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Abstract

The total and the di�erential cross sections for the reaction e+e� ! 

(
)
have been measured with the DELPHI detector at LEP using an integrated
luminosity of 36.9 pb�1. The results agree with the QED predictions and con-
sequently there is no evidence for non-standard channels with the same experi-
mental signature. The lower limits obtained on the QED cuto� parameters are

�+ > 143 GeV and �� > 120 GeV, and the lower bound on the mass of an ex-
cited electron with an e�ective coupling constant �
 = 1 is 132 GeV/c2. Upper
limits on the branching ratios for the decays Z0! 

, Z0! �0
, Z0! �
 and
Z0! 


 have been determined to be 5.5 � 10�5, 5.5 � 10�5, 8.0 � 10�5, and
1.7 � 10�5 respectively. All the limits are at the 95% con�dence level.

(To be submitted to Physics Letters B)
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1 Introduction

The reaction e+e� ! 

(
) provides a clean test of QED at LEP energies and it is well
suited to detect the presence of non-standard physics. A previous letter from the DELPHI
collaboration [1] reported a study of this reaction based on 4.7 pb�1; similar results were
published by other LEP collaborations [2]. In this letter an improved measurement of

the e+e� ! 

(
) cross section is reported using the data collected by DELPHI during
the 1991 and 1992 runs. The results published in Ref.[1] were also included in the �ts to
the di�erential and total cross sections, giving a total integrated luminosity of 36.9 pb�1

for the whole 1990-1992 period.

2 Apparatus

A detailed description of the DELPHI detector can be found in Ref.[3]. The present
analysis was mainly based on the measurement of the electromagnetic energy clusters [4]
in the barrel electromagnetic calorimeter, the High density Projection Chamber (HPC),
and in the Forward ElectroMagnetic Calorimeter (FEMC) as well as on the capability
of vetoing the charged particles using the tracking devices. In addition to the track
reconstruction in the Time Projection Chamber (TPC), Inner Detector (ID) and Outer
Detector (OD), a very e�cient way of rejecting �nal states which include charged particles

is to use hits reconstructed in the Vertex Detector (VD).
The Vertex Detector consists of three layers of silicon strips at radial distances of 6.5

cm, 9 cm and 11 cm from the nominal beam crossing position. They provide measure-
ments of the R� coordinate (R is the radial coordinate and � is the azimuthal angle about
the beam axis) with an absolute hit resolution of 8 microns in the plane transverse to
the beam axis, and cover the region of polar angle ( hereafter called � ) between 40� and
140�. The ID and the TPC cover polar angles 20� < � < 160�, the OD covers the range
43� < � < 137�. The HPC covers the region between 40� and 140�, and the FEMC the
ranges 10� < � < 36� and 144� < � < 170�. The hadron calorimeter (HCAL), which

covers the entire barrel and endcap regions over the range 10� < � < 170�, was used to
reject cosmic rays. The Small Angle Tagger (SAT) and the Very Small Angle Tagger
(VSAT) were used to measure the luminosity.

The barrel electromagnetic energy trigger was based on data from the HPC, from
the barrel Time Of Flight counters (TOF) and from the Outer Detector (for photons
converted before the HPC). The e�ciency was estimated, using an independent track
trigger, as the ratio of e+e� �nal state events with track as well as electromagnetic
energy trigger to the number of e+e� events with a track trigger and it was (99:9� :05)%.

3 Event selection and analysis

Only the periods when the HPC, TPC and SAT were fully operational and when the
VD was taking data were considered. They correspond to integrated luminosities in the
1991 and 1992 runs of 9.3 pb�1 and of 22.8 pb�1 respectively. The data of 1991 were

collected at various LEP centre-of-mass energies, whereas the whole 1992 run was made
at a single energy near the peak of the Z0 resonance.

The most signi�cant improvement to the analysis, with respect to the previous one [1],
was the rejection of charged particle �nal states (mainly e+e� events which are produced
at a rate which is more than �fty times higher than the signal) based on a Vertex Detector
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track search; therefore the analysis was restricted to the barrel region. The forward
region was used only in the search for Z0! 


 events described in section 6. In simple

topologies with high momentum particles, such as the leptonic decays of Z0, the Vertex
Detector is very e�ective in �nding track elements, consisting of two or more hits, almost
independently of the other tracking devices. In order to reject e+e� events, it was required
that there must be one hit in at least two of the three VD layers in one hemisphere, and
that the hits must be aligned with the beam spot. In events where the charged particles
were highly collimated in a back-to-back topology, the VD requirement of two hits in
both hemispheres was relaxed to allow one hit in one of the hemispheres. The e�ciency
for reconstructing both VD tracks in a e+e� event using these algorithms was evaluated
from the data by counting the number of such events having two tracks reconstructed in

the TPC and one or both VD tracks missing. The e�ciency for reconstructing two VD
tracks was measured to be 99.67�:04%.

