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Abstract. A search for high mass photon pairs from the 
processes e+e - ~ g+g-3`3` , e+e - ~ q~3`3` and e+e - ---, 
uF3`3` with the DELPHI detector at LEP I is reported. From 
a data sample containing 3.5 million hadronic Z ~ decays, 
collected by DELPHI during the years 1991 to 1994, 79 
events with two charged leptons and two isolated photons 
were selected with photon pair masses above 10 GeV/c 2 , 
where 76 4- 6 events were predicted from standard sources. 
In the same data sample, no u~3`3` candidates were found 
and no accumulation of events was visible for "73  ̀masses 
above 10 GeV/c 2 in the qqT'/ channel. Upper limits at 
95% confidence level on the Z ~ branching ratios for the 
three different channels were extracted from the data. In the 
mass region m77 > 30 GeV/c 2 the limits obtained are 
between 3 x 10-6and 4x 10 -6. 

1 Introduction 

The search for a high mass resonance decaying into 3'7 is 
motivated by a study of g+g-3`3` events by the L3 Collab- 
oration [1]. They reported the observation of events with 
photon-photon masses of about 60 GeV/c 2 which suggested 
the production of a new particle. The other LEP collabora- 
tions, OPAL [2] and ALEPH [3], extended this search to in- 
clude two other potential decay channels, u~3`3` and qq73` �9 
In addition new theoretidal models were proposed to explain 
these events [4]. 

The search reported below used a sample of events cor- 
responding to a luminosity of about 110 pb - I  collected by 
the DELPHI experiment at LEP from 1991 to 1994, looking 
for evidence of a heavy resonance decaying to 3`3` in the 
g+g-3`3` , u~3`3` and q~3`3` channels. 

2 Apparatus 

A detailed description of the DELPHI apparatus can be 
found in [5]. For the present analysis the following parts 
of the detector were most relevant: 

- for the measurement of charged particles the Microvertex 
Detector (VD), the Inner Detector (ID), the Time Projec- 
tion Chamber (TPC), the Outer Detector (OD) and the 
Forward Chambers A and B (FCA, FCB); 

- tile Small Angle Tagger (SAT) and the Small angle Tile 
Calorimeter (STIC), which were the main luminosity 
monitors (the SAT operated until 1993, and STIC in 
1994), were also used to detect electromagnetic show- 
ers at very low polar angle; 

- for the trigger, besides the detectors mentioned above, 
the barrel Time-Of-Flight counters (TOF), the endcap 
scintillators (HOF) and a scintillator layer embedded in 
the barrel electromagnetic calorimeter (HPC); 

- for the measurement of the electromagnetic energy the 
High-density Projection Chamber (HPC) and the For- 
ward Electromagnetic Calorimeter (FEMC); 

- for the measurement of the hadronic energy and muon 
identification the Hadron Calorimeter (HCAL), which 
covers both the barrel and endcap regions; 

- for muon identification the barrel (MUB) and endcap 
(MUF) muon chambers. 

The ID and TPC cover the angular range 20 ~ < 0 < 
160 ~ (throughout this paper, 0 is the polar angle defined 
with respect to the beam axis and ~ is the azimuthal angle), 
the OD covers the range 43 ~ < 0 < 137 ~ and the FCA/FCB 
cover the range 11 ~ < 0 < 33 ~ and 147 ~ < 0 < 169 ~ . 
Within the barrel region, defined as the angular acceptance 
of the OD, the momentum measurement precision for 45 
GeV/c muons is o-(p)/p 2 = 0.6x 10 .3 (GeV/c) -1 ,  using the 
combined information from the detectors VD+ID+TPC+OD. 
In the endcap region the resolution degrades, and for 45 
GeV/c muons is ~(p)/p2 = 1.5 x 10 .3 (GeV/c) -1  for polar 
angles between 25 ~ and 30 ~ The MUB covers the interval 
52 ~ < 0 < 128 ~ whilst the MUF extends over the range 
9 ~ < 0 < 4 3  ~ and 137 ~ < 0 <  171 ~ . 

