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Search for anomalous production of single-photon events
in et e~ annihilations at the Z resonance
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Using a sample of et e~ annihilation events collected at the Z resonance corresponding to an integrated luminosity
of 11.2 pb~!, we have searched for X final states where X represents stable, weakly interacting particles and the energy
of the photon is greater than %Ebeam. No events were found. The results have been interpreted within a composite Z
model and a supergravity model with a light gravitino.

1. Introduction

Deceased. The study of single-photon events — defined as

Supported by the German Bundesministerium flr . :
Forschung und Technologie. eyentg in which the only detec!:able ﬁnal-state'par-
> Supported by the Hungarian OTKA fund under contract ticle is a photon - produced in electron—positron

number 2970. annihilations at the Z resonance 1S sensitive to a va-
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riety of new physics processes. New processes con-
tributing to the invisible width Ij,v of the Z may
be detected by counting single-photon events which
arise from Z decay into stable, weakly interacting
particles accompanied by a photon from initial state
radiation [1,2]. For center-of-mass energies near the
Z resonance, the energy carried by photons from
initial state radiation tends to be a few GeV or less.
A number of new physics models, e.g. supersymmet-
ric models and compositeness models, also predict
single-photon events in which the photon couples
directly to the Z or is produced by a radiative decay
in the final state [3-7]. A specific example i1s Z —
v*v, v* — vy, where v* 1s a excited neutrino antici-
pated 1in compositeness models [4]. In contrast to Z
decay 1nto invisible particles accompanied by a pho-
ton from initial state radiation, the energy carried by
these photons 1s typically a sizable fraction (~0.5 or
greater) of the beam energy over a large region of the
model parameter space.

In what follows, we report on the search for ener-
getic single-photon events (Ey > % Epean) in the data
collected by L.3 at LEP in 1991. As indicated in the
preceding paragraph, the results of this search are di-
rectly relevant to models that predict single-photon
events due to direct coupling to the Z or or due to ra-
diative decay. In particular, we use the search results
to strengthen the experimental limits on the electric
dipole transition of the Z, which in turn constrains
Z compositeness models, and on the gravitino mass
for a supergravity model in which the gravitino is as-
sumed to be very light. Limits on neutrino compos-
1teness, derived from an analysis of energetic single-
photon events by L3, are published elsewhere [&].

2. The L3 detector

The L3 detector at LEP 1s designed to measure the
energy and direction of leptons and photons with high
precision. A detailed description of the detector and
its performance can be found in ref. [9]; here we only
outline the features which are relevant to the present
analysis.

The detector consists of a central tracking cham-
ber (TEC), a forward-backward tracking chamber
(FTC), a high-resolution electromagnetic calorime-
ter made of about 11000 bismuth germanium ox-
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ide (BGO) crystals, a hadron calorimeter (HCAL)
with uranium absorber and brass proportional wire
chambers, and a high-precision muon spectrometer.
A cylindrical array of 30 scintillation counters 1s 1n-
stalled in the barrel region between the BGO and
HCAL. These detectors are located inside a 12 m
solenoid magnet which provides a uniform field of
0.5 T along the beam direction. Forward BGO arrays,
on either side of the detector, are used to monitor the
luminosity via the detection of small-angle Bhabha
events.

The polar angle coverage of the BGO barrel ex-
tends from 42.3° to 137.7° while that of the BGO
endcaps extends from 11.4° to 35.2° and from 144.8°
to 168.6°. The HCAL covers polar angles between 6°
and 174°, and the luminosity monitors span the angu-
lar region between 1.5° and 4.0° from the beamline.
Apart from the region below the minimum detection
angle of 1.5°, there is a region between 4° and 6° from
the beamline not covered by any detector. In addi-
tion, between 6° and 9° the efficiency of the hadron
calorimeter for electrons and photons is limited due
to the two small lead rings installed in front of 1t in
July 1991 to shield the TEC from the beam halo.

