

suppression criteria are designed to remove residual instrumental backgrounds. The criteria
build on those adopted in our previous publication [8].

Events are selected as single photon candidates if they satisfy all of the following criteria.

Neutral topology

� [N1] Charged track veto. Events are required to have no tracks reconstructed in the
central detector with 20 or more jet chamber hits assigned to them. This removes events
with a charged track with transverse momentum above about 100 MeV in the polar angle

region j cos �j < 0:963.

Acceptance

� [A1] Angular acceptance. The electromagnetic cluster with the highest deposited energy

in the barrel and endcap calorimeters must be in the region j cos �j < 0:7.

� [A2] Coil conversion. The above electromagnetic cluster must be matched within 50 mrad
in azimuth by a TOF counter signal of good quality3.

� [A3] Timing. The measured arrival time of the photon at the TOF must be within 2 ns
of the expected time for a photon originating from the interaction point.

� [A4] Minimum energy. The deposited energy associated with the above electromagnetic

cluster must exceed 1.5 GeV. All electromagnetic clusters within a 200 mrad half-angle

cone of the �rst cluster are included in the energy sum. A photon with true energy of
1.75 GeV deposits about 1.5 GeV of energy in the calorimeter after traversing the coil.

3Timing information from both ends of the scintillation counter is required.
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� [A5] Trigger. The event must satisfy the TOF-electromagnetic barrel coincidence trigger

which is a su�cient condition for the event to be recorded.

Isolation

The following calorimetric vetoes against signi�cant energy deposits remove physics back-

grounds :

� [C1] Second cluster veto. The event is rejected if there is another cluster, outwith the

200 mrad cone around the highest energy cluster4, detected in either the barrel or endcap

electromagnetic calorimeters with deposited energy exceeding 300 MeV.

� [C2] Forward calorimeter veto. The total energy deposited in each forward calorimeter

must be less than 2 GeV.

� [C3] Gamma-catcher veto. The most energetic gamma-catcher cluster must have an
energy of less than 5 GeV. (This criterion was applied to data recorded in 1992 only.)

The following criteria are designed to reduce background from events where the cone around
the accepted cluster contains additional energy deposits { as expected for a �0.

� [P1] Cone-mass. The invariant mass of the electromagnetic clusters within the 200 mrad
half-angle cone is formed using the deposited energy of each cluster. The expected value

of this mass for a low energy (� 2 GeV) �0 with at least one photon converting in the
coil is about 100 MeV. Events where this mass is between 50 and 150 MeV are removed.

� [P2] Presampler match. If present, the presampler barrel cluster with the largest signal

within a 400 mrad half-angle cone of the primary electromagnetic cluster must match the

electromagnetic cluster to within 100 mrad.

Background suppression

� [B1] Hit veto. Backgrounds from beam-wall and beam-gas interactions are reduced by
requiring that the event contains no vertex chamber sector with 5 or more hits and no jet

chamber sector with 50 or more hits.

Additional redundancy in the rejection of backgrounds from cosmic-ray or beam-halo muon
interactions is achieved with the following criteria. Such backgrounds are already cut down

e�ectively by the timing requirement (criterion A3).

� [B2] Cluster extent. The primary electromagnetic cluster combined with any clusters

contiguous with it must not extend more than 200 mrad (equivalent to more than �ve

4As de�ned in criterion A1.
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lead-glass blocks) in the polar or azimuthal directions. Muons from external sources, with

a wide range of incidence angles, tend to give large clusters within the pointing geometry

of the barrel electromagnetic calorimeter.

� [B3] Muon veto. Events are rejected if there are any muon track segments reconstructed

in the barrel or endcap muon chambers, or in the barrel, endcap or pole-tip hadron

calorimeters. Events are also rejected if three or more of the outer 8 layers of the barrel

hadron calorimeter have strips hit in any 45 degree azimuthal road.

� [B4] Strip veto. The number of strips hit in any of the hadron calorimeter barrel or

endcap sectors must be less than 5.

Summary

Events were selected from a data-sample of 40.5 pb�1 integrated luminosity collected from
1990 to 1992 within which all the main detector components used in the analysis were fully
operational. A total of 447 single photon candidate events were selected.

4 E�ciency estimation

The selection e�ciency for events from the e+e� ! ��() process is estimated from the
full detector simulation [19] using the event generator based on the calculations in [20]. The
detector response was simulated for events where at least one photon satis�ed E > 0:5 GeV ;
j cos �j < 0:75. Particularly important components of the e�ciency are checked with data
control samples, and where appropriate the e�ciency estimate is corrected. The overall selection

e�ciency is estimated to be 65:7� 1:7 % for events within the chosen kinematic acceptance of

E > 1:75 GeV ; j cos �j < 0:7. This e�ciency is de�ned as

Nselected=Ngenerated

where Ngenerated is the number of events with at least one photon generated with E > 1:75
GeV ; j cos �j < 0:7, and Nselected is the number of events from the ��() process accepted by

the selection criteria and includes events which, due to resolution e�ects (\feed-through"), lie
outside the E > 1:75 GeV ; j cos �j < 0:7 region. The measured cross-sections are based on
this kinematic acceptance and are corrected for the expected e�ects of doubly radiative events

(��).

In the following paragraphs we discuss the e�ciency of each criterion in turn and, where
appropriate, correct for observed discrepancies with the Monte Carlo (MC) description. The

selection criteria described in section 3 have been listed in an order which roughly reects the
chronological order of the photon's passage through the detector, in order to reduce correlations

among di�erent criteria and facilitate comparison with data control samples. The e�ciency of

each criterion, which is listed later in Table 2, is after requiring all previous criteria.
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E�ciency of the charged track veto (N1)

This criterion removes events where the photon converts in the beam-pipe or in the volume of

the central detector up to a radius of about 1.65 m. The thickness of this material is evaluated

to be 8.8 % of a radiation length at normal incidence, based on knowledge of the material

composition. This is expected to have a fractional uncertainty of less than 10 %. The studies

described in [21] indicate that the photon conversion rate is understood at about this level. The

estimated ine�ciency for the 1991 and 1992 data is 7:7 � 0:8 %. Before the 1991 data-taking

period, the silicon micro-vertex detector and inner beam-pipe (corresponding to 1.25% of a

radiation length of material at normal incidence) were added to the detector. It is estimated

that 1.1 % of all photons convert in this material. The estimated ine�ciency for the 1990 data

is therefore 6:6� 0:7 %.

Angular acceptance (A1)

The angular acceptance criterion, j cos �j < 0:7, was extensively studied in the OPAL e+e� !
e+e� analysis [1] for beam energy electrons. No correction was deemed necessary and an

uncertainty of 0.12 % was assigned. Additional uncertainties in this analysis arise from the less
precise polar angle measurement for low energy photons and from not correcting for the slight
shift in the longitudinal coordinate of the average interaction point (at most a 0.2 % e�ect).
We assign an error of 0.3 %.

E�ciency of the photon conversion requirement (A2)

In essence, this criterion requires that the photon converts in the material in front of the TOF.
A control sample of 4272 isolated photons from the reactions e+e� ! `+`�(` = e; �), e+e� !
 and radiative Bhabha scattering with one electron detected in the forward calorimeter,
e+e� ! (e)e, was selected. The photon was required to be isolated by at least 200 mrad in
azimuth from any track and to be detected within the j cos �j < 0:7 region. The energy and

polar angle distributions of the three samples are in good agreement with the MC expectation.

The measured e�ciencies for associating a TOF hit are shown in Table 1 together with the MC

expectation. The three separate estimates are consistent and indicate an e�ciency in the control

sample of 80:8 � 0:6 % which is somewhat higher than the 79:0 � 0:5 % expected from MC.

