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A search for single photons produced in association with neutrinos or other weakly interacting neutral

particles has been performed in e+e annihilations at Js -29 Gev with the MAC detector at the SLAC
e e storage ring PEP. One event is observed, with 1.1 events expected from the reaction e+e ivy.
The number of neutrino families is restricted to N„& 17 at the 900k confidence level. Limits on possible

masses of supersymmetric electrons (e) and photons (y) are presented. The e mass limit is m,- &48
GeV/c at the 90k confidence level if m- m& and m 0. If m& && m, the corresponding limit is

L R L R
m- & 40 GeV/c2.

R

Searches for photons from the reaction e+ e yyy
currently provide the most restrictive limits on the masses
of possible supersymmetric partners to the electron (e) and
photon (y) in models where the y is light and stable. '2 A
dominant background to these searches, the reaction e+e

vvy, is also of considerable interest since the cross sec-
tion integrated over all angles is proportional to (1+%„j4)
(Ref. 3), where N„ is the number of light-neutrino families.
Present limits on N„ from e+e, although not quite as res-
trictive as recent pp collider results, provide an independent
measurement of this fundamental quantity. This paper re-
ports a search for single photons accompanied by weakly in-
teracting particles in three data samples totaling 177 pb ' of
e+e interactions accumulated by the MAC detector on the
PEP storage ring at SLAC. Improved selection criteria,
complete use of all small-angle detectors, and an additional

61 pb ' of integrated luminosity have allowed significant
improvement in the limits on radiative neutrino and su-
persymmetric-particle production compared with our previ-
ously published search. '

Although supersymmetric (SUSY) theories' continue to
generate much theoretical activity, none of the predicted
partners to ordinary particles has yet been found. In many
SUSY models the lightest SUSY particle is neutral, stable,
interacts only weakly with matter, and thus cannot be direct-
ly detected. Two candidates for this lightest SUSY particle
which can be produced in e+e interactions .are the y pro-
duced via virtual e exchange and the scalar neutrino (t )
produced via Z or supersymmetric- W ( W) exchange. The
cross section for radiative production of y or u pairs is a
function of both the y or v masses and the masses of the
exchanged particles. ' These cross sections are comparable
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to the radiative neutrino process if m-=0 and m,-=52
GeV/c or if m„- - 13 GeV/c and rn~ = 29 GeV/c .

Photons from e+e vvy, yyy, and very have similar
energy and angular distributions, peaked sharply at low en-
ergy and at small polar angles. Other radiative processes,
e+e e+e y, yyy, p, +p, y, and v+7 y can also pro-
duce single-photon events if the other particles in the event
are lost into uninstrumented or inefficient regions of the
detector. For a detector completely efficient above some
polar angle relative to the beam axis, the background from
e+e y, yyy, and p, +p, y is kinematically limited to

Eq„~ (v s —E„)sin8„„,

E~~ is the transverse energy of the detected photon and
8„,&, is the maximum polar angle of undetected particles.
This restriction does not apply to e+e v+v y where de-
cay neutrinos may carry significant momentum. However,
given the photon energy resolution, the luminosity, and
8„,&„ the background from all of these processes is easily
calculated. The data in this report were collected in three
running periods of differing 8„„,. The single-photon search
region for each period was chosen accordingly.

The MAC detector, composed of calorimetric and tracking
chambers covering & 989o of 4m sr, has been described in
previous reports. ' Of particular importance to this experi-
ment are the electromagnetic shower calorimeter (SC) in
which photon energies and directions are measured, and the
end-cap calorimeters (EC's) and small-angle detectors which
define 8„„,. The other MAC detector elements (inner and
outer drift chambers, hadron calorimeters, and scintillation
counters) provide rejection of cosmic-ray, single-electron,
and beam-gas backgrounds. The 14-radiation-length (r.l.)
SC, constructed from alternating planes of lead and propor-
tional wire chambers (PWC's) covering 35 ( 8 (145', is
segmented radially into three layers. Position information is
derived from 1.9' azimuthal segments digitized at both
ends. The angular resolution has been determined from ra-
diative Bhabha scattering events to be 1.3' in azimuth (P)
and 1.7' in the polar angle (8). The energy resolution is
~,(E- 200k/4E (GeV).

