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ABSTRACT

A search is reported for decays of the Z¢ into 7%y, ny and n’ (958)~ in eTe™ collisions
using data collected during a scan around the Z° mass. In order to search for 7%y final
states, in which the two photons from the #° decay are unresolved, the production of
pairs of high-energy electromagnetic clusters is studied. The data are compared with
the expectations from the pure QED process ete™ — 47, and a 95% confidence level
upper limit on the branching ratio of the Z° into 7%y of 4.9 x 10~* is derived. For 'y,
the decay modes of the mesons that contain two charged particles are largely free from
QED background. These modes are used to place upper limits of 4.6 x 10~* and 2.2 x

10™* on the corresponding branching ratios of the Z°.
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1. INTRODUCTION

The decay branching ratio of the Z? into a photon and a light pseudoscalar meson is
predicted by the Standard Model to be unobservably small [1]. However it has been argued
recently that such a decay could occur at a rate accessible to the LEP experiments (2, 3, 4].
Indeed, the branching ratio for the decay Z° — #%y could be as large as 1.7 X 1073 if the
hypothesis of the Partially Conserved Axial Current (PCAC) still holds at LEP energies.
Here a search for Z° — 7%y decays is reported. Given the difficulty of separating the two
photons of a high-energy 7° decay, such events would have the same topology as the QED
process ete” — 77, namely two opposite electromagnetic clusters with almost the beam
energy. Nonetheless, instead of falling as 1/3, their rate would follow the resonant Z° line
shape. Following the suggestion of Ref. [3], decays of the Z° into 7y and 5'(958)y are also
searched for. In this case, the meson decay modes with two charged particles in the final

state are more suitable, as the background expected from known processes is very low.

2. DESCRIPTION OF THE APPARATUS

A detailed description of the ALEPH detector is given in Ref. [5]. Here a brief
description of the main components relevant to this analysis is given. These are the
Inner Tracking Chamber (ITC), the Time Projection Chamber (TPC), the Electromagnetic
Calorimeter (ECAL), and the Luminosity Calorimeter (LCAL).

The ITC is a set of eight concentric drift chamber layers. Tracks with |cos 8| < 0.97
cross all layers. The ITC is sensitive during the 250 ns after the beam crossing time. The
TPC is placed inside a 1.5 T solenoidal superconducting magnet. It has 21 concentric
circular pad rows which measure three-dimensional coordinates on charged tracks. Tracks

at | cos @] < 0.95 cross at least six pad rows.

The ECAL is a 22 radiation lengths sandwich of proportional tubes and lead plates.
The signals collected on the tube wires provide a total energy trigger that is 100% efficient
above 8 GeV. The calorimeter is hermetic down to angles of about 10° (i.e. |cos 8| < 0.985).
It consists of three parts — one barrel and two end-caps — each of them separated in azimuth
into twelve modules. The modules are finely segmented: cathode pads are grouped in
projective towers pointing to the beam crossing point, covering an angular region of 1° % 1°
each. They are read out longitudinally in three stacks of 4, 9, and 9 radiation lengths. A
finer longitudinal segmentation is provided by the readout of the 45 wire planes of each

entire module separately, allowing an accurate analysis of isolated showers. The time of
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arrival of the signal on the wire planes is also recorded, giving a measurement of the event

time with an accuracy better than 50 ns for high-energy showers.

To make sure that the high voltage of the different parts of the apparatus is on, a
special bit is set for each subdetector when the voltage reaches its nominal value, and this

information is recorded with each event.

The integrated luminosity was measured by a lead-gas calorimeter covering the forward
and backward region from 56 to 170 mrad around the beams. A total of 1.17 +0.02 pb~1,
collected from the startup of the LEP collider until the end of December 1989, is used in
this analysis.

3. SEARCH FOR Z° — =%y
3.1 EVENT SELECTION

The signature of this decay is two clusters in the ECAL, with no associated charged
particlein the TPC. The TPC and the ECAL are required to be simultaneously operational,

as is the LCAL for the measurement of the luminosity.