For increasing angles of incidence, and hence more traversed material, the e�ciency increases
in agreement with the shape expected from MC. The TOF association e�ciency is expected to
be fairly independent of the photon energy. A variation of about �2 % is expected in the range

of 1.75 GeV up to the beam energy, arising mostly due to the e�ects of shower uctuations

at low energy. The energy dependence is checked over a wide range with the `+`� sample

and also the beam energy photons in the  sample and is found to be in good agreement

with expectation. We elect to apply a correction factor to this component of the e�ciency of
1:022 � 0:015. The assigned error takes into account the statistical error on the check (0.010)

and the level of agreement of the three control samples. The corrected e�ciency for photons

from the e+e� ! ��() process is 80:0 � 1:2 %.
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Event type Data (%) MC (%)

`+`� 80:4 � 0:7 78:0 � 0:6

 83:5 � 1:2 81:6 � 0:8

(e)e 76:3 � 2:4 80:4 � 1:4

All 80:8 � 0:6 79:0 � 0:5

Table 1: Measured probability for a photon to convert in the coil or pressure vessel for each photon
control sample compared to the MC expectation.

TOF timing (A3)

The e�ciency of the TOF timing criterion, jt0j < 2 ns, where t0 is the measured arrival time

minus the arrival time expected for a photon originating from the interaction point at the same

polar angle, is estimated using photons from the control sample described above. The photons

are required to satisfy criterion A2. The e�ciency is found to be 99:45 � 0:12 % while the
��() MC estimate is 99:91 � 0:03 %. We therefore apply a correction factor of 0.995 and

assign a systematic error of 0.2 %.

Energy scale and resolution (A4)

The acceptance changes by approximately 1 % per 10 MeV uncertainty on the deposited energy
scale at 1.5 GeV. Uncertainties on the energy scale are expected to arise principally from the
detector calibration and the modelling of the energy loss in the upstream material. We check the
energy scale with two samples. Firstly, we \calibrate" the energy scale at low energy with a high
statistics sample of isolated electrons. Secondly we check whether the energy scale measured
with a low statistics sample of photons is consistent with the observations with electrons.

The sample of single electron events arises from radiative Bhabha scattering (e+e� ! e+e�)

and two-photon production of e+e� (e+e� ! e+e�e+e�). With this sample one can check the

energy scale against the more precisely known momentum scale. The single electron event

selection procedure is very similar to that described in our previous paper [8]. A sample
of 43,103 low energy single electron events was selected with electron momenta in the range
1:0 < p < 3:0 GeV and j cos �j < 0:7 from the 40.5 pb�1 data-sample. The observed momentum

and angular distributions of the single electrons are well described by the expectations from the

two processes. We study the distribution of \energy loss" de�ned as p � E where p represents
the momentum measured by the central detector and E is the deposited energy associated with

the electron in the electromagnetic calorimeter de�ned similarly to criterion A4 above. The

energy loss distribution is �tted with a Gaussian distribution for several bins in p and j cos �j
for data and MC. The �tted means are shown as a function of p and j cos �j in Figures 1 (a)

and (b) respectively. The mean energy loss for data is between 20 and 30 MeV higher than
that for MC for almost all of the bins. This shift shows little dependence on p or j cos �j. The
shift is estimated to be 25 � 2 MeV for electrons which deposit energies of around 1.5 GeV
(p � 1:8 GeV). The momentum scale itself is estimated to contribute an uncertainty of at most

6 MeV to this check where the estimate includes scale uncertainties as indicated from studies

of the reconstructed K0
s mass and uncertainties on the material thickness which a�ect electrons

via bremsstrahlung in the central detector volume.
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Secondly, we check the energy scale for low energy photons with a sample of radiative di-

lepton events (e+e� ! `+`�(` = e; �)). The energy of the photon (and each lepton) can

be �tted using the measured angles of all three particles and the kinematic constraints of

four-momentum conservation. A sample of 705 radiative di-lepton events was selected where

the photon has a �tted energy between 1 and 3 GeV. The selected photons are required to

convert in the coil (criterion A2). The event selection requires that the angles of both tracks

are well measured and that the photon is relatively well isolated (200 mrad in azimuth) from

each lepton. Several criteria are required which reduce substantially any contamination from

non-planar events and events with multiple photons. The photon energy is estimated on an

event-by-event basis with a precision of typically 1 % for genuinely 3-body planar events. This

error is negligible compared to the experimental resolution on the measured energy at low

energy (about 10 %).

As in the study with single electrons we de�ne the \energy loss" as E�t�E where E�t is the

�tted (reference) energy and E is the deposited energy associated with the photon. The mean

energy loss for the photon sample is about 100 MeV less than observed with the electron sample,
as expected from the di�erences in shower development between electrons and photons. The
E�t and angular distributions of the data are described satisfactorily by the MC samples. The
energy loss distributions observed for data and MC are �tted with a distribution5 consisting
of two half-Gaussians of di�erent width. The �tted mean energy loss is larger in the data

by 24 � 12 MeV. Various alternative estimation methods with the same data-sample lead to
data � MC di�erences consistent with the above to within 10 MeV. The reference energy scale
from the kinematic constraints, E�t, is estimated to have a systematic uncertainty of about
6 MeV arising from multiple photon e�ects. This check with photons in radiative di-lepton
events indicates a di�erence in energy loss between data and MC (24� 12� 12 MeV) which is

consistent with that observed with single electrons (25 � 2� 6 MeV).

We elect to \calibrate" the deposited energy scale of the MC by shifting the deposited energy

by �25 MeV as established using single electron data. We assign a systematic uncertainty on
the energy scale of 15 MeV at 1.5 GeV (1 %) which leads to a 1.5% systematic uncertainty on

the acceptance. The assigned uncertainty includes uncertainties associated with inferring the

photon energy scale from the electron energy scale. The cross-check with photons is consistent
with the electron study and has a precision comparable to the quoted systematic error. Includ-

ing the energy scale shift, we estimate that 88.6 % of photons within the kinematic acceptance

will have deposited energy above 1.5 GeV, while the number of selected photons is augmented
by a factor of 1.094 due to feed-through from outside the kinematic acceptance. Both factors
have been decreased by 1.3 % as a result of the energy scale shift. Uncertainties in the modelling

of the energy resolution can also a�ect these factors. Based on the energy resolution measured

with the electron and photon control samples, we assign an additional systematic uncertainty

on the acceptance of 0.8 %.

5The need for an asymmetric distribution is a result of the measured energy of photons which convert late
in the coil being higher than on average. Given that little energy is then lost in the coil, they are also subject
to less uctuation.
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Trigger e�ciency (A5)

Events satisfying selection criteria A1{A4 almost necessarily satisfy this trigger. The electro-

magnetic barrel and TOF components of the trigger e�ciency are evaluated using 20,000 in-

dependently triggered single electron events. The overall trigger e�ciency for single photon

events passing criteria A1{A4 is estimated to be 99:9 � 0:1 %.

Occupancy probability

Several of the event selection criteria, namely N1, C1{C3, B1, B3{B4, are vetoes on additional

activity in the detector. The probability of a noise event, with characteristics satisfying some of

the veto conditions, occurring per bunch crossing was estimated for each centre-of-mass energy

and data-taking year using an unbiased bunch crossing trigger of �xed lower frequency. The

occupancy probabilities per bunch crossing are estimated to be 2:79�0:06 %, 3:60�0:03 % and
2:72� 0:02 % for the 1990, 1991, and 1992 data-taking periods, respectively, based on 894,000
unbiased triggers. About one third of this ine�ciency is related to coincident muons, mostly
of cosmic-ray interaction origin, while the remainder is predominantly due to interactions of

o�-momentum beam-particles with the vacuum pipe (\beam-wall"). We estimate a systematic
error of 0.5 % to account for uncertainties associated with the time and luminosity variation of
the occupancy probability.

Multiple radiation

The calorimetric vetoes, C1{C3, may eliminate doubly-radiative neutrino production (��)
if the second photon is detectable. The MC predicts that 3:0% of ��() events are removed
by these criteria. Experimental uncertainties related to the e�ciency of detecting the second

photon are small. The theoretical uncertainty on the rate of doubly radiative events is assessed

as 0.3 % as indicated by comparisons in [22],[23] of the ��() generator [20] and the KORALZ
generator [24] for centre-of-mass energies near the Z0. We assign a total systematic error
of 0.4 %.

