
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH

CERN-PPE/96-039
14th March 1996

Measurements with Photonic Events in e+e�

Collisions at Centre-of-Mass Energies of

130{140 GeV

The OPAL Collaboration

Abstract

Cross-sections and angular distributions for the production of events with single and multiple
photons are measured from data recorded with the OPAL detector at the recently upgraded LEP
collider. The measured cross-sections are generally consistent with Standard Model expectations
for the e+e� ! ��() and e+e� ! () processes. Six events with an acoplanar photon
pair and large missing mass are found. The observed number of events is larger than expected
from e+e� ! ��; however, the missing mass distribution is compatible with the Z0 resonance.
Deviations from QED are constrained by the data on e+e� ! (). Lower limits are set at 95%
con�dence level on the QED cut-o� parameters �+ and �

�

of 152 GeV and 142 GeV, respectively,
and also on the mass of an excited electron of 147 GeV.
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Introduction

Measurements of cross-sections and angular distributions are presented for events produced in e
+
e
�

collisions with one and more photons and no other observed particles. These data with centre-of-mass

energies,

p
s, in the range 130 to 140 GeV were recorded by the OPAL experiment at LEP in October

and November 1995. These are the highest energy e
+
e
�
collision data yet available and the �rst at

energies well above the Z
0
resonance. The motivation is therefore to extend measurements to this new

energy domain and to search for new particles beyond the mass limits established from e
+
e
�
collisions

at lower centre-of-mass energies.

Event Topologies

Three, not mutually exclusive, experimental topologies for events with photon(s) and zero charged

multiplicity have been studied. The topologies are de�ned largely following the experimental tech-

niques and, in part, the physics motivations of previous publications by the OPAL collaboration based

on data obtained at the Z
0
resonance [1{3]. The acceptance of each topology is de�ned in terms of the

photon energy, E , scaled to the beam energy, (x � E=Ebeam), and the polar angle of the photon,

�, de�ned with respect to the electron beam direction. The �rst two topologies are designed to select

events with signi�cant transverse momentum imbalance thus signalling the presence of at least one

neutrino-like invisible particle which interacts only weakly with matter. Besides the known neutrino

species, hypothesised particles such as the scalar neutrino or the lightest neutralino (~�01) of supersym-

metry theories can also be considered as invisible particles. The third topology is events with at least

two energetic photons and is expected to be dominated by the purely QED process e
+
e
� ! ().

The de�nition of each topology is listed below :

Topology A: One or two photons accompanied by invisible particle(s) (e
+
e
� ! ()+ invisible

particle(s)). At least one photon with x > 0:2 and j cos �j < 0:7.

Topology B: Acoplanar photon pair (e
+
e
� ! + invisible particle(s)). Two photons each with

energy exceeding 1.75 GeV and j cos �j < 0:7.

Topology C: Two or more photons (e
+
e
� !  + � 0 neutral particles). At least two photons

with x > 0:2 and 15
� < � < 165

�
. Additional photons but also possible invisible particles are

considered as neutral particles.

Topology A is sensitive to the production of one or two photons and missing energy, which within

the Standard Model is expected to arise from the e
+
e
� ! ��() process. Measurements of single

photon production have been made in e
+
e
�
collisions on the Z

0
and at lower energies [1, 4, 5]. Of

special interest has been the direct measurement of the Z
0
invisible width. The centre-of-mass energies

attained now at LEP allow the observation for the �rst time of the striking experimental signature of

a highly energetic photon recoiling against a real Z
0
decaying invisibly, as envisaged in the original

\neutrino counting" proposals [6]. The expected visible energies are su�ciently large at the present

centre-of-mass energies that doubly radiative neutrino production can lead to two photons being

detected and therefore the experimental topology has been extended to include such cases. The single

photon topology is also a rich hunting ground for many types of new physics in e
+
e
�
collisions (see

e.g. [1, 7] and references therein). Examples of possible new physics, particularly of interest at these

energies, are e
+
e
� ! X with X a new invisible particle or possessing invisible decay modes and the

production of invisible particles made visible simply through initial state radiation. Given the now

well established three generations of light neutrinos, the present measurement is relevant to possible

heavy invisible particles (generally with mass greater than about mZ=2) produced in association with

3



initial state radiation. A further example is e
+
e
� ! ~�01 ~�

0
2 with the second lightest neutralino, ~�02,

decaying radiatively to the lightest neutralino, ~�02 ! ~�01. The branching ratio for the radiative decay

is usually small but can be dominant in some regions of supersymmetry parameter space [8]. The

single photon topology has also been discussed [9] as a method to tag using initial state radiation

\almost invisible particles" such as charginos or the ~�02 when they are almost mass-degenerate with

their invisible decay product, usually the lightest neutralino, ~�01.

