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The total and differential cross-sections for the reaction e + e " —• yyiy) are measuredat centre of mass énergies around 
91 GeV using an integrated luminosity of 4.7 p b ~ ' . The agreement with the Q E D prédiction is good. Consequently 
there is no évidence for non-standard channels which would have the same expérimental signature. The lower limits on 
the Q E D cutoff parameters are A + > 113 GeV and A _ > 95 GeV. An upper limit on the effect ive coupling between 
a possible excited électron and the gamma is derived. At 95% confidence level the branching ratios for Z*̂  decay into 
n°7, rjy and yyy are below 1.5 x 10"'', 2.8 x 10"'' and 1.4 x lO""* respectively. 

1. Introduction 

The reaction e'^'e" —» yy(y) is well suited to test 
QED at LEP énergies and to detect the présence of 
non-standard physics. 

The QED contribution to e"'"e~ yy(y) proceeds 
through the exchange of a virtual électron in the / 
channel. The cross section is small at thèse énergies, 
typically 20 pb for polar angles greater than 40°, com-
pared to a total cross section of 29 nb at the Z" peak 
with the same anguiar acceptance. Weak radiative cor­
rections are negligible. 

The direct decay of the Z° into yy is forbidden by 
the Landau-Yang theorem [1 ]. However the Z" de­
cay into n°y or r]y with rj decaying into neutrals would 
have the same expérimental signature. The impor­
tance of thèse channels has been discussed in récent 
publications [2]. Measuring the e"'"e~ —> yy(y) cross 
section either as a function of the centre of mass energy 
or as a function of the polar angle can distinguish thèse 
Z" decays from the QED contribution. The Z" decays 
would follow the résonant Z" line shape and have an 
anguiar distribution proportional to (1 -|-cos~0) [2], 
the QED process has a non-resonant behaviour and 
is strongly peaked forward. 

A search for compositeness can be made by looking 
either for an anomalous behaviour of the differential 
cross section of e^e~ —» yy, induced by an excited 
électron exchanged in the / channel [3], or for an 
enhancement of the e'^e" —• yyy cross section, which 
could signal the existence of a composite Z° [4]. 

Preliminary results on some of thèse channels have 
been presented earlier [5]. 

Permanent address: Département de Physique, Faculté 
des Sciences d'Oujda, Oujda, Morocco. 

2. Apparatus 

A detailed description of the DELPHI détecter, of 
the triggering conditions and of the readout chain 
can be found in ref [6]. The présent analysis relies 
mainly on the measurement of the electromagnetic 
clusters in the electromagnetic calorimeters, namely 
the high density projection chamber (HPC) in the 
barrel and the forward electromagnetic calorimeter 
(FEMC) in the end-caps, and on the capability of 
vetoing charged particle tracks using the time projec­
tion chamber (TPC) and the innerdetector (ID). The 
hadron calorimeter (HCAL) is used to veto cosmic 
events. 

The ID is a cylindrical jet chamber covering po­
lar angles between 20° and 160° and surrounded by 
5 layers of proportional chambers. The jet chamber 
provides up to 24 r4> coordinates and is divided in 24 
azimuthal sectors. The TPC is a cylinder with 30 cm 
inner radius and 122 cm outer radius and a length of 
2.7 m. It is divided azimuthally into 6 sectors; there 
are small dead régions between the sectors. For polar 
angles between 25° and 155° at least 4 space points 
are available for track reconstruction, while for angles 
between 39° and 141° up to 16 space points can be 
used. 

The HPC is a high granularity lead/gas calorime­
ter covering polar angles from 40° to 140°. It has a 
segmentation in depth of 9 layers. For fast trigger­
ing purposes a scintillation layer is installed after the 
first 5 radiation lengths of lead. The FEMC consists 
of 2 X 4500 lead glass blocks (granularity 1 ° x 1 ° ) cov­
ering polar angles from 10° to 36° and from 144° to 
170°. The HCAL is a sampling gas detector incorpo-
rated in the iron magnet yoke, the barrel part covering 
polar angles between 43° and 137° and the two end-
caps covering polar angles of 11° to 48° and 132° to 
169°. 
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Thebarrel neutral trigger is based on the H PC coun-
ters and the forward neutral trigger on the FEMC sig­
nais. 

The luminosity measurement relies on the détec­
tion of small angle Bhabha events in the small angle 
tagger calorimeter (SAT). A detailed description of 
this measurement can be found in ref [7]. 

3. Event analysis 

AU the data with the electromagnetic calorimeters 
and the TPC fuUy operational collected during 1990 
were used in this analysis. The integrated luminosities 
used in the barrel and in the forward région were 4.7 
pb" ' and 3.7 pb~' respectively. 

