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Abstract

We describe the sample of energetic single{photon events (E > 15 GeV) col-
lected by L3 in the 1991{1993 LEP runs. The event distributions agree with expec-
tations from the Standard Model. The data are used to constrain the ZZ coupling
and to set an upper limit of 4.1�10�6�B (90% C.L.) on the the magnetic moment

of the � neutrino.
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Introduction

The study of events produced in electron{positron collisions at the Z resonance, in which the

only �nal{state particle detected is a photon, is sensitive to a variety of new physics processes.

New processes contributing to the invisible width �inv of the Z may be detected by counting

single{photon events which arise from Z decay into stable, weakly interacting particles accom-

panied 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. supersymmetric models and compositeness models,

also predict single{photon events in which the photon couples directly to the Z or is produced

by a radiative transition in the �nal state [3{8]. In contrast to Z decay into invisible particles

accompanied by a photon from initial{state radiation, the energy carried by these photons is

typically a sizable fraction of the beam energy over a large region of the model parameter space.

We report below on the search for energetic single{photon events (E > 15 GeV) in the data

collected by L3 at LEP in 1991{1993. The energetic single{photon candidates are described

in terms of their distributions in energy and polar angle and compared with expectations from

Standard Model processes. We interpret our data in terms of the � neutrino magnetic moment

and the ZZ coupling. Limits on new physics processes from energetic single{photon searches
in data collected by L3 in 1990 and 1991 have been published previously [9,10].

The L3 Detector

The L3 detector is described in detail in [11]. Central tracking is performed by a Time Expansion
Chamber (TEC) consisting of two coaxial cylindrical drift chambers with 12 inner and 24

outer sectors. The electromagnetic calorimeter is composed of bismuth germanate (BGO)
crystals with coverage in polar angle from 11.4� to 168.6� except for gaps spanning 35.2�{42.3�

and 137.7�{144.8�. Hadronic energy depositions are measured by a uranium-proportional wire
chamber sampling calorimeter (HCAL) surrounding the BGO and extending to within 6� of
the beamline. Active lead rings (ALR) of lead{scintillator sandwich construction are used

to detect photons and electrons between 4.5 and 8.0 degrees from the beamline. Scintillator
timing counters are located between the electromagnetic and hadronic calorimeters. The muon
spectrometer, located outside the hadron calorimeter, comprises three layers of drift chambers
measuring the muon trajectory in both the bending (r��) and non-bending (z) planes. These
subdetectors are installed inside a large magnet which provides a uniform �eld of 0.5Tesla. BGO

arrays mounted on either side of the detector are used for luminosity measurement. Their polar

angle coverage is between 1.5� and 3.9� with respect to the beamline.

Event Selection

Event selection was carried out on the data sample collected by L3 during the 1991{1993
LEP runs. The L3 detector triggered on energetic single{photon events using the logical OR
combination of the BGO energy triggers, described in detail in [12].

The experimental signature is an energetic, electromagnetic shower in the BGO and an

otherwise \empty" detector as de�ned below. In addition to possible new physics processes,

events with this signature can occur due to (a) neutrino pair production accompanied by initial{

state radiation, (b) QED events, e.g. e+e� ! e+e� , in which all �nal{state particles but the
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photon are outside the active volume of the detector, and (c) out{of{time cosmics. The number

of events from process (a) can be reduced by taking advantage of the fact that initial{state

radiation tends to be emitted along the beam direction and/or has energy which is typically

of the order of �Z . Events from process (b) can be eliminated by requiring the photon energy

and production angle to be large enough so that by momentum conservation at least one other

�nal{state particle is well within the active detector volume. Applying cuts on the shape of the

shower is e�ective for reducing the contribution from cosmics. In order to suppress contributions

from processes (a){(c) while retaining good acceptance for new physics processes, the following

requirements were applied to the most energetic cluster found in the BGO:

� The energy of the BGO cluster must be greater than 15 GeV and its polar angle must lie

in the range 20� < � < 160� (excluding the gap regions 34.5� < � < 44.5� and 135.5� <
� < 145.5�).

