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Abstract

A search for events with photon pairs of large invariant mass is described based on a data sample
of 43 pb~! collected with the OPAL detector. This search is motivated by the L3 observation of four
events of the type ete~ — £t/~ vy with an invariant mass of the two photons, m.,.,, clustering around
60 GeV. In the OPAL data, four £7£ vy events are found with m,, above 40 GeV. The number
of observed events is consistent with the QED expectation and no obvious resonance structure is
seen. Three candidate q@y+y events with m,, above 40 GeV are found and no v7y7y candidate with
m,, > b GeV js found. From these searches an upper limit is set on any anomalous production of
£~ yy(¢ = e, u,7) events, where the £¥¢~ pair commes from a virtual Z° and m., is near 60 GeV,
of B(Z° — Z'%y — £*{~4%) < 6.0 x 10-7 at the 95% C.L. In a similar search in the reaction
ete” — ¥v7, seven events are observed with a photon pairing of mass near 60 GeV compared to an
expected background of 2.7 + 0.4 fromm QED. In a search for the production of a 60 GeV resonance X
in two-photon collisions, an upper limit is set on T'xB?*(X — v7v) of 2.6 MeV at the 95% C.L. A search
is also performed for £Y¢ X(£ = e, p) events in non-vv decay modes of X. No indication of a 60 GeV
resonance is seen. Combining these two searches, I’y values greater than 110 MeV are excluded at the
95% C.L. for £*£~yy(f = e, p) cross-sections greater than 0.05 pb.
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1 Introduction

The L3 collaboration has observed [1] four £t{~yy events (three u* "7+ and one ete~v7) where the
two energetic photons have a mass m,, near 60 GeV, within a data sample of about 0.95 million
produced Z%s. The invariant masses of the two photon system for the four events are 58.8, 59.0, 62.0
and 60.0 GeV with a mass resolution of 0.6 GeV. The QED background was estimated using the YFS3
Monte Carlo (2] and a probability of order 10-2 was calculated for the observation of four or more
events in any 5 GeV mass interval above 50 GeV. L3 has also searched for events of the type q§yy and
vvy4, but no event with a high mass photon pair was found. Recently, L3 has updated the result with
a larger data sample of 1.6 million produced Z°s [3}: ne additional £t{~y+ event near 60 GeV was
found and the probability of a QED fluctuation as calculated above is of order 10~2. Several authors
have recently repeated or calculated independently the QED expectation [4]. The L3 publication has
motivated the other LEP experiments to look for such events [5], and experiments at TRISTAN to
scan in the 60 GeV energy region. The results from TRISTAN [6] exclude a large coupling to electrons
of a possible new particle.

The L3 publication has led to various phenomenological models being considered or advocated
as potential sources of anomalous £*£~yv events. Besides a more general consideration of various
possibilities [7], these models include multi-Higgs doublet models {8, 9], Z’ with coupling only to right-
handed fermions [10}, heavy axions [11] and pseudo-goldstone bosons in a technicolour model [12].
The phenomenology at lower energies assuming a leptonic coupling is discussed in [13].

OPAL has published the first detailed measurements at LEP of photon bremsstrahlung from quarks
[14] and from charged leptons [15] and alse of single photon counting [16]. In this paper we describe
the results of the OPAL search for events with two energetic photons of high invariant mass using the
entire data sample collected between 1990 and 1992. The data sample of about 43 pb~! corresponds
to a total of 1.8 million produced Z° events.

The search for high mass photon pairs in charged leptonic events is described in section 3. If the
photon pairs are produced in association with a virtual Z° decaying to a lepton pair, they should also
be observable in events where the virtual Z° decays to qq or v#. Events of the type qiyy could also be
produced with a comparable production rate if the lepton pair comes from a virtual photon. In section
4 we describe the search for high mass photon pairs in hadronic events and in events without charged
particles. Motivated by the possible production in association with a real photon, we search for high
mass photon pairs in etfe™ — ¥77 events (section 5). In section 6 we also look for the production via
two-photon collisions of a resonant state decaying to two photons in the no charged particle topology.
Finally, in section 7, we search for events with an isolated high momentum charged lepton pair in the
£réqq, €74 £74 or £7¢ v topologies. The motivation for this study is to search for a resonance
state X with a mass of about 60 GeV that can be produced together with a lepton pair in ete-
annihilation and has decay modes other than X — ~.

2 OPAL detector

The OPAL detector which is described in detail in [17] is a solenoidal detector with a pressurised central
tracking system operating in a 0.435 T magnetic field. The lead-glass electromagnetic calorimeter
together with presamplers and time-of-flight (TOF) scintillators is located outside the magnet coil and
pressure vessel. The magnet return yoke is instrumented for hadron calorimetry and is surrounded by



external muon chambers, Calorimeters close to the beam axis! measure luminosity and complete the
acceptance. The detector features of relevance to this analysis are described briefly below.

The central tracking systern consists of a vertex drift chamber, a jet chamber, z-chambers and a
silicon micro-vertex detector, In the range |cos 8| < 0.73, 159 points are measured in the jet chamber
along each track and at least 20 points on a track are obtained over 96% of the full solid angle, The
momentum in the r-¢ plane, p,, is measured with a resolution of (¢(p)/p,)* = 0.022 + (0.0015 - )3,
{p: in GeV) for |cosf| < 0.7. The photon conversion probability arising from the material of the
beampipe and the central tracking detector is about 8% in the barrel region.

The TOF scintillation counters are located immediately after the coil in the barrel region. Most
photons (80%) convert in the coil and are measured with a time resolution of better than 300 ps.
The barrel presampler detector consists of a cylinder of limited streamer tubes located between the
TOF and the barrel lead-glass calorimeter and is used to obtain a precise angular measurement of the
photon. The angular resolution in each spherical co-ordinate for high energy photons is about 2 mrad.

