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This paper reports results of a search for production by radiative e+e annihilation of particles
that interact only weakly in matter. The search has been made in a data set corresponding to 110
pb ' acquired with the ASP detector at the Stanford Linear Accelerator Center storage ring PEP
(&s =29 GeV). No anomalous signal has been observed, which limits the number of generations of
light neutrinos to be X (7.9 (at 90% C.L.). Limits are also placed on the masses of particles pre-
dicted to exist by models of supersymmetry.

I. INTRODUCTION

The ASP (anomalous single photon) experiment' was
designed to search for the process

e e —+y+ weakly interacting particles

at the e+e storage ring PEP (&s =29 GeV) at the Stan-.
ford Linear Accelerator Center (SLAC). The experimen-
tal signature for this process is a single photon observed
in the final state, with transverse momentum that cannot
be balanced by particles lost down the beam pipe. The
purpose of this measurement is to obtain information
about the production of particles that are dificult to ob-
serve directly in the laboratory. Because of the general
nature of this reaction —the unobserved particles can be
anything, as long as they interact only weakly —the re-
sults of this measurement can be used to constrain new
particle production in different models. In particular, the
results of this experiment have been interpreted in the
framework of the standard model to place limits on the
number of light-neutrino Aavors, and in the context of.
models of supersymmetry to place limits on the masses

of proposed new particles.
In this experiment, we found a significant signal which

was consistent with that expected from known standard-
model sources. In the following sections, we will discuss
the physics involved, describe in some detail the ASP ap-
paratus, followed by the analysis and results, and finally
we will discuss the interpretation of these results and
compare and combine them with results from other com-
parable experiments.

II. THE PHYSICS OF ANOMALOUS
SINGLE-PHOTON PRODUCTION

A. Single photons from known physics

The known standard-model contribution to (1.1) is the
radiative production of neutrino-antineutrino pairs:
e+e ~yvV. The lowest-order Feynman diagrams for
this process are shown in Fig. 1. The cross section for X
generations of neutrinos, in the local-limit (or four-point)
approximation, is
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where y =cos8 (8 is the polar angle of the detected pho-
ton), x =2E/&s (E is the energy of the photon),
gz = —

—,', and gv=2sin 8~—
—,'. o (s') is the total vv

production cross section evaluated for the reduced
center-of-mass energy: s'=s(1 —x). The cross section
can be factored this way because of the local-limit ap-
proximation. This approximation is strictly valid only
for s «m~; however, (2.1) agrees very well with the full
calculation for PEP energies. The term in (2.2) propor-
tional to N arises from the neutral current [Fig. 1(a)],
while the final term of 2 in large parentheses is due to
charged-current production of the electron neutrino [Fig.
1(b)]. The remaining terms result from the interference
between the charged- and neutral-current production of
electron neutrinos. The total Z width is

where the Z is assumed to decay into six quarks, three
charged leptons, and N neutrinos. This dependence on
N means that (2.1) is not a linear function of N . How-
ever, the cross section (2.1) does not depend strongly on
the Z width at PEP energies, so to a very good approxi-
mation, it varies linearly with N, (Fig. 2). Ma and Oka-
da were the first to note that this dependence on N
would permit a measurement of (1.1) to be interpreted as
a measurement of (or a limit on) N . This measurement
(or limit) is very reliable because the experimental signa-
ture is clear, and because the cross section can be readily
calculated. For three generations of neutrinos, the stan-
dard model predicts an integrated cross section of 0.04 pb
in the acceptance of the ASP detector. If this were the
only source of single-photon events, then ASP would ex-
pect a few events for an integrated luminosity of 100

b

B. Possible new sources of single photons

New generations of neutrinos would imply larger cross
sections in accordance with (1.1). The radiative produc-
tion of any weakly interacting particles other than neutri-
nos would be an additional contribution to (1.1). In the
local-limit approximation (mass of particle «s «mass
of t-channel propagator), the radiative cross section is re-
lated to the total nonradiative cross section by

d o 2~ (1—
—,'x) +—,'x2y~

o 0(s'),
dx dy 7T x(1—y )

(2.4)

(a}

e+
yV

where o o(s') is the total nonradiative cross section evalu-
ated at the reduced center-of-mass energy. Note that Eq.
(2.1) is of this form. A consequence of this relationship is
that all processes give approximately the same angular
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(b)
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Q)
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FIG. 1. Lowest-order contributions to (2.1}. (a) The neutral-
current contribution occurs for all types of neutrinos, while (b)
the charged current produces electron neutrinos only. There is
an additional charged-current diagram in which the photon is
emitted from the W.

FIG. 2. Cross section for radiative neutrino production in

the ASP acceptance region: p, &0.8 GeV/c, 20'&0&160', and
E &10GeV.
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and energy distributions for the observed photon. If the
produced weakly interacting particles are massive, then
the maximum photon energy is less than the beam ener-
gy. The detection of this end point —which would re-
quire a large number of events —would confirm the pro-
duction of a massive particle. If the new particles were
massless, it would be very difficult to separate the
different contributions at a fixed center-of-mass energy.
It may be possible, however, to distinguish them by per-
forming this measurement at several different center-of-
rnass energies, as different contributions may have a
different dependence on s.

Theories of supersymmetry (SUSY) predict the ex-
istence of particles that would contribute to the, single-
photon cross section. These theories propose that each
known particle has a partner whose spin differs by —,

' unit
but otherwise shares all conserved quantum numbers
(such as charge or lepton number) except the new quan-
tum number R (discussed below) that characterizes the
supersymmetry. These superpartners share common in-
teraction strengths so the cross section for the production
of the SUSY particles is similar to that for the ordinary
particle. The fact that none of these particles has been
found indicates that if SUSY exists, it must be a broken
symmetry —the SUSY particles must, in general, have
higher masses than their ordinary partners.

The consequence of the higher masses for the SUSY
particles is to suppress the cross sections. If the SUSY
particles have masses of the order of the 8'boson, then
the cross sections will be of the order of those for weak
interactions.

Associated with supersymmetry is a multiplicatively
conserved quantum number called R parity. Ordinary
particles are assigned R =+1, whereas SUSY particles
have R = —1. Thus, SUSY particles must always be
created in pairs by e+e annihilations. Another conse-
quence of R-parity conservation is that the lightest SUSY
particle (LSP) must be stable; it could not decay into nor-
rnal particles without violating R-parity conservation.
Cosmological arguments' and most SUSY models sug-
gest that the LSP must be uncharged and color neutral.
It is to this LSP that all other SUSY particles eventually
decay.

In many models of supersymmetry, the common choice
for the LSP is the photino (y ), which is a mass eigenstate
y &

as well as a weak eigenstate. Since it interacts elec-
tromagnetically, one might expect it to interact in the
detector. In fact, photino interactions are very weak
compared to those of the photon because of the mass of
the scalar electron (e ). For example, the cross section for
ye —+ye, the process which would initiate a shower in
the detector (shown in Fig. 3) is

FIG. 3. Compton-type scattering of a photino.

At PEP and the DESY storage ring PETRA, a lower lim-
it of 22 GeV/c has been set on the scalar-electron mass
by the absence of an anomalous rate of acoplanar elec-
trons with missing energy produced in e+e annihila-
tions. "' Thus, photino interactions are comparable in
strength to neutrino interactions, and the radiative pro-
duction of photino pairs (Fig. 4) could be a contribution
to (1.1). There are two different scalar electron mass
eigenstates that can contribute to (1.1) (due to the ex-
istence of left- and right-handed electrons). In general,
SUSY models do not make firm predictions for the rela-
tive masses of these two eigenstates, so in this paper we
quote results based on two extreme hypotheses: namely,
that they are either degenerate or that one is much more
massive than the other. The evaluation of these diagrams
in the local-limit approximation in which it is assumed
that (m ((s ((m ) gives a cross section of the form

y
~ 4(2.4), where o.o, for the degenerate case is

oo=ca =. (1—4m /s')2&EX S

Pl
(2.7)

e

The only unknown parameters in this cross section are
the photino and scalar-electron masses, so a measurement
of the single-photon rate can be interpreted as a limit on
these masses. The full calculation' to order a, rather
than the local-limit approximation, was used to extract
the mass limits from the data. The radiative-photino-
pair-production cross section is plotted as a function of
scalar-electron mass in Fig. 5. For scalar-electron masses
less than 60 GeV/c, ASP would expect to observe a

8m' s0
m4

d

(2.5)

100 GeV/c (2.6)

The ratio of this to the similar neutrino interaction,
vie ~vie, 1s

FIG. 4. Feynman diagram for the radiative production of
photinos. The scalar-electron propagator can be either of two
mass eigenstates. The photon can also be emitted by the scalar-
electron propagator.
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significant increase in the cross section. Possible produc-
tion of 8'-inos and other types of SUSY particles are dis-
cussed in the Appendix. All of these contribute to the
single-photon cross section with a magnitude that is simi-
lar to the photino production cross section.

