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This Letter reports results of a search for radiative production, by e+e annihilation, of particles that
interact only weakly in matter. The search has been made in the total data set of 115 pb ' acquired
with the ASP detector at the SLAC storage ring PEP (js =29 GeV). No anomalous signal was ob-
served. The number of generations of light neutrinos has been limited to N„& 7.5 (90% confidence lev-

el). Limits are also placed on the masses of particles predicted to exist by models of supersymmetry.

PACS numbers: 13.10.+q, 14.60.Gh, 14.80.Ly

This Letter reports a search in the total data sample taken with the ASP detector at the SLAC e+e storage ring
PEP for events in which only a single photon is observed in the final state. Such events signal the radiative production
of particles that interact only weakly in matter,

e +e y+ weakly interacting particles.

The ASP detector is designed specifically to search for events of this type. The known process that contributes to (1) is

the radiative production of neutrino pairs. For N, , generations of light neutrinos and to lowest order in QED, the cross
section for e+e ~ yvv is'

d'cr GF'a s(1 —xr)
[(1 —
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[s (1 —x ) —mz'] '+ mz'rz'

(2)

where pT~ is the momentum of the detected photon trans-
verse to the beam line, 8~ is the polar angle of the detect-
ed photon, and xr=2Fr/Qs. The term proportional to
N, arises from the s-channel neutral current, while the
remaining terms result from charged- and neutral-
current production of electron-neutrino pairs. A mea-
surement of the cross section for (1) will determine (or
place limits on) the value of N, . In most theories of su-

persymmetry (SUSY), the lightest supersymmetric par-
ticle is stable and interacts only weakly in matter. Radi-
ative production of pairs of such particles would also
contribute to reaction (1). Regardless of its source, the
observation of a single-photon rate significantly in excess
of that predicted by (2) for N„=3 would signal the pro-
duction of new particles.

Potential backgrounds to (1) can arise from other
e+e radiative processes (especially e+e e+e y),
cosmic rays, and beam-gas interactions. The ASP detec-

! tor provides charged-particle tracking and electromag-
netic calorimetry over the complete solid angle above
8„„,=21 mrad, and so only those events with photons
that have pTr & 20„„~b„(0.6 GeV/c for this experi-
ment) could possibly be mistaken for reaction (1). We
therefore search for photons with pTr & 0.8 GeV/c.
Cosmic rays and beam-gas events are distinguished from
photons by timing, tracking, and shower shape. The re-
sidual background photons that pass our selection cri-
teria arise almost entirely from z 's that are produced by
beam-gas collisions at all points along the beam line.
Single photons are produced at the interaction point
only, and so we perform a likelihood analysis that ex-
ploits this diff'erence in production point and the dif-
ference in pT distributions to distinguish the single-
photon signal from this background.

The ASP detector, shown in Fig. 1, has been described
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in a previous Letter. Photon recognition is achieved for
20' & 0 & 100 by five iayers of 1",&d-glass bars that
surround the interaction point. These layers are inter-
leaved with proportion, t! wire chambers (PWC) to pro-
vide .1 ull reconstruction of electromagnetic showers. The
region between the lead glass and the beam pipe is filled

by wire chambers and scintillator planes that are used to
detect charged particles. Above the lead glass is an ar-
ray of' time-of-flight scintillation counters (not shown in

Fig. 1) that is used to reject cosmic rays. The detector is

triggered if the energy in the calorimeter is greater than
0.6 GeV and is observed in two or more layers in one
quadrant or two adjacent quadrants. Other triggers
record Bhabha and radi, ttive Bhabha (eey) event. ', , ran-
dom beam crossings, and other diagnostic processes.
Particularly useful is a sample of 40000 fully recon-
structed and kinematically fitted eey events. The trigger
for this sample requires only a very 1ow energy in the
lead glass (0.2 GeV), and so these events provide an un-
biased measurement of' single-photon trigger and
analysis efTiciencies and performance characteristics of
the detector. The integrated luminosity' of the experi-
ment is measured to be 115 pb ' by use of the recorded
low-angle Bhabha events. This includes the luminosity
reported in Ref. 4.
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The energy resolution of the lead-glass calorimeter„
averaged over all angles, is oF/F =14'r at E, = I GeV„
and the angular resolutions are ate=4. 4 and (T, =3.2'.
The extrapolated origin of an electromagnetic shov er is
characterized by R, the signed distance of' closest «p-
proach to the interaction point in the LZ or 7''Z plane (Z
along the beam line). The measured distribution I'unc-

tion for this quantity is a Gaussian with op =2.8 cm and
a small exponential tail (the interaction volume of the
beams is —1.5 cm long in Z). The distance of closest
;approach to the beam line, Rvt (perpendicular to the
bea111 line), is determined by the PWC signals v, ith a
resolution of o qi- =5.S cm. The timing resolution is

o~ =1.2 ns tt E,= 1 GeV, and dec-eases to 1.0 ns above
2.5 GeV.

Single-photon candidates must pass tv o major sets of'

selection criteria. These difTer somewhat f rom those
used in our earlier analysis because of improved tracking
and timing, and better understanding of the beam-gas
background. We first look for a photon candidate in the
lead-glass calorimeter. We require that there be a v ell
n~easured shower in the fiducial region 20 & 0, & 160',

I R
l
( 30 cm, p&~ ) 0.8 GeV/c, and Er ( 10 GeV It

,Iny of' these quantities is poorly measured, the event i»

rejected. The requirement E~ & 10 GeV eliminates
background that arises when a photon in an e+e —

yy
event fails to convert in the lead glass. We expect three
such events in our sample and find four. For further re-
jection against cosmic rays, v e require Rq. ~- & 18 cm,
the time of the 1ead-glass shower to be within + 3o-I- of
the beam-crossing time, and the time from the time-of-
f1ight -ounters, if available, to be consistent with
shov er propagating away from the interaction point
rather than tow ards it. Pattern-recognit. ion tests that use
the moments of the energy deposition in the lead g1ass
and P W(. 's are applied to distinguish single-photon
shov ers f'rom those produced by ~ 's or other hadrons.
The efficiency v ith which photons pass ail tracking and
selection criteria is measured with the e e / sample as
a f unction of the photon energy and product! on angles.
When folded with distribution (2) for neutrino-pair pro-
duction we obtain an eSciency of 7&~~ for single photons
in our fiducial region.