The HPC has the same angular coverage as the OD, 
whilst the FEMC covers an interval slightly larger than 
the FCA/FCB. The HCAL covers the entire barrel and 
endcap regions over the range 10 ~ < 0 < 170 ~ . The 
SAT and the STIC cover the regions 2.3 ~ < 0 < 7.7 ~ 
and 1.7 ~ < 0 < 10.9 ~ , respectively. The energy res- 
olution of the electromagnetic calorimeter is ~7(E)/F_, = 

~/(0.043)2 + (0.32/u 2 (E  in GeV) in the barrel region 

and a ( E ) / E  = V/(0.03) z + (0.1Z/v/E) 2 + (0.11/E) 2 (E in 
[ 

GeV) in the forward region. The HCAL energy resolution 

is o - ( E ) / E  = / ( 0 . 2 1 )  2 + ( 1 . 1 2 / v / - E )  2 ( E  in GeV). 

For the topologies selected in this analysis, the trigger 
efficiency was close to t for all channels. Unless otherwise 
stated the value taken for this efficiency was 100%. 

3 Decays into two charged leptons and two photons 

The search for events with two isolated photons and a 
charged lepton pair relied on topological criteria to select 
leptonic events with two isolated photons. The three leptonic 
channels were afterwards classified as e+e-73`, #+#-3`3` and 
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Fig. 1. Comparison of  the "y'y mass distribution for doubly radiative lep- 
tonic events from the different Monte Carlo generators. The curves were 
normalized to the same number  of  events 

~-+~--3"3', according to criteria based on the comparison be- 
tween the measured momenta and the four particles in the 
event and the momenta calculated from their angles (see 
Sect. 3.2). 

The observed distributions of g+g-3"3" events, obtained 
after the selections, were compared with second order QED 
predictions, obtained through Monte Carlo simulations. De- 
tails of the generators used, the analysis and the results are 
reported in Sects. 3.1, 3.2 and 3.3 respectively. 

3.1 Monte Carlo generators 

There are several generators generally available, which make 
use of higher order QED corrections in order to simulate 
doubly radiative leptonic events. Stirling's generator [6] in- 
cludes only the largest source of this type of event: final 
state radiation (FSR). The generator from Jadach and Ward 
(YFS3) [7] includes both hard FSR and initial state radiation 
(ISR) calculated in the next-to-leading-log approximation. It 
also uses exponentiation to take into account the contribu- 
tion from soft photons, thereby providing the correct ab- 
solute value for the total cross-section. Summer 's  program 
[8] includes exact second order ISR and FSR, mass effects, 
and both 3' and Z ~ exchange. Finally, the generator from 
Martinez and Miquel [9] includes the same contributions as 
Summer's program and, in addition, the t -channel contribu- 
tion for the e+e - process. 

A comparison between the predictions of these four gen- 
erators is found in Fig. 1, where the photon-photon mass 
spectrum is presented for the events passing topological se- 
lection criteria similar to those described in Sect. 3.2. The 
predicted spectra are in agreement. 

The YFS3 Monte Carlo generator was used to generate 
the events for the three channels. The tracking of the differ- 
ent particles and the response of the DELPHI detector was 
afterwards simulated using the DELPHI package, DELSIM 
[5]. 

Events of the type e+e - --~ Z ~ - ;  g+g-X,  X ~ 3"3" , 
with X having a mass of I0 G e V / c  2 and 60 GeV/c  2 were 
generated for the three lepton channels using the PYTHIA 
package [10]. The X particle was generated according to 
the Bjorken process for the production of the standard Higgs 
boson. These events were used to check the selection criteria 
and efficiencies. 

3.2 Data analysis 

The analysis was based on the topology of the events, to 
select g+g-3'3' channels, and on the difference between the 
measured momenta of the particles and the momenta calcu- 
lated from the measured angles and the condition of energy 
and momentum conservation, which enabled the identifica- 
tion of the different lepton channels under study. 