C. Background sources

An idea1 hermetic detector that uniquely identified sin-
gle photons emitted from the interaction point mould
eliminate all backgrounds. However, a practical detector
for colliding beams must allow gaps for the beams. The
ASP experiment is constructed such that it is completely
hermetic except for gaps of less than 21 mrad along the
beam lines. A gap in the experimental apparatus could
potentially allow background events to simulate a signal
as there may be events that produce a single photon into
the apparatus and other particles into the gaps. Other
sources may be characterized by a single photonlike sig-
nal accompanied by other low-energy debris that does not
register in the apparatus. In the ASP experiment, we
have minimized these eff'ects by having no magnetic field
and very little material between the interaction point and
the sensitive parts of the detector.

Radiative Bhabha events are potentially the most seri-
ous background because of the high production cross sec-
tion and the similarity to single-photon events —there ac-
tually is a photon that originates at the interaction point.
Fortunately, these events can be rejected by a kinematic
cut, as illustrated in Fig. 6. Since the ASP detector has
no gaps above 9„„=21mrad, both electrons must be
below this angle if the event is to resemble a single pho-
ton. This restriction limits the projected transverse
momentum of the photon (pj is defined in Sec. III B)

p~ &20 etoEbeam=0. 6 GeV/c . (2.8)

Because of the finite reso1ution of the detector, the pj

FIG. 5. The radiative photino cross section as a function of
scalar-electron mass, for m =0 (solid), m =6 GeV (dotted),
m- =11 GeV (dashed-dotted), and m =12 GeV (dashed). The
calculation assumes degenerate scalar-electron mass eigenstates;
the cross sections are a factor of 2 lower if one is much heavier
than the other.
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FIG. 6. Kinematics used to eliminate radiative Bhabha and
other QED events.
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FIG. 7. Projected p, distribution of photons in radiative
Bhabha events before detector resolution and eSciency is ap-
plied (dashed line, open circles) and after (solid, closed circles).
The points represent a Monte Carlo prediction of the number of
events expected to be observed for 34 times the actual integrated
luminosity.

threshold was set somewhat higher. To determine this
thresho1d, we calculated' the distribution of these radia-
tive Bhabha events and folded in the resolution and
analysis efficiency of this experiment. Figure 7 shows the
negligible contribution of these events within the fiducial
region.

A second potential source of QED background arises
from e+e —+yy events in which one of the photons fails
to convert in the lead glass. The result is a single beam-
energy photon in the detector. These events are eliminat-
ed by restricting the search to photons with energy less
than 10 GeV. This cut hardly afFects the acceptance for
the single-photon events because of the concentration of
these events at low p .

Another source of beam-related events comes from col-
lisions between the beam particles and the residual gas in
the beam line. Beam-gas events that produce a ~ may
simulate the signal (Fig. 8); the m. decays into photons
that propagate into the apparatus, while the other fina1-
state products stay in the beam line or are absorbed by
the beam line components. These events are mostly elim-
inated by the detection of the small amounts of debris left
in the detector away from the photons and by the charac-
teristic energy deposition of the two photons resulting
from the m. decay. We make a final test of these events in
the final sample by examining the spatial distribution of
the signal; beam-gas events have a line rather than a
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FIG. 8. Photoproduction of a neutron and a m . The neutron
is not detected, while the ~ can be mistaken for a photon.
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III. THE APPARATUS

A. Overview

The ASP detector was specifically designed for the
search for single-photon final states. Important features
were a large acceptance for photons and the ability to
veto particles at very small angles (Figs. 9 and 10). The
data were taken during several running periods. The
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FIG. 9. Cross-section (XY) view of the central region of the
ASP detector.

point source.
While most cosmic rays entering the apparatus are

characterized by penetrating minimum ionizing tracks, a
small fraction of the cosmic rays are highly ionizing and
could mimic single-photon events. The first level of elim-
ination of the cosmic rays was to shield the detector from
all but muons by locating the experiment at a depth of 20
m. The remaining cosmic rays that trigger the detector
are removed by time-of-Aight requirements and pattern
recognition in the detector.

The above cuts are sufficient to suppress these back-
grounds to the levels required in the ASP experiment for
photons in the fiducial region;

p, &0.8 GeV/c, F. ~ IO GeV, 20'&8&160

2oo

Central
Tracker

Drift
Chambers

Mask

FIG. 10. A horizontal cross section I',XZ) of the ASP detec-
tor. The apparatus is 8.8 m long and 1.2 m wide. The 0~ =20'
line marks the minimum angle for photon recognition. The
0=21 mrad line is the angle above which ASP has complete
tracking and calorimetric coverage.

ASP detector was located in region 10 of the PEP e e
collider at SLAC. PEP had center-of-mass energy
&s =29 GeV and a typical luminosity of 3 X 10 '

cm sec
This experiment was the first experiment designed

specifically to look for single-photon final states. The
ASP detector had three primary advantages over larger,
general-purpose detectors. First, it had nearly complete
solid-angle coverage; the only gaps were within 21 mrad
of the beam direction. This permitted us to search for
photons with a lower transverse momentum than other
detectors, and to be certain that there were not other
unobserved particles in the final state. The second advan-
tage was good calorimeter segmentation, and nontower
geometry which permitted good photon identification
and a three-dimensional reconstruction of the photon
momentum vector, including the origin of the photon
along the beam line. The third advantage was the ab-
sence of a magnetic field, which permitted the detection
of low-energy particles that originated from the beam
line. These features were essential for the required level
of background suppression. The good veto capability
resided in the forward region of the detector, which is de-
scribed in Sec. III D, while the central region —discussed
in Sec. III C—provided photon measurement, charged
particle veto, and detection of background debris. The
detector was also optimized to record Bhabha and radia-
tive Bhabha events that were essential to the calibration
and normalization of the experiment.

The detector was monitored for stability and efficiency
throughout the data-taking period. All subsystems were
calibrated every few hours and a small fraction of the
data was analyzed in real time to verify the detector
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response. Various classes of events that were useful for
diagnostic purposes and for off-line recalibration of the
detector were recorded using specific triggers. These
events included Bhabha (e+e —+e+e ) and radiative
Bhabha (e+e ~ye+e ) events, cosmic rays, and ran-
dom beam crossings. The radiative Bhabha events were
especially useful because they provided topologies that
were used to calibrate the hardware as well as to evaluate
and calibrate the software algorithms used for all parts of
the experiment. The Bhabha events were used to estab-
lish the luminosity of the PEP collider and the integrated
luminosity of the ASP experiment.

B. The coordinate system

Since we will be referring to projections of vectors in
the text, we wi11 describe the coordinate system that we
use. We use a right-handed coordinate system centered
on the interaction point (IP). The positive X axis is hor-
izontal, towards the center of the PEP ring, while posi-
tive Y is vertical and upwards. The Z axis is defined by X
and Y to lie along the beam line; electrons move towards
—Z. 8 and P have their normal definitions; 8 is the angle
between a line from the origin and the Z axis, while P is
measured in the XY plane counterclockwise from the X
axis. The angular position of a shower in the detector is
usually defined in terms of P and projected 8 (8 ), rather
than P and 8. Projected 8 is the angle between the Z axis
and a line measured in the XZ or YZ planes. The rela-
tionship between 0 and O is

tan8„=(tan8)max( Icos&I, Isingl ) . (3.1)

Projected O is the natural coordinate for this detector be-
cause the lead-glass array measures projected O. The cen-
tral proportional wire chambers measure P, so these two
subsystems together determine the angular position of a
track. The transverse momentum corresponding to O is
projected transverse momentum, defined by p =E sinO .
Ordinary transverse momentum is defined by p, =E sinO,
so p p, . To be precise,

pI.
pg

=
+sin 8+sec P cos 8

(3.2)

C. The central detector

The central detector comprised several subsystems
each with complete azimuthal coverage and polar-angle
coverage from 20 to 160. The central detector provided
the capability for measuring the four-momentum of elec-

Therefore, p =p, for P =0, 90', 180', and 270 .
The origin of a shower is specified by two quantities, R

and R . R is the signed distance of closest approach to
the IP of a shower projected onto the XZ or YZ planes.
It is defined by R =Z sinO, where Z is the intercept of a
shower with the Z axis in the XZ or YZ planes Rxy is
the distance of closest approach of the shower to the
beam line or, equivalently, the distance of closest ap-
proach to the IP of a shower projected onto the XY
plane.

trons and photons, and for distinguishing photons from
electrons. An array of proportional tubes with three-
dimensional readout, the central tracker (CT), fille the
innermost region around the beam pipe. The CT was en-
closed by a segmented scintillation counter with coarse
spatial readout. These charged-particle detectors were in
turn surrounded by a segmented lead-glass electromag-
netic calorimeter. An array of time-of-flight scintillation
counters formed an umbrella over the detector and was
used to identify cosmic rays.

The amount of material in the beam pipe and Ganges
was kept to a minimum. At polar angles above 21 mrad,
the thickness was about 0.03 radiation lengths; a Qange
between 30 and 44 mrad was the only significant addi-
tional material.