The first data sample of 36 pb ' was collected with the
original detector configuration. End-cap calorimeters cov-
ered polar angles greater than 10' with at least 20 r.l. of
steel and PWC planes. A single plane of scintillators pro-
vided redundant coverage to about 12' from the beam axis.
Fully efficient small-angle veto calorimeters (SAV's) cover-
ing 3.8' & 8 & 17.5' were installed for the second data sam-
ple of 80 pb '. Downstream of the SAV detectors, small-
angle tagging counters (SAT's) cover 85% of the azimuth
between 2.5' & 8 & 6.2'. Each SAV was constructed from
alternating discs of lead and P%C planes totaling 8.5 r.l.
Each SAT was made from 6-8 r.l. of lead backed by 2 cm of
plastic scintillators. Mechanical supports for the beam pipe
precluded complete azimuthal coverage for the SAT's. A
vertex chamber (VC) was installed for the last data sample
of 61 pb '. The additional shielding necessary for the VC
obstructed the SAV's and SAT's belo~ 6.8'. Rings of 24
bismuth germanate (BOO) crystals with photodiode readout
were added between the VC and shielding, recovering part
of the lost veto coverage. These BGO rings cover
4.8' & 8 & 7.2' with 10 r.l. of active material.

Data for this experiment were collected with a single-pho-
ton trigger requiring energy deposition in at least two of the

SC layers and a minimum of 1 GeV of energy in good time
coincidence (+75 nsec) with the beam crossing. Subse-
quent data analysis required that candidate events have a
photon well inside the SC, 40' & 8~ & 140, and that no evi-
dence of other particles appear in any of the other parts of
the detector. Cuts applied on the energy-deposition pattern
were designed to eliminate photons not originating from the
beam-interaction vertex. A detailed description of the event
selection follows.

Photon showers were recognized by a clustering algorithm
that combined calorimeter hits above 100 MeV from the
SC, EC, and hadron calorimeters with neighboring hits in @
and 8. The minimum cluster contains two hits. Clusters
were allowed to span calorimeter boundaries and were al-
lowed to extend into the hadron calorimeter. Each shower
was assigned energy E and angles 8 and qb from the scalar
and vector sum of its individual hits. Only events with a
single cluster greater than 40' from the beam axis were
kept. Single-electron events were eliminated by rejecting
events with four or more central drift-chamber hits. Events
with an outer drift-chamber track or with greater than 30%
of the cluster energy in the hadron calorimeter were identi-
fied as cosmic rays and rejected.

The single-photon candidates surviving the above cuts
were primarily e+e y and yyy events, but contained small
contributions from beam-gas and beam halo scatterings, and
from noise in the SC. To further reduce these back-
grounds, stringent cuts were made on the shower profile.
Every shower was required to have one or more hits in the
first layer of the SC and two or more hits in the second
layer. For this analysis it was further required that the
shower have at least one hit in the third layer of the SC.
These cuts have a strong bias against photons from beam
related backgrounds entering the SC at shallow angles. Cuts
on the angular width in $ and 8 of candidate showers fur-
ther rejected events not originating at the beam vertex. The
hits in each shower were fit to a straight line not con-
strained to the event vertex. The point of intersection zp
with the beam axis in the plane containing the beam axis
and the shower centroid, and its distance of closest approach
r;„ to the interaction point in the plane transverse to the
beam axis, were calculated with a resolution o., 12 cmSp

and rr, 3.3 cm. Showers were required to have ~zo~
min

C 30 cm and r;„(15 crn. Candidates passing these cuts
were identified as single photons.

The selection criteria described were applied to all three
running periods. Additional cuts on small-angle detectors
installed after the first data period were made to reduce
8„„,. Events were vetoed if the energy in the SAV's was
greater than 250 MeV. For the second data sample, events
were also rejected if the SAT's were hit. The SAT's were
not used in the third data sample. Instead, events with
greater than 100 MeV in the BGO rings were rejected. The
Ej~ distributions of the single photons satisfying these re-
quirements are shown in Fig. 1 for the three data samples.