Events with at least 2 energetic electromagnetic clus-
ters and no tracks pointing to the vertex were selected 
as y y {y) candidates. 

The sélection criteria were the following: 
- A t least two clusters with energy greater than 15 
GeV in the HPC (42° < 0 < 88° or 92° < 6 < 138°) 
or in the upper part of the FEMC (29° < 6 <35° or 
145° < 6 < 151 ° ) with a minimum angular séparation 
of 15° are required. The lower thêta limit is a safe eut 
to ensure a high TPC efficiency. 
- Events where one or both of the two most energetic 
electromagnetic clusters (HPC or FEMC) were close 
to the TPC sector boundaries were excluded (± 1.5° in 
the barrel région, ±2.5° in the forward région). This 
eut ensures high efficiency for detecting and recon-
structing any associated charged particle tracks in the 
TPC. 
- No charged particle tracks reconstructed in the TPC 
pointing to the vertex, and no space points in the ID 
aligned with the electromagnetic clusters should exist. 
-Electromagnetic clusters, other than the two most 
energetic ones, must have an energy greater than 1 GeV 
in the HPC or greater than 3 GeV in the FEMC, and an 
angle with the the nearest accepted gamma (isolation 
angle) greater than 10° to be considered as additional 
gammas. 

A sample of 65 events satisfied thèse criteria, 58 in 
the barrel and 7 in the forward région. Ail the events 
were visually examined. One event which had TPC 
tracks not pointing to the vertex and some hadronic 
energy in the HCAL was classified as a cosmic event. 
Two events had three energetic clusters in the elec-

DELPHI 

180-A<«) (Deg) 

Fig. 1. Distribution of the différence (180° - A0) in az-
imuthal angle between the two most energetic clusters for 
the yy and for the Bhabha events: (a) Forward région 
(29° < 6 < 35°. (b) Barrel région. The relative number of 
Bhabha and yy events are not normalized. 

tromagnetic calorimeters and were compatible with a 
three body final state. Thèse two events were classi­
fied as yyy events. Ail the other events had only two 
visible photons and an acoplanarity (acollinearity in 
the plane transverse to the beam) less than 2° and 
were classified as yy events. The same acoplanarity 
criteria were also applied to the Monte Carlo events. 

The séparation between the selected y y events and 
the Bhabha events can be seen in fig. 1, where the 
différence (180° - A(/>) in azimuthal angle between 
the two most energetic clusters is shown for both the 
barrel and the forward région. The acollinearity and 
acoplanarity distributions of the selected events (bar­
rel and forward) are shown in fig. 2. 

A précise knowledge of the photon conversion prob-
ability in front of and inside the TPC is important in 
order to calculate the sélection efficiency. This prob-
ability has been estimated for each cos6 bin from the 
fraction of Bhabha events which are accompanied by 
a collinear e''"e~ pair. Thèse events are produced in 
a two-step process: the outgoing électron (positron) 
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Fig. 2. Acollinearity (a) and acoplanarity (b) distributions 
for the two most energetic clusters of the 64 yy(y) candi­
dates (histogram) compared with the Q E D prédiction (solid 
points) . The )')' events are obtained by imposing an acopla­
narity eut at two degrees. Only two events remain above 
this eut. 

radiâtes a photon through bremsstrahlung , and the 
photon then converts before the TPC into an e"'"e~ 
pair seen in the detector. This method is very précise 
since the probability to have one such event varies 
quadratically with the effective number of radiation 
lengths; it also has a small statistical uncertainty, be-
ing based on a total of 3000 events. Several system­
atic effects have been taken into account. It has been 
checked that the resuit does not dépend significantly 
on the minimum momentum of tjie pair; varying the 
momentum eut from 100 MeV to 1 GeV, the value 
obtained for the effective number of radiation lengths 
changes by less than 5%. The pair production in the 
primary process, which is independent of the detector 
material has been subtracted, as well as the contami­
nation due to delta rays. The overall systematic error 
was considered to be 10%. The estimated mean con­
version probabilities are 10.9±1.2% and 19.9±2.6% 
respectively in the barrel and in the forward région. 

Table 1 
Energy distribution of yy events. The OQ values are the Q E D 
lowest order prédictions and the a values are the measured 
cross sections after radiative effects have been subtracted. 

