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From the analysis of the reactions e+ e” —► £ + (ny) (i = e,jx, r) we observe four events, one e+e_yy and three
with the invariant mass of the photon pairs close to 60 GeV. These events were selected from a data sample 

collected in the L3 detector corresponding to 950000 produced Z°’s. More data are necessary to ascertain the origin 
of these events.

1. Introduction

We report the results from the analysis of the fol­
lowing reactions:

1 Deceased.
2 Supported by the German Bundesministerium fur 

Forschung und Technologie.
3 Supported by the hungarian OTKA fund under contract 

number 2970.

e+e —>l+£ (ny) =  e , / J , t ) .

Four £+£~yy (£ =  t.jx) events were seen with an 
invariant mass of the two isolated photons close to 
60 GeV in the data collected from the 1990 and 1991 
runs as well as 1992 run through July 15, correspond­
ing to a total integrated luminosity of 27 pb" 1 and 
a sample of 950000 Z0,s produced at center-of-mass 
energies ranging from 88.2 to 93.8 GeV.

The L3 detector [ 1 ] is especially designed to detect
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and precisely measure electrons, muons and photons. 
During the construction and operation of the L3 de­
tector, much effort has been spent to ensure that the 
design resolution is maintained. Analysis of the data 
from Z° decays in the last three years o f running has 
shown that, indeed, we have obtained the design res- 
olution [2 ]

A F
=■  <  2.0% for E  > 1.5 GeV,
E

for electrons and photons, and

^  =  2.5% at £ =  45 GeV,
P

for muons. The angular resolution for electrons,

(a)

✓

/
-r-----------

V

(c)

Fig. 1. Pictures for the four high mass photon pair events: (a) Event one: fi+/i-yy, R-(j) view. Starting from the interaction 
region, the detectors shown in the figure are central tracking chamber, electromagnetic calorimeter, hadron calorimeter, and 
muon spectrometer, (b) Event two: jii+li-yy, R-(j) view; (c) Event three: ¡i+pL-yy, R -z  view; (d) Event four: e+e~)7 , R~z
view.

340



Volume 295, number 3,4 PHYSICS LETTERS B 3 December 1992

muons, and photons is better than 0.2°. The good 
resolution for photons enabled us to study one- 
photon [3] and two-photon [4] final state events.

The data recorded in the following polar angle 
ranges are used in the analysis: time expansion cham­
ber (TEC): 25° ^  8 < 155°; 
electromagnetic calorimeter (BGO): 11° < 8 ^  
169°;
hadron calorimeter: 5° < 8 ^  175°; 
muon spectrometer: 36° ^  8 < 144°; 
where 6 is defined with respect to the beam axis. For 
the analysis of (ny)  events, the full data sam­
ple is used while only the data collected in 1991 and 
1992 corresponding to an integrated luminosity of 21 
pb“ 1 are used in Q+e~ (ny) and t +t ~(ny)  analysis.

The first two events (one in 1990 and the other 
in 1991) have M yy =  58.8 GeV (Mm  =  27.1 GeV) 
and Myy =  59.0 GeV ( M ^  =  25.3 GeV). In 1992 
two more events were observed, one with M yy =
62.0 GeV ( Mw  = 20.0 GeV) and the other with 
M yy =  60.0 GeV (Mcc =  17.9 GeV). Figs. l a - ld  
show these four events. The measured properties of 
the events are summarized in table 1.

Table 1
The measured properties of the four events with high mass 
photon pairs. The center-of-mass energies of these events 
are 91.23, 91.26, 91.25 and 91.36 GeV respectively.

Event Lepton E 6 Pair mass
£ (GeV) (deg.) (deg.) Mu  (GeV)

1 fi + 10.5 96.7 131.3 27.1 ±  1.420.7 69.2 357.0
y
y

35.9
24.6

113.1
71.2

175.9
337.8 58.8 ±  0.6

2 12.7
16.9

81.7
130.0

301.7
179.4 25.3 ±  0.4

y
y

33.1
28.1

46.3
117.1

136.1
345.2 59.0 ±  0.6

3 11.9
15.2

98.1
115.4

66.7
326.1 20.0 ±  0.4

y
y

39.1
25.1

66.9
106.8

164.8
328.2 62.0 db 0.6

4 e+
e~

3.4
24.4

103.6
62.1

102.7
268.5 17.9 ±0 .2

y
y

42.0
21.6

109.6
80.4

92.6
278.9 60.0 ±  0.6

Radiation from initial and final state leptons is the 
expected source for hard and isolated photon produc­
tion. The process is well described by quantum elec­
trodynamics (QED) and, in principle, can be accu­
rately simulated by Monte Carlo programs.