The events were selected according to the following cri- 
teria: 

- They should contain between two and six charged par- 
ticles, of which at least two are not photon conversions 
before or at the TPC inner wall, and have a momen- 
tum greater than 1 GeV/c  , a polar angle between 20 ~ 
and 160 ~ and impact parameters in the transverse plane 
and in the beam direction below 5 cm and 10 cm re- 
spectively. The tracks of these two particles must also 
be isolated from each other by at least 20 ~ . Events with 
charge multiplicities up to six were retained at this level, 
because of the possible decay products of T leptons in 
the ~-+T-3'3" channel. In these events, the two most ener- 
getic charged particles satisfying these criteria were the 
ones considered in the subsequent analysis. Pairs of op- 
positely charged particles were considered as resulting 
from photon conversion if their invariant mass was less 
than 80 MeV/c  2 and the closest distance of approach be- 
tween their trajectories in the transverse plane was lower 
than 4.5 cm. 

- The events should contain at least two photons isolated 
from the nearest charged particle and from each other 
by at least 15 ~ . The two most energetic photons satis- 
fying this criterion were required in addition to have an 
energy of at least 3 GeV and polar angle between 20 ~ 
and 160 ~ . These were the two photons considered in the 
subsequent analysis. These cuts reject the majority of 
radiative photons, and photons from 7r ~ in 7- decays. 

- There should be no more than one converted photon. 

The momenta of  the particles were calculated for the 
events satisfying the above selection criteria imposing, in 
addition, the requirements of energy and momentum conser- 
vation. This calculation relied on the good measurement of 
the angles. In the ~'+T-3`3' channel, most of the final charged 
particles resulting from the T decays follow the T direction. 

For 3'3' masses around 60 GeV/c  2, the calculation im- 
proved the mass resolution in the e+e-3'3' and iz+#-3'3' 
channels by a factor of about three to about 1 GeV/c  2. 

The effect of undetected photons inside the beam pipe 
due to initial state radiation was studied through Monte Carlo 
simulation. The magnitude of this loss is usually small (< 



2 GeV). Its contribution to the mass resolution was esti- 
mated for events with photon-photon masses greater than 50 
GeV/c 2 and is shown later. 

Independent comparisons between measured and calcu- 
lated momenta were made for charged particles and for pho- 
tons. While in e+e-3,3, and #+#-3,3, channels calculated 
and measured momenta should agree for both photons and 
charged particles, in the T+T-73, channel differences are 
expected due to the neutrino emission, especially for the 
charged particles. The comparisons were based on X 2. For 
charged particles, the X 2 was defined by: 

2 (p ' /  . . . . . . .  d - p'/oo,c ~ 2 

/ 
"/=1,2 

where Pmeasured and Pcalc are the measured momentum 
and the momentum obtained from the calculation, respec- 
tively. For electrons, either the momentum or the calori- 
metric electromagnetic energy was used for Pmeasured, de- 
pending on which gave rise to the lowest xZ~na~g~d value. 
For photons, 2 Xphoeo,~s was defined the same way with 
Pmeasured=Emeasured and Pcalc =Ee~l~ being respectively 
the measured energy of the photon and the energy obtained 
from the calculation. X2photo,~s was used only to validate 

7-+T-3,3, candidates. 
The errors a(p)/p, which consisted of a convolution of 

the experimental errors and the uncertainty of the calculation 
procedure, were derived from the simulation of e+e - 
Z ~ ---+ g+g-X, X ---+ 3,3, . An error of cr(p)/p = 0.05 was 
estimated for charged particles associated with a signal in 
the muon chambers (muons), and an error of ~r(p)/p = 0.2 
was established for all other charged particles, which were 
considered a priori as possible electron candidates. These 
errors are larger than those found in the standard DELPHI 
tracking system as they reflect the photon angular errors; 
for the electron candidates, a large error is introduced by 
bremsstrahlung losses. 

For r+r-3,3, candidates, where the uncertainty on the 
momentum calculation is larger than the measured value, 
an uncertainty of cr(p)/p=a(E)/E = (35%/x/E + 9%) was 
estimated for the photons. 

Figure 2 shows the ~2 distributions for charged parti- 
cles and for photons for simulated doubly radiative events 
(as predicted by second order QED) and for simulated 
e+e - --+ Z ~ ---+ g+g-X, X ---+ 3,3, signal events. In the 
e+e-3,7 and #+#-" /7  channels, good agreement is observed 
between measured and calculated momenta (X2ch~oea<_ 5 
for most of the events), whereas in the r+ r -73 ,  channel, 
the measured and calculated momenta differ substantially 
(XZeha~oea>_ 20). AS expected, the same behaviour is ob- 
served in both the QED events and the signal events. The tail 
extending to high XZeharged va lues  in the #+#-3,3, channel 
results from detector edge effects. 