^/s ( G e V ) Barrel 

C ( n b - ' ) Nyy ffQ (pb) o (pb) 

88 .22 326.6 3 19.62 12 .6± 7.7 
89 .22 355.4 3 19.18 11 .6± 7.0 
90 .22 372.5 5 18.76 18 .4± 8.8 
91 .22 2450 .8 28 18.35 15 .6± 3.5 
92 .22 393.9 5 17.95 17 .4± 8.3 
93 .22 312.6 6 17.57 2 6 . 3 ± 1 1.6 
94 .22 456.8 5 17.20 15.0± 7.2 

91.25 4668 .6 55 18.34 16 .1± 2.7 

The détection efficiency for high energy gammas 
wasestimated usingan e''"e~ —» yy (y) simulation [8] 
and a sample of Bhabha events. The calculated detec­
tor efficiency for e''"e~ —> y y i y ) events is 80.6±1.3% 
and 73.3±2.5% respectively when the two most ener­
getic gammas are in the barrel région or in the forward 
région. The losses are dominated by the dead régions 
• I l d and ({>. 

The trigger efficiency in the barrel was estimated as 
the ratio of the number of Bhabha events with track 
as well as electromagnetic energy trigger to the num­
ber of Bhabha events with a track trigger. In the for­
ward région the trigger efficiency was estimated using 
FEMC subtriggers redundancy. The calculated trig­
ger efficiency is 97.6±0.3% for the barrel région and 
99.9±0.1% for the forward région. 

Table 1 summarizes the integrated luminosity, the 
number of observed yy events in the barrel, and the 
corresponding cross sections as a function of the cen­
tre of mass energy. The équivalent centre of mass en­
ergy of ail the observed data, taking into account the 
luminosity at each energy point and the 1/s depen-
dence of the QED cross section, is also given in table 1. 
Table 2 summarizes the number of yy events and the 
corresponding differential cross section as a function 
of the polar angle, summed over ail centre of mass 
énergies. 

Radiative effects are usually deconvoluted from the 
measured e^ e~ yy cross section to permit easy 
comparison with the lowest order QED prédiction 
and with the results of previous experiments. There-
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Table 2 
Angular distribution of yy events. The dcro/dn values are 
the Q E D lowest order prédictions and ûaj d£î values are the 
measured differential cross sections after radiative effects 
have been subtracted. 

DELPHI 

cos Q / : ( p b - ' ) dffo/ d f i dcr/dn 
(pb/sr) (pb/sr) 

0 . 0 0 - 0 . 2 0 4.67 12 2.56 3 .3±1 .1 
0 .20 -0 .40 4.67 17 3.01 3 .7±I .O 
0 .40 -0 .60 4.67 12 4.22 2 . 7 ± 0 . 9 
0 .60 -0 .74 4.67 14 6.71 4 . 5 ± 1 . 4 
0 .82 -0 .87 3.66 7 15.32 9 . 8 ± 4 . 3 

fore the measured cross sections presented in tables i 
and 2 are after the subtraction of calculated radiative 
corrections to order [8]. 

4. Test of QED 

The total and differential cross sections for e'^e" —• 
yy with radiative effects subtracted are compared 
with the QED prédiction in figs. 3 and 4. There is 
good agreement for the total cross section ' / N D F = 
'h.'bll) as well as for the differential cross section 
( ; fVNDF = 7.9/5) . 

Possible déviations from QED are usually 
parametrized by modifying the QED differential cross 
section by introducing the cutoff parameters A+ and 
A_ [3,9]: 

dff 
dQ 

rt 1 + COS-0 

5 1 - COS-0 

A maximum likelihood fit to the expérimental data 
gave lower limits at 95% confidence level of A+ > 
113 GeV and A_ > 95 GeV. An overall normalization 
error of 3% due to the systematic errors in luminosity 
and efficiency was taken into account. 

5. Search for Z° decays into «"y and //y 

A déviation of the measured cross section from the 
QED prédiction at Z" énergies could be interpreted as 
a signal for the existence of a Z° decay with a similar 
expérimental signature such as Z° decays into n^y and 
r\y. The expected number of events for e + e" —> yy in 

n 
CL 

30 

e*e" yy 
lcosi>l<0.74 

• average cross - sec t ion 

Vs(GeV) 

Fig. 3. Energy dependence of the radiatively corrected cross 
section for the process e""" e~ —> yy. The solid line shows 
the Q E D prédiction. 

each angular and centre of mass energy bin would 
then be the sum of the contributions of QED and of 
this Z" decay, the latter being estimated assuming a 
1 + cos^0 dependence. The limits on the branching 
ratios were obtained with a maximum likelihood fit. 
The 95% confidence limit (BR^ ) was defined so that 
the area under the likelihood curve between BR = 0 
and BR# is 95% of the total area above BR = 0. An 
overall normalization error of 3% was again taken into 
account. 