� The transverse shape of the cluster must be consistent with a photon originating from

the interaction point.

Apart from the energetic BGO cluster selected by the above cuts, the detector was required to be

\empty" as de�ned by the following criteria. There must be no additional BGO clusters present
comprised of 3 or more crystals with the most energetic crystal deposit exceeding 100 MeV.
The energy detected in the other calorimeters must be attributable to noise or shower leakage
from the BGO. There must be no tracks in the TEC and not more than one layer of the muon
chamber containing reconstructed segments. The position and timing of the scintillator hits
must be consistent with shower leakage or random noise. The \empty" detector cuts rejected

beam{gas interactions, hadronic and charged leptonic decays of the Z, and QED events with
two or more �nal{state particles within the acceptance. Cosmics were further suppressed by
the cuts involving the scintillator counters and muon chambers.

We tuned the selection and evaluated its e�ciency using Monte Carlo, random trigger
events, and large{angle e+e�! e+e� events. The trigger e�ciency was measured by simulation

following a procedure similar to the one used to measure our trigger e�ciency for low{energy
single{photon events [13]. The average trigger and selection e�ciency combined was found to
be 83�2% for those single{photon events passing the �ducial cuts on energy and angle listed
above for the energetic BGO cluster. Of the total 17% ine�ciency, 5% is due to the trigger, 4%
to the \empty" detector cuts vetoing the event because of noise, and the remainder mainly to

cuts on the shower shape, additional clusters in the BGO, and tracks in the TEC. The e�ciency
is independent of photon energy for the range of interest and is constant to within �5% in polar

angle. In terms of equivalent integrated luminosity collected at the peak of the Z resonance,

the data sample on which we conducted our search corresponds to 50.8 pb�1. (The equivalent
integrated luminosity at the peak is the sum of integrated luminosities collected at center{of{

mass energies between 88.5 and 93.8 GeV, weighted by �ps(e
+e� ! hadrons)/�peak(e

+e� !
hadrons).)

A total of 9 events were found by our selection. The distributions of the photon energy
and the cosine of its polar angle are shown in Figure 1. Also shown are the Standard Model

expectations from production of neutrino pairs accompanied by initial{state radiation, radiative

Bhabha events, and annihilation into two photons accompanied by initial{state radiation. (The

latter two processes contribute only in the data recorded before the installation of the ALR,

corresponding to about 20% of the total data sample.) Background due to cosmics is negligible.
The observed distributions are consistent with Standard Model predictions. The total number

of events expected from the Standard Model is 8.2. If one instead requires that the photon
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energy be greater than half the beam energy, 1 event (E = 30.2 GeV, cos� = �0.32) is selected

from the data and 1.2 events are expected from the Standard Model in the ��� channel.

Constraints on the �� magnetic moment and ZZ coupling

�� magnetic moment

The magnetic moment, �� , of the � neutrino is important for understanding the neutrino's basic

nature and also for its relevance to issues such as whether or not a massive � neutrino could

be an important component of dark matter [8,14,15]. The production of single{photon events

at e+e� colliders is sensitive to �� [8, 15, 16]. At LEP energies, the dominant mechanism for

the production of single{photon events via the magnetic moment interaction of the � neutrino

is radiation of a photon from the �nal{state neutrino or anti{neutrino. The dashed histogram

in Figure 2 indicates the energy distribution of single{photon events that would be expected if

�� were equal to 5�10
�6�B where �B is the Bohr magneton. Since the photon is on{shell, the

production rate depends on the magnetic moment form factor at q2=0. We consider only the

� neutrino here because more stringent experimental upper bounds on the magnetic moments
of the electron and muon neutrinos already exist [17].