Events were selected as : 

- # + # - 7 7  i f  •2charge d was lower than 5 and at least one 
of the two selected charged particles had one or more 
hits in the muon chambers; 

- e+e-73, if X2ch~rgea was lower than 5, the charged par- 
ticles were not previously selected as muons, and the 
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Table 1. Efficiencies obtained after applying the selection criteria to the 
simulated e+e - --, Z ~ --* g+g-X, X --* "/7 events 

Channel roT, v = 60 GeV/c 2 m~7 = 10 GeV/c 2 
e+e-'T3 , 37% 35% 
#+/~-73" 40% 36% 
"r+7- 3,"/ 19% 13% 

Table 2. Results obtained from data taken from 1991 to 1994 for 
m.r. Y above 10 GeV/c 2, together with the QED expectations 

Channel Observed Expected 
e+e-"/7 3t 31 + 5 
~a+/~-77 32 31 4- 3 
"r+T--'y7 16 14 4- 2 

Total 79 76 + 6 

ratio between the sum of the electromagnetic energy as- 
sociated to the charged particles and the sum of their 
momenta exceeded 0.2; 

- 7-+~--3,7 if XZcharg,d was higher than 20 and )(2photon s 
was lower than 9. 

2 Events with 5 < Xphoton, < 10 were also scanned to check 
for possible edge effects between HPC modules. In partic- 
ular, if energy was deposited in the hadronic calorimeter 
behind the gaps between HPC modules, this energy was as- 
sociated to the measured electromagnetic energy. 

The efficiencies obtained for simulated e+e - ---* Z ~ --* 
g+g-X, X ~ 3,3, events are presented in Table 1. 

A total of 79 events were found satisfying the topological 
and lepton identification selection and with a two photon 
invariant mass larger than 10 GeV/c 2 . Of these, 31 were 
identified as e+e-3,3, candidates, 32 as #+#-73,  and 16 as 
T+T--3,3, . 

3.3 Results 

The distribution of 3'7 masses obtained, using the values 
calculated for the energy of the photons, is presented in 
Fig. 3 and compared with the second order QED predictions, 
obtained through Monte Carlo simulation and normalized to 
the total integrated luminosity collected by DELPHI from 
1991 to 1994. 

Table 2 compares the numbers of events obtained for 
masses above 10 GeV/c 2 with the numbers expected for all 
channels. Figure 4 shows the distribution of the lowest pho- 
ton isolation angle and of the invariant mass of the two lep- 
tons for the events satisfying the selection criteria described 
above. There is overall agreement between the expected and 
observed distributions, but there is nevertheless a small ex- 
cess of events in the data, relative to the simulation, in the 
high 3,3, mass region on Fig. 3. According to the QED sim- 
ulation, 2.3 4- 1.2 events are expected above 50 GeV/c 2 , 
while 6 events (3 e+e-3,3, , 2 #+#-3,3, and one  T+T--3,3, ) 
are found in the data. 

For #+#-3,3, and e+e-3,3, events with m.r. Y > 50 GeV/c 2 
a kinematical constraint was applied, including a test on the 
hypothesis of initial state radiation contained in the beam 
pipe, in order to evaluate the migration of events with low 
mass to the high mass region because of wrong angles due to 
an additional photon. In applying the kinematical constraint, 
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a variation of 1 standard deviation was allowed for the mea- 
sured angles and the ISR energy was obtained for the best 
X 2, calculated using both the angles and the momenta of the 
charged particles. The results are shown in Table 3. There 
is no significant difference between the 3"3' mass obtained 
before and after including ISR, as the ISR is not large. As 
an example one of the events, a # + # - 7 7  event with m,~,~ = 
58.0 GeV/c  2 , is shown in Fig. 5. 

No other significant accumulation of events was seen 
in any region of the 7 7  mass spectrum. The limit at 95% 
confidence level on BR(Z ~ -+ g + g - X  ) x BR(X --* "t7 ) 
(Fig. 6) was obtained for the sum of the three lepton species 
as a function of the two photon invariant mass. The limit 
was estimated using Poisson statistics including the estimate 
of the background. In calculating the limit, a bin width of 
2 GeV/c  2 was used, which matches the mass resolution of 
about 1 GeV/c 2 . 