-Lead-glass calorimeter. ' The photon energies and
momenta were measured with an array of 632 extruded
F2- (Schott-) type lead-glass bars interleaved with propor-
tional wire chambers (PWC's). With this system, we
could identify photon signals and reconstruct the elec-
tromagnetic showers. Each lead-glass bar was 6X 6 X 75
cm with the long dimension transverse to the beam.
They were arranged in four quadrants five layers deep so
as to leave no gaps in the calorimeter between quadrants.
A half-block offset between layers ensured that the small
gaps between bars did not line up with the IP, and there-
by improved the photon vertex resolution along the beam
axis. The Cerenkov light was collected by a photomulti-
plier tube on each bar.

Lead glass was used because of its good intrinsic reso-
lution and its stability. The lead glass was doped with
0.35% Ce to reduce its sensitivity to radiation damage.
As further protection, the lead-glass array was designed
to separate into two L-shaped halves that were retracted
behind lead walls during beam injection. These steps to
protect the lead glass from radiation damage were suc-
cessful as the response of the glass remained unchanged
throughout the running period. The calibration of the
lead glass was monitored by means of a light fiber at-
tached to each bar. A single light-emitting diode (LED),
which could be pulsed at four different levels using filters,
supplied light to all of the fibers in a quadrant. An extra
reference tube in each quadrant compared the LED light
with the light from a Na-I americium source to monitor
the stability of the LED.

Cosmic rays were used to find correction factors that
were applied of line to reduce the tube-to-tube gain vari-
ation to less than 2% and as a final check on the time
variation of the response of the system. The absolute en-
ergy calibration as a function of 8 and P was carried out
using kinematically fitted radiative Bhabha events. A
lookup table was cog.structed and used to correct for
variation in the Cerenkov light-collection efficiency as a
function of position and angle, and for leakage of the
shower from the lead glass.

The energy resolution of the lead-glass counters (for
this analysis), averaged over all values of P and projected
8 in the region 20 (8z (160, was crz/E=14%/&E (E
in GeV) for an approximately 1-GeV shower. ' The reso-
lution was slightly poorer for showers entering the lead
glass at quadrant boundaries.
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The angular resolution was measured to be o =4.4',

and the event time (event occurrence relative to the beam
crossing time) was determined with a err that ranged
from 1.2 ns for a 1-GeV shower to 1.0 ns above 2.5 GeV.
The ability of the detector to establish the origin of
showers was characterized by its resolution in R,
o.z =2.8 cm. These resolutions, and those of the central
PWC, were measured with the fully reconstructed and
kinematically fitted radiative Bhabha events. (See Fig.
11.)

Between the layers of lead glass were planes of shower
sampling PWC's that measured the azimuthal angle P
with a resolution of o.&=3.2', and permitted us to extract
the distance of closest approach of the shower to the
beam line, R, with resolution o. „=5.5 cm.

Central tracker. The innermost of the charged-particle
detectors was the "central tracker" (CT) which surround-
ed the beam pipe. The CT consisted of 192 thin-walled
(wall thickness 0.3 mm) proportional wire tubes of dimen-
sion 2.4X1.1X220 cm. There were five layers in four
quadrants of 48 tubes each, arranged so as to ensure that
all tracks passed through at least five tubes. The tubes
were read out at both ends, so that charge division could
be used to measure the Z position of charged particles.
The veto eSciency, defined as the fraction of charged
particles tracked by the CT, was measured to be 99.6%
using cosmic rays that were selected to pass near the in-
teraction point. During running conditions, the resolu-
tion in Z was approximately 3.3 cm or 1.5 fo of the wire
length. '

Veto scintillator. The veto scintillator surrounding the
central tracker was constructed from 1-cm-thick sheets of
Kiowa scintillator. A double thickness of such sheets, of
dimension 33.5X225 cm, surrounded the beam pipe in
the central region at a distance of 16 cm from the beam
line. The scintillator was read out with a wavebar and a
photomultiplier tube at each end, permitting a deter-
mination of the Z position of the shower with an accura-
cy of hz=15 cm. Two additional scintillation counters
of dimension 2 X 32 X 60 cm immediately in front of each
inner forward shower counter (FSC) provided additional
veto capability in the forward region.

I

I

I

I

I

FIG. 11. A radiative Bhabha event in a horizontal cross sec-
tion (XZ) of the ASP detector. The size of the box drawn for a
lead-glass bar is proportional to the energy detected in that bar.
The vertical scale is expanded by a factor of 3. The cross in the
central tracker marks the centroid of the track found by the CT.

Time of-j7ight system .The central region was covered
by an array of 48 scintillator counters, of dimension
2.5X20X 345 cm oriented parallel to the beam line. This
scintillator array was installed above the central detector.
Each counter had a photomultiplier tube at each end; the
Z position of the shower could be measured with a reso-
lution of crz =26 cm (7.5% of the counter length). The
timing resolution, after compensating for Aight time from
the IP, was o.z-=3 ns. This system was used primarily to
reject cosmic-ray events.

D. The small-angle detectors

The forward detectors consisted of electromagnetic
calorimeters (FSC's) and tracking drift chambers. These
detectors combined to give good tracking with good ener-

gy resolution for high-energy electrons over the complete
azimuth in the polar-angle regions from 21 mrad to 20 .

The FSC's were constructed of lead-scintillator
sandwiches with interleaved proportional wire chambers.
These calorimeters were used as a veto against particles
in the small-angle region and also as the luminosity moni-
tors for the experiment. The FSC s were built in six radi-
ation length modules of dimension 1.2 m square. A
module consisted of layers of lead (0.6 cm Pb) alternated
with 1.3-cm layers of Polycast PS-10 acrylic scintillator.
Each edge of the module was covered by a sheet of
Rohaglas GS1919 wavelength shifter and was read out
with an Amperex XP2212PC phototube. There were two
such modules at ~Z~ =1.5 m (the inner FSC's) and three
at ~Z~ =4. 1 m (the outer FSC's). Each module was built
in two halves so that it could be easily installed around
the beam pipe, but had a 4 cm overlap between the
halves, giving complete coverage above 21 mrad.

The resolution of the FSC's was measured using
Bhabha events to be oE/E =25%Iv E (E in GeV) at
14.5 GeV. The FSC's received radiation doses of
100000—500000 rads in the course of the experiment.
Phototube high voltages were periodically adjusted to
compensate for the reduction in scintillator light output
due to radiation damage. After several months of run-
ning, the FSC's were opened and the scintillators were
exposed to infrared light. This annealing restored the
scintiHator to nearly its original light output.

Behind the first module of the FSC's in each region
were two planes of proportional wire chambers, one plane
oriented along each of the X and Y directions. There
were 48 chambers per plane (six sets of eight chambers),
each chamber measured 1.23X2.36X120 cm in size.
The angular resolutions were o.&=2.5 and 28 mrad.

Charged particles in the forward region were tracked
by four planes of drift chambers located between the
inner and outer FSC's. These measured X and Y with a
resolution of o.=0.4 mm at ~Z~=1.9 and 3.0 m. The
tracking capability was not used to select single-photon
events, but was used to kinematically fit radiative Bhabha
events.

In addition to the active elements discussed above, a
tungsten mask was placed in an indentation in the beam
pipe. This mask, which covered the region 12& I9&21
mrad, defined the minimum angle acceptance of the
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FSC's, and protected the central region of the beam pipe
from of-energy, ofF'-angle electrons that would have
grazed the beam pipe. These grazing electrons could
have generated background single-photon events.

IV. TRIGGERING AND MONITORING
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A. Trigger

The trigger decision was made on the basis of analog
sums of lead-glass, scintillator, and FSC signals. ' This
decision was available less than 1 ps after the beam cross-
ing. The time between beam crossings was =2.5 ps, so
that no dead time resulted from the trigger decision.
When the trigger conditions were satisfied the analog
data from all subsystems were digitized in about 10 ms by
a BADC/SHAM IV (Ref. 191 system and were recorded
by a VAX 11/750 computer system.

The detector was monitored, on line, by analyzing a
few percent of the data as they were recorded. Quantities
characterizing the performance, such as resolutions and
efficiencies, were calculated for each subsystem and com-
pared with expected values. These higher-level checks
complemented the individual subsystem calibration pro-
cedures to assure that the apparatus was working with
high efficiency at all times.

The physics triggers selected events that were con-
sistent with being single photons, radiative Bhabha
events, or Bhabha events, as weil as any event with
significant energy. The trigger designed specifically for
the single-photon search required at least 0.7 GeV of en-
ergy in one quadrant or two adjacent quadrants, with at
least 0.20 GeV in the second through fifth layers, and ei-
ther less than 1 CieV or greater than 7 GeV in the FSC.
The layer requirement was intended to exclude a known
class of beam-gas events that deposited their energy al-
most entirely in the first layer. The energy distribution of
events collected by this trigger is shown in Fig. 12 along
with the distribution from the "total energy" trigger,
which required greater than 1.6 GeV of energy in the
lead glass. The plots demonstrate how the additional pat-
tern requirements of the single-photon trigger permitted
a lower-energy threshold. Events satisfying either trigger
condition were used in the single-photon analysis.