Other sources of ine�ciency

The other criteria introduce little additional ine�ciency. The �0 rejection criteria (P1 and
P2) are estimated from MC to have a small ine�ciency of 0.5 % due to uctuations in the

lateral development of the photon shower. These two criteria have been studied with single

electron events. In both cases the distributions of the cut variable agree qualitatively with
expectation from MC, but somewhat more single electrons in the data fail the criterion than

expected. Using the observations with single electrons as a guide, we increase the single photon
ine�ciency from 0.5 % to 0.8 % and assign a systematic error of 0.3 %.

The simulated response of the muon barrel detector includes noise hits, leading to a predicted

0.5 % ine�ciency from criterion B3. However, given that noise hits are already accounted for
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in the occupancy probability, we assign full e�ciency to this criterion. The tracking chamber

hit vetoes6 (B1), the cluster extent criterion (B2) and the hadron calorimeter strip vetoes (B4)

introduce negligible ine�ciency. The latter criterion has a minor ine�ciency of 0.1 % due to

uctuations in the longitudinal shower development which occasionally lead to strip hits in

the �rst layer. Checks with single electrons indicate that such mechanisms are indeed small.

Nevertheless we assign a systematic error of 0.1 %.

E�ciency summary

The estimated selection e�ciency for ��() events with a photon in the E > 1:75 GeV;

j cos �j < 0:7 region is summarised in Table 2. The actual e�ciency estimated for each centre-

of-mass energy varies somewhat from this average e�ciency due to small variations of the

occupancy probability with time and the absence of the inner material associated with the

silicon micro-vertex detector in the 1990 data.

Criterion Correction factor E�ciency (%)

N1 { No tracks 1:000 � 0:008 92.3
A1 { j cos �j < 0:7 1:000 � 0:003 99.3
A2 { Associated TOF 1:022 � 0:015 80.0
A3 { jt0j < 2ns 0:995 � 0:002 99.4

A4 { Deposited energy above 1.5 GeV 0:987 � 0:008 88.6

A5 { Trigger 0:999 � 0:001 99.9
C1{C3 Calorimetric vetoes 1:000 � 0:004 97.0

P1,P2 �0 vetoes 0:997 � 0:003 99.2
B1-B4 Background suppression 1:005 � 0:001 99.8

Feed-through 0:986 � 0:008 109.4
Occupancy (typical) 0:970 � 0:005 97.0

Total 0:961 � 0:024 65:7 � 1:7

Table 2: Estimated selection e�ciency for photons with E > 1:75 GeV ; j cos �j < 0:7. The e�ciency
is evaluated using the ��() generator and includes the listed correction factors to account for
observed de�ciencies of the simulation. The e�ciency of each criterion is given after applying the
previous criteria. The deposited energy scale has been shifted by �25 MeV as described in the
text. The feed-through represents the 9.4 % increase in \e�ciency" arising from photons which do
not originate within the above kinematic acceptance but were selected due to the �nite resolution
of the polar angle measurement and especially the energy measurement. The energy scale shift and
its uncertainty a�ect criterion A4 and the feed-through in a correlated manner. The corresponding
systematic errors have been added linearly.

5 Background estimate

Events with a single photon topology can be produced by several physics processes which
give rise to a photon and visible reaction products. The event selection is sensitive to such

6Photon conversions resulting in reconstructed tracks in the jet chamber are already removed by criterion N1.
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backgrounds when all the visible reaction products escape detection either by remaining in or

near the beam-pipe or by depositing an insigni�cant amount of energy in the electromagnetic

calorimeters. The dominant background is radiative Bhabha scattering, e+e� ! e+e�. Other

backgrounds, namely, e+e� ! , e+e� ! �+��, e+e� ! �+��, two-photon production

of meson resonances with neutral decay modes (�0; �; �0; f2(1270)) and two-photon production

of electron or muon pairs with a radiated photon are also estimated. The uncertainty on

the background estimate is dominated by our understanding of the radiative Bhabha scattering

contribution as the other sources are either much smaller or relatively well understood (�+��).

The background contributions are estimated using appropriate event generators and are

based on a full simulation of the detector response [19] and the event reconstruction as in

section 4. The corrections deemed necessary from studying various aspects of the e�ciency,

including the occupancy probability, are also applied to the background estimate. We use the

TEEGG event generator [25] in lowest order to describe the radiative Bhabha scattering pro-

cess. Fully simulated events were generated on the Z0 resonance and the centre-of-mass energy

dependence of the accepted event rate was estimated at the generator level. The e+e� ! 

process was simulated using the generator described in [26]. Two-photon resonance production
was simulated according to [27]. The latter background is dominated by �0 production.

The other two-photon process e+e� ! e+e�`+`�(` = e; �) was considered in [22]. The
event generator for this process uses a combination of the exact lowest order calculation of
e+e� ! e+e�e+e� and e+e� ! e+e��+�� and a procedure [28] to add on a radiated photon
to the lepton-pair from the two-photon interaction. The cross-section, relevant to our single

photon event selection and estimated with this event generator and the full detector simulation,
is 0.03 pb.

The background estimates from all the above processes were calculated at the Z0 peak and
were re-scaled7 to the other centre-of-mass energies according to the energy dependence of
the e+e� ! e+e� cross-section which is approximately linear with a slope of about +8 %

per GeV8. The contributions from the e+e� ! �+�� and e+e� ! �+�� processes, where
the di-lepton predominantly arises from Z0 decay, are estimated using KORALZ [24] and are

evaluated at several centre-of-mass energies.

The background estimates for the various contributing processes are listed below in Table 3

together with their associated systematic uncertainty. Checks of the background processes, dis-
cussion of the backgrounds estimated from the data and justi�cation of the assigned systematic
errors are given in section 6. In addition to the simulated physics processes, contributions from

cosmic-ray interactions and single beam interactions are included as estimated from the data.

A systematic uncertainty of 2 events is included from possible additional backgrounds sug-

gested by the study of events failing exclusively due to the tracking chamber hit vetoes. Lastly,

based on the two events in the 1992 data vetoed solely by the gamma-catcher, we estimate
the contribution from this unmodelled background in the pre-1992 data. The errors quoted on
the background estimates for the simulated physics processes are the quadrature sum of the

MC statistical error and the assigned systematic error. The systematic errors range from 10 %

7For the non-e+e� backgrounds this choice of
p
s dependence is not expected to be exactly correct; the much

lower cross-section of these other backgrounds means, however, that this approximation is of little consequence.
8The cross-section increases with centre-of-mass energy because requirements are made on the photon energy

rather than the scaled photon energy.
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for the �+�� and �+�� contributions to 100 % for the e+e�`+`�(` = e; �) contribution.

The total error on the background is mostly determined by the 20 % systematic uncertainty

assessed for the radiative Bhabha process.

Background process Events expected

e+e� ! e+e� 17:6 � 4:9

e+e� !  2:3 � 1:0

e+e� ! e+e�X(X = �0; �; �0; f2(1270)) 2:6 � 1:8
e+e� ! �+�� 8:0 � 1:4

e+e� ! �+�� 2:3 � 0:6
e+e� ! e+e�`+`�(` = e; �) 0:8 � 0:8

cosmic ray interactions 1:0 � 1:0

beam-gas/beam-wall 1:0 � 1:0

hit veto ine�ciency 0:0 + 2:0

gamma-catcher region (pre-1992) 1:6 � 1:1

Total 37:1 � 6:2

Table 3: Number of events expected from each background process in the complete data-sample.

6 Background studies and systematic checks

In this section, we verify whether the number of events failing particular background rejection

criteria is well described by the simulated signal and background processes. In cases where
there is a signi�cant disagreement which is considered likely to contaminate the signal sample,
appropriate corrections or systematic errors are assigned. Backgrounds established from the

data are also estimated. We identify a reasonably pure sample of the main background source,
namely radiative Bhabhas, and check the rate against the prediction. For the other physics

background sources it is not possible to isolate a pure and representative sample of background
events, and the assigned systematic error takes into account both this ignorance and an estimate
of the uncertainty on the generator cross-section.