The estimated global efficiencies and geometrical 
acceptance for the decays Z° rt^y and Z° rj'^y 
are 39±2%, and 21 ±2% respectively. Only the neu-
tral decay modes of the r]° are considered. The 95% 
confidence level limits obtained are BR(Z° —» K°y) < 
1.5 X 10"'' and BR(Z° ^ t]°y) < 2.8 x 10"". 
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DELPHI 

ICOSi>,l 

Fig. 4. Angular dependence of the radiatively corrected cross 
section for the process e''' e~ —» yy. The solid line shows 
the Q E D prédiction. 

DELPHI 

EXCLUDED 
REGION 

ee - > e7(e) 

, , . , 1 . , . 1 , , . , 1 , . ^ ^ . 1 . . , 1 . . . 1 , , . , 1 , , , . 
0 25 50 75 100 125 150 175 200 

Me* ( G e V ) 

Fig. 5. Upper limit on the effective coupling constant A,./A/e-
versus M j - . Below the kinematical limit M^- = M^p a better 
limit is obiaincd by the DELPHI search for the ?-channel 
production of c*e pairs [10 ] . Above M^. = M^o the limit 
cornes from the présent study of e + e ~ —• yy. 

6. Search for compositeness 

The exchange of an excited électron in the / channel 
would modify the differential QED cross section. Ref 
[ 3 ] gives the foilowing expression as a fonction of the 
mass of the excited électron (Me' ) and the coupling 
constant (Ày): 

da _ a" 1 + cos'0 
dQ " y 1 - œs'-d 

1 + 1 ^ ( 1 - cos -0 ) / / ( cos ' ^? ) J , 

where/ / (cos-0) = a[a + (1 - c o s ^ 0 ) / ( l + c o s - 0 ) ] / 
[(1 + a)' - cos'd] and a = IM^-fs. 

When Mç. > s, / /(cos^0) tends to unity and the 
above expression tends to the parametrization referred 
to in section 4 with M^'/Ày = A+. A likelihood fit 
to the full expression was performed. Fig. 5 combines 
the resulting 95% confidence level limit contour on 

the (A/e«, Xy) plane with the limit contour obtained 
from DELPHI's search for the /-channel {y coupling) 
production of e*e pairs [10]. While the latter gives 
a better limit up to the kinematical limit at the Z" 
energy, the yy channel reaches higher values of Me'. 
For A;. = 1, A/e- > 100 GeV. 

In some composite models [4], the branching ratio 
for Z" —• yyy can be as high as 2 x \0~'*(Q^), where 
(Q^) is the average of the sixth power of the charge 
of the Z° constituents. In other models [ 11 ] a scalar 
partner of the Z°, called S, is predicted. This boson 
would couple weakly to fermions but would have a 
relatively strong coupling to Z" y and to yy. The Z" 
could then decay inlo S and a monoenergetic y and 
the S could decay into yy. 

Assuming a phase space Z" decay into three gam-
mas, the global efficiency and geometrical acceptance 
for detecting a yyy event is 25±3%. Two yyy events 
were found. The same two events were the only ones 
where the two most energetic gammas had an acopla-
narity greater than 2°. The expected number of events 
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Table 3 
Kinemalical parameters of yyy events. Energies arc given 
in GeV and angles in degrees. 

Evenl £•1 El £ 3 Acop Acol 

1 
2 

94 .22 
92 .22 

43.9 
39.8 

34.6 
39.0 

15.7 
13.4 

5.6 
23.2 

18.6 
19.6 

from the QED contribution is 1.4±0.2. The kinemat-
ical parameters of thèse events after imposing energy-
momentum conservation are indicated in table 3. 

A 95% confidence level limit of BR (Z° — yyy) < 
1.4x10" ' ' has been determined from the total number 
of observed and expected yyy events. 

7. Summary 

The analysis of e"^e~ y y (y) shows good agree-
ment with the QED prédictions. 

Lower limits on the QED cutoff parameters A+ > 
113 GeV, and A_ > 95 GeV as well as on A/c* as a 
function of Ày were obtained. 

Upper limits, at 95% confidence level, were set on 
the following processes: 
- B R ( Z ° ^ 7r°y) < 1.5 x 10" ' , 
- B R ( Z ° ^ rj^y) < 2.8 x \ 0 - \ 

- B R ( Z ° ^ yyy) < 1.4 x 10 -^ 
Similar results on thèse channels have been reported 

recently [12-14]. 
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