Events with no charged tracks are selected. However, to avoid a rejection due to
false reconstruction in the ITC, where beam-related background can be high, events are
also accepted if they have tracks that contain at most four hits in the TPC and have
a momentum smaller than 500 MeV/c. One event is observed in this category. Photon
conversions can give rise to tracks of higher momentum and cause an inefficiency which is

estimated from Monte Carlo simulations of vy annihilation events to be 10.7 £ 1.0% .

An energy deposit above 20 GeV is required on the wire planes of at least two modules
of the ECAL. Furthermore, events are only selected if the two most energetic clusters have
a polar angle in the range | cos 8| < 0.95. To reject cosmic showers spanning two modules,
the angle in space between the two clusters is required to be greater than 120°. These
conditions are met by 75 events. By scanning this sample, events are found where no
tracks with more than four hits in the TPC were reconstructed, but where two tracks or
two sets of points exist, which are aligned with the ECAL clusters. There are 28 such
poorly reconstructed low-angle events, which are removed from the data sample. They
pass the selection criteria becatise of dead regions between the TPC sectors and small
pattern recognition inefficiencies. From Monte Carlo simulation, 24.5 4 4.2 such events are
expected, arising from about 2700 Bhabha events whose ECAL clusters satisfy the above

criteria. This leaves a sample of 47 unambiguous photon-pair candidates. The lateral and
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longitudinal profiles of the clusters are found to be compatible with the expected shape of

electromagnetic showers.
Two features allow to distinguish between v and any remaining e*e~ events, namely:

i) The electromagnetic shower from a photon is expected to start later in the calorime-

ter than that from an electron.

ii) The electron tracks are bent by the magnetic field, which causes an apparent
misalignment of the two showers with the interaction point in the plane transverse

to the beam. Initial-state bremsstrahlung effects are minimal in this plane.

The comparison of the average longitudinal profile between eTe™ — ete™ events and
the vy sample (see Fig. 1) shows a clear shift of about one radiation length, in agreement

with the expectation for photons.

In Fig. 2, the distribution of A¢, the angle between the projections of the two most
energetic clusters onto the plane transverse to the beam is shown, both for the selected
events and for ete™ — ete~ data. It is seen that the events from the vy sample are
peaked at 180° whereas the ete™ — ete™ events are peaked at 178° because of the
bending in the magnetic field. This shows that the event sample is not contaminated by

ete” —» ete™ events with charged tracks lost in the readout chain.

Data were taken at eight different points in energy, going from —3 GeV to +4 GeV
around the Z? peak (91.3 GeV) in steps of 1 GeV. The number of events left after the

selection as a function of /s is presented in Table 1.
3.2 COMPARISON WITH EXPECTATIONS FROM QED

In order to take into account the acceptance of the apparatus and the conversion of
photons in matter, Monte Carlo events are generated according to QED predictions and
propagated through the apparatus. These simulated events are then processed through

the normal reconstruction and analysis chain.

For the event generation, the Monte Carlo program of Bérénds and Kleiss [6] is used,
which produces two- and three-photon final states. The first-order radiative corrections
are taken into account; they result in an 11% increase of the cross-section with respect
to the Born contribution. The total production cross-section of photon pairs is predicted
to be 47.0 pb at 91.3 GeV centre-of-mass energy for |cos 8| < 0.95. The simulation uses
the ALEPH Monte Carlo program, which contains a description of the materials of the

detector; it takes into account the detailed geometry and readout, and produéeé simulated



raw data in the same format as the actual detector. A detection and selection efficiency
of 80.7 + 1.3% is found by this procedure. This includes the aforementioned loss due to

photon conversions.

The distributions of the total energy and the cosine of the polar angle of the two
highest-energy clusters are shown in Fig. 3, and are compared with the QED Monte Carlo
prediction. The angle with the beam direction is calculated in the centre of mass of the

two-photon system.

The expected number of events at each centre-of-mass energy is given in Table 1. The
agreement of the data with QED predictions is good, and this allows to derive a limit on
the partial decay width of the Z0 into #%+.