Search topology B is sensitive to the possible pair production of neutral particles X, followed by

radiative decay to an invisible particle Y. Such a process, e
+
e
� ! XX! YY, could occur for pair

production of ~�02 followed by the radiative decay discussed above or excited neutrino pair production.

It is also of interest in the context of the production in association with invisible particle(s) of a new

particle X with a decay mode to two photons as discussed in [2].

The inclusive measurement of neutral events with at least two energetic photons (topology C) is

motivated both as a test at these high energies of the expected purely QED process e
+
e
� ! ()

and as a measurement sensitive to neutral events with higher photon multiplicities. The higher centre-

of-mass energies allow one to extend the energy scale over which QED has been tested and allow one

to constrain possible new particles such as excited electrons. Similar investigations have been carried

out previously at low energy and at the Z
0
[3, 10, 11]. The experimental topology as de�ned is also

sensitive to processes with missing energy such as those discussed for topology B if the photons satisfy

the acceptance. For a hypothesised new particle X with a decay mode to two photons, topology C is

sensitive to the production of X in two-photon collisions followed by decay to two photons, and the

production of X in association with a photon leading to a three-photon �nal state [2].

All three topologies are sensitive to doubly radiative neutrino production, e
+
e
� ! ��. This

process, with an observable cross-section at these centre-of-mass energies, is considered as part of

the radiative correction of the inclusive single photon measurement in topology A, while for topology

B, it represents the essentially irreducible Standard Model background to a search for new physics

processes. Topology C is expected to be dominated by the e
+
e
� ! () process with a small but

separable contribution from e
+
e
� ! ��.

In the following, we �rst describe the data-sample and general methods used. Then, for each

topology, the event selection is described and the results are presented.

Data-sample and Methods

The OPAL detector is described in detail elsewhere [12]. The measurements presented here are mainly

based on the observation of clusters of energy deposited in the lead-glass electromagnetic calorimeters.

These calorimeters together with the gamma-catcher calorimeter and forward detector provide a fully

hermetic electromagnetic calorimeter down to polar angles of 60 mrad. The tracking system, consisting

of a silicon micro-vertex detector, a vertex drift chamber and a large volume jet drift chamber, is used

to select events consistent with zero charged multiplicity. Backgrounds from cosmic-ray interactions

are controlled using time-of-ight information and the hadron calorimeter and muon detectors.

The data used in this analysis were recorded at e
+
e
�
centre-of-mass energies of 130.26, 136.23 and

140.2 GeV, with integrated luminosities of 2.64, 2.54 and 0.038 pb
�1
, respectively. The centre-of-mass

energy of the collisions at the OPAL interaction point is known with an uncertainty of 60 MeV [13].

The integrated luminosity was measured with a precision of 1% using small-angle Bhabha scattering

in the forward calorimetry as described in [14].

Monte Carlo simulation studies were performed for signal and background processes. For e
+
e
� !

��() and e
+
e
� ! () we used the NNGG03 [15] and the RADCOR [16] programs respectively.

For e
+
e
� ! e

+
e
�
we used the BABAMC and TEEGG [17] programs and for e

+
e
� ! �+�� and

4



e
+
e
� ! �+�� the KORALZ program [18]. All samples were processed through the OPAL detector

simulation [19].

Topology A: Events with one or two photons and invisible particle(s)

Single photon events are selected based on a subset of the criteria described in [1]. The selection

requires that there is an electromagnetic cluster in the region j cos �j < 0:7 identi�ed by timing in-

formation as consistent with originating from the interaction point. Events with reconstructed tracks

in the jet chamber and signi�cant activity in the electromagnetic calorimeters, hadron calorimeter or

muon chambers are rejected. We concentrate on high energy photons (x > 0:2). Therefore some

criteria designed for low energy photons have been loosened or removed in order to increase the e�-

ciency and to simplify the analysis. In order to increase the e�ciency for doubly radiative neutrino

production, and so lessen the sensitivity to the modelling of this process, we also select events which

fail only the second cluster veto (criterion C1 in reference [1]). That is, we include events which con-

tain an additional electromagnetic cluster in the barrel or endcap calorimeter with deposited energy

exceeding 300 MeV. The additional background from e
+
e
� ! () is rejected if any of the following

criteria are satis�ed:

� A third electromagnetic cluster is detected with deposited energy exceeding 300 MeV.