4 Decays into two neutrinos and two photons 

The massive X particle could also be produced with a vir- 
tual Z ~ which would decay into two neutrinos. The possible 
X decay into two photons would give rise to events with 
two energetic photons in the final state with large acopla- 
narity plus missing energy and momentum. Such events 
are easily separable from the QED background process 
e+e- ~ "/7 [11] through an acoplanarity cut. 

Events were selected according to the following criteria: 

- T w o  and only two clusters with an electromagnetic 
energy greater than 15 GeV in the HPC or FEMC 
(0 > 25~ In addition it was required that there were no 
other clusters isolated from these by more than 6 ~ and 
having an energy above 3 G e V .  Events with HPC clus- 
ters aligned with TPC sector boundaries were excluded 
to avoid e+e - contamination. 

- N o  charged particle tracks reconstructed in the TPC 
pointing to the main interaction point. 

- Energy in the hadron calorimeter less than 5 GeV and 
a requirement that the HPC clusters with more than 15 
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Table 3. Characteristics of the selected g+ g-y" /  events with "VY masses above 50 GeV/c 2. The 73" and gg masses are given both before and after considering 
the hypothesis of initial state radiation contained in the beam pipe 

Channel 3"7 mass (GeV/c 2) gg mass (GeV/c 2) Lowest g-l, ISR X 2 
without ISR with ISR without ISR with ISR isolation angle (o) (GeV) 

#+,u-'7'7 50.3 4- 0.2 51.0 4- 0.8 34.8 4- 0.1 32.6 4- 2.0 63.5 1.80 0.8 
,u+#-3"3" 57.8 4- 0.1 58.0 4- 0.2 29.1 4- 0.1 27.5 4- 1.0 38.6 0.95 1.4 
e+e-'7'7 58.6 4- 0.2 58.8 4- 1.0 6.6 • 0.3 6.5 4- 0.5 15.8 0.05 9.4 
e§ 62.2 4- 0. I 62.3 4- 0.5 20.7 4- 0.1 20.8 4- 0.5 21.3 0.05 5.1 
e+e-3"7 63.8 4- 0.3 63.9 4- 1.0 13.6 + 0.3 13.5 4- 0.6 25.4 0.05 0.6 
T+T--3"7 69.1 4- 0.5 18.8 4- t.0 16.4 
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Fig. 3. Invariant mass of the two photons for the candidates selected from 
1991 to 1994, together with the QED simulation expectations 

GeV point to the interaction vertex within 10 degrees; 
these requirements rejected most  cosmics. 

- For HPC photons with more than 15 G e V ,  the most en- 
ergetic HPC layer should not contain more than 50% of 
the total cluster energy and the number  of  layers with an 
energy deposition greater than 5% of the cluster energy 
should be greater than three. This cut rejects background 
due to radioactivity in the lead of  the HPC. 

The distribution of  the acoplanarity angle between the two 
photons is shown in Fig. 7. The  data distribution is slightly 
wider than that predicted by the Monte  Carlo simulation in- 
cluding second order QED processes [11], but the agreement 
is adequate for the present purpose.  No ~event was found 
with an acoplanarity greater than 10 ~ The efficiency for the 
channel Z ~ ~ u P X ,  where X is a 60 G e V / c  a resonance de- 
caying into two photons, was est imated as (23 :t: 2)%, for a 
trigger efficiency of  97% computed  from a Bhabha data sam- 
ple and the trigger redundancy. This result can be translated 
into a 95% confidence level upper l imit  of  BR(Z ~ ---, t.,tTX ) 
x BR(X ~ 77  ) < 3.7 x 10 -6.  
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5 Decays into a quark pair and two photons 

5.1 E v e n t  s e l ec t i on  

The analysis of  Z ~ ~ q~-y7 events was divided into two 
separate steps: first, hadronic Z ~ decays were selected, then 

q@/'y candidates were identified by looking for pairs of  high 
energy isolated photons in the selected hadronic sample. 