Special monitoring triggers allowed us to record ran-
dom beam crossings, cosmic rays, and Bhabha and radia-
tive Bhabha events. The random events were used to
determine occupancies of the detector subsystems. The
cosmic-ray trigger required a coincidence between two
central scintillators during a gate 15 ns before beam
crossings. The minimum-ionizing tracks from these
events were used in finding variations in lead-glass
response from bar to bar, and in calculating the central-
tracker efFiciency. The Bhabha trigger, which required
high-energy particles in the forward regions, provided
events used to determine the integrated luminosity. The
radiative Bhabha trigger required a high-energy particle
in at least one outer FSC and at least 0.2 GeV of energy
in the lead glass.

The overall trigger rate was approximately 4.5 Hz.
The rate from the single-photon trigger was -2 Hz,
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FIG. 12. Energy distribution of events recorded by the (a)
"total energy" and {b) "single-photon" triggers.

while the rates for the other physics triggers and moni-
toring triggers w'ere -3 and —I Hz, respectively. These
rates sum to more than the total rate because an event
could satisfy the requirements of more than one trigger.

B. Monitoring with radiative Bhabha events

A subset of radiative Bhabha events was invaluable in
the single-photon analysis because of similarity to single-
photon events; the topology selected had an electromag-
netic shower with no other energy in the central region of
the detector, and two forward tracks. These events were
useful in calibrating and monitoring the detector, devel-
oping analysis cuts, and determining the efficiency of the
single-photon trigger and analysis.

The most common event topology, of which Fig. 11 is
an example, had an electron in the central region, with an
electron and a photon in the forward region (i.e., at polar
angle small enough that the particle missed the lead
glass). These fully reconstructed events were kinemati-
cally fitted using the measured energies and angles of the
forward tracks and the angles of the central track as mea-
sured by the central tracker. The result of this fit was a
prediction of the parameters of the shower in the lead
glass. After a g cut on the kinematic fit, there were
40000 events with a central track of p )0.8 GeV/c. The
values of these predicted parameters, and the sample of
events passing the g cut, were unbiased by lead-glass
resolutions or possible inefficiencies, since no lead glass or
central PWC information was used in the fit. The lead-
glass energy required by the radiative-Bhabha trigger was
much lower than the single-photon trigger threshold.
This event sample was therefore suitable for use in
measuring resolutions and efficiencies, including the
single-photon trigger efficiency.

The radiative-Bhabha sample was also used to calibrate
the central-tracker measurement of Z. For this purpose,
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the lead glass and central PWC's but not the central
tracker were included in the kinematic fit.

C. Luminosity measurements 2000

I

Oll

pb
The forward-shower-counter system was the on-line

luminosity monitor for PEP. Coincidences between
pulses from the FSC's were converted into a specific
luminosity.

The integrated luminosity was determined by compar-
ing the measured and predicted rates of Bhabha events.
One of the scattered particles was required to be within
the angular region 55 & 0 & 95 mrad while the other parti-
cle was restricted to 50& 0 & 100 mrad. The comparison,
which is shown in Fig. 13 gives (109.6+0.5+1.1) pb
The first error is statistical, while the second is systemat-
ic. The primary sources of systematic error are uncer-
tainties in the QED prediction and in our predictions of
the effects of the beam-pipe Aange in the 30 & 0 & 44 mrad
range.

V. EVENT SELECTION

A. Overview

A total of 3X 10 events were recorded on tape during
data taking. This section describes the cuts that were
used to reject all but 24 of these events. The majority of
the events were rejected by vetoing on energy not deposit-
ed in a single shower and by photon shower require-
ments. A much smaller portion of the data required
more sophisticated recognition algorithms that were
developed by using our monitoring data. The efficiency
of the event selection was measured using events record-
ed with diagnostic triggers. The cuts and their
efficiencies are summarized in Table I.

The final 24 events were subjected to further analysis
discussed in Sec. VI.

B. Finding events with spatially localized energy

We rejected multiparticle events by requiring that only
that part of the detector containing the photon have any
significant signal. To do this we divided the detector into
several subsections for the purpose of occupancy cuts.
These cuts rejected multiparticle events by requiring that
only those subsections consistent with a single particle
striking the detector show a significant signal. We reject-
ed an event if any other subsections had more signal than
a threshold or if any two other subsections had energy
deposition exceeding a lower threshold. The thresholds
were determined by observing the energy deposition of

1000
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FIG. 13. Data and QED prediction for Bhabha scattering
used to extract the integrated luminosity.

diagnostic events that were triggered at random during
beam crossings. Figure 14 displays the fraction of these
events that survived the threshold energy cut for the vari-
ous subsections of the apparatus. These plots represent
an average over all components of each subsystem for the
full data set. The overall efficiency of this cut is 93%%uo.

The next occupancy cut for those survivors of the
above cuts required that the energy deposited in the last
six radiation lengths (r.l. 's) of the inner FSC closest to the
shower be less than 1 GeV. (This FSC was excluded from
the threshold cut described in the preceding paragraph. )

The energy deposited in the six r.l. 's closest to the lead
glass was not included, because it depended upon the en-
ergy and angle of the shower. This cut was designed to
eliminate a class of events in which a beam-gas interac-
tion several meters from the IP could result in a high-
energy particle striking the back of the inner FSC. The
ensuing shower could leak through to the lead glass and
appear to point back at the IP.

The final occupancy cut required that there be no
central-tracker tracks. Note that this restriction not only
eliminated events containing an extra charged particle,
but also single charged-track events. ' These cuts were
especially efficient for eliminating background because
the absence of a magnetic field permitted even low-energy
particles to register in our detectors. A photon that con-
verted into an electron pair in the beam pipe would have
been eliminated by this cut. The additional inefficiency
due to random occupancy of the CT was measured using
random beam crossings to be 5%, while the inefficiency
due to early conversions of the photon and backsplash
from the shower in the lead glass was calculated to be

TABLE I. Summary of event selection.

Cut

Trigger (Sec. IV A)
Localized energy (Sec. V B)
Single particle (Sec. VC)
Cosmic ray (Sec. VD)
Shower shape (Sec. VE)
All cuts

Events remaining

30000 000
64 000

5 600
263
24
24

Reduction factor

1.0
470
11.4
21.3
11.0

1 300 000

Efficiency

1.0
0.83
0.90
0.94
0.86
0.61
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FIG. 14. Fraction of events (triggered at random during beam crossings) which survived the threshold energy cut E, for (a) a lead-
glass quadrant, (b) an inner and (c) an outer forward shower-counter region.

6.8%. The overall efficiency of the cuts described in this
section was 83%. These cuts passed approximately
64000 events of the 3 X 10 recorded triggers, represent-
ing a reduction by a factor of 470.

C. Reconstructing single-particle events

Many events that survived the localized-energy cuts
were cosmic rays or beam-gas interactions. To further
eliminate these types of events, we reconstructed the
events to obtain the number of, the positions, the angles,
and the energies of the particles. Only the events con-
sistent with a single particle within the fiducial region
were passed on to the next process. Most of the events
that failed this cut were low-energy, beam-gas events.

If 0, P, R, or R could not be measured for the
shower, or if the shower was not within the fiducial
volume, the event was rejected. The measurement of L9

and P was required because the correction factors that
convert the lead-glass signals into GeV are functions of
these variables. A shower will have 0 and R poorly mea-
sured if the photon does not convert early enough in the
calorimeter; for this reason, only those showers that con-
verted within the first five radiation lengths were used. If
the shower was at a value of P such that it passed be-
tween quadrants, then P could be determined by both the
central PWC's and the pattern formed by lead-glass lay-
ers with significant energy. This pattern of layers was re-
quired to be consistent with a shower originating from
the beam —rather than a cosmic ray —and the value of P
determined by this pattern had to agree with the mea-
surement of P from the central PWC's. This last require-
ment helped to ensure that there was only one shower in
the event.

A surviving event must have had a shower initiated by
a neutral particle in the lead glass and no other
significant energy in the detector. There are approxi-
mately 5600 events in the fiducial region that satisfied
these criteria.

D. Eliminating cosmic-ray events

the times were required to be consistent with a shower
propagating away from the beam rather than toward it.
Figure 15 shows that a good separation between cosmic
rays and beam events can be obtained using these two
event time measurements. These cosmic-ray cuts—
especially the timing cuts —were an important aspect of
this analysis. Although there were many more beam-gas
background events than cosmic rays, the cosmic rays
were not limited in p, and therefore were harder to dis-
tinguish from signal by the R-p likelihood analysis dis-
cussed later.