Photon energies are measured by the barrel and endcap lead-glass electromagnetic calorimeters.
These detectors cover the full azimuthal angular range in the polar angle range of |cosf| < 0.82 for
the barrel and 0.81 < |cosf| < 0.984 for the endcaps. The forward detectors on both sides of the
interaction point cover the polar angle region between 34 and 120 mrad. When high energy electrons
or photons are incident on the gap of 0.8% in solid angle 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. Thus,
photons and electrons are detected with an acceptance of almost 47. 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 intrinsic energy resolution of the calorimeter is
5-6%/+'E which is degraded by about a factor of two by the material of the magnet coil and the
pressure vessel in front of the calorimeter. The effect of material is more significant in the region near
the overlap of the barrel and the endcap calorimeters (0.72 < | cos#] < 0.82), hereafter referred to as
the “overlap region”. The angular resolution of electromagnetic clusters is approximately 4 mrad both
in 8 and ¢ for energies above 10 GeV. From studies using planar ete™ — £t£7y (£ = e or p) events
and collinear ete™ - 77 events, one concludes that the mass resolution, for m,., between 50-70 GeV,
is typically 2 GeV. Full efficiency at the trigger level [18] is achieved for all channels studied (including
the topology of no charged tracks).

3 Search for c“harged lepton pair events with isolated energetic pho-
tons

In the following we search for events with at least two isolated photons and a charged lepton pair.

3.1 {7 { yy({=e,p,7) events

Two independent but similar searches for £*£ vy events have been performed. The lepton selection
is based on low charged multiplicity jets [19]. Starting from energetic tracks, geometric cones, with
opening angles between 10-35° depending on the specific analysis goals, are used to combine close by
tracks and clusters into jets. The events of interest are identified as having exactly two such charged

' A spherical polar co-ordinate system is used with the polar angle 8 defined relative to the electron beam direction

(2)-



jets and at least two isolated energetic electromagnetic clusters without associated charged particles.
These clusters are considered to be photons. In order to have good electromagnetic energy resolution,
photons in the overlap region are not considered.

The criteria for the first analysis require that one charged jet is found within | cos @] < 0.7 and the
second one within |cosf| < 0.94. At least two photons are required to be within | cos#| < 0.94. The
criteria are described in detail in our previous publication [15].

The second analysis has a somewhat larger acceptance for charged leptons and a slightly reduced
acceptance for photons. The analysis starts from a sample with a charged multiplicity between 2 and
6, and a minimum visible energy (scalar sum of the charged particle momenta and electromagnetic
cluster energies) of 10% of the centre-of-mass energy. Low multiplicity charged jets are defined by a
cone of 10° half-angle. The jets and photons are each required to have an energy of more than 2 GeV
and be detected within | cos#| < 0.9. Photon pairings are considered if the photons are separated by
more than 10° from each other and each jet.

The same four events with a two-photon invariant mass above 40 GeV are found by both selections:
two pu*p~ vy and two et e~ yv events. The lepton flavour of each charged jet is assigned as an electron
using track-cluster energy matching, or as a muon using identification criteria based on the QPAL Z°
lineshape analysis [20]. Events with charged jets of unassigned or mixed flavour and events with large
missing energy are called 7+7~, The measured 4-vectors of the events are given in Table 1. These
events are discussed in more detail in section 3.2. The mass spectrum m,., of the highest mass photon
pair for all the events selected in the latter analysis is shown in Figure 1(a). The mass is calculated
from the calorimeter energy and only a few events at low mass have more than two accepted photons.

In order to compare with the YFS3 Monte Carlo (MC) [2], which is currently only available for
muon pair production with multiple hard photons, we selected events with u*pu~ from the above
sample. The m.,, distribution for events with 4~ is shown in Figure 1(b), together with the YFS3
MC expectation with full detector simulation [21]. We observe 29 events with m,., above 10 GeV
which is consistent with the YFS3 MC prediction of 22.6 + 1.2. Two events are seen with m.., above
40 GeV compared with the Monte Carlo prediction of 1.2 + 0.3.

The overall detection efficiencies for e*e” — e*e™X, ptu X and 777X events with X decaying
to vy and mx = 60 GeV are 46 + 3%, 54 + 3% and 22 1 2%, respectively, where the etror is mainly
due to Monte Carlo statistics and uncertainties on the photon conversion rate. These efficiencies are
calculated by using a Monte Carlo with full detector simulation assuming the same production angular
distribution as for a standard model Higgs boson (e*e~ — Z*°H°) for X and subsequent isotropic decay
into yv [22]. Efficiencies for X production accompanied by other fermion pairs (section 4) and those
for X decaying into fermion pairs {section 7) are also calculated using this model. We have investigated
possible model dependence. The case of a particle of 60 GeV mass emitted in a bremsstrahlung-like
manner from a lepton has been shown to be essentially the same as for Z*°H°. The efficiency drops
by only a factor of .87 for an extreme case in which the production angle of X peaks at large | cos 8|,
arbitrarily chosen as |Y,°|? ((3cos? # - 1)), and at the same time the v+ decay angle distribution with
respect to the X flight direction peaks forward and backward as |¥; |2

3.2 Detailed studies of the four £*¢ vy events with high two photon invariant mass

In this section we discuss some checks of the two photon mass measurement in these four events
and consider possible improvements to the mass resolution. These checks involve all four measured
particles and we clarify how the four-vectors of Table 1 have been measured. The tracking chambers



Table 1: List of four-vectors for the events with Mgy > 40 GeV. The photon energies given are the direct measurements.