3.3 LIMIT ON THE PARTIAL DECAY WIDTH FOR Z% — %

To estimate the efficiency of selecting the Z® — n% decays, such events were generated

according to the expected angular distribution 3, 4]

dN
dcos ¥

o 1+ cos* @

and propagated through the detector and analysis chain as was done for the QED back-
ground. This takes into account higher losses than in the QED case (13.2 + 1.7% instead
of 10.7 + 1.0%), due to a higher number of photon conversions, since there are generally
three photons instead of two in these events. The overall efficiency ¢y, is found to be
72.6 & 2.0% (92.7% from the cosé cut and 78.3% from the detection and selection; this

includes the effects of photon conversions and losses in the cracks of the calorimeter).

The expected numbers of 7% events (in addition to the QED background) for a branch-
ing fraction of 1.7 x 10™% are shown in the last column of Table 1. It is seen that most of
the sensitivity is concentrated near the peak (91.3 GeV), where both the cross-section and "

the recorded luminosity are large. To calculate the upper limit, the likelihood function

s

is defined to be the product of the Poisson probabilities for observing n2% events at the

P

¢ er
centre-of-mass energy F;, when expecting n;* events

o L1
&P __ 77 L
n#? = nl" 4 n] "(Bgoxeq),

i.e. it is a function of the unknown branching ratio Bze_,4.. The numbers are given in

Table 1: for each energy E; (col. 1) there are n?®® observed events (col. 5), n]” events
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expected from QED 7+ production (col. 4), and n}row(B 70 _sr0) €vents of the 70~ final state.
This last number is simply the product of the total number of 7Z%s by Bzo_,no, and the
efficiency €r0,. The 95% confidence level (C.L.) limit is the value of Bze_, o, such that the
area under the normalized likelihood curve between 0 and Bzo_, 0, is 0.95. This leads to a
limit of 4.9 x 10~% on the branching ratio. The corresponding 99% C.L. limit is 6.8 x 1074
These limits depend on the values of the luminosity and the efficiencies e, and €yo,.
Their errors are taken into account by increasing or reducing these values by one standard
deviation in order to make the limits more conservative. This increases the limits by about
10%. Using the measured total width of the 70 from Ref. [7] of ['tor = 2.541 £ 0.056 GeV,
this limit corresponds to a Z°® — 7% partial width T'zo_, 50, < 1.3 MeV. At 99% C.L., an
upper limit of I'zo_,z0, < 1.8 MeV is found.

4. SEARCH FOR Z° — ny AND Z® — 7'y
4.1 EVENT SELECTION

In the search for decays of the Z° into 7y and 7'y, those decay modes of the mesons
that result in two oppositely-charged particles in addition to any number of photons and
7%s are used. The total branching fraction for such decays of the n is 29.1 £ 0.5%, while
it is 70.1 & 1.9% for the n' [8]. Hence only those events are selected that contain exactly
two oppositely-charged tracks, each having at least four well-measured coordinates in the
TPC. The invariant mass of these two tracks is required to be less than 1 GeV, where the
particles are assigned the charged-pion mass and their momenta are evaluated at the point
of closest approach to the beam-crossing point. There are 756 such two-track events. In
addition, it is required that the energy of this charged-particle pair, as measured in the
TPC, be greater than 10 GeV, and that the angle between the vector sum of the two track
momenta and the beam direction be greater than 30° and less than 150°. This condition
rejects background from two-photon collisions and beam-gas events. Note that the event
selection uses only information from the tracking detectors. The above selection criteria
lead to one candidate event, which has the two charged particles associated with a cluster
of 45.0 GeV in the ECAL, with an isolated cluster of 42.3 GeV on the opposite side of
the ECAL. The charged particles in this event have momenta of 32.4 GeV and 6.0 GeV
and are consistent with being an eTe™ pair from photon conversion in the material at
the boundary between the ITC and the TPC, as determined by a pair-finding algorithm.
There are no hits in the ITC belonging to these two tracks. Furthermore, the energy of the

pair as measured from the tracks is consistent with the energy deposited in the cluster with
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which they are associated. Hence one can classify this event as a v final state, where one
of the photons underwent pair conversion in the detector material. This event occurred at
‘a centre-of-mass energy of 88.3 GeV. After removing this event there are thus no observed

candidates.