Hadronic Z ~ decays were selected on the basis of  charged 
multiplicity ( N o n )  and total visible energy ( E ~ s )  by the con- 
ditions Non  > 5 and E~is > 20%x/~, where x / s  is the 
centre-of-mass energy. For  the computation of  the charged 
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"77 ) as a function of the X particle mass 

multiplicity and of  the visible energy,  as well as for the 
final physics analysis, only well  reconstructed charged par- 
ticles with momentum p > 0.4 GeV/c  and neutral particles 
with associated energy E > 0.5 GeV were considered. The 
statistics collected with these criteria in the years 1991 to 
1994 amounts to 3,253,000 Z ~ decays. The efficiency for 
Z ~ ---+ q~ events is (98.4 4-0 .1)%,  while the contamination 
from Z ~ ---+ v-+r - events is est imated to be (0.4 + 0.1)%. 
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Fig. 7. Distribution of the acoplanarity angle between the two photons for 
data (dots) and Monte Carlo simulation (shaded area) 

The identification of  the events  with two isolated photons 
relied on the presence of  at least two neutral showers in the 
electromagnetic calorimeters each satisfying the fol lowing 
requirements: 

- energy E.  r > 3.0 GeV, 
- shower shape compatible with that expected for genuine 

single photons [5], 
- isolation angle ~'r > 15~ with respect to all well re- 

constructed charged particles with momentum p > 0.4 
GeV/c  and neutral particles with energy E > 0.5 GeV, 
with the only exception of  the other photon candidate 
which is a l lowed to violate the isolation condition. 

Isolated photon candidates were accepted in the full angular 
range covered by HPC and FEMC,  which roughly corre- 
sponds to the region 9 ~ < 0. r < 171 ~ However ,  only the 
events in which at least one photon satisfied the condition 
25 ~ < 0. r < 155 ~ were considered in the analysis. Isolated 
photons detected in the very forward region, that is below 
the F E M C  inner radius, were rejected to avoid a signifi- 
cant contamination from initial state radiation. The events 
in which both photons were detected at an angle smaller 
than 25 ~ from the beam axis were  rejected because the re- 
duced tracking efficiency in the forward region could spoil 
the isolation criteria. 

The requirement  of  a min imum isolation angle between 
each photon and the other particles is motivated by the need 
to reduce the main Standard Model  backgrounds, which 
consist of  secondary photons f rom rc ~ decays, prompt eleco 
tromagnetic radiation from quarks, and long l ived neutral 
hadrons interacting in the electromagnet ic  calorimeters.  In 
fact, while the background is concentrated in the hadronic 
jets, photons produced in the decay of  a large mass reso- 
nance are expected to be well  isolated. 

All particles excluding the two photon candidates were 
clustered into two jets  by means o f  the K T  (also known as 
'Durham' )  algorithm [12]. In this algorithm, pairs o f  'par- 
t icles '  are iteratively recombined into jets beginning with 
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the pair with the lowest value of a scaled invariant mass 
variable, Yij, given by 

2 min (E/z, E2)(1 - cos Oij) 
y~j = ( i )  

E2is 

where E~ is the energy of 'part icle '  i and Oij is the angle 
between 'particles '  i and j .  The 'particles '  may be individual 
particles or recombined ' jets ' .  In this analysis the procedure 
was applied iteratively until  precisely two jets were found. 

By applying a constrained fit, which relies on energy and 
momentum conservation as well as on the measured energies 
and directions of the two jets and of  the two isolated photons, 
a better estimate of the photon energies was obtained than 
that provided by the electromagnetic calorimeters alone. The 
events in which the fitted photon energies differed from the 
calorimetric measurements by more than 2.5a7, where ~r7 is 
the calorimeter energy resolution, were rejected. If two or 
more photon-pairs belonging to the same event satisfied all 
selection criteria, only the pair with largest invariant mass 
was considered. 

As for the leptonic channels,  the efficiency in the search 
for a high mass resonance ( X )  decaying into two pho- 
tons was estimated by simulating the Bjorken process Z ~ ---+ 
Z*X with the X particle decaying into photons and the 
Z* into hadrons. Masses of 10, 30 and 60 GeV/c 2 were con- 
sidered for the X particle. The 7"7 mass resolution obtained 
was Crm = 1.0 GeV/c 2, o-~ = 1.5 GeV/e 2 and ~r~ = 2.0 
GeV/c 2 for the three masses considered. The signal effi- 
ciency was about 18%, 24% and 18% respectively. The 
resolution and the efficiency in the full mass range were 
obtained by linear extrapolation. 