� The missing momentum vector calculated from the two clusters satis�es j cos �missj > 0:9.

� The acoplanarity angle of the two clusters
1
, �acop, is less than 2:5�.

� The total energy of the two clusters exceeds 90% of the centre-of-mass energy.

In total 19 events are selected.

Cross-sections are measured for the kinematic acceptance x > 0:2 and j cos �j < 0:7 and the

e�ciency is evaluated within this acceptance using the Monte Carlo event generator described in [15].

This includes doubly radiative neutrino production but only for the dominant Z
0
diagrams. The

e�ciency for detecting ��() is estimated to be 70 � 2 % at each centre-of-mass energy. Here and

throughout the paper, the quoted errors on e�ciencies include estimates of systematic errors which

are small compared to the statistical errors on the measurements. Background contributions have

been considered, notably e
+
e
� ! (), and are estimated to be negligible. The number of events

selected and the inclusive cross-sections are reported in table 1. The cos � distribution of the most

energetic photon is shown in �gure 1(a), while the measured distribution of the mass recoiling against

the photon(s), i.e. the missing mass, Mmiss, is shown in �gure 1(c). One observes that the angular

distribution is consistent with expectation and that most events are consistent with real Z
0
production

as expected. Figure 2 shows the measured cross-section compared to the expectation evaluated using

the Monte Carlo event generator recently developed for LEP2 energies [20] using the structure function

formalism.

We also wish to investigate non-Z
0
e�ects such as t-channel W exchange and new physics scenarios

like those discussed in the introduction while reducing the sensitivity to the dominant radiative return

to the Z
0
. The measured cross-sections for x > 0:2 and Mmiss > MZ + 10 GeV are 0:5� 0:5 pb and

1:7� 1:0 pb at 130.26 and 136.23 GeV, respectively, in agreement with expectation (see �gure 2). No

events are observed with x > 0:2 and Mmiss < MZ � 10 GeV. Combining the centre-of-mass energies

(<
p
s >= 133 GeV), we obtain an upper limit at 95% con�dence level (CL) of 0:9 pb on the latter

cross-section.

1De�ned as 180� minus the opening angle in the transverse plane.
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Five of the selected events have a detected second photon with deposited energy exceeding 300 MeV.

Their kinematic characteristics are listed in table 2. Figure 1(b) shows the distribution, for events

with two photons, of �acop versusMmiss prior to the cut on acoplanarity angle. The �ve selected events

with two photons have a missing mass within 5 GeV of the Z
0
mass. The number of events expected

with a detected second cluster from the modelled �� process is 2:1 � 0:2. The observed number

of events is thus higher than expected although the kinematic characteristics of these �ve events are

consistent with �� mediated by the Z
0
.

Topology B: Events with an acoplanar photon pair

A speci�c search for neutral events with an acoplanar photon pair is presented. The acceptance

overlaps partly with the measurements presented in topologies A and C but in this case the kine-

matic acceptance extends well below the x > 0:2 requirements of the other analyses, thus allowing

acceptance for events with very low visible energy.

The event selection for this topology broadly follows the search in the �� channel described in [2].

Events with reconstructed charged tracks are rejected. Candidate events are required to contain two

photons each depositing at least 1.5 GeV in the electromagnetic calorimeter and detected in the region

j cos �j < 0:7. Following [1], the experimental requirement on deposited energy exceeding 1.5 GeV

corresponds to an e�ective minimum photon energy of 1.75 GeV. The restricted angular acceptance is

chosen to discriminate against generally forward peaked backgrounds, to ensure a precise measurement

of the photons and in order to verify using timing information that the photons are consistent with

originating from the interaction point. Background from principally e
+
e
� ! () is rejected if any

of the four veto conditions described in topology A is satis�ed.