We first describe the selection criteria for £+£~ [ny) 
events. To understand the origin of these events, we 
compare the observed kinematic distributions with 
those expected from QED Monte Carlo simulation 
and discuss the possible excess of events with high 
mass photon pairs.

2, Event selection

We first describe the identification of photons and 
leptons, followed by the selection of £ + £~ (ny) events.

A cluster with energy deposited in BGO calorimeter 
greater than 0.5 GeV is accepted as an electromagnetic 
cluster if E 9/ E 25 > 0.9 or £ 2/^9  > 0.7. Eg and E25 
are th energies deposited in the 3 x 3 and 5 x 5  crys­
tal arrays centered around the most energetic crystal. 
Ej  is the energy deposited in the two most energetic 
crystals. Electromagnetic clusters with energy greater 
than 1.0 GeV and within the fiducial volume defined 
by | cos 8 1 < 0.9 are considered for photon selection. 
8 is the polar angle of the cluster with respect to the 
beam axis. Clusters with energy greater than 3.0 GeV 
and within the fiducial volume defined by | cos 6 \ < 
0.74 are considered for electron selection.

We now consider A$, the angle in the R-cfr plane 
between the centroid of electromagnetic cluster and 
the nearest TEC track which has at least 10 R-<fi hits, 
a distance of closest approach to the interaction point 
in the R-<j) plane of less than 10 mm, and a transverse 
momentum greater than 100 MeV. Clusters which sat­
isfy \A<j)\ < 20 mrad are selected as electron candi­
dates while those which fail this criterion are selected 
as photon candidates.

Muons are identified and measured in the muon 
chamber system. We require that a muon track con­
sists of track segments in at least two of the three lay­
ers of the muon chambers, as well as a transverse dis­
tance of closest approach and a longitudinal distance 
of closest approach to the interaction point of less than 
100 mm each. In addition, the identified muon is re­
quired to have a momentum greater than 3.0 GeV.

Taus are identified by their distinct one- and three-

341



Volume 295, number 3,4 PHYSICS LETTERS B 3 December 1992

Table 2
Numbers of 1 +1~ (ny) events in the data together with the expected numbers from the Monte Carlo. The numbers of Monte 
Carlo events are normalized to the corresponding numbers of data events with n > 0.

Number 
of photons

Data MC expectations

e+e- I+ T + T- £+£- e +e~ /¿ + /Z~ T+T £+l~

n > 0 19068 17548 11971 48587 —« u n i

n ^  1 1370 1377 617 3364 1306 1386 630 3322
n ^  2 55 68 16 139 45 56 17 118

prong decays. Neighboring TEC tracks within 20° in 
the R-(f> plane are grouped together and then matched 
with calorimetric clusters to form tau candidates. The 
candidates must be in the fiducial volume defined 
by | cos#| < 0.74. To remove background from mul- 
tihadronic events, each tau candidate is required to 
have between one and three good TEC tracks. A good 
track has at least 30 R-(j) hits, a distance of closest 
approach less than 5.0 mm, and a transverse momen­
tum greater than 100 MeV. In addition, the total vis­
ible energy in a cone of 15° half-opening angle with 
respect to the jet direction is required to be greater 
than 3.0 GeV. To suppress electrons and muons aris-
ing from e+e e+e (ny) , t i+fi (ny)  processes,
the sum of the electromagnetic and muon energy in 
each tau candidate is required to be less than 0.4y/s.

We now consider the selection of £ + £ “ (ny ) events. 
These events are characterized by low cluster and 
track multiplicity. Clusters are constructed from 
calorimetric hits. Only clusters with an energy greater 
than 100 MeV are considered. To suppress hadronic 
background, e+e~ (ny)  and (ny)  candidates are 
required to have less than 12 clusters. For t +t -  (ny ) 
candidates, the number of clusters is required to be 
less than 20 .

Events which have two electrons and total electro­
magnetic energy greater than 0 .6a/ s  are selected as 
e+e“ (rc)0 events.

Events with two muons are considered as (ny) 
candidates. To reject background from two-photon 
processes and T+r" (n y ) ,  the sum of the electromag­
netic energy and the momenta of muon tracks is re­
quired to be greater than 0.6\/?* To remove cosmic 
ray events, we require at least one good TEC track. 
Events with exactly one good TEC track are further 
required to have at least one scintillator hit within
3.0 ns of the beam crossing.