5.2 Results 

The 7'7 invariant mass (m.y.~) distribution for the events pass- 
ing all selection criteria and having m.r. r < 5 GeV/c 2 is 
shown in Fig. 8. The shaded area in the figure shows the 
(smoothed) simulation of the Z ~ ~ q~ and Z ~ ~ T+T - 
processes provided by the JETSET 7.3 PS [10] and KO- 
RALZ [13] models, respectively. JETSET 7.3 PS is based on 
the leading-log approximation for multiple photon and gluon 
radiation and on the Lund String Fragmentat ion Model [14] 
for the simulation of the hadronization process. The gener- 
ated statistics amount  to about six mil l ion Z ~ ---* q~ decays 
and 700,000 Z ~ --+ ~-+~-- decays. All  generated events were 
also passed through a complete simulation of the DELPHI 
detector [5]. 

In the low-mass region of  Fig. 8, the two peaks cor- 
responding to  the 7r ~ and r/ masses are clearly visible. As 
also observed in the study of  prompt photons in hadronic 
decays [15], more isolated 7r ~ production is observed than 
predicted by JETSET 7.3 PS. In order to reproduce the data 
in the low m.~- r region better, the yield of isolated 7r ~ mesons 
(for which no other particle was reconstructed within 15 ~ 
from their flight direction) was increased by a factor t .6 
in the simulation by means of  a reweighting procedure. 
Following reference [15], the yield of isolated final state 
photons was also increased by 18% in the simulation. The 
3,3, invariant mass distribution after applying the reweighting 
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The region in white describes the additional radiation introduced by rescal- 
ing the isolated 7r ~ and final state radiation yields 
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Fig. 9. The energy spectrum of the higher energy (a) and lower energy (b) 
photon in the selected photon pairs. The meaning of the white and shaded 
regions is the same as in Fig. 8 

procedure is superimposed on the original JETSET 7.3 PS 
simulation in Fig. 8. The energy spectra of the higher and 
lower energy photons are plotted in Fig. 9. As shown in the 
figure, the additional radiation introduced by increasing the 
isolated 7r ~ yield improves the agreement between the data 
and the simulated background. 

The '7"7 invariant mass distribution in the region m-or > 
5 GeV/c 2 region is shown in Fig. 10. In particular, in the 
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Fig. 10. The "/7 invariant mass distribution of the events satisfying all 
selection criteria and having ra.r. r > 5 GeV/c 2. The meaning of the white 
and shaded regions is the same as in Fig. 8 
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Fig. 11. Plot of the minimum isolation angle of the two photons versus their 
invariant mass as observed in the data (a), in the background simulation 
(b) and in the signal simulation (c). The ellipse in plot (a) surrounds the 
three data events having m-r, r > 30 GeV/c 2 and unusual photon isolation. 
The statistics in plot (b) is that obtained from an initial sample of about 6 
million simulated hadronic events without rescaling the rr ~ yield 

region m-r.  r > 30  G e V / c  2, 6 events were reconstructed in 
the data while  3.7 • 1.3 and 5.6 • 1.9 events are predicted 
by the original and the reweighted background simulation 
respectively. 

The correlation between the m i n i m u m  isolation angle of  
the two photons (that is the smaller o f  ~5-rl and a-r2) and the 
7 7  mass is plotted in Fig. 11 for the data, the background 
simulation and the simulation of  signals for the three consid- 
ered X particle masses�9 The statistics in Fig. 11 (b) is that 
obtained from an initial sample o f  about 6 mil l ion simulated 
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Fig. 12. Display of the qqT")' candidate event with m,r ,  r = 57.9 G e V / c  2 . 
Starting from the interaction region, the detectors shown in the figure rep- 
resent the Time Projection Chamber (TPC), the Barrel Electromagnetic 
Calorimeter (HPC) and the Hadron Calorimeter (HCAL) 
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Fig. 13. Display of the qq73' candidate event with m~- r = 43.6 GeV/c 2 . 
The figure also shows the schematic profiles of the Barrel Electromagnetic 
Calorimeter (HPC) and of the Hadron Calorimeter (HCAL) 