To derive an upper limit on the magnetic moment, we assumed that for high photon energies
the contributions due to the magnetic moment interaction and to the production of neutrino
pairs accompanied by initial{state radiation do not interfere appreciably. Under this assump-
tion, the additional production of single{photon events due to a �� magnetic moment varies

as �2� . Starting from the di�erential Born cross section given in [16], we calculated the num-
ber of events expected as a function of �� , taking into account the center{of{mass energy, the
geometric acceptance of our selection cuts, the combined trigger and selection e�ciency, and
initial{state radiation. The upper limit on the excess number of events allowed by our data
was determined from Poisson statistics for the observed number of events and the expected

Standard Model background. Requiring the photon energy to be greater than one half the
beam energy, we obtain the limit

�� < 4:1 � 10�6�B

at the 90% C.L.
The above bound applies to both static and transition magnetic moments. It is comparable

with the bound of 4�10�6�B (90% C.L.) from low{energy experiments [15] and 3.4�10�6�B
(90% C.L.) y) from the invisible width of the Z; with respect to these bounds it is unique

in being a direct limit on the magnetic moment at q2=0. The above bound is an order of

magnitude weaker than that derived from a beam{dump experiment [19], but this limit requires
assumptions on the Ds production cross section and its branching ratio into ��� , which are not
yet measured.

yThis limit was calculated in an approach similar to that taken in [18]. The experimental value for the

invisible width of the Z was taken from Particle Data Group, Review of Particle Properties, Phys. Rev. D

50 (1994) 1173. The theoretical error on the Z invisible width was determined by running ZFITTER for the

Standard Model with various choices of parameters. The mass of the top quark was varied according to a

normal distribution centered at 174 GeV with a 16 GeV standard deviation. The Higgs mass was drawn from

a box distribution between 60 and 1000 GeV. The Z mass, �em, and �s were chosen from normal distributions

with mean and standard deviations 91.187 GeV, 0.007 GeV; 0.007819, 0.000007; and 0.123, 0.006, respectively.

The theoretical and experimental errors were summed linearly.
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ZZ coupling

Energetic single{photon events are also sensitive to the ZZ coupling. The self{couplings of the

electroweak gauge bosons are a prominent feature of the Standard Model. While WW and

WWZ couplings have received the most attention, the corresponding importance of searching

experimentally for couplings between the neutral gauge bosons has also been noted [5,20]. Tak-

ing the ZZ coupling in particular, the most general vertex function invariant under Lorentz

and electromagnetic gauge transformations can be described in terms of four independent di-

mensionless form factors, denoted by hZi , i=1,2,3,4. The contributions involving hZ1 and hZ2
are CP{violating while those involving the other pair of form factors are CP{conserving. As

is well known, all four form factors are zero at the tree level in the Standard Model. At the

one{loop level, hZ1 and hZ2 are zero while the CP{conserving form factors are nonzero but too

small (e.g. hZ3 � 10�4) to lead to observable e�ects at any present or planned experiment. Thus

observation of a ZZ coupling would signal physics beyond the Standard Model.

For e+e� annihilations at the Z resonance, the single{photon event topology is obtained

for the case in which the photon is real and the �nal{state Z decays into neutrinos. The ZZ

coupling would be manifest in the photon energy spectrum as an enhancement which becomes

visible at E � 15 GeV and increases monotonically with energy until near the kinematic limit.
This is illustrated by the dotted histogram plotted in Figure 2 representing the case where hZ3 �
1. In order to set limits on the form factors hZi , we follow [21] in adopting the parameterization

hZi = hZi0=(1 + (P 2=�2
Z))

ni

where P is the four{momentum of the initial{state Z, and hZi0, �Z and ni are parameters. The

parameter hZi0 is the strength of the coupling in the low{energy limit and �Z may be interpreted
as the energy at which the dynamic properties of the new physics underlying the anomalous
coupling become visible. For further de�niteness, also following [21], we take n1 = n3 = 3.0
and n2 = n4 = 4.0. With this choice of exponents the terms proportional to hZ10 and hZ30 have
the same high{energy behavior as those proportional to hZ20 and hZ40; it should also be noted