E. Determining the shower shape

The final set of cuts depended on the pattern of energy
deposition in the lead glass and central PWC's. Two
quantities were calculated for each lead-glass bar and
PWC tube that contributed energy to the shower: W, ,
the distance of closest approach of the central axis of the
shower to the bar, and L;, the distance to the bar along
the shower. Two moments characterizing the shower
shape were calculated from these quantities for both the
lead glass and the PWC's, giving a total of four parame-
ters that were used to identify photon showers:

1
Mw2= g E; 8';

sum
(5.1)

MI, w2= gE; W~(L; L), —
SUI

40

20

E

0
O

I

o —20

Cosmic-ray events which survived the earlier cuts were
further reduced by tracking and timing cuts. The track
was required to have ~R„~ (3o. and event time, as mea-
sured by the lead glass, within 3o.T of the beam-crossing
time. If the event time had been determined by the time-
of-Bight system as well, this time must have been no ear-
lier than 7 ns before the time found by the lead glass; i.e.,

0
-40 -20 0

ToF Time

20
(ns)

40

FIG. 15. Lead-glass time vs time-of-Aight time. Cosmic rays
fall into the diagonal band. The events retained by the timing
cuts are designated by the dashed line.
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FIG. 16. Second-width-moment distributions measured by
the lead glass for (a) radiative Bhabha events and (b) data. The
cut (dashed line) retains events with M~2&0. 0016 m . The
events in these plots have passed all other cuts.

where the sum is over all bars or tubes above the noise
threshold. E; was the energy in a bar or tube, E,„was
the sum of the energy in these bars or tubes, and L, was
the average depth of the shower:

rwg
l

L= +EL, .
1

Esum
(5.2)

The M~2 cuts were designed to reject m 's, which tend
to form wider showers than photons. The ML, ~2 cuts re-
jected events that showered too early or too late with
respect to the centroid of the shower (L ). Note that the
definition of ML, ~2 made it independent of the conver-
sion point of the photon and the point from which J, is
measured. We found that other moments defined from
the quantities 8', and L; were redundant. The distribu-
tions of M~2 in the lead glass for radiative Bhabha events

I
)

l I I
I

I I I

FIG. 18. (a) XY, (b) XZ, and (c) YZ views of the single-
photon event which has pj =3.2 GeV/c.

and for single-photon candidates are compared in Fig. 16
to demonstrate the efficacy of the shower-shape cut. In
both cases, the events have passed all other cuts.

The shower-shape cuts eliminated 239 of the remaining
263 events. The distribution of the remaining 24 single-
photon candidate events in the variables R and p is
shown in Fig. 17. The event with p =3.2 GeV/c appears
to be a real single-photon event, and is shown in Fig. 18.

VI. ANALYSIS OF THE FINAL SAMPLE

2
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FIG. 17. R and pj (projected-transverse-momentum) distribu-

tion of single-photon candidates with pj )0.5 GeV/c. Only the

events with pj )0 8 G'eV/c are used in the analysis. pj is the

transverse momentum of the shower measured in the XZ or YZ

planes.

After the event-selection procedure described in the
last section, we are left with 24 events with p & O. 8 GeV
and IRI (0.3 m. ~e have deliberately included back-
ground events with low p~. and large IR I

in this final sam-
ple so that we can perform a maximum-likelihood fit in
these variables. Because the probability distributions for
the signal and background events in R and p are very
difterent, this method allows us to extract the most prob-
able number of signal events. The signal is folded with
the measured detection efficiencies and resolutions to cal-
culate a production crosy section.

A. Measurement of the detection and analysis efBciency

Inevitably, the selection procedure for eliminating
backgrounds will have some inefficiency for true signal
events. In this section, we describe our measurement of
the efficiency for detecting single photons.
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The efficiency for a single-photon generating process is
given by the ratio of the number of events expected to be
observed, given the resolution and the probability of a
photon passing all cuts, to the number of events generat-
ed in the detector acceptance. Thus, the resolution of the
detector must be considered in addition to the probability
of an event passing all cuts. The resolution of the detec-
tor is folded with the probability of a photon passing the
cuts by a Monte Carlo method. A Monte
Carlo —generated event passes or fails the selection cri-
teria as defined in a lookup table containing the probabili-
ty to pass as a function of energy and position of the pho-
ton. If the event passes, new values for the energy and 0
(representing the values measured by the detector) are
selected from Gaussian distributions centered on the ac-
tual values. The ratio of the number of events passing in
the fiducial region to the number generated in the region
is the efficiency.

This procedure also determines the p distribution of
photons created by the process being tested; it is the dis-
tribution of the events that pass. The p~ distribution of
radiative Bhabha events is used to select the value of the
p. cut, while the distribution for radiative-neutrino events
is used in the likelihood analysis of the final candidate
events.

In order to find the probability of a photon passing all
cuts, we applied all of the cuts outlined in Sec. V (with
the exception of the 5 r.l. cut) to the radiative-Bhabha
sample. The fraction that pass is stored in a lookup table
as a function of the, energy, 0 and P values obtained from
the kinematic fit. The additional loss due to the 5 r.l. cut
is calculated as a function of angle. This quantity and the
occupancy-cut efficiency are included in this lookup table
to give the overall probability of a single-photon event
passing all cuts as a function of the photon's actual ener-
gy, 8 and (t (Fig. 19). The dips in the efficiency versus P
plot result from the 20 &0 &160' requirement. A pho-
ton at 0=20 will satisfy this requirement at /=0' but
fail it at /=45' because of the square quadrant geometry.

e+e ~yy events confirm the efficiency for high-energy
photons passing the cuts presented in Sec. V.

The resolution of the detector is measured with those
radiative Bhabha events that pass all cuts, and is record-
ed as a function of the kinematical-fit energy and angle.
At low energies, the measured energy is biased towards
higher values with respect to the actual energy. This bias
represents the trigger efficiency of the detector: if the en-
ergy observed in the detector is a downwards Auctuation
from the actual value, the event is less likely to satisfy a
trigger requirement. The p. resolution for a 2 GeV pho-
ton at 0& =30 (pj =1.0 GeV/c) is cr =0.15 GeV/c.

The overall efficiency for detecting photons from
radiative-neutrino production is 61% for p, )0.8 GeV/c,
E & 10 GeV, and 20'& 0& 160 . All of the processes con-
sidered in this paper have similar photon spectra [Eq.
(2.4)], so this efficiency is applicable for the SUSY
analysis as well.

B. Finding the signal by maximum-likelihood analysis

To find the signal, we use a maximum-likelihood
method applied to the hypothesis that we have a mixture
of two distributions —the signal and the residual back-
ground. The data and the shape of the expected signal
and background distributions in R and in p. are shown in
Figs. 17 and 20. This procedure optimizes our
knowledge of the distributions and obviates the need to
make explicit cuts in R and p. , thus removing the need to
calculate the efficiencies of these cuts or to perform a
background subtraction.

This analysis assumes that the distributions of signal
and background events in R and p. are known, while the

most probable amounts of signal (S) and background (B )

are to be determined by the fit. These amplitudes—
which are not required to be integers —are those values
of 5 and 8 that maximize the generalized logarithmic
likelihood function:
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FICx. 19. The probability of a photon in a radiative neutrino event passing all cuts as a function of (a) p„(b) 0, and (c) P. Plot (a)

requires 20' & 0 & 160', while plot (b) requires pj- )0.8 CxeV/c. Plot (c) applies both restrictions.
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SPs(R;)Ps(p )+BE(R;)P~(p )

S+8
Ã= —(S +B)+ g ln[SPs(R; )Ps(p/)+BP~(R;)P~(pj )], (6.1)
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FICx. 20. Probability distributions for signal (solid) and back-
ground (dashed) in the variables (a) R and (b) p~. The vertical
scales are arbitrary but are the same for both signal and back-
ground.

where Ps(R), Ps(pj ), Ps(R), and Ps(p/) are the known
distributions. An additional term of —lnNI is neglected
in the last line as it does not depend upon S or B. The
first term is the logarithm of a Poisson that ensures
(S+B)=¹

Beam-gas background and single-photon events have
very diFerent distributions in R and p/ (Fig. 20). As dis-
cussed in Sec. VI A, the signal p distribution was calcu-
lated from Eq. (2.4), folded with eKciency and resolution.
The shape is well represented by a polynomial in the vari-
able g= 1/Qp~. :

P, (pj )=g (ao+a, g+a2$ +a3$ +a~("), (6.2)

where ap= 1 ~ 96 Q& =9.31, a2= —11.44, a3=6.20, and
a5 = —1.38. The signal R distribution was obtained from
radiative Bhabha events that pass all cuts. It has the
shape of a Gaussian with cr =2.8 cm, combined with an
exponential tail of decay constant 8.1 cm that contains
3.3% of all events. The background p~ shape is an ex-
ponential of decay constant a=0. 12 GeV/c that is mea-
sured using events passing all cuts with p )0.5 GeV/c
and 0.08 ( ~R~ (0.30 m. The cut on R removed possible
QED contamination. Finally, the background R distribu-
tion was found from events failing the shower-moments
cuts but passing all other cuts. A parabola (parametrized

as a second-order Legendre polynomial) was fitted to the
R distribution of these background events:

1 3RPs(R) = +P —1
2L

(6.3)

where L =0.3 m, and the fit gave p= —0.48.
The likelihood maximization gives S= 1.6 events with

p, )0.8 GeV/c.