Residual contamination from e
+
e
� ! () is negligible. Background contributions from reso-

nance production in two-photon collisions have been studied as described in [1] and can be neglected

here. De�ning the kinematical acceptance to be two photons with energy exceeding 1.75 GeV and

j cos �j < 0:7, the e�ciency for �� detection is 73� 3%.

Four events are selected from the data compared with 0:7�0:1 events expected from the Standard

Model process, e
+
e
� ! ��. No high mass candidates failing only the total energy cut are found.

All four are common to the selection for topology A and none is common to topology C. The event

characteristics are shown in table 2. The di-photon mass of the events ranges from 7 to 23 GeV.

Although more events are observed than expected, all four events have missing mass consistent with

doubly radiative Z
0
production with subsequent decay of the Z

0
to neutrinos. The observed excess

may be a statistical uctuation of the expected �� events; the probability for observing at least

four events when 0.7 events are expected is calculated to be 0.6%. The corresponding cross-section

for e
+
e
� ! + invisible particle(s), evaluated using the �� production model and the kinematical

acceptance de�ned above, is measured to be 1:1�0:5 pb at an average centre-of-mass energy of 133 GeV

compared to an expected cross-section of 0:19� 0:02 pb evaluated for �� with NNGG03 [15].

The e�ciency for XX production and subsequent radiative decay of X to Y, where X could be ~�02
and Y could be ~�01, has been estimated assuming isotropic distributions for the production and decay

angles. The e�ciency to satisfy the kinematical acceptance and the acoplanarity angle requirement

exceeds 45% for a wide range of masses for X and Y. Even for extreme cases such as mX = 2 GeV and

mY = 0 GeV, which lead to small acoplanarity angles, it exceeds 10%. Provided the photons have

acoplanarity angles exceeding the cut, the experimental detection e�ciency within the kinematical

acceptance is greater than 80%. For the ��X search, where X decays to two photons, the overall

e�ciency is estimated to be 40% for mX � 90 GeV based on the e�ciency determined with the Z*X

production model in [2]. Based on four events observed and an expected contribution of 0.7 events

from known processes, we set an upper limit at 95% CL of 2.0 pb on the cross-section for the anomalous
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production of an acoplanar photon pair with acoplanarity angle exceeding 2:5� and where each photon

has energy exceeding 1.75 GeV and j cos �j < 0:7.

Topology C: Events with at least two photons

We present measurements of the cross-section and angular distribution for events with zero charged

multiplicity and at least two hard photons. In order to retain a high e�ciency down to polar angles

of 15
�
, the event selection accepts events where the candidate photons are consistent with converting

in the detector material as signalled by the presence of charged track activity at large radius, and the

absence of track segments in the inner tracking detectors. The event selection proceeds in three steps.

Firstly, we select events with at least two electromagnetic clusters with x exceeding 0.2 and polar

angle in the range 15
� < � < 165

�
. In order to reduce kinematically backgrounds from Bhabha

scattering in the (e)e topology (one electron unseen at low polar angle), we require that for events

where the acoplanarity angle, �acop, of the two most energetic electromagnetic (\trigger") clusters is

less than 5
�
:

xz =
2j sin(�1 + �2)j

j sin(�1 + �2)j+ sin �1 + sin �2
< 0:7 ;

where �1 and �2 are the polar angles of the two clusters. For a three particle �nal state with the third

unobserved massless particle directed along the beam axis, xz can be identi�ed as the scaled energy of

the unobserved particle, and for this case xz < 0:7 corresponds to m2
12=s > 0:3, where m12 is the mass

of the two observed particles. These requirements de�ne the kinematic acceptance used for measuring

cross-sections in this analysis.

Secondly, in order to suppress backgrounds arising from cosmic-ray muon interactions or muons

from the beam halo which can deposit signi�cant energy in the calorimeter, we require that there

is no activity in the detector consistent with a muon and that if either of the two trigger clusters

satis�es j cos�j < 0:75 that the cluster extent is less than 250 mrad (see criteria B2 and B3 of [1] for

details). We also require that these two clusters are separated by at least 30
�
in the transverse plane

(i.e. �acop < 150
�
).