Radiative Bhabha background

The radiative Bhabha background is rejected mainly by the forward calorimeter veto (C2).
There are 751 events rejected by this veto compared to an expectation of 795� 23 from all the

simulated MC processes. Most of the predicted events are from the e+e� ! e+e� process but a
signi�cant fraction (� 10 %) are expected from e+e� ! . The energy of the most energetic

forward detector hemisphere is shown in Figure 2. One sees that the shape and normalisation

of the energy spectrum at low energy agree with expectation indicating that the analysis is
insensitive to the exact value of the energy cut.

Following the practice adopted in [8], we check the absolute cross-section prediction with

singly-tagged single photons. These are single photon candidates which fail the forward calorime-

ter veto (C2) on account of at least half the beam energy being measured in one forward detector
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and less than 2 GeV in the other. The high forward detector energy requirement selects tagged

particles which are �ducially contained in this calorimeter (scattering angles between 40 and

120 mrad). A total of 582 of the 751 events described above satisfy this more selective de�-

nition. The 582 observed events can be compared with an expectation of 654 � 20 from the

e+e� ! e+e� and e+e� !  processes. The deposited energy and signed cos � distribu-

tions for the barrel photon are shown in Figures 3 (a) and (b). The cos � distribution is signed

positively when the tag is in the same hemisphere in z as the photon and negatively otherwise.

The ratio of number of events observed to that expected is 0:89 � 0:05.

Given that we rely heavily on the calorimetric vetoes to reject the radiative Bhabha back-

ground, we have checked the hermeticity of the detector in the forward region using events with

a single electron detected in the barrel. We require a minimum transverse momentum of the

electron candidate, which for three-body e+e� ! e+e� events is su�ciently high to constrain

kinematically at least one of the other two particles, assumed to be of beam energy, to be

scattered by at least 34 mrad, corresponding to the e�ective veto angle of the forward detector.

The single electron selection is very similar to that described in [8] and in particular requires
criterion C1. Additional criteria reduce the �+�� contamination. From a sample of 6004 single
electron candidates all but 28 are vetoed by the forward detector. This is higher than the
5:4 � 4 events expected from the modelled processes of e+e� ! e+e�, e+e�e+e�, e+e��+��,
e+e��+�� (4� 4 events), �+�� and ��() (1:4� 0:4 events). The �rst four potential sources

of these events have been simulated at only lowest order. In higher orders, topologies occur
where the transverse momentum of the barrel electron is balanced by a particle with energy
less than half the beam energy, emitted well above the 34 mrad forward detector veto angle.
The absence of a response may be a genuine ine�ciency to beam energy particles or perhaps a
result of an ine�ciency to lower energy particles associated with higher order processes.

The 28 events were visually examined. The majority have no activity, other than the
track, which would exclude them from the single photon selection. Of the 14 events found in

1992, three events have a gamma-catcher cluster with energy in excess of 8 GeV opposite in
azimuth to the observed electron which has pT < 4 GeV. In all three events there is a second
electromagnetic cluster close to the inner edge of the endcap which has a deposited energy only

slightly below the second cluster veto threshold of 300 MeV. These events are not consistent

with a three-body �nal state. The �nal single photon selection criteria include the gamma-

catcher veto. Correcting for the three events, we �nd a possible veto ine�ciency of 0.3 %.

Based on this possible ine�ciency of the forward veto, we assign a fractional systematic error
of 13 % on the e+e� background in the single photon selection. This is calculated based on
0.3 % of the number of single photon events vetoed exclusively by the forward detector (751).

As summarised in Table 4, the total systematic uncertainty on the background from the

radiative Bhabha process is estimated to be 20 %. This includes uncertainty from the possible
veto ine�ciency and an 11 % uncertainty based on the comparison of the observed production

rate of \tagged single photons" with expectation. Other contributions arise from the photon

energy scale and resolution, the modelling of the forward detector veto at the inner edge, and
the estimated inuence of higher order corrections.
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Systematic Error (%)

Possible veto ine�ciency 13

Tagged single photon check 11
Photon energy scale and resolution 7.5

Higher order corrections 5
E�ective veto angle (� 1 mrad) 5

Total 20

Table 4: Systematic errors on the e+e� ! e+e� background estimate.

Systematic checks

Veto on additional electromagnetic clusters (C1)

A total of 420 events are removed exclusively by the second cluster veto. In 387 of these events
both electromagnetic clusters have deposited energies exceeding half the beam energy in good
agreement with the expectation of 413�12 for the theoretically well understood e+e� ! ()
QED process. This tests the normalisation and several aspects of the e�ciency.

We remove the gamma-catcher veto (C3) in order to evaluate its e�ectiveness. In the events
vetoed by a lower second cluster energy, 18 events, compared to an expectation of 48� 5, have
a second cluster at the inner edge of the endcap, j cos �j > 0:97, with energy exceeding 1 GeV.

Events in this region are expected to be mainly from e+e� ! e+e� where one of the electrons
scrapes the inner edge. It should be noted that all MC e+e� events with electrons scattered
by more than 34 mrad are rejected by the single photon selection. In order to study whether, as
a result of an ine�ciency of C1 near the endcap inner edge, some e+e� events with electrons
scattering above this veto angle have been selected as single photon candidates, we investigated

using the gamma-catcher for the 1992 data. Ten of the 18 inner edge events were recorded in

1992. All ten had a gamma-catcher cluster with an energy of at least 15 GeV. Thus, use of
the gamma-catcher for the 1992 data signi�cantly improves the background rejection power in
the overlap region between the forward detector and the endcap electromagnetic calorimeter.

Of the 210 single photon candidates from 1992 selected without requiring criterion C3, two

events have an energy deposit in the gamma-catcher exceeding 5 GeV. Both events have a soft

(E < 0:3 GeV) energy deposit at the inner edge of the endcap calorimeter close in azimuth to

the gamma-catcher cluster and opposite in azimuth to the barrel photon, which has a deposited
energy of around 2 GeV. It is kinematically excluded that these two events result from a three-
body process such as e+e�. In conclusion, the number of candidates vetoed by a second

cluster of moderate energy near the endcap inner edge di�ers from MC expectation. However,

no evidence is found for a signi�cant contamination of the single photon sample from e+e�
events where one or more electron is scattered well above the veto angle. A signi�cant hole in

the veto for e+e� events is already ruled out by studies with a much higher statistics sample

of single electrons.

With all analysis criteria applied, twelve events are rejected solely because of a second

electromagnetic cluster with energy below 1 GeV in agreement with expectation (10:2 � 1:1)
from �� (7:3 � 0:7), other physics processes (1:4 � 0:8) and random noise (1:5 � 0:3). The

energy of the second most energetic cluster is shown in Figure 4 for the selected single photon
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candidates and these twelve events and is compared to the expectation from random noise and

from the physics processes. Below 300 MeV in second cluster energy, the data agree with the

expectation from random noise. Eighteen events have 0:2 < E < 0:3 GeV which is consistent

with the 11.2 events expected where the second cluster arises mainly from noise.

Vetoes against �0's

Criteria P1 and P2 remove a total of 9 events compared to an expectation of 5.3 events for

the signal and background processes. By themselves these cuts are not essential. However

a substantial number of events (50 in total) fail these criteria in conjunction with the other

isolation criteria (C1,C2,C3). This is expected of, for example, untagged production of e+e� !
e+e�f2(1270) and tagged production of e+e� ! e+e��0.

Tracking chamber hit vetoes (B1)

A total of 20 events are removed exclusively by criterion B1 whilst one expects 11:7�2:7 events
predominantly from beam backgrounds coincident with signal events ( 8:5� 0:3� 2:4) and also
modelled processes such as hard bremsstrahlung of single electrons in the detector material.
Events from the e+e� ! e+e� process are also expected to play a role. The timing of all

events is consistent within 1 ns with an e+e� interaction. All 20 events have been visually
examined. Most of the events cannot be unambiguously interpreted. Many appear consistent
with accidental coincidences, while in some the photon seems correlated to the tracking chamber
activity. Two of the events have a very soft track segment which is matched in azimuth with
the observed photon, and are consistent with being single electron events where almost all the
energy of the initial electron has been radiated in the material of the beam-pipe or vertex

chamber. One expects 1:7 � 0:5 such events based on simulating the passage of 75,000 2 GeV

electrons through the detector material. We use the single electron events to give an indication
of the possible contamination of the single photon sample. The estimated contamination from
single electrons is negligible (0:3 � 0:1 events). A genuine excess of 8 events in the hit veto

check, with the same characteristics as single electrons, implies 1:3�0:5 events selected as single

photons. We assign a systematic uncertainty of 2 events to the overall background estimate
due to this possible contamination.