[ Event | Al B C | D |
Event type | pTp~yy | efe vy [ete yy | utuyy
Vs (GeV) | 91.244 | 89.250 | 91.237 | 92.966
E,; (GeV) 30.9 36.8 43.2 41.7

cos 0.578 | 0.249 | —0.498 | —0.625
#y1 (°) 52.8 93.5 85.7 255.1
E,, (GeV) 24.6 20.7 15.8 10.6
cos 0., —0.469 | —0.630 | 0.154 0.560
b2 (%) 214.5 | 281.1| 239.0 66.9
P (GeV) 20.8 13.1 21.7 29.1
cos 8y —0.627 | —0.198 0.773 0.715
b (°) 227.4 |  262.0 | 284.1 98.8
P12 {GeV) 15.9 8.2 7.3 9.0
08 0y 0.444 | 0.343 | —0.092 | —0.027
dez (°) 16.5 | 276.8 | 280.2 20.2

are used for the measurement of the lepton angles and the muon momenta. The leptons are fitted
to a common vertex consistent with the beam spot. The energies of the photons and electrons are
measured by the electromagnetic calorimeter. If the electron extrapolates into the overlap region
then the track momentum is used (lepton 1 in event C). The photon angles relative to the vertex
are measured using the presampler in preference to the calorimeter if one presampler cluster can be
unambiguously associated with the calorimeter cluster.

As discussed above, the lead glass calorimeter is estimated to giv'e accuracies for the m,., system of
about 2 GeV for masses of 60 GeV. The invariant mass of the two photon system can also be estimated
independently from the recoil mass of the two leptons assuming a four-body final state. The different
mass estimates are summarised in Table 2.

When all particles in an event are completely reconstructed, kinematic fitting with the four con-
straints of energy and momentum conservation is a powerful technique that can greatly improve the
mass resolution. This technique is inappropriate for events with tau leptons because of the unrecon-
structed neutrinos. In e™ e~ collisions, these fits must consider the possibility of single and multiple
initial state radiation (ISR) which lead to unobserved photons close to the beam axis. Even if all the
particles are within the detector acceptance, full reconstruction is not guaranteed because collinear
photons may not be identified experimentally and soft photons (E < (}(300 MeV)) are not detected
with full efficiency. We carry out three kinematic fits. Firstly we fit the event to the four-body hypoth-
esis and secondly to a hypothesis allowing ISR photons emitted along the beam axis in one hemisphere
with an arbitrary energy. The first fit has the four constraints of four-momentum conservation while
the second one has three constraints because of the ISR ambiguity. In the third fit, which has two
constraints, we allow any number of ISR photons of arbitrary energy produced parallel to the beam
direction in both hemispheres.

We have checked our method by kinematic fitting of a sample of electron and muon pair events
with at least one isolated photon. We find that 56% of these events can be satisfactorily described
using the 4C fit while 22% require ISR photons in one hemisphere (3C fit) to give an acceptable fit.
Only 1% of the events require the 2C fit. The remaining 21% do not fit at all: there are indications
from the unassociated energy in the calorimeter and the planarity that these events have additional
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Table 2: List of vy invariant masses for £7 ¢y~ events with m, > 40 GeV. myy(recoil} is the recoil mass of the two
leptons. m.,(4C fit, no ISR} is obtained with the feur body kinematic fit, and m.,~(3C fit, with 1 ISR) is the fit allowing
ISR photons in one hemisphere. m.,,(2C fit, multiple ISR) is the fit allowing ISR photons in both hemispheres. The
measured visible energy, E ;; (sum of charged particle energies and photon energies), is also listed in the table. Negative
values of E;sg indicate that the ISR photon is emitted along the —z direction.

LEvent A B C D
Event type pruyy | eteTyy ete"yy | wtpTyy
Vs (GeV) 91.244 89.250 91.237 92.966
E:s (GeV) 92.3+23 | 78.7+25 | 88.0£2.6 | 90.4+2.5
M.y (GeV) 54.6 + 2.1 [ 53.8 £ 2.1 [ 50.1 = 2.0 | 41.9 = 1.9
m..(recoil) (GeV) 53.5+ 0.8 | 64.9 £ 1.5 | 56.3 + 1.6 | 45.0 + 2.0
m.,(4C fit, no ISR} (GeV) 53.3 + 0.4 | 56.0 £ 0.3 | 49.9 + 0.4 | 43.6 = 0.9
x*/d.of. 5.7/4 37/4 12.9/4 11.6/4"
m,{3C fit, with 1 ISR) (GeV) |53.8 0.4 | 58.3 £ 0.4 |49.6 £ 0.5 | 42.3 + 1.0
Eisp (GeV) -04402| 3.74+06 | 0.94+06 | -0.8+0.3
x?/d.o.f. - 1.0/3 7.6/3 9.0/3 1.6/3
my,(2C fit, multiple ISR) (GeV) | 53.7 £ 0.4 | 53.7 £ 1.9 [ 46.8 £ 1.4 | 41.5 1 1.8
x*/d.o.f. 1.0/2 0.1/2 5.8/2 1.4/2

photons and are not three-body events. Correspondingly, one expects that a similar significant fraction
of the £¥£~vy+v events will not give a reasonable fit. For the events which have a reasonable 4C fit,
the fit probability distribution and the pull distributions for each measured quantity are as expected,
confirming the reliability of the error estimates. The fit results for the £+~ vy events are also shown
in Table 2. For three of the events the fitted mass in the 3C fit is in good agreement with the direct
measurement.

In event B, which is measured at v/s = mzo—2 GeV, the 4C fit gives an unacceptable description as
also indicated by the recoil mass calculation. Inspection of this event reveals that there is a significant
deposit of energy (400 MeV) at the inner edge of the endcap electromagnetic calorimeter in the same
hemisphere as the missing momentum. The 3C fit with ISR in one hemisphere has an adequate x?
(5% probability) while the hypothesis of double initial state radiation (2C fit) gives a much better
agreement between measured and fitted quantities. This is a consequence of the measured transverse
momentum being well balanced, which also disfavours an interpretation as 7+7-+v. We note that for
V8 = mgo — 2 GeV, the emission of hard ISR photons in both hemispheres occurs with a probability
of a few percent relative to the rate for emission of hard ISR photons in a single hemisphere. The
interpretation of this event is ambiguous. In setting limits (section 4.3), we shall be conservative and
take this event as a candidate for having a mass of around 60 GeV.