The second part of the analysis demands that there be
no evidence of any other particle in the detector. No
significant signal is allowed in any component of the
detector away from the photon candidate shower and no
charged track anywhere. The probability that a signa1
event will be vetoed by these requirements is found to be
11 i by our applying them to random beam crossings.
There is a further 6.8% loss of signal due to hacksplash
from the photon shower or conversion of the photon in

the beam pipe and central tracker (measured with
t. +e ) events), a 1.4% loss due to photons that do not
convert early enough in the lead glass to be well tracked,
and a 0.3~/r trigger inefTiciency. The overall eSciency for
detection of events with single photons in our signal re-
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1-1G. 3. Probability of observing ~ 1.6 single-photon events
in our fiducial region as a function of the radiative neutrino
cross section. The dashed line marks the cross section expected
for ~~'„=3.

gion is 61~/~.

The R-pT distribution of single-photon candidate events is displayed in Fig. 2. We perform a fit to this distribution
using the known shapes of the signal and background to extract the number of signal events from the N„=24 events
with p j & 0.8 GeV/c. The most probable signal S and corresponding background B are those values of S and B that
maximize the generalized logarithmic likelihood function

/ (, —(s+8}(S+B) 've. &ev

+ Q 1

i =1

SPs (R;)Ps (pT; ) + BPp (R; ) Pp (pT;)
S+8

The distribution of the signal in R, Ps(R), is measured
with the kinematically fitted eel events, and Pq(pT) is
computed from (2) folded with the e%ciency and resolu-
tion of the detector. The background distribution Pq(R)
is measured with events that fail the pattern-recognition
tests, and Pg(pr) is determined from single-photon can-
didates with

~
R

~

& 3a~ and 0.5 & pT & 0.8 GeV/c to be
an exponential with decay constant .=0.12 GeV/c. The
signal and background distributions are markedly dif-
, erent, so that the fit is;extremely robust; the limits on
physical parameters given below depend very little on the
region of pT and R used in the fit, and are not sensitive
to the estimated uncertainties in the P(R) and P(pT)
distributions that are used.

The likelihood maximization gives 5 =1.6 events, cor-
responding to a cross section for single-photon produc-
tion of 0.023 pb in the fiducial region E~ & 10 GeV,
pf & 0.8 GeV/c, and 20' & 0~ & 160'. The probability
of observing ~ 1.6 events is obtained from an ensemble
of Monte Carlo-generated experiments equivalent to the
one we have performed, and is plotted as a function of
the radiative neutrino cross section (2) in Fig. 3. We
take the 90% confidence level (C.I .) for the cross section
as the value at which this probability is reduced to 10%.
From Fig. 3 we obtain a.(e+e — yvv) & 0.069 pb.
The 95% C.L. is o. & 0.084 pb. These limits are equiva-
lent to 1V, & 7.5 (90% C.L.) and /V, & 9.7 (95% C.L.).

The 90~(-C. I . limit on, 'V„, is a factor of 2 lower than
those set by previously published e+e searches. ' Our
limits on N, , are comparable to those from pp collider ex-
periments, but depend only on radiative corrections to
expression (2), whereas the pp limits depend on the un-
known mass of the top quark and on theoretical QCD
ca lc u 1 at ion s.

We may hypothesize that single-photon events are also
due to the radiative production of the lightest SUSY
particle. Radiative neutrino production (2) then be-
comes;& source of background which is expected to yield
2.7 detected events in our fiducial region (if'/V, =3). To
obtain upper limits on the SUSY contribution we per-
form two diA'erent statistical procedures to handle this
background. " Following a classical statistical procedure,
we have perf'ormed a Monte Carlo simulation to find the
probability of observing =- 1.6 single-photon events from
radiative production of the lightest SUSY particle in ad-
dition to three light neutrino species. If the y is the
lightest SUSY particle, then this probability is 10'7c for
a scalar-electron mass m,- =67 GeV/c (with m-=0, and
degenerate e mass states), and 5% for m; =59 GeV/c-'.
Under the alternative hypothesis' that the v is the light-
est SUSY particle (and that there are three massless v
generations), we find this probability to be 10% for
nt, ~ =69 GeV/c, and 5% for my, =60 GeV/c . We
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FIG. 4. Limits (90% C.L.) placed on e and y masses by this
experiment. The solid line is the limit for degenerate e masses
and the dash-dotted line is the limit if only one mass eigenstate
contributes to the cross section. The dashed line is m; =m-.
For degenerate mass states and m„- =0, the 90% C.L. is

m; & 58 GeV/c and the 95% C.L. is m; & 55 GeV/c .

have also performed a Bayesian analysis with the a
priori assumption that all values of the expected number
of SUSY events (NsUsv) are equally likely. This
analysis yields the 90%-C.L. limit NsUsz & 3.2 events.
The corresponding limits on the e and y masses are
shown in Fig. 4. For three massless v generations, our
90% C.L. on the mass of the W gaugino is mg, & 61
GeV/c, and our 95% C.L. limit is m~ & 57 GeV/c .
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