Events were selected as 

(
) candidates if they satis�ed the following criteria :
- at least one electromagnetic energy cluster with 30 < E < 65 GeV and at least one
other with 25 < E < 65 GeV, both in the HPC;
- both energy clusters in the region 42� < � < 88� or 92� < � < 138�;
- the azimuth � of the impact point of the most energetic photon of a randomly chosen
hemisphere more than 1� away from the boundaries of HPC modules;

- the acollinearity between the two most energetic clusters smaller than 30�;
- no tracks reconstructed in the Vertex Detector corresponding to the HPC clusters (�2�

in �) ;
- at least one hemisphere where there were no tracks reconstructed in the other tracking
devices (hereafter these tracks will be called TK) that extrapolated to within 5 cm to the
mean beam crossing point and had momentum higher than 1 GeV/c.

The energy cuts given above are those that were used for the events taken at the peak of
the Z0 resonance; outside the peak they were scaled according to the LEP centre-of-mass
energy. The cut on VD tracks excluded 

(
) events with a photon which converted into

e+e� before or in the region of sensitivity of the Vertex Detector. The cut on TK's was
made to remove e+e� events with both VD tracks missing. Events with anomalously high
numbers of tracks (> 10) not pointing to the vertex or with activity in two hemispheres
of the Hadron Calorimeter were visually examined (3 events in the whole data set). They
were identi�ed as cosmic ray events and removed from the data sample.

After applying these requirements, samples of 125 and 323 events were obtained from
the 1991 and 1992 data sets, respectively. The ability of these selection criteria to separate


(
) events from the e+e� background can be seen in Fig.1 showing the di�erence in
azimuth (180� � ��) between the two most energetic HPC clusters for both types of

events. The 

(
) events do not exhibit the e�ect of the magnetic �eld bending as e+e�

events do.
The advantage of using the Vertex Detector hits to reject e+e� events depends on

the low probability (< 1%) for a photon to convert before or within the Vertex Detector
sensitive region, which could be evaluated from the Monte Carlo program with su�cient
precision. The single photon conversion probability after the VD sensitive region was
evaluated to be well below 10% both in the real and simulated data. Therefore the
probability of losing 

(
) events from double photon conversion giving at least one TK

per hemisphere was also small. The e�ciency loss due to the energy requirements and the
dead zones between HPC modules was determined in di�erent � intervals with a sample of
24046 generated 

(
) events [5] processed through the DELPHI detector simulation [6]
and the same analysis chain as the real data. The e�ciency obtained from the simulated
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Figure 1: Distribution of the di�erence 180� ��� between the two most energetic HPC
clusters for e+e� (white area) and 

(
) events (hatched area). The di�erence in height

between the two e+e� peaks re
ects the physical forward-backward asymmetry of such
events.

data was corrected by a factor 1.035 � 0.018 to take into account an inaccuracy on the
simulation of the shower position reconstruction near the HPC dead regions. The global
e�ciency for accepting 

(
) events, integrated over the whole acceptance region, was

then (84:9� 1:7)%, where the error includes the statistics of the simulated data and the
uncertainty on the previous correction.

The only possible signi�cant background was the small fraction of e+e� events (or
� events with high electromagnetic energy) missing both sets of VD hits and at least
one TK. In order to quantify this background, e+e� events with two back-to-back track
elements in the Vertex Detector were selected. The number of events with no TK in one
hemisphere was then compared with the total number of events. Given the high e�ciency
of the VD, the corresponding background in the 

(
) sample was negligible (< 1 event)
and was taken into account only as a contribution of �0:2% to the systematic error.

A similar result was obtained using events generated with the BABAMC Monte Carlo
program[7].

The total systematic error, obtained by summing the uncertainties in the e�ciency cor-
rections and in the background subtraction and the �0:7% uncertainty in the luminosity
measurement[8] (�0:6% in the 1991 data), was �2:1%.