Thirdly, we designed criteria to reject events if they were consistent with a charged topology in

that they contained at least one charged particle originating from the interaction point. We use two

(three for j cos �j < 0:75) detectors, namely, the silicon micro-vertex detector (for j cos �j < 0:75), the

vertex drift chamber axial wires and the jet chamber to form independent estimators of the existence of

charged particle activity. Events where both trigger clusters have associated charged particle activity

are rejected unless the only signal is from the jet chamber. Events where only one trigger cluster

has associated charged particle activity are rejected if all (two or three) layers of charged particle

detection registered activity. The veto e�ciency was checked using Bhabha events and found to be

> 99:8 % for each layer per charged particle. Lastly, in order to address possible backgrounds from

charged topologies such as e
+
e
� ! `+`�, we required that there was no reconstructed track, with

transverse momentum exceeding 1 GeV, separated from both trigger clusters by at least 15 degrees in

azimuth. No events are rejected by this criterion.

A total of 103 events satisfy these selection criteria. Backgrounds from Bhabha scattering, e
+
e
� !

�+��, e+e� ! hadrons, e
+
e
� ! �+�� have been considered and estimated to be negligible based

on full detector simulation and the measured veto e�ciency. All the events were visually examined

to check for residual backgrounds. One event, interpreted as radiative Bhabha scattering in the (e)e

topology where the observed positron undergoes hard bremsstrahlung in the vertex chamber end-

plate, was identi�ed as probable background and removed from the sample. The estimated e�ciency

for e
+
e
� ! () is 91:1� 0:9 % and for e

+
e
� ! �� it is 80� 3 %. The ine�ciency arises mainly

from photons converting in the material located in front of the vertex chamber, and in the �� case
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also as a result of the opening angle requirement. The measured cross-sections are shown in table 1.

Their estimated systematic error is 2%.

The distributions of the scaled energy of the second and, possibly, third most energetic electro-

magnetic cluster are shown in �gures 3 (a) and (b) compared to expectations from Standard Model

processes. Good agreement is found. The number of selected events in which there is a third electro-

magnetic cluster with scaled energy exceeding 0.05 and j cos �j < 0:97 is eight compared to 5:7� 0:4

such events expected. None of the selected events has a fourth electromagnetic cluster with scaled

energy exceeding 0.05.

The expectation evaluated with full detector simulation includes the O(�3) QED expectation and

the �� expectation evaluated using the event generator described in [15]. The expected cross-section

for the latter process is calculated to be 0:23� 0:02 pb corresponding to 1.0 event expected.

A good separation between the two processes can be obtained in several variables, in particular

the missing mass distribution shown in �gure 3(c) motivates a cut on the recoil mass against the two

photons at 70 GeV. One of the selected events, recorded at

p
s = 130 GeV, has a measured recoil

mass of 81:3� 1:7� 1:0 GeV, and a large missing transverse momentum (18 GeV), which, given the

detector hermeticity, is unexplainable by visible particles. The �rst error on the quoted recoil mass

is from measurement error and the second is the estimated systematic error on the mass scale. The

event properties are given in table 2. This recoil mass is within four Breit-Wigner widths of the Z
0

peak and so may be explained by Z
0
mediated �� production.

The measured inclusive cross-sections and pure () cross-sections are presented in table 1 and

are compared to Standard Model expectations. Good agreement is found. The Born level cross-

section can be obtained by applying a multiplicative factor of 0.950 to the measured cross-section for

e
+
e
� ! () displayed in table 1.

The polar angle distribution for the 101 events selected with recoil mass below 70 GeV is shown

in �gure 4, and the measured di�erential cross-section is listed in table 3. The modulus of the cosine

of the event scattering angle has been de�ned using :

j cos��j = j sin (�1 � �2)j
sin �1 + sin �2

:

This de�nition is identical to j cos�j in lowest order, and for three photon events with one photon

collinear with the beams it is equivalent to the scattering angle in the centre-of-mass of the two

observable photons. Correction factors for the detection e�ciency in each angular bin have been

evaluated using the fully simulatedMonte Carlo events atO(�3). The angular distribution is compared

to the O(�3) QED prediction where j cos ��j for the prediction corresponds to the above de�nition for

the two most energetic photons satisfying the kinematic acceptance. Note that the angular distribution

has not been corrected to the Born level. The data are consistent with QED, giving a �2 value of