Instrumental backgrounds

The t0 distribution for the 456 single photon candidates selected with criterion A3 relaxed is

shown in Figure 5. Nine events with jt0j > 2 ns are rejected by the timing criterion. Based
on the t0 distribution of the photon control sample one expects a few single photon candidates
(2:5� 0:5) with jt0j > 2 ns. More out-of-time events are found with early times as expected for

beam related background components such as upstream beam-wall interactions or beam halo

muons. Cosmic-ray interactions are expected to arrive uniformly in time and have a uniform

acceptance for jt0j < 10 ns. We estimate the contamination of the signal region jt0j < 2 ns
by cosmic-ray interactions as 1 � 1 event based on the number of events with t0 in the range

4 < t0 < 8 ns. As discussed in [8], an estimate of the longitudinal origin of the photon, assuming
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it was produced within the beam-pipe in the same direction as the parent beam particle, can be

constructed from the measured arrival time of the photon at the TOF scintillator and the polar

angle of the electromagnetic cluster. From studies of the estimated longitudinal origin for the

selected events, we estimate a background of 1� 1 event arising from single beam interactions.

7 Results

A total of 447 single photon candidates are selected with an estimated background of 37:1�6:2

events. The distributions of deposited energy and j cos �j of the selected photons are shown in

Figures 6{8 and are compared with the expected distributions from the background processes

plus ��() production forN� = 3. The shapes of both distributions show the general behaviour

expected for initial state radiation.

Year
p
s (GeV)

R Ldt (pb�1) Nobs Nbkgd " (%) �meas
���() (pb) �SMN�=3

(pb)

88.252 0.433 2 0.3 67.1 5:9� 4:9 3.21
89.256 0.348 1 0.2 67.0 3:2� 4:3 4.58
90.254 0.195 2 0.2 66.8 14:0 � 10:9 7.00

1990 91.244 2.540 21 2.5 66.8 10:9� 2:7 12.00
92.234 0.399 7 0.4 67.0 24:7� 9:9 23.69
93.238 0.441 11 0.5 66.7 35:8 � 11:3 44.33

94.234 0.489 22 0.5 67.1 65:5 � 14:3 55.37

88.480 0.828 3 0.5 65.7 4:5� 3:2 3.46

89.470 0.800 6 0.6 64.6 10:5� 4:7 5.00
90.226 0.871 11 0.8 65.5 17:9� 5:8 6.91

1991 91.243 8.107 80 7.9 65.1 13:7� 1:7 12.00
91.970 0.825 16 0.8 65.5 28:1� 7:4 19.51

92.968 0.794 22 0.8 64.8 41:1� 9:1 38.79

93.716 0.914 35 1.0 65.6 56:8� 9:9 51.72

1992 91.299 22.473 208 20.1 65.8 12:7� 1:0 12.42

Total 40.458 447 37.1

Table 5: Observed number of single photon candidates at each centre-of-mass energy for each data-
taking year. The table includes the integrated luminosity, number of expected background events, the
selection e�ciency and background subtracted cross-section. The quoted error on the cross-section is
purely statistical. The e�ciency varies slightly among data-points due to variations in the occupancy
probability. The e�ciency for 1991 and 1992 data is lower than in 1990 due to the addition of the
silicon microvertex detector. Also given is the expected cross-section for N� = 3 evaluated from the
event generator.

The e�ciency of the analysis within the kinematic acceptance of E > 1:75 GeV ; j cos �j <
0:7 has little dependence on the assumed shape of the energy spectrum or the angular distri-

bution. High statistics MC studies with the ��() generator do not indicate any signi�cant

variation in e�ciency among centre-of-mass energies. This test is sensitive to the centre-of-mass
energy dependence of both the energy spectrum and the multiple photon emission rate. The

e�ciency variation is less than 1.5 % which is negligible compared to the o�-peak statistical
error and is therefore neglected.
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The number of single photon candidates selected at each centre-of-mass energy, the inte-

grated luminosity, the number of expected background events, the selection e�ciency and the

measured cross-section after background subtraction are shown in Table 5. The quoted cross-

section is for production of a photon with E > 1:75 GeV ; j cos �j < 0:7 with no restrictions

against additional photons. The e�ciency at each data-taking point includes the occupancy

probability measured for the particular data-set. Possible variations of the coil conversion prob-

ability and the energy scale with data-taking point were studied and found to be negligible.

The systematic uncertainties on the cross-section measurement are summarised in Table 6.

Most of the contributions are related to the e�ciency and have already been discussed in sec-

tion 4. The overall normalisation uncertainty due to the luminosity measurement is 0.6 % as

described in [1]. The subtracted background has some dependence on centre-of-mass energy

and amounts to about 1.4 pb with a systematic uncertainty of about 0.2 pb. The cross-section

at each centre-of-mass energy is therefore measured with a systematic uncertainty of 2.7 % plus

typically 0.2 pb.

Systematic Error(%)

Energy scale and resolution 1.7
Conversion in coil 1.5

No conversion in central detector 0.8
MC statistics 0.7

Integrated luminosity 0.6
Occupancy probability 0.5
Multiple radiation 0.4

Shower lateral uctuations 0.3
Fiducial acceptance 0.3
TOF timing 0.2
Shower containment 0.1
Trigger e�ciency 0.1

Total 2.7

Table 6: Summary of the experimental systematic errors related to the e�ciency and normalisation
of the single photon cross-section measurement within the kinematic acceptance of E > 1:75 GeV ;
j cos �j < 0:7.

8 Interpretation and Standard Model parameter estima-

tion

The measured cross-sections are shown in Figure 9. The cross-section is seen to increase by

an order of magnitude from the lowest to the highest energy scan point. The cross-sections
are compared with the expectations for ��() production with N� = 2, 3 and 4 as calculated
using the ��() generator described in [20]. Qualitatively one sees the expected centre-of-mass

energy dependence of initial state radiation in association with the decay of the Z0 into invisible
particles. In particular, the data show no evidence for sizeable components from possible non-

resonant sources nor the possible Z0 decay to a single photon and invisible particle(s). In
section 9 we shall discuss limits on such exotic sources of single photon events.
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In order to compare the measured single photon cross-sections with the Standard Model

(SM) expectations arising principally from Z0 invisible decays, we express the cross-section for

invisible particle production via Z0 exchange at the reduced centre-of-mass energy squared, s0,

as

�0(s
0) =

12�

mZ
2

s0�e�inv

(s0 �mZ
2)2 + s02�Z

2=mZ
2

(1)

where s0 = s � 2E

p
s, �e is the Z

0 partial width to electrons and the total width, �Z, can be

expressed as

�Z = �had +
X

`=e;�;�

�` + �inv (2)

with �inv de�ned as

�inv = N��� : (3)

The Z0 partial widths to hadrons, charged leptons and one generation of massless neutrinos,

denoted by �had, �`, and �� , respectively, are set to their SM values calculated with mZ =

91:187 GeV [29], mtop = 150 GeV and mhiggs = 100 GeV. All calculations use these central
values for mZ, mtop and mhiggs.

In a �rst step, we test the compatibility of the measured cross-sections with each integral N�

hypothesis using the full ��() cross-section calculation of [20]. We use a �2 test and combine
the six data-points below the peak into three data-points to ensure reasonable statistics per
bin. The correlated systematic errors on the e�ciency, the background expectation and the
predicted cross-section9 are accounted for in the covariance matrix. One �nds �2 values (for

12 degrees of freedom) of 79, 15 and 22 for the N� = 2, 3 and 4 hypotheses respectively. This
indicates that the data exclude N� = 2, are consistent with N� = 3 and do not favour N� = 4.