hadronic events without rescal[ng the ~0 yield. The distribu- 
tion of  the data events  in F~g. 11 (a) i s  s i t a r  to that pre- 
dicted by the s imulaf io~ for the Z ~ --+ q~ (and 2 9 - +  r+r  - )  
background. However  three events in the data have  photon 
pairs with ra^/. r > 30: GeV/e  2 and unexpectedly large iso- 
lation. These events are described in Table 4 and shown in 
Figs. 12 to 14. 
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Fig. 14. Display of the qq73" candidate event with m,;,, v = 41.8 GeV/c 2 . 
The figure also shows the lateral profiles of the Time Projection Chamber 
(TPC), of the Barrel Electromagnetic Calorimeter (HPC) and of the Hadron 
Calorimeter (HCAL) 

Table 4. The characteristics of the three events observed in the data with 
unexpected photon isolation and large 3"3" mass. The estimates for the pho- 
ton energy, the 3"3" mass and jet-jet mass are obtained from a constrained 
fit on the two photons and the two jets 

Run/Event 33964/2962 36113/4534 42656/16799 
E'-t~ (GeV) 30.3 27.0 38.1 

07 z (o) 81.0 97.4 62.9 
~-/l (o) 26.0 176.2 150.l 

E72 (GeV) 30.2 19.5 16.8 
0,v2 (o) 118.9 115.8 160.9 
~b,v 2 (o) 175.8 12.8 72.7 

rrt.y, r (GeV/c z) 57.9:t: 1.7 43.6-t- 1.8 41.84- 1.1 
rrzjet_je * (GeV/c 2) 24.7-4- 2.6 41,74- 2.4 14.14- 2.6 

As no relevant accumulat ion is visible in the 77  mass 
distribution, no evidence for Z ~ ---* qqX(X ~ 77)  decays 
can be inferred from the data. Therefore  a limit on BR(Z ~ --, 
q~X ) x B R ( X  --~ "3'7) can be set as a function of  the X par- 
ticle mass. The limit at 95% confidence level, as obtained 
after rescaling the isolated 7r ~ yield in the background sim- 
ulation, is plotted in Fig. 15. 

6 Conc lus ions  

Events with high mass photon  pairs from the processes 

e+e-  ~ g+g -77  , e+e-  ~ u u 7 7  and e+e - ~ qq77 have 
been sought in a data sample containing 3.5 million badronic 
Z ~ 's ,  collected with the DELPHI  detector  at LEP during the 
years 1991 to 1994. 

In the g+g -77  channel,  79 events  with two charged lep- 
tons and two isolated photons  were selected with photon 
pair masses above 10 G e V / c  2 , where  76 + 6 events were 
predicted from standard sources.  A slight excess of  events 
in the data compared  to the predict ions f rom QED processes 
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Fig. 15. The limit at 95% confidence level on BR(Z ~ ---, q~X )xBR(X ---* 
73') as a function of the X particle mass 

was found for "77 mass regions above 50 G e V / c  2 , where 6 
events were observed while 2.3 + 1.2 events were predicted 
from standard sources. 

No u V 7 7  candidates were found with an acoplanarity 
be tween the two photons exceeding  10 ~ 

In the hadronic channel,  the 7 7  invariant mass distri- 
bution in the region m.~. v > 10 GeV/c  2 was found to be 
compatible with that expected  f rom the simulation of  the 
standard Z--+ q~ process after rescaling the isolated 7r ~ yield 
as indicated by the data in the low m-r. Y region. However  
three large-mass qq77  events with unusual photon isolation 
were observed in the data. 

No evidence was found for events clustering in 77  mass 
regions above 10 G e V / c  2 in any channel  considered.  The 
limits obtained on the Z ~ branching ratios, for invafiant 
masses  of  the two photons  above 30 G e V / c  2 are of the 
order of  3 to 4 x  10 -6.  These results can be translated di- 
rectly into a limit on the branching ratio BR(Z ~ --+ Z*X ) x 
BR(X --~ ")'7 ) o f  the same order  of  magnitude.  
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