15.9 for 7 degrees of freedom. Most of the �2 arises from the third bin in j cos��j. Several models

exist for possible deviations from QED. As a �rst example we show the sensitivity of the data to a

possible breakdown of QED, by introducing cuto� parameters �� following [21], such that the j cos��j
distribution deviates from the O(�3) QED expectation as follows :

d�

dj cos��j =
d�

dj cos��jQED

 
1� s2

2�
4
�

(1� cos
2 ��)

!
:

We use a binned maximum likelihood �t to the number of events observed at each centre-of-mass

energy in each angular bin following the method described in [3]. The normalisation is allowed to vary

with an uncertainty of 2%. The �tted central value is �
�4

= (�0:7+1:1�1:0)�10�9 GeV�4
, consistent with

zero. We determine 95% CL lower limits on �+ and �� of 152 GeV and 142 GeV, respectively, where
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for both models we have evaluated the limit by renormalising the probability to unit area within the

physical region of the model (�� � 0).

The di�erential cross-section for e
+
e
� !  would also be modi�ed in a manner similar to the �+

cut-o� model by the presence of an excited electron [22]. In the M
2
e� � s limit, the model parameters

are related by Me� =

p
� �+, where Me� is the excited electron mass and � is the coupling constant

associated with the e*e vertex. We have �tted the di�erential cross-section using the same techniques

as outlined above with the full formula for such a deviation given in [23]. For � = 1, we set a 95%

CL lower limit on the mass of an excited electron of 147 GeV based on a �tted central value for M
�4
e�

of (�0:7+1:2�1:1) � 10
�9

GeV
�4
. Because of the fourth power dependence on centre-of-mass energy, the

data presented here are as sensitive to these models as the most precise results published to date from

e
+
e
�
collisions at the Z

0
[11].

Conclusions

Production of events with photonic �nal states has been measured in e
+
e
�
collisions at centre-of-mass

energies of 130-140 GeV. The measured cross-sections shown in table 1 are generally consistent with

Standard Model expectations for the e
+
e
� ! ��() and e

+
e
� ! () processes. The data on

e
+
e
� ! () + invisible particle(s) show no evidence for anomalous single photon production. In

total, six events with an acoplanar photon pair and large missing mass are found. The observed

number of events is larger than expected from e
+
e
� ! ��; however, the missing mass distribution

is compatible with the Z
0
resonance. Four of these events are selected by the search for events with an

acoplanar photon pair topology, while 0:7� 0:1 events are expected from ��. Deviations from QED

are constrained by the data on e
+
e
� ! (). Lower limits are set at 95% CL on the QED cut-o�

parameters �+ and �� of 152 GeV and 142 GeV, respectively, and also on the mass of an excited

electron of 147 GeV.
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Channel

p
s (GeV) Nsel � (pb) �SM (pb)

130.26 6 3.3�1.3 5.0

()+invisible(s) (x > 0:2; j cos�j < 0:7) 136.23 13 7.2�2.0 4.2

140.2 0 | 3.8

+invisible(s) (E > 1:75 GeV; j cos�j < 0:7) 133 4 1.1�0.5 0.19

130.26 59 24.6�3.2 25.2

+ � 0 neutrals(x > 0:2; 15� < � < 165
�
) 136.23 42 18.2�2.8 23.0

140.2 1 29�29 21.7

130.26 58 24.1�3.2 25.0

() (x > 0:2; 15� < � < 165
�
) 136.23 42 18.2�2.8 22.8

140.2 1 29�29 21.5

Table 1: Numbers of events selected (Nsel) and measured cross-sections. All quoted cross-sections

are for the kinematic acceptance stated and have been corrected for the detection e�ciency within

that acceptance. For the cross-sections, the error shown is statistical only. Systematic errors on the

cross-sections are small but common to each energy point, amounting to 3% for the () +invisible(s)

topology, 5% for +invisible(s) and 2% for the + � 0 neutrals topology. Also shown are the

Standard Model predictions (�SM) using the Monte Carlo calculations of [16] and [20] for () and

��() production, respectively. The expectation for +invisible(s) was evaluated using the Monte

Carlo calculation of reference [15]. The rows labelled () are calculated after applying the recoil

mass cut at 70 GeV to reject the expected contribution from ��.