VII. RESULTS

A. Limits on the production cross section
and the number of neutrino generations

We use a Monte Carlo method to convert our mea-
sured quantities into a physics result. The physical quan-
tity that we set a limit on is n, —the mean number of
single-photon events expected to be observed. That is,

n, =oLe, (7.1)

where o. is the total single-photon cross section from all
sources, L is the total integrated luminosity, and e is the
overall efficiency. Thus, a limit on n, is equivalent to a
limit on the cross section. For various possible values of
n, we calculate the probability that an experiment
equivalent to ASP would observe ~ 1.6 events. The
value of n, for which this probability is 10% is interpret-
ed as the 90%-C.L. upper limit on n, . We find this prob-
ability by simulating many R —p distributions for each
value of n„since only this distribution is needed to per-
form the likelihood analysis. For each simulated
equivalent experiment, the number of signal events gen-
erated is randomly selected from a Poisson distribution
centered upon n, . Values for R and p were randomly
selected for each simulated signal event from the distribu-
tions Ps(R) and Ps(p ). Similarly, the number of back-
ground events is selected from a Poisson distribution cen-
tered upon the number of background events actually ob-
served, and values for R and p for each are selected from
the distributions Ps(R) and Ps(pj. ). This simulated Rp-
distribution is then analyzed using the maximum-
likelihood method outlined in Sec. VIB, and the result
compared to the 1.6 events actually observed. The 90%-
C.L. limit is n, (4.8, and the 95%-C.L. limit is n, (5.9.
This 90%-C.L. limit is equivalent to

in the fiducial region p, )0.8 GeV/c, E ~ 10 GeV,
20'(0 ( 160'. This limit is valid for initial-state radiation

o.(e e ~y+weakly interacting particles)

(0.072 pb (7.2)
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processes in which the final-state masses are less than a
few GeV. The 95%-C.L. limit is o. &0.089 pb. If single-
photon events result from radiative-neutrino production
only, these limits on the cross section are equivalent to

& 7.9 (90% C.L. )

N & 10.4 (95%%uo C.L. ) .

These limits are lower than those from any other single-
photon searches.

B. Limits on the production of SUSY particles

The single-photon measurement can also be used to ex-
tract limits on the masses of SUSY particles. In this case,
radiative-neutrino-antineutrino events constitute a back-
ground to this signal. Unlike the beam-gas background,
which can be statistically separated from photons on the
basis of the R and p distributions, neutrino events are
identical to SUSY events. To set a limit on the presence
of SUSY events, there are two general approaches. ' The
"classical" approach is to calculate the probability of
making an observation, given a hypothesis about the
physical parameter. The Bayesian analysis, on the other
hand, finds the degree of belief that a physical parameter
has a particular value, given that the observation was
made. Numerically, the limits found are the same for
many situations. Unfortunately, this is not the case here;
limits obtained using both techniques are presented
below. The Bayesian limits on SUSY masses are then
compared to those from other e+e experiments.

We employ a Monte Carlo simulation of many
equivalent experiments in order to find the classical limits
on the SUSY masses. The procedure is the same as that
used to find the neutrino limits, except that the mean
number of signal events is the number expected from
three generations of neutrinos (2.6), plus the mean num-
ber of SUSY events expected to be observed (nsUsv).
The p- distributions are the same for these two types of
events when the lightest SUSY particle (LSP) is massless.
The 90 Jo-C.L. upper limit on nsUsY, which is that value
of nsUsv for which 10% of simulated experiments obtain
S &1.6, is nsosv &2.2. (The probability of observing
S & 1.6 when nsUsv =0 is 33%.) Assuming that the pho-
tino is the LSP and is massless, and that the two scalar-
electron mass states are degenerate, this limit is
equivalent to m ) 64 GeV/c . If three generations of
massless scalar neutrinos are the LSP, then the corre-
sponding limit in the W-ino mass is m~) 66 GeV/c .
We have summarized the classical lower limits for SUSY
masses for 90% C.L. and 95% C.L. in Table II.

TABLE II. Classical lower limits set on SUSY masses by
ASP jn CseV/p~.

The classical limit on nsUsz can be criticized because
the simulated experiments include those in which more
than 1.6 neutrino events are observed. The procedure is
numerically equivalent to observing that the 90%%uo-C.L.
limit on 1.6 events is 4.8 events, subtracting 2.6 for the
neutrino background, and obtaining the limit 2.2 events
on nsUsY. This involves subtracting more neutrino back-
ground events than were actually observed. The Baye-
sian procedure ' avoids this issue. The method is most
easily understood in terms of the likelihood function for
nsUsv, X(nsUsv ), which is proportional to the probability
of observing 1.6 events when expecting 2.6+ n sUs Y.
[Thus, X(nsUsv) has its maximum value at nsUsv =0. ]
For the purposes of this calculation, the number of events
observed is assumed to lie in a Poisson distribution cen-
tered on 2.6+nsUs~. Because of the beam-gas back-
ground, this is not strictly correct, but the error intro-
duced by this assumption is small. The normalized likeli-
hood function for nsUs~ is

(n +b)Ne sUsY

~( )
nsUsY

f (s +b)Ne —(s+b)d
0

(7.3)

o SUsY & 0.049 pb (90%%uo C.L. ),
o'sUsv & 0.063 pb (95% C.L. ),

(7.5)

for the fiducial region defined earlier. The equivalent lim-
its on the mass of the scalar electron, assuming that the
photino is the LSP, are shown as a function of photino
mass in Fig. 21. For a massless photino and degenerate
scalar-electron mass states, the limit is

m, ) 57 GeV/c (90%%uo C.L. ) .

where b =2.6 and N = 1.6. The 90%%uo-C.L. upper limit on
nsUsY is I, where

1

+(nsUSY )dnsUsv =0.90 (7.4)
0

The disadvantage of the Bayesian procedure is that the
resulting limits on physical parameters, such as particle
masses, depend upon which variable is used to
parametrize the likelihood function. For example, since
we are endeavoring to obtain limits on m, we might be
tempted to use X(m ). Unfortunately, X(m, ) has its
maximum value at m = ~, and so cannot be normalized
to satisfy fX(m )dm =1. The justification in using

X(nsUsv) is that the limits obtained in the absence of
background [i.e., b =0 in Eq. (7.3)] agree with those
found using the classical procedure. Furthermore, since
this parametrization has been used by the other e+e
single-photon searches, the limits can be directly com-
pared. The 90%-C.L. and the 95%-C.L. upper limits are
nsUsY (3.3 and 4.2 events, respectively. These limits are
equivalent to

m, (degenerate) (m =0)
m, {nondegenerate) (m =0)

m- (m. ——0)

90% C.L.

64
53
66

95% C.L.

57
47
59

The mass limits for nondegenerate scalar-electron masses
and for the 95%-C.L. mass limits are shown in Table III.
The limits on the 8'-ino mass, obtained under the alter-
native hypothesis that the scalar neutrino is the LSP, and
that there are three degenerate generations, are shown as



39 SEARCH FOR THE ANOMALOUS PRODUCTION OF SINGLE. . . 3221

60 ttn /

CV0) 40—
CO

(3

CU

O 40—
Q)

20—

0 5 10
m- (Gev/c )

---r-
I i I

0 5 10
m- (GeV/c )

a function of scalar-neutrino mass in Fig. 22. For rnass-
less scalar neutrino, the limit is

m~) 59 GeV/c (90%%uo C.L. ) .

These limits on the SUSY masses are significantly higher
than those from other single-photon searches and are
summarized in Table III. The limits in this table are ei-
ther 90%%uo-C.L. or 95%%uo-C.L. Bayesian lower limits, and
assume either a massless photino or a massless scalar neu-
trino.

C. Systematic errors

The primary systematic error on the neutrino limit
arises from radiative corrections to Eq. (2.1). Although
work has been done on these corrections, the full u
calculation is not available. The inclusion of a second
photon in the final state reduces the calculated cross sec-
tion for two reasons: the second photon can veto the
event, and the momentum carried by the second photon
reduces the average transverse momentum of the primary
photon, causing some events to fail the p cut. Reference
24 indicates that the loss is approximately 8%%uo of the
cross section due to Z production. Such a loss could
change our limit from N &7.9 to X &8.5. Another un-
certainty in the cross-section calculation is the use of the
local-limit approximation, which gives a cross section
that may have an uncertainty of 4%. The efFect of these
uncertainties could be to increase the neutrino limit from
7.9 to 8.2. An incorrect Z width used in Eq. (2.1) would
lead to an incorrect cross section. However, as was men-
tioned in Sec. II A, the effect of the width of the Z is

TABLE III. Bayesian lower limits set on SUSY masses by
ASP in GeV/g .

m, (degenerate) (m- =0)
m, (nondegenerate) (m- =0)

m~ (m =0)

90% C.L.

57
47
59

95% C.L.