In conclusion, with our best possible mass resolution no high mass resonance structure is visible.

4 Search for events with a high mass photon pair and fermion pair

.We discuss here a search for high mass photon pairs in events with quarks or with neutrinos. Upper
limits are set on ffyy(f = £, q,») production using the results of the two searches described here
together with the £t£~ v~ search of section 3.



4.1 qqgyvy events

Events are selected as hadronic events with at least two photon candidates if the total number of tracks
and clusters is larger than 12 and the total energy of all the high energy isolated photon candidates
is greater than 20% of the centre-of-mass energy. Electromagnetic clusters with |cosé| < 0.9 that
are detected outside the overlap region are considered as candidates for high energy photons. The
cluster energy must exceed 5 GeV and the cluster shape for photons detected in the barrel must be
consistent with that expected from a single electromagnetic shower using the criteria of reference [14].
After excluding tracks from reconstructed photon conversions, the photon candidate is retained if no
track with momentum above 250 MeV is associated to the cluster and no additional track or cluster
is found within a cone of 15° half-angle.

Three candidate events for qqyy are found with m,, above 40 GeV. The mass values for these
candidate events are shown in Table 3 together with the isolation angles. The number of events in
this mass range predicted by the Jetset 7.3 QCD Monte Carlo event generator {23} is 0.640.4, and for
Ariadne 4.0 [24] is 3.61+1.2 after full detector simulation. These predictions include the contributions
from multiple hard photon emission from quarks and the background from mis-identified hadrons
(7°n° etc.). Assuming isospin conservation, the background contribution from hadrons faking at least
one photon is 1 & 1 event, estimated from the number of isolated charged particles in the data. The
invariant mass distribution of the photon candidate pairs in all the selected hadronic events is shown
in Figure 2. The overall detection efficiency for efe™ — qgX events with X decaying to 4y and
mx = 60 GeV is 511+3% using the model described in section 3.

Table 3: List of yv invariant masses for candidate q§yy events with myy > 40 GeV. The measured photon energies,
E.,, as well as the minimum isolation angle .m.n, between the photon candidates and the charged tracks are also listed.

| Event E F G
m,, (GeV) [43.2 4+ 1.7[59.5 + 2.2 [ 76.0 + 2.6
E,, (GeV) 27.5 33.9 39.0
E.; (GeV) 17.8 27.0 37.8
Yomin (°) 17.4 16.3 33.0

4.2 vvvyvy events

In this analysis a search is perfortned for events with no charged particles and at least two neutral
clusters. We make use of the almost 4w coverage for energetic electromagnetic particles that are
detected in the barrel and endcap lead-glass calorimeters and the forward detectors down to polar
angles of 34 mrad.

The following pre-selection criteria which closely follow reference [16] are used:

(1) no track with more than 20 hits is found in the central detector;

(2) at least two electromagnetic clusters with an energy of more than 1 GeV are found (these clusters
are considered as being photons);

(3) one photon has to be found with | cos#| < 0.8 and a second one with | cos 8! < 0.94 (one photon
is required to be in the barrel region to ensure full trigger efficiency at low energy);
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(4) cosmic ray events and beam halo muons are removed by limiting the cluster extent to 300 mrad
in # and ¢ and requiring that no track segment is reconstructed in the muon chambers or the
hadron calorimeter;

(5) at least one of the photons must have an associated TOTF signal which is consistent within 5 ns
with originating from a genuine e*e~ interaction (if both of the highest energetic clusters have
associated TOF hits then both must satisfy the timing condition), and

(6) the energy deposited in the forward detector is required to be smaller than 2 GeV.

The pre-selection efficiency is about 80% if both photons are in the barrel region and about 65% if
only one photon is found in the barrel region of the detector (mainly due to the photon conversion
probabilities in the central detector and coil). After these requirements only events of the type
ete” — vv, ete™ — yyvy,e*e” — ete vy and ete” — v¥yy are expected. Moderately high mass
events with two acoplanar photons can occur from vy~ where the two photons arise from initial
state radiation : only 0.2 events with mass above 10 GeV are expected for the current data sample as
evaluated using the event generator of [25].

Firstly, we search for events with exactly two photons. No additional cluster with an energy above
500 MeV is allowed in the event. The acoplanarity angle of the two clusters is required to be greater
than 5°. No event with a mass above 5 GeV is found. The overall detection efficiency for ete™ — v X
events with X decaying to vy and mx = 60 GeV is 5633% using the model of section 3.

In order to be sensitive to multi-photon decays of X and insensitive to the third photon veto, we
also search for events containing two or more photons. In such events then, in addition to the above
acoplanarity criterion, we require that the measured missing energy transverse to the beam direction
(Er) exceeds 10 GeV. Each photon with energy above 5 GeV is required to be outside the overlap
region in order to ensure a good resolution on Er. No events are found. The efficiency calculated as
above is 4342%. The v+ systems of all four £t £ v+ events of L3 satisfy the above acoplanarity and
missing transverse energy criteria [1].

4,3 Upper limits on ete” — ffX — ffyy

In calculating the following limits we take any observed event in the +5 GeV mass interval centred
on 60 GeV as a candidate (including the ambiguous £t £~y event). The bin width matches the mass
resolution of about 2 GeV and allows for some uncertainty on the central value. The error given
in Table 4 is subtracted from the efficiency. The three lepton flavours are assumed to be produced
equally (the limits for each flavour can be calculated separately from the quoted numbers if required).
The 95% C.L. limits calculated for the £¥£~yy (£ = e,p,7), q@yy and v¥yy channels are shown in
Table 4.