Topology

p
s E1 E2 �acop Mmiss M

A 130.26 31.9 2.9 31.4 90.0 � 1.9 13.6 � 0.9

A,B 130.26 29.4 5.9 55.1 91.2 � 1.7 23.3 � 1.1

A,B 136.23 35.2 4.8 125.4 88.3 � 2.2 11.9 � 0.6

A,B 136.23 35.2 2.2 83.2 92.4 � 2.0 13.1 � 0.9

A,B 136.23 36.1 2.4 137.1 90.0 � 2.2 6.8 � 0.5

C 130.26 28.5 18.4 14.2 81.3 � 1.7 42.9 � 1.4

Table 2: Kinematic characteristics of the six events with an acoplanar photon pair selected in the three

topologies. The quantities listed are the centre-of-mass energy, the energies of each photon (ordered

in energy), the acoplanarity angle of the two photons (in degrees), the missing mass and the mass of

the two photons. The units are GeV unless stated.

j cos ��j range Events
1
2�

d�
dj cos ��j

(pb)

(0.0, 0.15) 3 0.7 � 0.4

(0.15, 0.3) 6 1.3 � 0.5

(0.3, 0.45) 17 3.5 � 0.9

(0.45, 0.6) 6 1.3 � 0.5

(0.6, 0.75) 12 2.6 � 0.8

(0.75, 0.9) 26 5.9 � 1.1

(0.9, cos 15
�
) 31 16.4 � 3.0

Table 3: Measured di�erential cross-section for e
+
e
� ! () de�ned as

1
2�

d�
dj cos ��j

in pb. The
1
2�

normalisation factor is to facilitate comparisons with data presented as
d�
d


in units of pb/sterad. The

data have not been corrected back to the Born level.
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Figure 1: Topology A. (a) Cosine of the polar angle of the most energetic photon. (b) Distribution of

acoplanarity angle versus missing mass for events with at least two electromagnetic clusters with all

selection criteria applied except the acoplanarity angle cut at 2:5�. The cut value is indicated by the

dashed line; one event is removed by the cut. The events found in the data are displayed with large

dots and the expected distribution for �� is shown using small dots for a sample size corresponding

to the expectation for 200 times the integrated luminosity of the data. (c) The measured missing mass

for the 19 selected events. In (a) and (c) the data are displayed as the points with error bars while

the histograms indicate the expected distributions. For all histograms the expected distributions are

evaluated with full detector simulation using [15].
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Figure 2: The closed circles show the measured cross-sections for e
+
e
� ! () compared with the

expectation fromO(�3) QED (solid line). The lower error bar on the 140 GeV point has been truncated

for clarity. The remaining points and curves show the cross-sections for ()+ invisible particle(s).

The open triangles represent the inclusive cross-section de�ned in terms of at least one photon with

x > 0:2 and j cos�j < 0:7 at each centre-of-mass energy compared with the expectation evaluated

with the Monte Carlo event generator described in [20] (dotted line). The measured cross-sections

for events with Mmiss > MZ + 10 GeV are represented by the open circles, where the missing mass,

Mmiss, is de�ned as the recoil mass to the photon or two photons. The latter cross-sections are also

compared with the above expectation (dot-dashed line).
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Figure 3: Topology C. The data are represented by the points with error bars while the histograms

show the predictions from Monte Carlo simulations for e
+
e
� ! () (lightly shaded histogram),

e
+
e
� ! �� (dark histogram), and e

+
e
� ! �+�� (unshaded part of histogram). (a) Scaled energy

of the second most energetic electromagnetic cluster (x2). The cut at 0.2 is indicated by the arrow.

It removes background not originating from e
+
e
�
collisions which is sizeable for x2 below 0.1. The

following distributions are shown for selected events. (b) The scaled energy (x3) of a (possible) third

most energetic electromagnetic cluster. Clusters with x3 > 0:05 and j cos �j < 0:97 were considered.

(c) Measured signed missing mass of the two most energetic electromagnetic clusters. For cases where

the measured missing mass squared is negative, the missing mass is evaluated as �
p
�m2

. The cut

at 70 GeV, used to separate the �� contribution, is shown by the arrow.
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Figure 4: The measured angular distribution for e
+
e
� ! () events de�ning the event scattering

angle using j cos ��j as described in the text. The QED prediction at O(�3) (full line) is shown as

calculated using the event generator of [16] with the kinematic acceptance stated in the text. The

evaluated 95% CL lower limits on the cut-o� parameters are indicated by dotted (�+) and dash-dotted

(��) lines.
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