Within the above frame-work where the partial width for visible Z0 decays is �xed to the
SM value, variations of �inv necessarily a�ect �Z. The curves in Figure 9 with N� = 2, 3 and
4, correspond to models with values of �Z di�ering by about 167 MeV. The N� = 2 and 4
hypotheses are therefore ruled out by the LEP lineshape measurements which have a precision

on �Z of 7 MeV [1, 2, 3] (0.3 %). It is interesting to note that the N� = 2 and 4 hypotheses are

also excluded, at least at the 95 % CL, based on the single photon cross-section alone.

In a second step, we shall determine �inv directly from the single photon cross-section.

As shown in equation (1), we need to specify mZ, �e, and �Z. Given its high experimental

precision, we shall �x �Z to a value consistent with the measured value of 2:489 � 0:007 GeV.
In this approach with �Z �xed, the single photon cross-section varies linearly with �inv and is
correspondingly more sensitive to �inv. In addition to the expected dominant Z0 resonant term

described above, we need to assume something about the W contributions to the single photon

cross-section. Our previous analysis [8] �xed the W terms to the SM values. In practice, this

means that we assume the SM value of the electron axial-vector coupling and amounts to �xing

the vector coupling of the electron to a value compatible with the assumed �e. In addition, it
should be noted that the W-Z interference contribution is calculated with the SM value of the

Z0 coupling to electron-type neutrinos.

We realise the above intention by computing the expected single photon cross-sections at
each centre-of-mass energy using the Monte Carlo calculation of [20] with N� = 3. This

9This error source is discussed in detail below.
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calculation is based on the SM value of the invisible width, �SMinv . We then re-compute cross-

sections (�ZZ) with the W-contributions ignored. The di�erence between the two cross-section

estimates (�W ) gives the W-contributions which we assume to have their SM value. We then

�t the single photon cross-section measured at each centre-of-mass energy for �inv as follows:

�(
p
s;�inv) = �W

SM (
p
s) +

�inv

�SMinv
�ZZ

SM (
p
s):

We check the ��() cross-section calculation of [20] by comparing it with the KORALZ

generator [24] for a kinematic acceptance of E > 1:5 GeV ; j cos �j < 0:7. The KORALZ

code includes the latest calculations of electro-weak corrections as calculated in the ZFITTER

program [4]. The cross-sections agree to better than 1 % for centre-of-mass energies on and

above the Z0 mass as observed in previous studies [22, 23] with a larger acceptance (E > 0:5

GeV ; j cos �j < 0:966). Below the Z0 peak, the calculations di�er by about 3 %, which is

nevertheless negligible compared with the statistical errors on the data. The SM values of �Z,

�e and �inv calculated using the ZFITTER program, with �S set to 0.12 (KORALZ default),
are 2491, 83.8 and 500.8 MeV respectively. These central values for �Z and �e are in good
agreement with experiment [1, 2, 3].

We use a maximum likelihood �t to the observed number of events at each of the �fteen
centre of mass energies. The likelihood function contains Poisson probability distributions for
the signal and background expectations. The former depends on �inv according to the above
cross-section, and the latter is listed in Table 5.

Besides the experimental systematic errors on the e�ciency, normalisation and background
subtraction, which a�ect the measured cross-section, interpreting the cross-section in terms of
�inv introduces some additional systematic uncertainties. We assign a 1 % theoretical error to

the expected single photon cross-section justi�ed by the above comparison of two independent
calculations. The centre-of-mass energy scale uncertainties of the 1990, 1991 and 1992 data
are 20, 6 and 18 MeV respectively [29, 30]. Based on an average uncertainty of 14 MeV on
the centre-of-mass energy, one expects an uncertainty of 0.8 % on the invisible width. The

experimental uncertainty on mZ of 7 MeV [29] leads to a systematic uncertainty of 0.4 % on

the predicted single photon cross-section.

The �nal result is

�inv = 539 � 26 � 17 MeV

corresponding to

N� = 3:23 � 0:16 � 0:10

where we have assumed the SM coupling of the Z0 to neutrinos which gives a value for �� of

166.9 MeV per light neutrino generation when evaluated with mtop = 150 GeV and mhiggs =
100 GeV. The N� determination includes an additional systematic uncertainty of 0.5 % arising

from varying the top quark mass between 100 and 200 GeV, and the Higgs mass between 60 GeV
and 1 TeV. The di�erence between the measured cross-section and the expected cross-section

for N� = 3 is shown in Figure 10 and is compared with the best �t value of N� = 3:23.

As noted previously, the above approach assumes the SM W contributions. The expectation

without any W contributions is compared with the expectation using the full calculation in
Figure 10. Despite some dependence of the W contributions on the centre-of-mass energy,
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the main, but limited, discrimination between the two curves comes from the absolute cross-

section at the Z0 peak. We have �tted the single photon cross-sections as above but have

also introduced a scale factor fW, which scales the W cross-section contributions (so for SM,

fW = +1). We �nd, as expected, that fW is very correlated with �inv, and no meaningful

independent conclusions on fW can be drawn. In a second �t, we �x �inv to the SM value of

500.8 MeV (N� = 3), and �t for fW. We �nd fW = 0:0 � 0:7 � 0:4. This is consistent with

fW = +1 as expected, but also indicates that the present data can be described satisfactorily

without any W contributions.

9 Limits on new physics from the total single photon

cross-section

The comparison of the indirect method with this direct method of determining �inv can be
used to estimate the possible size of \exotic visible" Z0 decays which are not selected by the
standard visible decay analyses but contribute to the total width and hence the indirect invisible

width but would not be sensed by the direct invisible width method. For the OPAL data [1],
�inv(lineshape)��inv(direct) = �49�32 MeV. The central value is outside the physical positive
region. We use the method described in [31] to deal with this bound and set an upper limit at
95 % CL of 39 MeV on the partial width of the Z0 to exotic visible processes.

The direct measurements of �inv and N� can be used to set 95 % CL upper limits on these
parameters of 593 MeV and 3.55, respectively. An additional heavy neutrino with standard
couplings to the Z0 would contribute 3

4
�(1 + �2=3) of a light neutrino generation, where �

is the speed of the neutrino. Similarly, neglecting small e�ects from wino exchange, three
generations of sneutrinos degenerate in mass would contribute 3

2
�3 to N� (1.5 for � = 1). For

the selected single photon sample, the average reduced centre-of-mass energy,
p
s0, estimated

from the photon energy, is 88.4 GeV. This is consistent with the expectation of 88.5 GeV from
the ��() MC. Mass limits have been evaluated from the above upper limit on N� with �

calculated for
p
s0 = 88 GeV. We exclude an additional neutrino with mass lighter than 33 GeV

at 95 % CL. Similarly, three generations of mass degenerate sneutrinos are excluded for masses
below 30 GeV. The single photon data do not exclude one generation of light sneutrinos at the

95 % CL since the upper limit on N� exceeds 3.5.

Non-resonant sources of single photons can be investigated by �tting the data with the
Standard Model expectation for N� = 3 and an additional non-resonant component with cross-

section independent of centre-of-mass energy. We �nd

�non�res = 1:3 � 0:7� 0:4 pb

corresponding to an upper limit at 95 % CL of 2.8 pb.

Similarly Z0 decay contributions can be studied by �xing N� = 3 and adding a component

with the expected Z0 lineshape. We use the measured e+e� ! hadrons cross-sections at each
centre-of-mass energy [1] to model the Z0 lineshape and �t for the Z0 partial width to invisible

particle(s) and a single photon within the kinematic acceptance, �SP, normalised to �Z. The

result is
�SP=�Z = (2:3� 1:9� 1:1)� 10�5
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corresponding to an upper limit at 95 % CL of 6:2 � 10�5. The upper limit on Z0 decay to

a single photon with energy exceeding 1.75 GeV in the angular region j cos �j < 0:7 can be

extended to the full solid angle. Assuming an isotropic angular distribution one calculates an

upper limit on the Z0 branching ratio to a single photon with energy exceeding 1.75 GeV of

8:7 � 10�5 at 95 % CL. Much more stringent, but more speci�c limits, can be obtained using

the di�erential energy spectrum discussed in the next section.