The response of the L3 detector is modeled using
the GEANT [10] detector simulation program which
includes the effects of energy loss, multiple scatter-
1ng, and showering in the detector materials and beam
pipe. Hadronic showers in the calorimeters are simu-
lated with the GHEISHA [11] program, and the show-
ers due to the natural radioactivity of the uranium are
also simulated. In the work described below, Monte
Carlo events were passed through the same event re-
construction and analysis programs as the data.

3. Event selection

Event selection was carried out on the data sam-
ple, corresponding to approximately 300K hadronic
Z decays, collected by L3 during the 1991 LEP run.
The L3 detector triggered on energetic single-photon
events using the logical OR combination of the BGO
energy triggers, described in detail in ref, [12]. The
thresholds of the triggers active in the geometrical ac-
ceptance defined by our analysis cuts lay below 10

GeV.
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To select energetic single-photon events, allowing
for the possibility of an additional soft photon from
initial state radiation, we applied the following cuts:

(1) Atleast one BGO cluster with (a) energy greater
than 5 Eyeam and (b) polar angle in the range 20° < 6
< 34.5°,44.5° < 6 < 135.5°, or 145.5° < 0 < 160°,

(2) No more than two BGO clusters in the endcaps
and barrel. To be counted, a BGO cluster must con-
tain at least 3 crystals and the most energetic crystal
deposit must exceed 100 MeV.

(3) The energy of the second most energetic BGO

cluster, if present, is less than I GeV.

(4) The number of TEC tracks is zero.

(5) No scintillator counter hits in time with the
beam crossing. In applying this cut, we excluded the
countters overlapping the energetic BGO cluster be-
cause such counters may fire due to shower leakage.

(6) The total energy deposited in the HCAL is less
than 5 GeV. |

(7) The total energy deposited in the luminosity
monitors 18 less than 5 GeV.

(8) No track reconstructed by the muon chambers
and at most one segment of a track found.

(9) The transverse shape of the most energetic BGO
cluster 1s consistent with a photon originating from
the interaction point.

In addition to the cuts itemized above, we required
that all detector subsystems be operational at the time
of the event.

Cut 1 defines the fiducial regions in energy and po-
lar angle for our search so as to retain good accep-
tance for events from the new physics processes of
interest while suppressing the background from neu-
trino pair production accompanied by initial-state ra-
diation and eliminating the background due to QED
events, e.g. ete~ — eTe~ v, in which all final-state
particles but the photon escape undetected. Cuts 2-
8 reject hadronic and charged leptonic decays of the
Z, QED events having a topology in which the pho-
ton i1s not the only final-state particle within the ac-
ceptance, and beam-—gas interactions. Cut 9, aided by
Cut 8, eliminates cosmic-induced showers.

No events survive the cuts. The number of events
expected from production of neutrino pairs accompa-
nied by a photon from 1nitial state radiation, accord-
ing to the standard model with three neutrino fami-
lies, 15 0.2.

We have studied the efficiency of the selection cuts
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using Monte Carlo, random trigger events, and large-
angle eTe~ — e e events, The trigger efficiency was
measured by simulation following a procedure sim-
ilar to the one we used to measure our trigger effi-
ciency for low-energy single-photon events [13]. The
combined selection and trigger efficiency, averaged
over the azimuthal angle, is independent of photon
energy for the range of interest and varies between
0.84 and 0.92 over the polar angle regions defined in
Cut 1. Summed over all center-of-mass energies, the
integrated luminosity is 11.2 pb~!, of which 6.7 pb~!
was collected at /s = 91.25 GeV.

4. Results
4.1. Composite Z

If the Z 1s assumed to be a bound state of charged
constituents, one consequence Is an enhancement 1n
the strength of the electric dipole transition (Z — yZ*
where Z* 1s virtual) [5], hereafter referred to as EDT.
The form factor for this transition, in the case that
the initial Z is nearly on-shell, may be parameterized
as [14]

Sf
r= o)

where s’ 1s the mass-squared of the Z* and £ 1s the pa-
rameter characterizing the strength of this transition.
In the standard model 8 is O(107°), whereas if the
Z 1s composite, f could be several orders of magni-
tude larger [15]. A previous study of this model tak-
ing into account LEP results on thedecay Z — u* ™y
obtained the limit f < 5.9 [16].

