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We have searched for the rare deddy — 7~ + v in 16.7 pb! of data taken in proton-antiproton
collisions at\/s = 1.8 TeV with the CDF detector at Fermilab. We find one event consistent with
the expected signal, and estimate the background t@.foe- 1.0(sta) = 1.3(sysy events. Without
background subtraction, we find the ratio of partial widths to D@V* — == + y)/I'(W* —
eT + v) = 2.0 X 1073 at the 95% confidence level.

PACS numbers: 13.38.Be, 13.40.Hq

Rare decays of th& boson provide precision tests of Detector at Fermilab (CDF) have set an upper limit [2]
the standard model of electroweak interactions. The ration this ratio of 7.5 X 107® (95% CL) on the basis of
of the partial widths of the decay® = — 7= + y to 4.2 pb'! of data. The UA2 collaboration at CERN has
W* — e* + v is estimated [1] to bd (W= — 7= +  placed a limit of4.9 X 1073 (95% CL) on the basis
Y)/T(W* — e* + v) =3 X 108, Observation of this of 13.7 pb! of data [3]. The major backgrounds to
decay in excess of the theoretical prediction could behe signal are expected to arise from QCD processes,
an indicator of new physics beyond the standard modeincluding direct photon production, in which a photon
Data taken during our 1988-89 run with the Collidercandidate is identified in the detector, and an additional
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jet fragments into a single, leading charged particle. Irsatisfy the photon trigger requirements. The hardware
principle, additional backgrounds can arise from allowedand threshold dependence of the 16 GeV photon trigger
weak decaydV — ¢g, in which the quark jets fragment has been measured by comparison with electrons from
into a leadingz and7~. For example, with the nominal a trigger with a nominal threshold of 9 GeV. The pho-
probability [4] for a jet to fragment into a single pion ton trigger efficiency, when convoluted with the expected
of order <1073, we can estimate the branching ratio for p; spectrum of photons fronW= — 7= + vy, is esti-

wW* — 7% + 7% to be <107°, substantially larger than mated to be).86 = 0.03(sysd, including the hardware ef-
thew* — 7= + y signal in the standard model, but too ficiency, threshold dependence, and combined hardware
small to be detectable in our experiment. and software isolation cuts.

Data for this analysis were collected during our 1992— All events (data or Monte Carlo) were passed through
93 run with proton-antiproton collisions at a center-of-two analysis paths: one designed to select photons and
mass energy of 1.8 TeV. The CDF detector has beenne to select jets with isolated, highy tracks. Each
described elsewhere [5]. We use a coordinate systemath produced an output stream of events surviving
where ¢ is the azimuthal angle around the beam lineits respective cuts, and events from each path were
and ¢ is the polar angle with respect to the(proton used to produce efficiency and background estimates.
beam) direction. Pseudorapidity is defined byn =  Information for events surviving both analysis paths was
—In[tan(6/2)]; pr (= Psind) andEr (= Esind) are the assembled, and overall event topology cuts were applied.
momentum and energy flow measured transverse to th&ll events were required to pass the photon trigger and
beam line, respectively. to have an event vertef,.x) Within =60 cm of the

We have usedPAPAGENO [6] to study the physical nominal interaction point. We first discuss the photon
observables of the¥ — 7 + y decay, and we model identification strategy and detection efficiencies, and then
the detector response and event selection efficiency witescribe the analysis designed to find isolated pions.

a fast detector simulation. We find tH& mass peak In the photon analysis, we first correct the photon
reconstructed in this channel to be well described by a&nergies in order to optimize the energy resolution using
Gaussian distribution with an rms width 8f7 GeV/c?,  corrections derived from the electron trigger samples [8].
where this result includes the natural linewidth of file  We require that photon candidates have no reconstructed
We have verified the energy and momentum resolutioirack pointing at the calorimeter cells containing the EM
of the simulation usingZ — e¢e and Z — pu events. shower. We also require the photon transverse shower
Therefore, we define th& mass window for the final shape, as measured with strip chambers located 6 radiation
event selection by the requiremdM (7y) — M(W)| <  lengths deep in the EM calorimeter, to be consistent with
8.1 GeV/c>. test beam results on the basis of an approxiniateest

Where possible, we have checked the event seled7] (¥*> < 20). The direction of the photon is computed
tion efficiency directly from the data sample, using,from the event vertex and the location of the shower in
for example, W* — ¢* + v events collected from the the strip chambers. A measure of the sharing of energy
same photon trigger. The Monte Carlo efficiencies agre@etween neighboring towers,;,,, defined as the energy in
quite well with the direct determinations, and we ap-a tower minus the expected value (from test beam results)
ply small corrections to the Monte Carlo prediction to divided by the square root of the EM cluster energy (all
obtain the final result. Anticipating the results of thein GeV), must be consistent with a single EM shower
discussion below, the overall correction to the Monte(Lg,, < 0.2). FromW=* — ¢* + v events (see below),
Carlo efficiency is given by an upward factor bf65 + we measure the combined efficiency of thg;, Zvertex,
0.022(stad = 0.083(sys). and y? cuts to be0.942 + 0.013(sta) = 0.018(sysd. In