10 Di�erential cross-section with photon energy

We present the di�erential cross-section with photon energy for single photon production,

d�=dE . This is presented for data collected below the Z0 peak, on peak and above the peak

corresponding to average centre of mass energies of 89.29, 91.28 and 93.05 GeV with integrated

luminosities of 3.5, 33.1 and 3.9 pb�1, respectively. The total cross-section variation with
p
s

is approximately linear for the three
p
s regions.

We proceed from the measured deposited energy spectrum of the 447 single photon can-
didates as follows. Firstly, we correct the deposited energy according to the expected energy
loss for a photon with the observed j cos �j and deposited energy, such that the corrected en-

ergy is a good estimator of the actual photon energy. Secondly, we subtract the background
contribution estimated for each bin of corrected energy. Thirdly, we estimate the e�ciency for
selecting a photon in the E bin under consideration. The bin size is chosen to be typically
about three times larger than the energy resolution. The e�ciency, de�ned, as before, including
feed-through, is found to be consistent with a constant value of 66:1� 1:7% for E bins above

3 GeV, while it is 61:2 � 0:6 % below 3 GeV, where the errors include only MC statistics10.
The measured di�erential cross-section with photon energy for each combined centre-of-mass
energy is shown in Table 7. Systematic errors on each bin are in general small compared to the
statistical error. Based on the variation of e�ciency from bin to bin, we assign a conservative

error on the e�ciency of 5 %. The uncertainty on the background estimates is about 25%. An

overall energy scale error of 1 % contributes a typical uncertainty of 1{2 %.

The measured di�erential cross-sections are compared in Figure 11 with the expectations

from the ��() generator with N� = 3. They agree reasonably well with the expectation.

Below the peak, one sees that the somewhat higher than expected total cross-section arises

principally from photon energies below 3 GeV. The shape of the energy spectrum is consistent
with the expectation from initial state radiation. The on-peak data agree well with expectation

over the complete energy range. Above the peak, there are indications of the expected shoulder

at energies around
p
s�mZ. The highest energy photon has an energy of 20:3 � 0:8 GeV and

is recorded at
p
s � mZ.

On the Z0 peak, nine events are observed with energy exceeding 10 GeV, compared with an

expectation of 5:1�0:5 events (4:8�0:4 from ��() and a background of 0:4�0:2 from �+��).

Below the peak, two events are observed with photon energy exceeding 5 GeV, compared with
an expectation of 3:0� 0:8 events. Above the peak, eight events have energy exceeding 5 GeV

compared with an expectation of 5:9 � 1:2 events. The latter expectations are dominated by

10The e�ciency is lower below 3 GeV due to the e�ect of the deposited energy cut at 1.5 GeV.
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E range (GeV)
p
s < mZ

p
s � mZ

p
s > mZ

(1.75,2.25) 9:1� 3:2 8:7 � 1:0 24:0� 4:7

(2.25,3.0) 4:1� 1:6 5:3 � 0:6 20:7� 3:4
(3.0,4.0) 0:8� 0:6 1:7 � 0:3 8:4� 1:8

(4.0,5.0) 0:8� 0:6 1:0 � 0:2 5:0� 1:4
(5.0,6.0) 0:3 � 0:1 0:3� 0:4

(6.0,8.0) 0:4� 0:3 0:2 � 0:07 1:3� 0:5

(8.0,10.0) 0:09 � 0:05
(10.0,12.5) 0:034 � 0:026

(12.5,15.0) 0:032 � 0:026

(15.0,17.5) 0:037 � 0:026

(17.5,20.0) 0:037 � 0:026

(20.0,22.5) 0:018 � 0:018

(22.5,25.0)
(25.0,50.0)

Table 7: Di�erential cross-section with photon energy, d�=dE , in units of picobarn/GeV for the three
combined scan-points with average centre-of-mass energies of 89.29 GeV, 91.28 GeV and 93.05 GeV.
Only the statistical errors from the event counting are given in the table. Cells with no entries contain
no observed events.

the ��() process. Therefore one can conclude that the high energy part of the spectrum is
in good agreement with the expectation from ��() production.

Upper limits

Several possible sources of new physics can lead to events with a high energy single photon.
Rather than discussing details of the parameter spaces of various models, we present upper

limits on the single photon cross-section, integrated over the j cos �j < 0:7 angular region, for
various minimum photon energy requirements.

Upper limits on the integrated cross-section, �(E > Emin; j cos �j < 0:7) are calculated
for various Emin based on the number of observed photons with corrected energy exceeeding

Emin � 3�E, where �E is the photon energy resolution. These limits are therefore also valid

for mono-chromatic photon production with energy Emin. The e�ciency is reduced by 5 % to
account for systematic errors. The limit is set taking into account the expected background11

from e+e� ! ��() with N� = 3 and the known background processes with visible reaction

products using the techniques discussed in [31]. These 95 % CL upper limits are displayed in

Figure 12 for the three combined scan-points. The 95 % CL upper limit on the cross-section
at the Z0 peak for production of a single photon with energy exceeding 23 GeV is found to be
0.15 pb. For models in which the photon could arise from Z0 decay, this limit is equivalent to a

Z0 branching ratio limit to a photon with energy exceeding 23 GeV in the j cos �j < 0:7 angular

11Poisson (Gaussian) statistics are used for intervals with less than (at least) 25 observed events. In cases
where the background subtracted number of events is negative (or positive by less than one standard deviation
for the Gaussian case), the background expectation is set equal to the observed number of events (Poisson case),
or evaluated in the physical region (Gaussian case).
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region of 3:3�10�6. Strictly, this limit has been evaluated for the angular distribution expected

of single photons from initial state radiation. However, it is insensitive to this assumption. As

an example, for an extreme angular distribution of sin2 �, the acceptance would be only 1.5%

lower than for the angular distribution expected for initial state radiation. This limit, in the

restricted j cos �j range, can be extended to the full solid angle if one knows the relevant angular

distribution. Assuming an isotropic angular distribution, one can set an upper limit on the Z0

branching ratio to a single photon of energy exceeding 23 GeV of 4:7� 10�6 corresponding to

a Z0 partial width of 11 keV.

As an example of a model constrained by this limit, we consider the variant axion model [12].

In this model, the decay constant, Fa, is of order 10 GeV leading to an axion with mass of

order 1 MeV which would decay outside the detector. The small mass of the axion means that

the single photon would be produced with the beam energy.

Search for X production

A new particle X may be produced in association with a photon. For example, the Z0 can decay
to H0 at the one loop level for mhiggs < mZ. In addition, if particle X were to couple to two

photons (possible for the Higgs), then it could also be produced through s-channel photon ex-
change. These production mechanisms, in the case of the Higgs, are expected to be suppressed
in most minimal models compared to the more abundant Bjorken process, but in some exten-
sions, such as [32], they can be substantially enhanced. If particle X is invisible or can decay
invisibly, then it could be seen in the single photon topology. This could happen for example
for the production of a Z00, variant axion, \invisible" Higgs or Z0 ! ~� in supersymmetric

models with explicit R-parity violation [33].

We study the distribution of the mass of the system recoiling against the photon (Mrecoil,

the recoil mass), and use the corrected energy as discussed above. For single photon emission in
the initial state,Mrecoil is equivalent to

p
s0, the reduced centre-of-mass energy. The recoil mass

distribution is shown in Figure 13(a) for the single photon candidates. It is consistent with that
expected from known sources. In order to calculate an upper limit on the X production cross-

section for a speci�ed mass of X with a photon produced in the angular region j cos �j < 0:7,

we scan through all possible mass values. We accept events as candidates if they are within

three standard deviations of the mass value. The recoil mass resolution is calculated directly

from the photon energy resolution. The procedure assumes that the width of particle X is
small compared to the mass resolution. The e�ciency is estimated as in the previous section,
and we include data from all centre-of-mass energies. The cross-section upper limit at 95 %

CL for the restricted angular range is shown in Figure 13(b). The limit takes into account
the expected background from ��() with N� = 3 and the background from visible processes.
The upper limit for mX < 64 GeV is 0.12 pb and for mX < 84 GeV it is 0.4 pb. Assuming an

isotropic angular distribution, one can integrate over the full solid angle to obtain cross-section
upper limits for the two mass intervals speci�ed above of 0.2 pb and 0.65 pb corresponding to

Z0 branching ratios to a photon and particle X with an invisible signature of 4:3 � 10�6 and

1:4 � 10�5 respectively.
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11 Summary

A measurement of the single photon production cross-section is presented based on a data-

sample of 40.5 pb�1 collected with the OPAL detector at centre-of-mass energies within 3

GeV of the Z0 resonance. A total of 447 single photon candidates were observed with energy

exceeding 1.75 GeV in the polar angle region j cos �j < 0:7. The estimated background from

visible reaction products is 37:1�6:2 events. After subtraction of expected background events,

the centre-of-mass energy dependence of the measured single photon cross-section is found to

be consistent with expectations from Standard Model contributions arising from Z0 decay to

three light neutrino generations and W-exchange contributions for electron-type neutrinos.