Table 1 summarizes the integrated luminosity, the number of selected events and the
corresponding cross sections (in the angular range 42� < � < 90�) versus the centre-of-
mass energy. The 1990 results are scaled with respect to those of Ref.[1] according to

a +1.6% change in the luminosity after a re-analysis of the 1990 luminosity data [8].
The cross section at the mean of the centre-of-mass energies, weighted by the luminosity
at each point, is also given. Some of the o�-peak points are lower than the expected
values. A check was done in order to �nd possible variations on the detection e�ciency
or speci�c losses at those points. No such e�ects were found and therefore the deviations
are attributed to statistical 
uctuations of small numbers of events. Table 2 summa-
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p
s �0 � Int.Lumi Number of

(GeV) (pb) (pb) (pb�1) events
1990 1991 1992

88.223 19.6 12:4+12:0�3:8 .332 3

88.465 19.5 14:3+7:1�3:5 .709 8

89.222 19.2 11:4+11:1�3:5 .361 3

89.460 19.1 6:7+6:5�2:0 .566 3

90.208 18.8 16:2+8:7�4:1 .546 7

90.217 18.8 18:1+12:2�5:0 .378 5
91.217 18.3 15.4 � 2.9 2.490 28

91.225 18.3 20.0 � 2.1 5.567 88
91.278 18.3 17.9 � 1.0 22.83 323

91.954 18.1 19:2+8:2�4:4 .660 10

92.209 17.9 17:1+11:7�4:7 .400 5

92.953 17.7 10:4+7:1�2:9 .606 5

93.208 17.6 25:9+15:5�6:8 .318 6

93.703 17.4 7:8+6:2�2:3 .647 4

94.202 17.2 14:8+10:0�4:1 .464 5

91.25 18.3 17.4 � 0.8 36.87 503

Table 1: The lowest order e+e� ! 

 QED predictions (�0), the measured cross sec-
tions (�) , the integrated luminosities and the number of detected events at di�erent
centre-of-mass energies. The quoted errors are statistical only computed following the
Bayesian approach (central interval) for small number of events [9]. They do not include
the overall normalization errors of 2.1 % (3% in 1990). The 1990 results are scaled with

respect to those of Ref.[1] according to a luminosity re-analysis. The cross section at the
mean of the centre-of-mass energies, weighted by the luminosity at each point, is also
given. The cross sections correspond to the angular range 42� < � < 90�; the measured
cross sections have been corrected for radiative e�ects.

rizes the number of events and the corresponding di�erential cross section, corrected for
the angular dependent detection e�ciency, as a function of cos �, summed over all the

energies. The cosine of the scattering angle is de�ned as cos � =

���� cos 1

2
(�1+���2)

cos 1

2
(�1��+�2)

���� where
�1 and �2 are, respectively, the polar angles of the two most energetic photons. This
de�nition has the advantage of not being sensitive to the collinear initial state radiation.

The measured cross sections reported in both tables were obtained after subtracting the
radiative corrections to order �3 [5]. The lowest order QED predictions are included for
comparison.

4 Test of QED

The total and di�erential cross sections with radiative corrections subtracted are shown
in Figs. 2 and 3 respectively, together with the lowest order QED predictions. Only

statistical errors are shown. The average cross section at the mean centre-of-mass energy
is also shown in Fig. 2.
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cos � d�0=d
 d�=d
 Number of
(pb/sr) (pb/sr) events

0.035-0.136 2.53 2.69 � 0.43 40
0.136-0.237 2.68 2.10 � 0.35 35
0.237-0.338 2.95 2.71 � 0.40 46
0.338-0.440 3.39 3.25 � 0.43 57
0.440-0.541 4.08 3.44 � 0.44 62
0.541-0.642 5.20 5.36 � 0.55 94
0.642-0.743 7.15 7.28 � 0.69 112

0.00-0.20 2.56 3:2+1:2�0:7 12

0.20-0.40 3.01 3:6+1:1�0:7 17

0.40-0.60 4.22 2:7+1:0�0:6 12

0.60-0.74 6.71 4:4+1:5�0:9 14

0.82-0.87 15.32 9:6+5:1�2:4 7

Table 2: The lowest order e+e� ! 

 QED predictions (d�0=d
), the measured di�er-
ential cross sections (d�=d
) and the number of detected events at di�erent angles. The
last �ve lines correspond to the 1990 published results scaled according to the luminosity
re-analysis. The quoted errors are statistical only. The measured cross sections have been

corrected for radiative e�ects.