We are interested in the case where EDT makes a
contribution to single-photon final states through the
Z* decaying into a neutrino pair. Starting from the
Born-level differential cross section fore™e™ — vy,
events were generated at each of the seven center-of-
mass energies for f = 1. As part of the generation
procedure, we included the O(«) corrections to the
Born terms from 1nitial state radiation. The generated
events were passed throught the detector simulation
program, reconstructed, and subjected to our selection
cuts and weighted by the trigger efficiency. The sur-
viving events were then summed over center-of-mass
energy.
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Fig. 1. Single-photon energy distributions for data (points)
and Monte Carlo (histograms) summed over all cen-
ter-of-mass cnergies. Cross-hatched histogram is from
ete~— vrry according to the standard model with three
neutrino families, sum of the cross-hatched and open his-
tograms represents expectation for ete~— vy with f =
I, and shaded histogram is expected distribution from the
QED background processes et¢~™— ete~y and ete  —

yry .

Fig. 1 shows the energy spectra for data and expec-
tations from Monte Carlo for £, > 15 GeV. The plot
was obtained by applying the same cuts as those listed
1n section 3 except that a cluster energy greater than
15 GeV, rather than 1 Epesm, was required. The lower
limit of 15 GeV is chosen in order to show clearly that
the requirement E, > % Eyeam 1s appropriate for effec-
tively suppressing standard model backgrounds while
retaining high acceptance for photons due to EDT.
The cross-hatched histogram 1s the standard model
expectation (8 = 0) fore*e™ — v¥y while the sum of
the open histogram and the cross-hatched histogram
represents the expectation for f = 1. The contribu-
tion expected from the QED processes (shaded his-
togram) 1s also shown. The enhancement 1n the single-
photon energy spectrum at high energies from EDT
for § = 1 would be clearly visible.

We have obtained a limit on £ as follows. Since the
EDT strongly dominates radiative production of neu-
trino pairs for E; > 5 Epeam and f == O(1), we may pa-
rameterize the expected number of events from EDT
as Af* where A is the number of events expected at f
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= 1. From the Monte Carlo analysis described above,
we obtain A = 5.2. Based on a study of the uncertain-
ties arising from finite Monte Carlo statistics and sys-
tematics in the event selection, trigger efficiency mea-
surement, luminosity calculation, and Monte Carlo
event generation, we estimate the fractional uncer-
tainty in expected number of events to be 6%. To ar-
rive at a conservative estimate of the limit on f at the
95% CL, we incorporate the uncertainty into our pro-
cedure by scaling the parameter 4 downward by 10%
(1.6 x 6%) from 5.2 to 4.7. Given that no events are
observed, we finally obtain

# < 0.80,
at the 95% CL.

4.2. Superlight gravitino (SLG)

A possible scenario within general supergravity
models is that the gravitino, rather than having a mass
which 1s O (mw) as 1in the minimal model, has a mass
which is O (m& /Mpee) [6]. Since the gravitino’s
coupling to other particles varies as v8znG/mg, G
being Newton’s gravitational constant and mg the
gravitino mass, the reaction

Z —-XG; X — Gy,

where X 1s the lightest neutralino, would take place
at a significant rate for a sufficiently light gravitino.
Furthermore, given that the gravitino is the lightest
supersymmetric particle in this scenario and R-parity
conservation is assumed, the gravitinos would gen-
erally escape undetected, yielding the single-photon
event signature.
Events for the process

ete™ — GGy,

were generated according to the differential cross sec-
tion (first-order initial-state radiation was included)
for several different sets of values for the supersymme-
try parameters tan f, x4, and M and for the gravitino
mass mg. In the notation used here, M 1sthe Majorana
mass term for the winos, x 1s the higgsino mass mixing
parameter, and tan £ 1s the ratio of the Higgs vacuum
expectation values [17]. After detector simulation,
the events were reconstructed and passed through our
event selection. Fig. 2 shows the energy spectra for
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Fig. 2. Single-photon energy distributions for data (points)
and Monte Carlo (histograms) at /s = 91.25 GeV.
Cross-hatched histogram is from ete™— vy according
to the standard model with three neutrino families, open
histogram is expectation for ete~— GGy with g = —100
GeV, tan[} = 2, M = 30 GeV, and m(;=3 x 10— GeV,
and shaded histogram is expected distribution from the QED
background processes ete~— ete~y and ete — yypy.