Events with two identified taus with an opening an­
gle in the R-(f) plane of at least 30° are considered 
as T+r “ (rty) candidates. To reject events from two- 
photon processes, the visible energy of at least one 
tau is required to exceed 0.1 y/s and the polar angle 
of the direction of missing momentum is required to 
be at least 25.8° with respect to the beam axis. The 
background events from e+e- (ray) and ¡¿+/ i " (ny )  
are suppressed by requiring the sum of the electro­
magnetic and muon energy in the event to be less than
0.8  V ?.

We now study events which contain isolated pho­
tons in addition. These photons are required to be at 
least 8° away from electrons, 5° from muons, and 15° 
from taus. Tighter photon isolation requirement for 
the e+e-  (ny) events is to reject overlapping electro­
magnetic showers and for the t +t ” (ny) events to re­
duce backgrounds from the 7r0,s. The total number of 
selected events in each channel are shown in table 2 .

3. Comparison with QED predictions

To compare the measured distributions with the ex­
pectations from QED, we use the Monte Carlo pro­
gram YFS3 as described in ref. [ 5 ]. The program gen­
erates events of the type e+e”* —» (ny) accord­
ing to the Yennie-Frautschi-Suura scheme [6 ] with 
multiple collinear and soft photon radiation in both 
the initial and final states. It includes the additional 
leading-log terms for one or two hard photons. The 
cross section for the production of events with hard 
and isolated photons as calculated by the program has 
been found to be in good agreement with the exact 
0 ( a 2) matrix element calculations [7].

The program is adequate to describe the e+e~~ —► 
t +t ~(ny)  process since only photons with energies

(
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greater than 1.0 GeV and opening angles with respect 
to the nearest tau direction greater than 15° are con­
sidered, so that tau mass effects are negligible. The t- 
channel contribution to e+e” —> e+e~ (ny) process is 
not modeled by YFS3 Monte Carlo program. Instead 
we use the pure ^-channel distributions for compar­
isons with e+e~ (ny)  data.

To determine the acceptance for £+£~ events with 
photons in the final state, 150000 Monte Carlo 
e+e“ —► ii+n~ (ny) events, generated at a center-of- 
mass energy of 91.2 GeV, are subjected to the full 
L3 detector simulation [8 ]. The simulated events 
are then reconstructed and analyzed with the same 
program as that used for the data. A total of 84633 
Monte Carlo events are selected after the \x+fi~ (ny) 
selection criteria described above are applied. The 
number of expected events with one or more
photons from QED is then given by

N r  = R y N Z ,

where N^  is the total number of selected \ T  (ny)  
events in the data and R y is the fraction of events with

one or more photons in the Monte Carlo sample after 
event selection. The numbers of expected e+e-  and 
t +t~  events with photons are calculated in the same 
way, except that the ratio R Y is rescaled according to 
the different acceptances calculated from the genera­
tor level Monte Carlo sample for the different angle 
requirements between photons and leptons.

The effect from the enhanced initial state radiation 
for the data above the Z° peak is found to be small 
since only 3% of the accepted events in the data come 
from center-of-mass energies 2.0 GeV or more above 
the Z° peak. Table 2 shows the expected numbers of 
£+£~ events in the data as well as the expectations 
from the Monte Carlo. The statistical error on the 
expected number of events from the Monte Carlo is
1.1% for one or more and 6 .0% for two or more pho­
tons. For the comparison described below, the contri­
butions from all three lepton flavours are added to­
gether.

The energy distribution of the most energetic pho­
ton for events with one or more photons in the fi­
nal state is compared with the prediction of YFS3 
Monte Carlo program in fig. 2a. Fig. 2b shows the
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Fig. 2. (a) The energy distribution of the most energetic photon for the selected £+£~ events with one or more photons in 
the final state, (b) The energy distribution of the second most energetic photon for the selected £ + £~ events with at least 
two photons. The Monte Carlo distributions are obtained from a high statistics sample corresponding to approximately 107

(ny) events generated with YFS3 [5] program. The distributions are normalized to the expected number of 
l+£~ events with one or more photons as shown in table 2.
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Fig. 3. The angle distribution of the most energetic pho­
ton with respect to the nearest lepton for the selected I +£ ~ 
events with at least one photon. The Monte Carlo distribu­
tion is obtained from a high statistics sample correspond­
ing to approximately 107 e+e~ —► //+p r  (ny) events gen­
erated with YFS3 [5] program. The distribution is normal­
ized to the expected number of £+£ “ events with at least 
one photon as shown in table 2.

energy spectrum of the second most energetic pho­
ton for events with at least two photons. Fig. 3 shows 
the comparison with the Monte Carlo for the angle 
between the most energetic photon and the nearest 
charged lepton for events with one or more photons. 
The Monte Carlo distributions in the above figures 
are obtained from a high statistics sample correspond­
ing to approximately 107 e +e“ —► ¡i+¡T (n y ) events. 
These are generator level events selected with criteria 
similar to those used for the £+£~ (ny)  events in the 
data. The distributions are normalized to the expected 
number of events obtained from the fully simulated 
Monte Carlo events shown in table 2.