53
43
56

FIG. 21. 90%-C.L. limits placed on the scalar-electron and
photino masses. The solid line applies if the scalar-electron
mass states are degenerate, while the dashed-dotted line applies
if one is much heavier than the other. The dashed line is

m, =m

FIG. 22. 90%-C.L. limits placed on the 8'-ino and scalar-
neutrino masses. The calculation assumes three degenerate
scalar-neutrino generations. The dashed line is m ~ =m .

negligible at the PEP energy, less than 0.1/o of the cross
section.

The other major source of error in the calculation of
the cross section is a possible systematic bias in the mea-
surement of p. and 0, which would include events in the
fiducial region that should be excluded, or vice versa. A
related error, giving the same result, is the use of in-
correct values for the resolution of the detector in these
quantities. The size of these errors is estimated by apply-
ing the detector simulation to the four-vectors from the
kinematic fit to radiative Bhabha events. (For this pur-
pose, only those cuts that can be applied to radiative
Bhabha events are simulated. ) The number of simulated
events within the fiducial region after this process can be
directly compared with the actual number of radiative
Bhabha events that are measured to be within the fiducial
region and pass all cuts. This comparison indicates that
the error in the calculated cross section from this source
is less than 5%.

Two other sources of systematic error are the 1% un-
certainty in the luminosity, and a 2%%uo uncertainty that re-
sults from the use of electrons rather than photons to
determine the single-photon efficiency. The limits ob-
tained are not sensitive to small variations in the proba-
bility distribution functions used in Eq. (6.1). For exam-
ple, changing the decay constant in I'~(p/) by lo. results
in a change of less than 0.5% in the limit given in Eq.
(7.2).

VIII. DISCUSSION

A. The limit on the number of neutrino generations
from single-photon experiments

The ASP experiment has completed the most sensitive
search for the radiatively tagged production of particles
that interact only weakly in matter —a search for which
it was specifically designed. No anomalous signal has
been observed. This absence has been interpreted as a
limit on the number of generations of light neutrinos. At
the 90% C.L., Ã is restricted to be less than 7.9 genera-
tions.

The limits on the number of neutrino generations from
the MAC (Ref. 28) and CELLO (Ref. 29) Collaborations
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as well as the relevant parameters of each experiment are
summarized in Table IV. We have combined these re-
sults with the ASP measurement to obtain a composite
limit on N . In combining the results a question arises as
to whether to include the constraint N «3. In the fol-
lowing discussion we give results both with and without
this constraint.

The statistical method used to obtain the combined
limits on N from ASP, MAC, and CELLO is similar to
the Bayesian analysis used to obtain the ASP limits on
the masses of SUSY particles. We also use this method
to extract the ASP limit on N with the bound N «3.

The parameter used in this analysis is n„ the number
of events expected to be observed; i.e., n, =o.eL, where
o. =radiative neutrino cross section, @=overall analysis
efficiency, and L =integrated luminosity. The normal-
ized likelihood function for n, for N observed events (not
necessarily an integer) if no bound is placed on N is

n, =a+ mN (8.5)

The parameters a and m are derived from the MAC (Ref.
28) and CELLO (Ref. 29) publications. The combined
values for a and m are just the sums of those from the in-
dividual experiments.

The combined e+e limits on N„with and without
the bound on N, are

N &5.2 (N )0) (8.6)

and

limit found in this manner is always higher (less restric-
tive) than the unbounded case, regardless of the values of
N and b.

Limits on n, are converted to limits on N by
parametrizing n, as a linear function of N:

—n
n eS

I (N+1) (8.1)
N &71 (N )3). (8.7)

where I (N + 1) is a I function. N =3.86 for the com-
bination of the three experiments (Table IV). The 90%-
C.L. upper limit on n, is l, where

n, dn, =0.90 . (8.2)

X(n, )
X'(n, )= „,n, )b .

X(n)dn
(8.3)

The 90%-C.L. limit on n, with this likelihood function is

'
n, dn, =0.90, (8.4)

from which we find l=9.7 events. Note that the upper

From this equation we find 1=7.8 events.
A more conservative limit is found by requiring that

N )3. [Equation (8.2) could result in limits on N less
than three for some values of N.] The bound N ) 3 is

equivalent to requiring n, «b, where b is the number of
events expected for three neutrino generations (5.57
events for the three experiments). The normalized-
likelihood function for n, is then

The corresponding 95%-C.L. limits are N & 6.4 for
N &0, and N &8. 1 for N «3. These 90%-C.L. limits
are higher than those given by a similar analysis in Ref.
29. There are two reasons for this difference. The final
analysis of the ASP experiment has reduced the systemat-
ic error in the determination of the luminosity, and has
determined a lower integrated luminosity. This in turn
has raised the ASP lower limit for N, compared to the
earlier result used by Ref. 29. Also, Ref. 29 has used the
unpublished limit for N from the Mark J experiment,
but we have chosen not to do so.

Equation (8.2) could be used to calculate limits for in-
dividual experiments, but both ASP and CELLO actually
use Monte Carlo methods that explicitly include beam
gas or cosmic-ray backgrounds. If ASP were to use (8.2),
the 90%-C.L. limit would be N &7.8, slightly better
than the actual limit N &7.9. The fact that these values
agree well indicates that using (8.2) and (8.4) to find the
combined limit is not unreasonable.

The ASP limit with the bound N «3 is found from
(8.4) with N=1. 6 and b =2.6. The 90%%uo-C.L. limit is
n, &5.9 or N &10.4.

TABLE IV. Summary of single-photon searches by e+e experiments.

ASP MAC (Ref. 28} CELLO (Ref. 29) Combined

f Ldt (pb ')

&s (aeV}
p,

'" (GeV/e)
0„„,(mrad}
No. events expected
No. events observed
90%%uo (95%%uo) C.L. on n,
Parameter a
Parameter m
90'Fo (95%) C.L. on N
90% (95%) C.L. on N
assuming N &3

110
29
0.8
21
2.6
1.6

4.8 (5.9)
1.27
0.44

7.9 (10.4)

10.4 (12.3)

177

29
2.0-4.5
66-175

1.1
1.0

3.9 ( —)

0.49
0.20

17 ( —)

123

35—42.6
1.75—2.3

50
1.87
1.26

3.9 (4.7)
0.83
0.35

8.7 (11.3)

11.2 (13.9)

5.57
3.86

7.8 (9.0)
2.59
0.99

5.2 (6.4)

7.1 (8.1)
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B. Comparison with results
from proton-antiproton colliders

Experiments at the CERN pp collider also obtain limits
on N . The UA1 Collaboration uses a technique that is
similar to the single-photon search; it is a search for the
process pp~Z x, followed by the decay Z ~vv (Ref.
30). Although the Z is not detected, the process can
produce large missing transverse energy when there are
one or more high-pT (gluon) jets recoiling against the Z .
In selecting possible candidate events, UA1 requires that
the event have at least one jet with high transverse energy
(ET) 12 CxeV), and have missing transverse energy that is

significant to at least the 4o. level. The largest contribu-
tion to this sample is 8'~~v, decays. Each event is as-
signed a likelihood of being such an event on the basis of
the shower shape and particle content and those that are
most likely (i.e., have a likelihood greater than 0) are as-
sumed to be ~ events and are not used in the subsequent
analysis. Because of difhculties in the Monte Carlo simu-
lation used, the additional restriction ET &40 GeV is ap-
plied, leaving 17 monojet events. The predicted rate of
such events, assuming three generations of neutrinos, is
17.8+3.7+1.0 events. The major contributions to this
predicted rate are ~ events that are not rejected by the
likelihood cut, jet fluctuations (events that do not really
have large missing transverse energy), and the desired
neutrino events. For an expected rate of 1.8 events per
extra neutrino generation, this measurement implies that
b,N &7 (90% C.L.), or

N &10 (90% C.L. ) .

A second method to measure N, which is used by
both UA1 and UA2 (Refs. 31 and 32), consists of measur-
ing the ratio

o (pp ~Wx)B ( W —+ l v) Bw

o.(Pp —+Zx )B(Z~l+l ) Bz

R, B~, and Bz are calculated using the standard
model and the measured nucleon structure functions. Bz
is a function of N, so a measurement of R can be inter-
preted as a measurement of, or a limit on, N . The calcu-
lation of B~ and Bz depend on the top-quark mass, m, .
The results listed here are valid for m, &44 CxeV/c and
assume that the charged leptons of any addition genera-
tions do not contribute to the 8' and Z decays. The
current mass limit is mL )41 GeV/c (Ref. 30) so such
decays are still allowed experimentally. There is uncer-
tainty in R due to uncertainty in the nucleon structure
functions but the major uncertainty in the measurement

N &5.9 (90% C.L. ) .

C. Results from astrophysics

In addition to the laboratory experiments discussed
above, N can be determined by astrophysics arguments
and measurements. N is related to the primordial abun-
dance of Heby

Y'p =0.230+0.011 ln10 ri+0. 013(N —3)

+0.014(r„—10.6), (8.8)

where Yp is the fraction of the mass of the Universe that
is He, g is the ratio of nucleons to photons, and ~„ is the
neutron half-life in minutes.