The data sample consists of a total b21 X 10°  addition, we require that there be no other strip chamber
events accumulated with a three level trigger. The firstluster with energy greater than 1 GeV associated with the
level trigger requires total energy greater than 6 GeV irEM calorimeter cluster, with efficiend®.87 + 0.03(sys})

a contiguous pair of centrd|n| < 1.1) electromagnetic [7]. Of the 1.21 X 10° events analyzed231 X 10°
(EM) calorimeter towers. At the second level, the trig-events (19%) contain at least one candidate EM shower
ger imposes a photon energy threshold of 16 GeV and rehat passes the photon requirements.

quires that the photon be isolated, with less than 5.0 GeV In the isolated pion analysis we search the full data
of additional energy in & X 10 grid of calorimeter tow- sample for jets withEr > 15 GeV that are consistent
ers centered on the photon direction. Photon candidatasith a single pion. We require a central jéty| < 1.1)
which pass the third level trigger must be in the goodwith exactly one track withpy > 15 GeV/¢, and no
fiducial region of the calorimeter [7], and there must beother charged tracks witpr greater thanl GeV/c in a
less than 4 GeV of additional energy in a cone of radiusone of radiusAR = 0.7 around the highp7 track. This

AR = ./An? + A¢? = 0.7 around the photon direction. high p7 track must pass within 5 cm of the event vertex.

The trigger does not reject photon candidates with asTo improve the momentum resolution, the track trajectory
sociated charged tracks; therefore, isolated electrons cés constrained to come from the beam line. The energy
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in the calorimeter must be consistent with coming from asults yield physical solutions for the momentum, we
single track. In particular, the charged fraction (CHFR),choose those events where thdéongitudinal momentum
defined as the ratio of the traglk to the total calorimeter is consistent with|»,| < 1.1. If both solutions satisfy
jet Er, must be greater than 0.7. this requirement, we choose randomly between them (i.e.,

At this point, we have made no requirement on theat most one solution per event is used and events with
fraction of EM energy in the single track jet, and the nonphysical solutions are discarded).
sample is dominated by electrons (these come mainly We simulate the effect of a pion with the momen-
from the photon candidate jets, which are included in outum of the » in the calorimeter to calculate the effi-
search). Of thel.21 X 10° events,10.1 X 10° survive ciency of the jet EM fraction and charged fraction cuts.
the jet cuts, without any EM fraction cut. Requiring that To accomplish this we replace the neutrino with a sin-
the EM fraction (EMFR) of the jet energy be less thangle, simulated pion in theW* — ¢ + v events se-
80% of the total calorimeter energy removes all but 320ected above, and recompute the EMFR and the CHFR
events (see Fig. 1 and discussion below). of the resulting jet in the neutrino direction. As an

We useW™* — ¢ + v events to measure the effi- example, we show in Fig. 1 the distribution of the jet
ciencies of the cuts on the single pion jet where apEM fraction for the pure Monte Carlo and the simu-
propriate by substituting the with a single, simulated lation based onW* — ¢* + v events just described.
pion as follows: We begin by selecting events from theThe efficiencies for the EMFR and CHFR cuts measured
single-track jet sample consistent with an electron fromn this way are0.976 * 0.004(sta) = 0.007(sys) and
W= — e* + v decay. We require exactly one jet with 0.995 = 0.002(sta) + 0.002(sysd, respectively. We also
Er greater than 15 GeV and containing at least 15 Ge\talculate the fraction oW = — ¢* + v events that have
of electromagnetic energy. From the imbalance in transno other charged tracks withy > 1 GeV/c in a cone
verse energy measured in each event (misgipgor £r)  of AR = 0.7 around the simulated pion direction; we
we try to reconstruct the possible directions of a neutrindind the efficiency of this cut to b@&.736 * 0.014(sta) =
in W= — ¢~ + v decay. We pick & mass from a dis- 0.064(sys.
tribution obtained frompAaPAGENO and the fast detector  Finally, to selectW * — 7= + vy candidates, we pick
simulation. This parent mass distribution includes the efevents from the data sample with one photon candidate,
fect of both theW line shape and the detector resolution.one jet consistent with a single charged pion, the track and
Given theW mass, the electron momentum, and the twathe photon separated by at leastp > 1.5 rad, and no
components of the missing transverse energy, there amgher jets withEr > 15 GeV. After these cuts 79 events
two possible results for the neutrino direction. If the re-remain, with only one event in th& mass window.