Monte Carlo studies at the generator level show that 
the energy spectra are not sensitive to variations in the 
isolation requirements between leptons and photons. 
The possible distortion of the energy and angle spec­
tra due to the energy and angular dependence of the 
acceptance has been investigated using the fully sim­
ulated ¡i*¡T  (ny)  events. No significant effect is ob­
served. As shown in the figures, the predicted Monte 
Carlo distributions for events with one or more pho­

4. High mass photon pair events

In this section, we discuss the characteristics of the 
events with at least two photons in the final state, 
as selected by the above procedure. For events with 
more than two photons, the highest invariant mass 
of any combination is taken as Myy* Figs. 4a and 4b 
show the two-dimensional scatter plot of M yy versus 
Mu  for the data and for the Monte Carlo after detec­
tor simulation respectively, where M u  is the invariant 
mass of the lepton pair for e+e_ and pi+fi" events, 
and the recoiling mass of the photon pair for t + t “ 
events. Among 139 data events with at least two pho­
tons (fig. 4a), four events have the invariant mass of 
the photon pair clustering around 60 GeV and are well 
separated from the other events. Three are ¡i*yC yy 
events and the fourth is an e+e~>7 event.

The two-dimensional distribution of M yy versus 
cos Byt is shown in fig. 5a for the data and in fig. 5b 
for the fully simulated Monte Carlo events, where 6yi 
is defined as the smallest angle in the event between 
any lepton and photon. Most of the events shown in 
the figures have small values of Qyt and M yYi charac­
teristic of QED radiation. We note that Qyt is small 
and that the sum of the energies of the lepton and the 
nearest photon is close to the beam energy for three 
of the four events with high mass photon pairs.

Fig. 6 shows the M yy distribution compared with the 
prediction of the Monte Carlo program. The Monte 
Carlo distribution is obtained from the same high 
statistics e+e~ —> ¡x+¡T (ny)  sample used for figs. 2 
and 3 and normalized in the same manner. It can be 
seen that the Monte Carlo underestimates the num ­
ber of data events with two or more photons in the 
final state.

QED does not predict clustering of M yy around 
60 GeV and we determine the probability for observ­
ing four or more events around 60 GeV from QED 
fluctuation in our data. We simulate 106 experiments 
with the average number of events in each experi­
ment equal to the total number of events (139) in  the 
M yy distribution of the data. The shape of the M yy 
distribution is obtained from the shape of the pre­
dicted Monte Carlo distribution shown in fig. 6 . The 
instances of events clustering within a single mass bin
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Fig, 6. Myy distribution of the data for t + l ~  events with 
two or more photons compared to the expectation from the 
Monte Carlo. The Monte Carlo distribution is obtained from 
a high statistics sample corresponding to approximately 107 
e+e-  ¡i+¡i~ (ny) events generated with YFS3 [5] pro­
gram. The distribution is normalized to the expected num­
ber of i  + i  ~ events with at least two photons as shown in 
table 2.

of AA/yy = ±2.5 GeV are counted. This bin width cor­
responds to eight times the Myy measurement error at 
60 GeV. The probability for observing four or more 
clustered events, all with M yy > 5 0  GeV, is found to 
be 0 ( 10 - 3).

Events of the type e+e-  —► vvyy  have also been 
searched for in the data collected from 1991 and 1992 
runs, applying similar requirements on the photons 
and requiring the polar angle of the direction of miss­
ing momentum to be greater than 25.8° with respect 
to the beam axis. No event is found with M yy > 
10 GeV. It should also be noted that, with different 
isolation criteria and in a data sample of approxi­
mately 450 000 Z0,s corresponding to an integrated 
luminosity of 13 pb_ l , no hadronic event containing 
isolated photon pair with M yy > 40 GeV has been ob­
served in our data [9].

5. Conclusions

In a sample of events corresponding to 950 000 pro­
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duced Z° ’s, we observe one e + e~ y y and three \ i+¡i ~ yy 
events with an invariant mass of the photon pair close 
to 60 GeV. These photons could arise from the de­
cay of a massive particle. However, the probability 
for all four events originating from QED is estimated 
to be 0 (1 0 ~ 3). Therefore, a QED fluctuation cannot 
be ruled out. More data are necessary to ascertain the 
origin of these events.
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