Various limits on N have been recently published.
These vary from

N &5—6

to

These limits cannot be assigned a confidence level be-
cause the uncertainties are systematic rather than statisti-
cal.

D. Summary of the lower limits set on the masses
of SUSY particles from single-photon searches

in e+e experiments

The ASP, MAC, CELLO, and Mark J single-photon
experiments have been interpreted to set lower limits on
the masses of SUSY particles. We have combined the
limits from these four experiments to form the best limits
on the production of SUSY particles, using Eqs. (8.2) and
(8.4) with N=3. 86 and b =6.0. [We have used N=O and
b =0.4 for Mark J (Ref. 36).] The 90%-C.L. upper limit
on nsUs~ is nsUs~ &4.0. These results are summarized in
Table V.

of N is the statistical uncertainty from the small number
of Z leptonic decays. The limits obtained by these ex-
periments are

N & 7.0 (90% C.L. ) UA1

N &7.0 (95% C.L. ) UA2,

N, &4.6 (90%%uo C.L. ) combined UA1 and UA2 .

If the additional requirement of N 3 is applied, the
combined limit is

TABLE V. Summary of the lower limits set on SUSY masses from single-photon searches (GeV/c ).

CL ASP MAC (Ref. 28) CELLO (Ref. 29) Mark J (Ref. 37) Combined

m, (degenerate)

( -=0)
m, (nondegenerate)

(I =0)

(rn =0)

90%%uo 57
95go 53
90%%uo 47
95%%uo 43
90%%uo 59
95%%uo 56

47

38

51.5
47.5
28
24
40
37

40
36

45
39

69
65
57
53
73
68
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E. Non-single-photon limits on SUSY masses
from e +e collider experiments

There have been searches for processes other than the
single-photon channel that have also set limits on these
masses, all of which are consistent with the single-photon
limits. The collaborations HRS (Ref. 11), CELLO (Ref.
38), JADE (Ref. 12), MAC (Ref. 39), Mark J (Ref. 40),
and TASSO (Ref. 41) have attempted to detect the pro-
cess e+e —+e +e which is followed by the rapid decay
e~ye. The signature is an acoplanar pair of electrons
with missing energy. The absence of an anomalous rate
for this signature gives the limit' m )22 GeV/c (95%
C.L.), assuming degenerate mass states and massless pho-
tino. Similar searches have also set limits on the masses
of the supersymmetric partners of the muon ' ' and
the r: ' m )21 GeV/c and m ) 17 GeV/c (both
95% C.L.).

Several searches have also been made for events con-
taining only a single electron detected in the final state.
These events arise from e+e ~(e)ey, where the first
outgoing electron does not leave the beam pipe, and the
scalar electron decays as above. JADE (Ref. 12), MAC
(Ref. 44), and Mark II (Ref. 45) have not observed any
anomalous signal. The best limit is m &30 GeV/c
(95% C.L.) for degenerate mass states and massless pho-
tino.

A region in the m -m plane not addressed by ASP is

m &m . If the scalar electron is the LSP, then the sig-

nature for e+e ~e +e will be a pair of charged parti-
cles. The best limit' obtained from a search for such
events is m )22 GeV/c (95% C.L.), for degenerate sca-

lar electrons and m )m .
y e'

The non-single-photon searches for W-ino production
are very similar to those for scalar-electron production,
and have been undertaken by JADE (Ref. 46), MAC
(Ref. 44), and Mark (Ref. 47). The processes mvolved are
e+e ~W+W or e+e —+(e)Wv, in both cases fol-
lowed by the rapid decay of the 8'-ino. MAC has as-
sumed that the dominant decay is 8'~lv, where I is a
charged lepton, while JADE and Mark J have allowed
additional modes. No signal has been observed and the
W-ino mass has been limited to m~) 25 GeV/c (95%
C.L.), for m =0. However, the approximations used in

determining this limit have recently been questioned
and the limit has not yet been recalculated with the exact
cross section.

These non-single-photon experiments have set less
stringent limits on the masses of SUSY particles than the
single-photon searches.

IX. CONCLUSION

There is no evidence for the existence of more than the
known three generations of neutrinos. The current limits
on X are summarized in Fig. 23. This set of measure-
ments, obtained using a variety of techniques, would ap-
pear to rule out any value for X greater than five or pos-
sibly six.

The present single-photon measurement has increased

Cosmological pp Collider e+ e Collider
Limits Limits Limits

Mac
(f)
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u 16—
UJ
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0 14—
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Z ~VV

9A9,
CELLO

Q.QX
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Combined
UA1 + UA20 6.9.Q.Q.

ASP
Combined

e+e-

FIG. 23. Summary of limits on the number of generations of
neutrinos.

the previous lower limit on SUSY-particle masses. No
evidence has yet been observed for the existence of SUSY
particles.
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APPENDIX: CONTRIBUTIONS
TO THE SINGLE-PHOTON CROSS SECTION

FROM SUSY PARTICLES

The other particle that is frequently proposed as the
LSP is the scalar neutrino (v), the SUSY partner of the
neutrino. ' The scalar neutrino interacts with ordinary
matter via the weak force only, mediated either by the
known 8'—and Z or by their SUSY counterparts, the
W-ino (W) or the Z-ino (Z). In general, the chargino
Inass states are mixtures of 8'-inos and Higgsinos. The
model considered here, however, suggests that the 8'-ino
is a mass eigenstate and is light compared to the other
charginos. The masses of these SUSY gauge fermions are
experimentally known to be at least comparable to that of
their partners, . so the scalar-neutrino interaction cross
sections are of the same magnitude as those of the neutri-
nos. The processes that contribute to the single-photon
rate are shown in Fig. 24. The unknown parameters in
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FIG. 24. Neutral-current (a) and charged-current (b) contri-
butions to the radiative scalar-neutrino cross section. The
charged current produces only electron-type scalar neutrinos,
while the neutral current produces all types.

the scalar-neutrino cross section are the 8'-ino mass, N,
and the mass of each scalar-neutrino flavor. For the pur-
poses of extracting limits on scalar-neutrino production,
we make the simplifying assumption that N =3 and that
the scalar-neutrino flavors are degenerate in mass. With
these assumptions, the radiative scalar-neutrino cross sec-
tion has the form of Eq. (2.4) in the local limit approxi-
mation, with

Op —0

GFs

12m

,'&.(g—v+g~ )
—

—,'«v+g~ )mw/mg

(1—s'/m, ')'+ rz/m, '
4

+— (1—4m /s')m~ 2 ~ 3/2
4m4 V

8'
(A 1)

The structure of this equation is very similar to that of
Eq. (2.2); the term in the large parentheses proportional
to N is due to the weak neutral-current production of all
scalar-neutrino Aavors, while the remaining terms in the
large parentheses are due to the charged-current produc-
tion of the electron scalar neutrino and interference
terms. Because of spin factors, the cross section for the
neutral-current production of each scalar-neutrino gen-
eration is only half of that of the corresponding neutrino
generation; hence the factor of —,

' multiplying X . The
exact a cross section, which was used to obtain limits,
is shown as a function of the 8'-ino mass in Fig. 25. For
X =3, m =0 and m~ ~ 55 GeV, ASP would expect to
observe a single-photon signal inconsistent with X =3 at
the 90% level (i.e., ~ 4. 5 events).

The radiative production of both the photino and the
scalar neutrino would be a contribution to (1.1) regardless
of which is the LSP. If the photino is the LSP, the scalar

0.02

0
20 40 60

M w (Gev/c ~)

80

neutrino will decay almost entirely by the mode v~vy.
Conversely, if the scalar neutrino is LSP, the primary
photino decay will be y~vv. In either case, the decay
products are noninteracting, so the SUSY contribution to
the single-photon rate could actually be a sum of two
different sources. For the purposes of extracting limits
on SUSY masses, we assume that only one or the other is
present; this is equivalent to assuming that m „(or
m, )&&s /2.

Other candidates for the lightest SUSY particle are the
Higgsino (H ) and the gravitino (G). The Higgsino has
been largely ruled out as LSP by searches at DESY PE-
TRA for events with two photons and large missing ener-

gy in the final state. ' In any case, the Higgsino contribu-
tion to the single-photon rate is less than that of a single
neutrino generation; it will not be large enough to be
detected by this experiment. If the gravitino is the LSP,
the process contributing to the single-photon rate is
e +e —+yy G. The cross section is

m4

rr G 2~&d 2 rrr ' (A2)

The SUSY scale-breaking term, v'd, is expecteds to be
~ 10 GeV, so that the above coefficient is —10 ' . This
value of &d also indicates that the photino is long
lived, so e+e ~yyy will be the major SUSY contri-
bution to the single-photon rate even if the gravitino is
LSP.

FIG. 25. The radiative scalar-neutrino cross section as a
function of 8'-ino mass, for m =0 (solid), m =6 GeV (dotted),
m =11 GeV (dashed-dotted), and m, =12 GeV (dashed). The
calculation assumes X =3.
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