Using the hadronic and invisible Z° decay branching fractions measured at LEP [26], the quark and
neutrino searches are combined to give an upper limit of 6.0 x 107® on B(Z° — Z*°y+), more stringent
than the one given in {27]. We deduce that any contribution to £¥£ vy events with m,, ~ 60 GeV
from associated production with a virtual Z° occurs at a branching fraction of less than 6.0 x 10~7
(95% C.L.). The four events from L3 near 60 GeV correspond to a Z° branching fraction to £T£ vy
of order 5 x 10~ for their data-sample. This is an order of magnitude greater than the contribution
from Z"® which is permitted from the OPAL searches in the quark and neutrino channels.

Independent of the production mechanism, the direct search in the £t£ vy channel alone shows



Table 4: List of 95% C.L. upper limits on the cross-sections for £7 £~ v+, viv~ and qGy~y events with m,, = 60+5 GeV
based on the observed number of events for each channel {/N.;,} and a total integrated luminosity of 43 pb™!. Also listed
are the $5% C.L. upper limits on the Z° branching fraction into these modes based on a total of 1.8 x 10° produced
Z%s. N¢yz is the limit obtained from N3, with no allowance for background and e is the search efficiency together with
systematic error.

Na, | Neog € Upper limit on Upper limit on
Fermion type cross-section (pb) | B(Z° — ffyv)
EUl=epr)| 1 |474]41+2% 0.28 6.8 x 10-°
q 1 4.74 | 51 + 3% 0.23 5.5 x 107°
v 0 3.0 | 56+3% 0.13 3.1x 1078

no corroborating evidence for a Z° branching fraction of order 5 x 107° but can not exclude such a
magnitude. The upper limit at 95 % C.L. on the branching fraction is 6.8 x 107°.

5 Search for anomalous production of high mass photon pairs in
eTe” — ¥y events

If X were produced in association with a virtual photon, which could explain the ¢t £~ in the £t£- vy
events of L3 and the absence of vi7yy events, then it may also be produced in association with a real
photon leading to a final state with three photons. A significant background to this search is the QED
reaction e¥e” — y+7. This process has been studied by OPAL based on the data collected before 1991
[28] and by other experiments at LEP [29]. Only a few events have been observed and no deviations
from the QED expectation were reported.

This analysis starts from a low multiplicity sample and requires that at least three electromagnetic
clusters are found with energy exceeding 10% of the beam energy within the region |cosé| < 0.94.
The three most energetic clusters must be isolated from each other by at least 10°, Three-body events
are selected by requiring that the energy of any additional clusters does not exceed 2.5 GeV and that
the sum of the opening angles exceeds 350°. Events are accepted if they have no charged tracks or two
charged tracks which can be reconstructed as a photon conversion. From the data sample of 43 pb~*
we find 38 events, in agreement with the expectation from QED of 36.5 £ 4.0. The prediction uses the
generator of [30] with full detector simulation. The error is dominated by an assumed 10% uncertainty
from higher order corrections.

In the search for the production of yX we require that the event is highly planar (the sum of
the opening angles must exceed 359°) in order to justify the use of three-body kinematics for the
calculation of the photon energies from the measured photon angles. This condition is satisfied by
37 events. Monte Carlo studies using full detector simulation indicate that for genuine three-body
events the mass resolution using these reconstructed energies is better than 1 GeV over the entire
acceptance. In order to discriminate against the strongly forward peaked QED background we require
that at least one photon is reconstructed within |cos#| < 0.5. 24 events are selected compared to
an expectation from QED of 23.0 + 2.6. The efficiency for vX production, with mx =~ 60 GeV, and
subsequent X — v+ decay is estimated to be 651 2% using a Monte Carlo with full detector simulation
where the production angular distribution is 1 + cos® 6§ and X has zero spin. The calculation of Ref.
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[31] for s-channel photon exchange gives this angular distribution and yields :

. 8maf( 1 mx2\1°
olete” = yX)B(X — y7) = T{E (1 - : )} T'xB*(X — yv)

The m,, distribution for each photon pairing in these 24 events is shown in figure 3 compared to
the QED MC expectation. Only one entry per bin per event is plotted. Seven events have at least
one photon pairing with m,, within £2.5 GeV of 60 GeV. This is the bin chosen by L3 to present
their {7 £~ v+ data. For this search, the experimental mass resolution is much smaller than the bin
size. The expected number of events from the QED reaction ete~ — yvv with at least one photon
pairing in this mass bin is evaluated as above to be 2.7 + 0.4. The probability of seven or more
events originating from a QED background fluctuation is 2%, so a QED fluctuation can certainly not
be excluded. The following 95 % CL upper limits based on seven observed events in the presence
of background are obtained using the method of Ref. [32]. We place an upper limit of 0.4 pb on
o(e*e” — yX)B(X — 77). The upper limit on I'x B*(X — ¥7) is 20 MeV, evaluated for mx = 60 + 1
GeV using the above calculation.

The kinematically constrained mass resolution for 60 GeV photon pairs in events with exactly three
photons is estimated, from the full detector simulation, to be on average 300 MeV. We look for possible
sub-structure near 60 GeV to search for events consistent, within our mass resolution, with a narrow
resonance. We carry out two kinematic fits to these seven events : a 4C fit with four-momentum
conservation as the constraints, and a 3C fit allowing for ISR in one hemisphere. The longitudinal
beam spread of approximately +1 cm affects the precision of the polar angle measurement. The fits
have been performed with the run-averaged longitudinal vertex position and the effect of the beam
spread evaluated by varying this vertex by one standard deviation. The four-vectors of the seven
events are given in Table 5 together with the masses reconstructed from the angles and from the 4C
kinematic fit. We find that the 4C fit gives a satisfactory description of most events. The fitted masses
agree well with the reconstructed masses. The 3C fit does not give a significantly better fit except
possibly for event J 2.