that unitarity requires that n1,n3 > 1.5 and n2,n4 > 2.5 regardless of the choice of hZi0 and �Z .
To obtain upper limits on the ZZ coupling, events were generated for various combinations

of ZZ form factors and passed through the detector simulation and analysis programs. (Initial{
state radiation was accounted for in the event generation procedure.) The results were used to
parameterize the number of events expected in terms of combinations of hZi0 for di�erent choices

of scale �Z. As in the case of � neutrino magnetic moment, limits were obtained requiring the

photon energy to be greater than half the beam energy.
Figure 3 shows 95% C.L. limit contours from the L3 single{photon data in the hZ30 � hZ40

(hZ10 � hZ20) plane for scales 0.5 TeV and 1.0 TeV. There is not much variation with scale, as

expected if �Z is large compared to mZ. Also displayed are the constraints imposed by the

requirement that the cross sections respect unitarity at all energies. The unitarity limit is very
sensitive to scale, decreasing as ��3Z along the hZ30{axis and as ��4Z along the hZ40{axis for our
choice of ni. The CDF collaboration has recently reported limits on the ZZ coupling [22] for

an assumed scale of 0.5 TeV obtained from study of the reaction p�p ! `+`�X. These are

also plotted in Figure 3. The L3 and CDF limit contours appear rotated with respect to each

other because, as the e�ective center{of{mass energy varies from mZ (LEP) to the range of a

few hundred GeV (Tevatron), the contributions to the amplitude from terms involving hZ4 (hZ2 )
rise steeply relative to those from terms involving hZ3 (hZ1 ).

To obtain the limits shown in Figure 3, the form factor hZ3 (hZ1 ) has been assumed real

relative to hZ4 (hZ2 ). In this case, the contributions from the two form factors interfere, as is
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evident from Figure 3. On the other hand, the contributions of the form factors add incoherently

if one member of the pair is chosen to be imaginary with respect to the other or if one member

of the pair is CP{conserving and the other CP{violating. The L3 limit contours at the 95%

C.L. for pairs of non{interfering form factors can be determined from the axis intercepts in

Figure 3, which correspond to the limits on the associated form factor with all the other form

factors assumed to be zero. For example, for �Z=0.5 TeV, the hZ30 axis intercepts are �0.85

and the hZ20 axis intercepts are �2.30. Thus the limit contour in the hZ20 � hZ30 plane would be

an ellipse with major and minor axes parallel to the hZ20 and hZ30 axes, respectively, intercepting

the hZ20 and hZ30 axes at �2.30 and �0.85, respectively.

Summary

We have reported on the search for energetic single{photon events in the data collected by L3

during 1991{1993 and have shown that the characteristics of the events found are consistent

with what is predicted by the Standard Model. We have used the results to set an upper limit

on the � neutrino magnetic moment of 4.1�10�6�B at the 90% C.L. and to constrain the ZZ

coupling.
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Figure Captions

Figure 1 (a) Distribution in energy of single{photon candidate events together with

expectations from Standard Model processes. (b) The cos� spectrum of the

single{photon candidates.

Figure 2 The energy spectra of single{photon events expected in our search from (a)

the Standard Model only (solid histogram), (b) the Standard Model modi�ed

to give the � neutrino a magnetic moment of the magnitude indicated (dashed

histogram), and (c) the Standard Model extended to include an anomalous

ZZ coupling (dotted histogram). The points show the energy spectrum of

the single{photon candidates found in the search.

Figure 3 Upper limits at the 95% C.L. on the ZZ coupling from L3 single{photon

data for two di�erent values of �Z. The corresponding limits from unitarity

are indicated. Also shown is the 95% upper limit contour for �Z = 0.5 TeV

obtained by CDF [22] from study of the reaction p�p! `+`�X
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