Interpreting the cross-sections as being solely due to Z0 decay to invisible particles and the

expected W-contributions, the Z0 invisible width, �inv, is determined to be 539� 26� 17 MeV

corresponding to N� = 3:23�0:16�0:10 e�ective light neutrino generations. On the other hand,
if one �xes the Z0 exchange contribution to that expected for N� = 3 then one observes that the
data are consistent with the expected contributions from W-exchange and W-Z interference.

However, the data can be described satisfactorily without such contributions.

This direct measurement of the invisible width fully saturates the indirect measurement

from the Z0 line-shape thus limiting possible exotic Z0 decays to visible particles which might
escape classi�cation by the standard di-lepton and multi-hadronic event analyses. We infer an
upper limit of 39 MeV at 95 % CL on such an exotic visible partial width. All of the following
limits are given at this con�dence level.

The measurement of �inv, and correspondingly N�, leads to upper limits on these parameters
of 593 MeV and 3.55 respectively. This excludes, by a direct search, an additional neutrino
with mass lighter than 33 GeV.

Additional contributions to the single photon cross-section from non-resonant production,
namely initial state radiation and the non-resonant production of an invisible �nal state, or of
single photons produced in association with invisible particles(s) in Z0 decay, are constrained

by the cross-section data. By �tting these data to the Standard Model expectation for ��()

production plus the additional contribution, we set an upper limit on a non-resonant component
of 2.8 pb and an upper limit on the Z0 branching ratio to a single photon of energy exceeding
1.75 GeV of 8:7 � 10�5, where in the latter limit we have assumed an isotropic angular dis-

tribution. The Z0 branching ratio upper limit for j cos �j < 0:7 is 6:2 � 10�5 with no angular

distribution assumptions.

The di�erential cross-section with photon energy of single photon production is presented

for three centre-of-mass energy intervals and is consistent with Standard Model expectations

for ��() production. No anomalous high energy photon production is observed. The most
energetic single photon event observed has a photon energy of 20:3 � 0:8 GeV. Upper limits

on the cross-section at each centre-of-mass energy interval are given for the angular range
j cos �j < 0:7 for arbitrary minimum energy exceeding 1.75 GeV. The upper limit at the Z0

peak on production of a single photon with energy exceeding 23 GeV corresponds to a Z0

branching ratio limit of 3:3� 10�6 within the angular acceptance.

The distribution of the mass recoiling against the single photon shows no obvious resonance
structure. The cross-section, within j cos �j < 0:7, for radiative decay of a virtual photon or
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Z0 to a new particle X of mass less than 64 GeV and with an invisible signature is limited to

0.12 pb and equivalently for masses less than 84 GeV the upper limit is 0.4 pb. These upper

limits can be interpreted as limits on the Z0 branching ratio of 4:3� 10�6 and 1:4� 10�5 for a

new particle X in the above mass ranges.
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Figure 1: Results of Gaussian �ts to the distribution of \energy loss" measured for single
electron events for bins in (a) electron momentum and (b) j cos �j. Energy loss is de�ned

as p � E where p is the electron momentum and E the associated deposited energy in the

electromagnetic calorimeter. Solid points - data, open circles - MC.
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Figure 2: Energy measured in the forward calorimeter with the highest energy for the 751
events rejected only by criterion C2. The data are represented by points with error bars and

the Monte Carlo expectation is shown as the histogram. Monte Carlo expectations for the

signal process and the �rst �ve background processes listed in Table 3 are included.
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Figure 3: Barrel photon distributions for single photon events with a forward detector single

tag as described in the text. (a) Deposited energy (b) signed cos �. The cos � distribution is
signed positively when the tag is in the same hemisphere in z as the photon and negatively

otherwise. Monte Carlo expectations for e+e� ! e+e� ( unshaded part of histogram) and
e+e� !  (shaded) are superimposed. The MC statistical errors are slightly smaller than

those of the data.
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Figure 4: Energy of the second most energetic electro-magnetic cluster in the event for selected
single photon candidates, and events failing exclusively on criterion C1. A total of 408 events

are removed by criterion C1 based on a second cluster with energy exceeding 1 GeV and are
not displayed in this �gure. The data are represented by points with error bars and the full-line

histogram represents the energy distribution measured with unbiased bunch crossing triggers.
The dashed-line histogram shows the expectation from the simulated processes (mostly ��).
The �rst bin shows the number of events with no other cluster above 100 MeV. The arrow

shows the position of the cut (C1).
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Figure 5: t0 distribution for single photon candidates (data-points) compared to photons from

the photon control sample (histogram). The arrows mark the positions of the timing cut (A3).
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Figure 6: j cos �j distribution for the single photon candidates (points with error bars) com-
pared to the expectation from the estimated background processes (shaded histogram) plus the

expectation for ��() production with N� = 3 (unshaded part of the histogram).
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Figure 7: Deposited energy distribution shown on a logarithmic scale for single photon can-
didates (points with error bars) compared to the expectation from the estimated background

processes (shaded histogram) plus the expectation for ��() production with N� = 3 (un-

shaded part of the histogram).
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Figure 8: Deposited energy distribution shown on a linear scale for single photon candidates
(points with error bars) compared to the expectation from the estimated background processes

(shaded histogram) plus the expectation for ��() production with N� = 3 (unshaded part of

the histogram).
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Figure 9: Measured cross-section for single photon production after subtraction of expected

background processes at each data-taking point compared with the theoretical expectations for
two, three and four light neutrino generations. The curves are calculated with the generator of

[20] with parameters as described in the text. In this calculation, �Z increases by 167 MeV per

light neutrino generation.
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Figure 10: Measured cross-section for single photon production minus the expected cross-

section evaluated for N� = 3. The full line indicates the �tted central value of N� = 3:23. The
Standard Model expectation for N� = 3 is the dotted line at zero, while the dashed line indicates

the expectation neglecting any W contributions (Z0 exchange only). Adjacent centre-of-mass

energies have been combined.
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Figure 11: Measured di�erential cross-section with photon energy for single photon production

after subtraction of expected background processes at each combined energy scan-point. The
data (points with error bars) are compared with the expectation (histogram) with N� = 3.

The integrated luminosity of the MC expectation is 150 times that of the data, and all �fteen

centre-of-mass energy points are included with their correct luminosity weight.
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Figure 12: Upper limits at 95% CL on the cross-section for single photon production in the
angular range j cos �j < 0:7 integrated over the photon energy from a speci�ed minimum energy
up to the kinematic limit. The cross-section limits are presented for the three combined scan

points with average centre-of-mass energies of 89.29, 91.28, 93.05 GeV. The upper limits are

calculated taking into account the Standard Model expectation for ��() with N� = 3 and

the known background processes.
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Figure 13: The upper plot shows the recoil mass of the 447 single photon candidates (points with

error bars) compared to the expectation for ��() with N� = 3 and the known background
processes (histogram). The lower plot shows the upper limit at 95% CL on the cross-section
for production of a single photon within the angular range j cos �j < 0:7 in association with a

particle X which decays invisibly, for a range of values of the mass of particle X. The cross-

section limit is based on 40.5 pb�1 of integrated luminosity collected at several centre-of-mass

energies near the Z0 peak. The upper limit is calculated taking into account the Standard

Model expectation for ��() with N� = 3 and the known background processes. No events
are observed with recoil mass below 40 GeV. The limit extends to zero mass.
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