Four events (J, K, L and N) have a mass in the interval 58.25 GeV to 60.25 GeV. This bin was
chosen as being centred on the cluster of three £1£~ v+ events from L3 that are consistent with a narrow
resonance and the bin width is about 3 standard deviations for average events. The background
expectation for this 2 GeV wide bin is 1.1 + 0.2 which gives a probability of 2.5% for a background
fluctuation. The four mass values are in accord with each other (x? of 6.5 for 3 degrees of freedom)
and are consistent with a mass of 59.7 + 0.1 GeV.

6 Search for high mass photon pairs in photon-photon collisions

If a particle decays with a large partial width into two photons, then, assuming time reversal invariance,
it can also be produced in photon-photon collisions, We search for a 60 GeV resonance produced
in photon-photon collisions and decaying into two photons (ete” — etfe"X — ete™ 4+ yv). In this
analysis, the same pre-selection criteria as in subsection 4.2 are used except that the restriction against
energy in the forward detector is removed. We restrict the search to events with only two photons
and exclude the calorimeter overlap region. Two-photon collisions are characterised by the production
of events with balanced transverse energy and a longitudinally boosted system. We require that the

®The 4C fit is acceptable (x?/dof = 2.9/4) and gives myz = 58.25 + 0.72 4 1.46 GeV where the first error is the
fit error and the second the beam spread systematic. The 3C fit is better (x*/dof = 0.5/3) and the mass value is
12 = 59.58 £1.12 + 0.27 GeV with F;sr = 0.45 - 3.3 GeV.
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Table 5: Four vector list of the v+ events with at least one photon pairing with m.,., within £2.5 GeV of 60 GeV. The
measured angles and photon energies calculated from those angles using three-body kinematics are listed. The photons
are listed with the invariant mass of photons 1 and 2 nearest to 60 GeV. Note that for some events other pairings give
similar masses. The reconstructed mass of photons 1 and 2, m;:"*°, and the mass found in the 4C kinematic fit, myz 7"
are listed. The error on my2 '™ is evaluated as the sum in quadrature of the fit error and the systematic error due to the
longitudinal beam spread.

|  Event | H | I | J | K | L | M | N |
V¢ (GeV) | 91.259 [ 90.256 | 92.960 | 91.218 | 91.304 | 91.298 | 91.300
E,; (GeV) 39.8 | 427 462 437 414 334| 335
cos b, —0.845 | —0.247 | —0.357 | 0.559 | 0.736 = 0.377 | 0.038
¢y (°) 176.5 | 332.6 | 54.7| 3161| 985| 76.1| 975
E.; (GeV) 242 209| 181 214 236 328| 319
cos b, 0.929 | 0.053 | 0.187 | —0.162 | —0.889 | —0.833 | —0.699
¢z (°) 253.4 | 125.0 | 236.8 | 144.0 | 2185 217.1| 254.8
E.; (GeV) 272 266| 286 261 263 251 259
cos b 0.409 | 0.354 0.459 | —0.804 | —0.360 , 0.583 | 0.810
b3 (°) 174 | 175.4| 233.1| 1258 | 300.7| 290.5| 312.9
mi"*° (GeV) | 57.94 | 57.79 | b57.65| 59.60 | 59.46 | 61.23 | 59.99
myT (GeV) | 57.99 | 57.81| 5825| 59.56 | 59.44 [ 61.27| 59.99
£0.16 | +0.13 | +1.62 | +0.53 | +0.17 | 10.11 | +0.16

photons are coplanar (acoplanarity angle < 5°) and acollinear (acollinearity angle > 5°). The expected
background comes from ete” — -y events with one of the 7¥’s escaping undetected near the beam
direction. Such three-body final states are rejected by requiring:

sinf; + sin 8,
isin 8, cos #, + cos #, sin #,

N -1
Eopyy EE1+E2+\/§{1+ l} < 0.95/s,
where E, and E, are the energies of the two measured photons and the third term is the calculated
missing energy obtained from the measured polar angles (#, and 8;) of the two photons assuming a
777 final state with the third unseen photon assigned no transverse energy. The distribution of E,,,
normalised to the centre-of-mass energy is shown in Figure 4(a) before this requirement is applied.

Twenty events are selected. The 7., distribution is shown in Figure 4(b). One event has a photon-
pair mass of §1.4 GeV. The background from e*e™ — 7vy is estimated, using the generator of [30]
and a parametrisation of the energy resolution, to contribute 0.8 4 0.5 events in the +5 GeV mass
interval centred on 60 GeV.

The detection efficiency of vy — X — vv events with mx = 60 GeV is evaluated using a Monte
Carlo method. The Monte Carlo is based on the equivalent photon approximation for the event
generation and takes into account the detector acceptance criteria and the selection efficiency described
above. The overall detection efficiency is 45 &+ 2% if the X particle has spin 0 and at least 29 + 1% for
the tensor case which strongly depends on the decay angular distribution of X relative to the beam
direction. The cross-section multiplied by the decay branching fraction into v+ in this approximation
[33, 32] is given by :

2 9 1 2
c(ete” —ete X)B(X — v7) = (;_111 5 ) (2 + 1)8n

(XN BY(X - 77)
s p X Ty



where

1 1
fl@)= {2+e)ln=-20-w)3+w)},
I'x is the total width and J is the spin of particle X. Based on the observation of one event as a
candidate, we obtain 95% C.L. upper limits on I'x B*(X — 7) of 2.6 MeV for J = 0 and 0.8 MeV
for J = 2. The limits were evaluated for mx = 60 + 1 GeV and take into account an assigned 10%

uncertainty arising from the use of the equivalent photon approximation.

7 Search for Events with an Isolated High Momentum Lepton Pair

We search for the production of a possible resonance X, near 60 GeV, in association with an isolated
high momentum ete~ or y*p~ pair. The non-yy decays of X into qq, £+¢- (£ = e, p1,7) and vi are
considered. Tau leptons are not considered for the “non-X” lepton pair because for such topologies
the mass of X can not be meaningfully estimated using the recoil mass of the non-X lepton pair. The
purpose of these searches is to obtain an upper limit on o4+,-x(1 — B(X — ~+4)) by searching for all
possible decay modes other than 7. This can be combined with the Iy B2(X — 7v) upper limit
obtained from the search for X production in photon-photon collisions to extract information on I'x.