Possible deviations from QED are usually parametrized by adding to the QED di�er-
ential cross section a term depending on the cuto� parameters �+ or �� [10,11] :

d�

d

=
�2

s

1 + cos2 �

1� cos2 �

 
1 �

s2

2�4
�

(1 � cos2 �)

!
(1)

A maximum likelihood �t to the measured di�erential cross sections gave, for the
parameter � = 1=�4, a central value � = (�0:20� 0:16)� 10�8 GeV�4. This corresponds
to lower limits at the 95% con�dence level of �+ > 143 GeV and �� > 120 GeV; these
are shown as the dashed and dotted lines in Fig. 3. The overall normalization error of

2.1% was taken into account in the �tting procedure. The re-analysed 1990 results [1]
were also included in the �t with a normalization error of �3%.

For these and the following limits, the con�dence level was obtained by normalizing the
probability to the integral over the region of de�nition of the parameters, as explained
in Ref.[12]. The measured values and their errors are quoted, even though they are
unphysical, in order to allow them to be combined with the results of other experiments
and to permit the evaluation of the con�dence level by alternative methods[13].

5 Search for rare Z
0 decays into neutral states.

A possible deviation of the measured cross section from the QED prediction at Z0

energies could be interpreted as evidence for rare Z0 decays, such as Z0 ! 

 (theoretically
forbidden[14]), Z0! �0
 or Z0! �
 (with a branching ratio in the range 10�11 to 10�10

in the Standard Model [15]), all of which have a similar experimental signature since

the neutral decay of a high energy meson was not distinguished from the passage of a
single photon. This possibility was tested by analyzing the dependence of the total cross
section on the centre-of-mass energy. The cross section was �tted to the sum of the QED
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Figure 2: Total cross section (in pb) for the process e+e� ! 

(
) in the region
42� < � < 90�, as a function of the LEP energy for the 1990 (open circles) and for

1991-92 data (black circles). The cross section at the mean of the centre-of-mass ener-
gies, weighted by the luminosity at each point, is also given (star). The solid line is the
lowest order QED prediction.

prediction plus a Z0 decay contribution, given by a Breit-Wigner line shape convoluted
with an initial state radiator [16]. The peak cross section of the Z0 term, which would be
proportional to the partial width of the decay, was left as a free parameter. The e�ects
of interference between the QED processes and these rare Z0 decays were assumed to be
negligible.

The distribution of the polar angle of the Z0 decay products was assumed to have a
1+cos2 � dependence and the global e�ciencies for Z0 ! 

, Z0! �0
 and Z0! �
 were
evaluated from Monte Carlo studies to be (54:1� 1:0)%, (53:5� 1:0)% and (37:4� 0:8)%
respectively. These �gures include the acceptance and the slightly di�erent detection
probabilities due to the di�erent number of photons in the �nal states. The acceptance
for the �
 channel was obtained by considering only the neutral decay modes of the �.

A maximum likelihood �t to the total cross section, taking into account the same
errors on the normalization as in the previous section, gave the following bounds at the

95% con�dence level: BR(Z0 ! 

) < 5:5 � 10�5, BR(Z0 ! �0
) < 5:5 � 10�5 and
BR(Z0 ! �
) < 8:0 � 10�5. The central values of the �tted widths were respectively:
(�32 � 75) keV , (�33 � 76) keV and (�47 � 110) keV.

From these measurements it is possible to derive limits on the Z0 decay into a photon
and other states having neutral decays to �0
 or �
. The most signi�cant limit is the one
obtained for the !
 channel: BR(Z0! !
) < 6:5� 10�4 at the 95% con�dence level.
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Figure 3: Di�erential cross section d�=d
 for the process e+e� ! 

(
) for 1990 (open
circles) and for 1991-92 data (black circles). The solid line shows the lowest order

QED prediction. The dashed (dotted) line shows the derived limit on the prediction
parametrized by �+ (��).