data and Monte Carlo at /s = 91.25 GeV. The open
histogram is the spectrum expected from ete™ — GGy
fortanf = 2,4 = —100 GeV,M = 30 GeV, and
mg = 3 x 107'* GeV. As in fig. 1, the cross-hatched
histogram represents the expected contribution from
the radiative production of neutrino pairs, and the
shaded histograms the contribution from QED pro-
cesses. Typical of the SLG scenario, the single-photon
energy spectrum expected from e*e~— GGy extends
to high energies.

Given the wide range of allowed values for the pa-
rameters tan £, i, and M, we set lower limits on mg
according to the following method. The cross section
renormalization factor due to initial state radiation
was determined as a function of /s and the mass of
the lightest neutralino. This was incorporated into a
program which integrated the product of the Born-
level differential cross section, the trigger efficiency,
the selection cut efficiency, and the initial state radi-
ation scale factor over photon energy and angle; mul-
tiplied the result by the integrated luminosity; and
summed over the center-of-mass energies to obtain
the expected number of events for the chosen param-
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Fig. 3. (a) Lower limits (95% CL) on gravitino mass as a
function u for tan f=1 and several different values of M.
The numerical label for each curve is M 1n units of GeV.
(b) Same as (a) except tan f=10.

eter values and gravitino mass. To take into account
our uncertainties, we rescaled the expected number of
events by 0.9. Finally, the lower limit on mg at 95%
CL for given choice of SUSY parameters was obtained
by varying mg to determine the value for which 3
events would be expected. This method was checked
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with the results from our analysis of the Monte Carlo
samples generated for several specific sets of values
for the SUSY parameters and mg. The calculation of
the cross section assumed that the branching ratio for
X — Gy is I. This assumption is valid for a gluino mass
greater than 100 GeV and sfermion masses greater
than twice the gluino mass [6]. In the case that the
branching ratio is less than 1, our limits must be mul-
tiplied by the square root of the branching ratio.

The 95% CL lower limits on the gravitino mass as
a function of u for several different choices of A are
plotted in fig. 3. As a function of tan 8, the weak-
est limits for negative u are obtained at tanf = 1,
while for positive u the strongest limits on the grav-
itino mass are obtained at approximately tanf = 1.
As tan f 15 increased while holding M constant, the
cross section for x4 < 0 increases monotonically while
the cross section for 4 > 0 decreases nearly mono-
tonically. At small [g¢|, the ability to set lower limits
on the gravitino mass i1s diminished because in this
region of parameter space the lightest neutralino ap-
proaches pure higgsino, which does not couple to the
Z and y. For most of the parameter space bounded by
1| > 50 GeV and M < 100 GeV, the limits shown
preclude a gravitino mass less than 10™'* GeV and for
large regions of the parameter space, the lower limits
are substantially stronger.

5. Summary

We have searched for energetic single-photon events
(Ey > 3Epeam) in the data collected by L3 during the
1991 LEP run. No events were found. This result has
been used to extend the experimental limits on the
electric dipole transition of the Z, which in turn con-
strains models of Z compositeness, and on a super-
gravity model in which the gravitino is assumed to
be extremely light. Specifically, we have found that
the parameter f, used to characterize the strength of
the Z electric dipole transition, 1s less than 0.80 at
the 95% confidence level and that, for a wide region
of supersymmetric parameter space, the data rule out

the existence of a superlight gravitino with mass less
than 1 x 107'* GeV.
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