We will refer to these 79 events as the “signal sample,”
RARaRA R L o Ra L RAaaa aEan even though at most one event is consistent with the
W= — 7= + y decay hypothesis.

We measure the “random” coincidence rate between
the photon and single-track jet candidates by considering
the class of events from the photon trigger described
above with two central jet§n| < 1.1), both with Ez >
15 GeV, separated bA¢ > 1.5, and no other jets with
Er > 15 GeV in the event. Of these two jet events,
26.1% * 1.2%(sta) have one jet satisfying all photon
requirements. Of the 320 events in the full data sample
with a single-track jet, 294 have exactly two jets as
described above. Hence, we expem.7 + 4.5(stad
events in the signal sample, in good agreement with the
number of events in the signal sample.

The primary background toV* — 7= + y comes
T . from QCD production in which the jet opposite the pho-
0 01 02 03 04 05 06 07 08 09 ton candidate fragments into a single charged track. To

EM Fraction estimate the background and avoid trigger biases, we have
FIG. 1. EM fraction of pions from pure Monte Carlo events Used a subset of events which satisfy the photon require-
(solid line) and a simulation based o/~ — ¢* + v events ments and general event topology cuts, but fail the single-
(points), where the’ is replaced by a pion as described in the track jet cuts. We estimate the background by combining
text (normalized to the same number of events). The Montgha momentum vectors of all the charged tracks (at least

Carlo data have been cut at 0.8. The broken line shows th{e ired) witho > 1 GeV/e in the et
EM fraction in 10.1 X 10° events passing the single track jet WO are required) withpr eV/c in the jet oppo-

filter. The arrow shows the location of the cut: Events areSite the photon to form a single charged “pseudotrack.”
accepted with EMFR< 0.8. This jet is then required to meet all of our standard jet

1

T T T
T

10

[
UNURELLY

c vl

ISy

10

Nr. of Events

T T T TTT]
Ll

10

LI L L
el

1 =8

~

2855



VOLUME 76, NUMBER 16 PHYSICAL REVIEW LETTERS 15 ARIL 1996

criteria (except the number of charged trafjkt). In ad- F/ N A AN I I I I
dition, we require the total charge of all tracks making [ ]
up the pseudotrack to bel. There are several ways to i
combine the charged track momenta to form the pseu-
dotrack, and all give similar results [9]; their rms differ-
ence is included in the systematic error. We compute
the photon-pseudotrack mass, and normalize the distri-
bution to the 79 signal events (Fig. 2). Within errors
(x?/Npor = 1.2), the estimated number of background
events inside th&V mass window is linear in the num-
ber of tracks used to form a pseudotrack, and extrapolat-
ing to 1 track/jet we estimate@.6 *+ 1.0(sta) = 1.3(sys)
background events in th# mass window. Hence, we
conclude that the single event we see is consistent with
background. Figure 3 shows the distribution ofy 040
masses from the data near tfWé mass. We observe T~y Mass (GeV/c)

one event in the signal region. From the above StUdie‘I':‘IIG 3. The distribution ofr-y masses in the region of the
we find the corrected, net efficiency acceptancéde)  y mass. The smooth curve in a Gaussian distribgtion centered
for the decayW= — 7= + y is 0.060 = 0.002(sta) =  at M(W), with o = 2.7 GeV/c? and normalized to an area
0.007(sysh = 0.002 (luminosity), including the trigger of 4.9 events, our 95% confidence level limit. The region
efficiency, all event topology cuts, and a 7% relative errofétween the two arrows is ol mass window, and the event
due to structure function variation [2]. From Poisson sta—”meaeggo GeV/c* mass is abouto below the minimum allowed
tistics [10], we compute a limit of 4.7 events at the 95% '

confidence level limit, without background subtraction.
To translate this value into a cross section limit, we follow
the method of Ref. [11], which provides a prescription fo
including systematic errors into an upper limit determine
from Poisson statistics. UsingB = N.,./Ae L, where
L is the integrated luminosity (16.7 pb), we conclude
that cB(W — 7 + vy) =< 4.9 pb at the 95% confidence
level. We note that the limit is totally dominated by the
Poisson statistics of the upper limit. Dividing this result
by our value ofc B(W — ¢ + v) = 2.49 *+ 0.02(stap +
0.08(sysd = 0.09 (luminosity) nb [12] we findl['(W* —
75 + y)/T(W* — e + v) = 2.0 X 1073 at the 95%

~

(=)
T
1

Co
T
|

EN

Nr. of Events / 2GeV/c’
(=
T

||

100

confidence level, ignoring the common luminosity and
( Zvertex errors. This limit is about a factor of 3.7 better

dthan our previous result from our data collected in 1989,
and 2.4 times lower than the result reported by UA2, but
still 6 x 10* away from the standard model estimate.
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