7.1 Search for efe” — {t{ g

This event topology is the same as for the standard model Higgs boson production associated with a
lepton pair from a virtual Z°. The selection criteria for this topology are similar to those of the previous
Higgs search paper by OPAL [34]. The invariant mass of the two leptons is required to be greater
than 15 GeV, and the invariant mass of the hadronic system must exceed 25 GeV. The invariant mass
of the hadronic system is calculated using the charged particle momenta, electromagnetic and hadron
calorimeter energies and avoiding the double counting of energies [34]. No events survived after all
the cuts. The detection efficiency of the standard model Higgs boson of mass 60 GeV accompanied
by an ete” or utu~ pair is 32 4+ 2%.

7.2 Search for ete™ — (T ¢+¢

This topology was previously studied in the search for lepton pair events associated with an additional
charged particle pair (£+£~V events) [37] from the 1990 and 1991 data sample. Events are required
to have four and only four charged particles within the polar angle region of | cosf] < 0.9. Three of
the four charged particles must have momentum greater than 5 GeV, the remaining one must have a
momentum greater than 1 GeV and the charge must balance. The opening angle of any pair of the
four charged particles must be greater than 15°. At least two of the four charged particles must be
associated with clusters in the electromagnetic calorimeter. Sixteen events are selected. The number
of background events expected from electroweak processes is 23.9+2.0, which is estimated by using
the Monte Carlo event generator of Daverveldt [35] with full detector simulation. For each event,
there are two sets of possible £*¢~ combinations. The higher £+¢~ recoil mass of each set is plotted
in Figure 5 together with the Monte Carlo prediction. In order to search for a resonance state X with
mass of approximately 60 GeV, we require that one of these higher recoil masses is within +5 GeV of
60 GeV. T'wo of the 16 events are retained. The expected number of events from electroweak processes
is 5.7+1.1. The overall detection efficiency of efe” — ete X or utu X events with X decaying to
£7£~ was calculated to be 49 + 2% where the decay branching fractions of X into each lepton flavour
are assumed to be equal for simplicity.
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7.3 Search for ete™ — ¢ vi

Previously, we have studied this event topology in a general search for acoplanar particle pairs [19]
and in a search for light Higgs bosons [36]. In this analysis, events with this topology are selected
by requiring there to be two and only two charged particles. Each one must be within |cosf| < 0.9
and have a momentum greater than 5 GeV. The charged particles must be isolated by 15° and have
an acoplanarity angle exceeding 15°. In order to strengthen this criterion in the forward region, the
acollinearity angle must exceed 20°. No electromagnetic calorimeter clusters unassociated to charged
particles with energy above 1.5 GeV nor energy deposition in the forward detector exceeding 2 GeV
are allowed. No events are selected. The overall detection efficiency for ete™ — ete X or ptp=X
events with mx = 60 GeV and X decaying to v7 is calculated as above to be 49 £+ 2%.

7.4 Upper limit on the decay width of the possible resonance X

In this subsection, an upper limit on I'x is calculated as a function of the cross-section of £+ £~y events
arising from the production of a narrow resonance X. The decay modes X — qq, X — £{T{ (£ = e, pu,T),
X — v and X — 77 are denoted by i = 1,2, 3 and 4, respectively. We denote each decay branching
fraction of X by B;, and the total cross-section for ete™ — £+£~X (£ = e, 1) by op+s-x-

Firstly, an upper limit on (B; + B + Ba)os+.-x is calculated based on the number of events
observed for each channel (N7**) and the number of background events expected (N/*9). If N*¢
exceeds N2b¢, Nf’k 7 is set equal to N7 for a conservative estimate. The number of events expected
is calculated as N;*F = ¢, Log+,-xB; for each mode i, where ¢; is the detection efficiency and L is the
integrated luminosity of 43 pb~1. All the efficiencies are calculated assuming the standard model Higgs
boson production with mass of 60 GeV associated with ete™ or u*p~. The one standard deviation
systematic errors of the efficiencies are subtracted from ¢;, ¢; and ¢3. The efficiency variation due
to model dependence (see Section 3.1) is not included in the systematic error. The upper limit on
(B, + By + B3)o+-x is obtained by varying B;o,+,-x (i =1,2,3) independently under the following
condition corresponding to 95% C.L. The worst case is used to set the limit.

En,,n;,ns H?:l exp(__Nz_Bﬁ‘P - N‘n'bkg)(Niemp + Nibkg)ni/ni!
Yosmams ey €Xp(— NP (NFH0)ms )]

where the sum is over all the sets of non-negative integers n,, n,, n3 which satisfy

= (.05,

The resulting limit is (B; + Bz + Bj)os+-x < 0.27 pb at 95% C.L. The equivalent upper limit on
(By + By + B3)B(Z° — £t{~X) is 6.5 x 107% The values used for the calculation of these limits are
listed in Table 6 together with the upper limits for each individual decay mode.

A 95% C.L. lower limit on B, = B(X — 77) is then calculated for a given cross-section of
{7 yy(f = e,pn) events (0gts-yy = O¢+y-xBa) assuming that X decays either into qg, £1€~, vv or
vy (B1 + By + By + By = 1). Finally, the upper limit on the decay width (I'x) is calculated using
the lower limit on Bs and the upper limit on I'x B? described in section 6, for a given 74~ vv cross
section. The excluded T'x region as a function of o4+,-,4 is shown in Figure 6 for both J = 0 and
J = 2. Also shown is the upper limit at 95% C.L. on o4+;-4,(f = e, ) of 0.24 pb calculated from
the direct search in the electron and muon channels. The ambiguous ete” 44 event is considered as
a candidate and the limit has been obtained using the average efficiency of 50 + 3% evaluated from
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Table 6: List of 95% C.L. upper limits on the £¥¢~X(£ = e, u) cross-section multiplied by branching ratio (B;) of each
mode . Also listed are the 95% C.L. upper limits on B(Z° — £t £~ X)B;(f = e, ). The values in this table are used to
calculate a combined limit on (B1 4+ Bz + B3)oy+4—x- Nikga is set equal to Nop, if Nywga exceeds Nop,. The efficiencies
together with the one standard deviation errors are quoted. This error is subtracted in the limit evaluation.