Trigger, detection, and analysis efficiencies were deter-
mined as a function of E~~ and 8~ from radiative Bhabha
scattering events with a single electron or photon in the SC
and at least 3 GeV deposited in the SAV's. Losses due to
background noise in the SAV, SAT, BGO, drift, calorime-
ter, and scintillator detectors were studied with beam cross-
ings selected at random. The photon conversion probability
in the beam pipe was determined from Monte Carlo studies
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FIG. 2. The lower limit for m, as a function of m-. The solid

curve is for m- m& . The dashed curve is for m- && m- . The
'L

limits are at the 90'k confidence level.

FIG. 1. (a) Ez~ spectrum of single photons for the first data

sample of 36 pb ' with &vetp 10' and search region Eg„&4.5
GeV/c2, (b) E» spectrum for the second data sample of 80 pb

with H„efo 2.5' and search region Eg~ & 2.0 GeV/c . (c) Eg„
spectrum for the third data sample of 61 pb with g„e, 4.5' and

search region E» & 2.6 GeV/c .

to be 2-5% depending on the running period. An overall
efficiency for each data sample was calculated from the
product of the above efficiencies as a function of E~~ and

This efficiency typically rises from 53'/o at Ej„2.0
GeV to 69% at Ej„=4.5 GeV.

The expected yield of single photons from e+e y, yyy,
p,

+
p, y, and 7+v y events passing the trigger and analysis

cuts was compared to the data for each of ihe running
periods. A Monte Carlo generator9 produced events which
were then smeared with the MAC energy and angular reso-
lution functions. The E» spectrum of photons in the
geometric acceptance corrected for the detector efficiency
was determined for each different 8„„,. The best 8„,t, fit to
each data sample agreed with the angles expected from the
geometry of the small angle detectors. A separate analysis
of single-electron events from e+e y verified the 8„„,
determined by this procedure.

A search region for each of the running periods was de-
fined such that the combined background from e+e
gyes, p,

+
p, y, and 7+v y events was expected to be less

than 0.1 event for each data period. The search regions are
(a) Ez„&4.5 GeV, (b) E~„&2.0 GeV, and (c) Eq~ & 2.6
GeV. The expected yield of photons from e+e
(/V„- 3) was 0.1 in (a), 0.6 in (b), and 0.4 in (c). Only the
previously reported event at E~„=5.3 GeV is found in the
search regions. The yield of photons from e+e
and p, +p, y events falls steeply with E» and cannot ac-
count for the observed event. Calculations of the E~~ spec-
tra of photons from ~+~ y show a much flatter E~~ depen-
dence and predict a total of 0.03 events for E~~ & 4.5 GeV.
The most likely hypothesis is that the observed event is
from very production since 45'/o of the expected 1.1 neutrino
events have E~„&4.5 GeV. Observing one event in the
three search regions corresponds to a limit of N„& 17 at the
90% confidence level with no SUSY or background produc-

tion assumed or subtracted. The cross-section upper limit

equivalent to this neutrino-family limit is 26.5 fb at the 90%
confidence level for E~„&3.0 GeV and 40' & 8„(140'.

Since the search regions have different E~„ thresholds
and the efficiency varies with E» a differential cross section
must be specified before a cross-section limit can be calcu-
lated from the combined data. Limits on anomalous sin-

gle-photon production were calculated after subtracting the
expected very background. The upper limit on anomalous
single-photon production is 18.8 fb at the 90'Iro confidence
level for E~„&3.0 GeV and 40'& 8~ & 140' if the shape of
the differential cross section is similar to very. Using the
differential cross section for gyes production as calculated by
%'are and Machacek, ' the regions of excluded e and y
masses are shown in Fig. 2 for (a) m~ m-, and (b)

L R

m; » m; . For m„-=0 the limits are (a) m~ & 48 GeV/c'

and (b) m~ & 40 GeV/c'. These limits are significantly
R

higher than those obtained from our previously published
search' and greater than or comparable to results from other
searches. '

The limits on v and 8 masses depend on the specific
SUSY model selected. A calculation by Grifols, Martinez,
and Soli" of very production is used to obtain a limit for
the v mass of m„- & 10.8 GeV/c' at the 909o confidence lev-

el if m~ 25 GeV/c'. For m„- 0 the limit is mg, ) 50
GeV/c~ at the 90% confidence level.
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