4.2 LIMIT ON THE PARTIAL DECAY WIDTHS FOR Z° — v AND Z% — n'y

Since there are no observed events, upper limits at 95% C.L. on the branching ratios
for 2% — ny and Z° — 7'y can be derived. They are given by those values for Bzo_,q,
and Bgzo_,,, for which it is expected to observe Nezp = 3 events. Here Negp is the number
of events expected, taking into account the line shape of the Z° resonance as measured in
this experiment [7]. The total number of Z°’s produced in the whole beam energy range,

including invisible decays, is estimated to be 35525.

From Monte Carlo simulations of the final states 7y and 7'y, the efficiencies of the
event selection cuts are determined to be eyy = 69.1 + 6.3% and €y, = 58.8 £ 3.9% for the
decay channels with two charged particles. As more than half of the total energy in these

final states is electromagnetic, the trigger is fully efficient.

These numbers translate into limits on the branching ratios of Bzs_,,, < 4.6 X 104
and Bgo_p, < 2.2 X 10~%. Using the measured total width of the Z°, limits are obtained
for the partial decay widths of the Z0 of T'zo_,;, < 1.2 MeV and Izo_,py < 0.6 MeV at
95% C.L.

5. CONCLUSION

The decays of the Z° into a pseudoscalar meson and a photon have been searched for
and no evidence has been found for resonant production of a photon and a meson (7%, 7,

n') at the Z° peak.

The study of the Z® — #% channel was performed by selecting events with at least
* two high-energy electromagnetic clusters. The agreement of the rate for these events with
QED predictions allowed to give a limit on the branching ratio Bzo_,xo, < 4.9 x 1074, at
95% C.L., corresponding to a limit on the partial width [zo_, 40, < 1.3 MeV.

For the Z® — v and Z° — %'y channels, the charged decay modes have been used
to set the following 95% C.L. limits : Bgo_, < 4.6 x 107* and Bgo_py < 2.2 x 107%,
corresponding to I'zo_,,, < 1.2 MeV and I'zo_, vy < 0.6 MeV.
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Table 1. For each centre-of-mass energy point around the peak (91.3 GeV), are listed:
the total number of Z°’s produced (including neutrino decay modes), the recorded lumi-
nosity, the number of photon pairs expected within the acceptance, the number of photon
pairs observed, and the number of additional events expected from the Z°0 — 7%y process
for a branching ratio of 1.7 x 1073, About half of the data were taken on the Z° peak.

c.m. energy | No. of Z%s | Luminosity NSY¥ N g‘,’f | N::;l;
(nb~1) (BR = 1.7 x 1073)
-3 GeV 746.7 111.8 4.5 6 0.9
-2 GeV 806.6 63.6 2.5 1 1.0
-1 GeV 3320.7 120.8 4.7 6 4.1
Peak 24256.2 563.8 214 16 29.9
+1 GeV 3982.0 136.7 5.1 4 4.9
+2 GeV 1458.2 86.1 3.1 9 1.8
+3 GeV 816.3 74.1 2.6 3 1.0
+4 GeV 138.5 16.2 0.6 2 0.2
TOTAL 35525 £ 783 | 1173 +20 [44.54+1.1 | 47 43.8+ 1.4




Figure captions

Fig. 1 Longitudinal profile of electromagnetic showers, both for electrons fromete~ — ete~
and for the vy candidates. Both samples are real data. There is a clear shift by

about 1 radiation length of the photon showers with respect to eleciron showers, as

expected.

Fig. 2 Angle between the projections of the two centroids of the clusters, for ¥4 candidates
(hatched histogram, one event is off-scale to the left), and ete™ -s ete™ events
(normalized to the same area). The effect of the curvature of the electron trajectories

in the magnetic field is clearly visible.

Fig. 3 Kinematical distributions from the vy sample, compared to the QED Monte Carlo
simulation. a) Sum of the energies of the two clusters divided by the centre-of-mass

energy; b) cosine of the polar angle of the two-photon system in its rest frame.
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