Noss | Nigga € Upper limit on Upper limit on
X Decay mode o+e-x - B: (pb) | B(Z° — ¢~ X)B,
(1) qg 0 - 32+ 2% 0.23 5.5 x 10~°
(2) £ (L = ey, 7) 2 5.7 | 49+ 2% 0.24 5.8 x 10~°
(3) vi 0 - 49 + 2% 0.15 3.6 x10°°

section 3.1. A cross-section of 0.05 pb corresponds to the production of one detectable £t£~y+v event
per LEP experiment (assuming data-samples of 40 pb~! with a 50% efficiency).

One concludes that I'x is limited to be less than 110 MeV at 95% C.L. for {T{ vy (£ = e, p)
cross-sections greater than 0.05 pb. This limit assumes that the £7£~ X cross-section is approximately
constant in the /s region where the data were taken (+3 GeV around the Z° peak). The corresponding
limit as a function of B(Z° — {*£~yv)(£ = e, 4) can also be obtained from Figure 6 in the case that
the production process is predominantly via the Z°. These upper limits on I'x are smaller than the
mass resolution expected for any of the four LEP detectors.

8 Summary

We have analysed a data sample, collected between 1990 and 1992, to search for events with a pair of
photons with a high mass. The data sample corresponds to a total integrated luminosity of 43 pb~!
or to roughly 1.8 million produced Z%’s.

Four £+4~++v events with a photon pair mass above 40 GeV are found. No clustering of m,, is
observed at large masses. The number of ;* ™y events observed is 29 with m., above 10 GeV and
two with m.., above 40 GeV. These numbers are consistent with the YFS3 MC prediction of 22.6 £+ 1.2
(myy, > 10 GeV) and 1.2 & 0.3 (m,, > 40 GeV). No events are directly measured to be consistent
with a mass of arotind 60 GeV. It should be noted that one event which is not fully reconstructed may
be consistent with such a mass but that the interpretation of this event is ambiguous.

Three hadronic events with two isolated photon candidates are found with mass above 40 GeV
with no obvious resonance structure. No event without tracks and two or more acoplanar photons with
missing transverse energy and a mass of more than 5 GeV is found. The search for high mass photon
pairs near 60 GeV in the neutrino and hadronic channel limits the branching ratio B(Z° -+ Z*%y+) to
6.0 x 107° at 95% C.L. Therefore, any anomalous production of £*£~yy(£ = e, p, 7) events where the
lepton pair originates from a virtual Z° occurs with B(Z° — Z*%yy — Y€ yy) < 6.0 x 107".

Thirty-eight events of the type ete™ — v+ have been detected. The overall production rate is in
good agreement with the expectation from QED (36.5 £ 4.0). In a search for 4X production, with X
decaying to 7, seven events are found with at least one photon pairing with a mass within +2.5 GeV
of 60 GeV. The expectation from QED is 2.7 £ 0.4. The probability of seven or more events originating
from a QED background fluctuation is 2%. Four of these events are measured within a bin of 1 GeV
centred on 59.25 GeV : the corresponding probability of a background fluctuation is 2.5%.
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In a search for the production in two-photon collisions of a 60 GeV resonance X decaying to two
photons, we set an upper limit on Ix B?(X — v7) of 2.6 MeV at 95% CL, assuming a spin 0 resonance.
We also looked for £*£~X(£ = e, u) events, where X decays into either qq, ££~({ = e, u,7) or vi. No
indication of a 60 GeV resonance is seen in these modes. Combining these last two searches, upper
limits on I'x as a function of £t£~ 4y cross-section and Z° branching fraction are set.
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Figure Captions

Figure 1: (a) Invariant mass m.,, of isolated photon pairs in lepton pair events. (b) Invariant mass
M., of isolated photon pairs in muon pair events (points with error bars) together with the expectation
of the YFS3 Monte Carlo (histogram). The direct mass measurement from the calorimeter is shown.

Figure 2: Invariant mass m.,. of pairs of isolated photon candidates in hadronic events.

Figure 3: Invariant mass m.,, of each of the three photon-photon combinations in the 24 ete™ —
v+ events where. the mass has been reconstructed using three-body kinematics. The data (points
with error bars) are compared with the QED prediction (histogram) using the Berends and Kleiss
Monte Carlo. For events where more than one photon-photon combination is measured in the same
bin only one entry per event is shown for that bin.

Figure 4: (a) The distribution of E..,, normalised to the centre-of-mass energy for candidate
events for two-photon production of a high mass state before cutting on this quantity. (b) The
invariant mass distribution for the two-photon production candidates.

Figure 5: The distribution of £+£~ recoil mass for £+¢~£*{~ events {points with error bars)
together with the electroweak prediction estimated from the Daverveldt Monte Carlo (histogram).
The higher recoil mass for each set of two possible {7¢~ combinations is plotted (two combinations
per event). ‘

Figure 6: The upper limit on I'x at 95% C.L. for J/ = 0 and J = 2 as a function of the assumed
cross section of £T£-yy(£ = e, u) events or equivalently (upper abscissa} as a function of assumed Z°
branching fraction to £*£~yv(f = e, ). The upper limit on g+, (£ = e, 1) at 95% C.L. of 0.24 pb
is also shown.
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