6 Search for compositeness.

The exchange of a virtual excited electron would modify the di�erential QED cross
section [10]. A likelihood �t was performed to the following expression, as function of the
mass of the excited electron (Me�) and the coupling constant (�
):

d�

d

=
�2

s

1 + cos2 �

1 � cos2 �

 
1 +

s2�2


2M4
e�
(1 � cos2 �)H(cos2 �)

!
(2)

where H(cos2 �) = a
a+(1�cos2 �)=(1+cos2 �)

(1+a)2�cos2 �
and a = 2M2

e�=s. Fig. 4 shows the resulting 95%

con�dence level limit contour on the (Me� , �
=Me� ) plane. In the mass region below MZ,

a better limit was obtained from the DELPHI search for t-channel production of e�e [17].
For �
 = 1, Me� > 132 GeV/c2 at the 95% con�dence level, with a central value 1/M4

e�

= (�:24� :22)� 10�8 GeV�4 .

In some composite models the branching ratio Z0 ! 


 can be as high as 2 � 10�4,

compared with the Standard Model prediction of 3� 10�10 [18]. To study this particular
decay mode, the selection criteria were modi�ed in order to maximize the acceptance
for this process and to keep the QED contribution as low as possible. In addition, in
the case of a pure three body �nal state, the energies of the individual photons can
be computed with good precision from the measurement of the particle directions after
imposing energy-momentum conservation [17]. The energies of the photons were thus
rescaled before applying the selection cuts. In detail, the selection criteria for three
photon �nal state events were as follows :
- at least three electromagnetic clusters with E > 10 GeV;

- at least two electromagnetic clusters in the region 42� < � < 88� or 92� < � < 138� and
one in the region 20� < � < 160�;
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Figure 4: Upper limit on the e�ective coupling constant �
=Me� versus Me� . For
Me� < MZ a better limit is obtained by a direct search[17].

- the energy measured in the calorimeters (without rescaling) greater than 20 GeV for

the most energetic cluster and greater than 2 GeV for the others;
- the cluster with the greatest measured energy had to be in the HPC;
- the opening angles between the third most energetic cluster and both the more energetic
ones larger than 20�;
- the sum of the opening angles between the three most energetic clusters larger than
359�, to avoid non planar events.
The requirements on the VD tracks and on the TK's were the same as in section 3. When
there were two TK's in the same hemisphere, they were required to have an invariant
mass smaller than 2 GeV/c2. The cut on the measured energy at 2 GeV was introduced

to ensure a good reconstruction of the shower position and, consequently, a precise energy
rescaling. This was necessary because this selection accepts events with photons near the
HPC boundaries. However, none of the selected events had actually a photon with such
a low measured energy.

The number of selected events was 10 from the whole 1991-1992 sample. The number
of expected events was assumed to be the sum of the QED contribution and a contribution
proportional to the width of the Z0 ! 


 decay. The former could be computed from
the Monte Carlo program of Ref.[5] which was used to �nd both the cross section within

the acceptance and, using 24046 fully simulated events, the selection e�ciency. The total
number of expected QED events was 7.3 �0:8, where the error includes the statistical
and systematic error on the e�ciency, evaluated with the Monte Carlo program, and
an additional normalization error of 10% to take into account the lack of radiative and
higher order corrections in the predictions for this process.

The geometrical acceptance for Z0! 


 was computed with a Monte Carlo program
[19] and the selection e�ciency was assumed to be equal to that of the QED channel. The
global detection e�ciency for a Z0 ! 


 event was (42:0 � 1:3)%. In the calculation
of the number of expected events, the interference between the QED process and the
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resonant decay was not taken into account. The normalization error for the expected
events, considering the theoretical approximation and the e�ciency evaluation, was 11%.

From these results a 95% con�dence level upper limit for �


 of 41 keV was obtained,
which corresponds to BR(Z0! 


) < 1:7�10�5. The central value was �


 = 8:3+15:2�12:0

keV and the likelihood curve is shown in Fig. 5.

Figure 5: Likelihood curve for the �t to �




7 Conclusions

The analysis of e+e� ! 

(
) cross sections shows good agreement with the QED

predictions. Lower bounds were obtained on the QED cuto� parameters, �+ > 143 GeV
and �� > 120 GeV, as well as on the mass of an excited electron: Me� > 132 GeV/c2 for
�
 = 1. Upper limits have been set on the following processes :

BR(Z0! 

) < 5:5� 10�5;

BR(Z0 ! �0
) < 5:5 � 10�5;

BR(Z0! �
) < 8:0� 10�5;

BR(Z0! !
) < 6:5� 10�4

BR(Z0! 


) < 1:7� 10�5:

All the limits are at the 95% con�dence level.
These results include the data published by DELPHI in a previous publication [1]

which is superseded by this letter.
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