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We have searched for the rare detly — 7=+ y in 83 pb ! of data taken in proton-antiproton collisions
at\s=1.8 TeV with the Collider Detector at Fermilab. We find three events in the signal region and estimate
the background to be 5:21.5 events. We set a 95% confidence level upper limit 10~ * on the ratio of
partial widths,I'(W* — 7=+ )/T (W* —e™ + v).

[S0556-282(198)50115-4

PACS numbes): 13.38.Be, 13.40.Hqg, 13.85.Qk

Rare decays of the W boson provide precision tests of theal prediction could be an indicator of physics beyond the
standard model of electroweak interactions. The ratio of thestandard model. Data taken during 1992—-199® la with
partial widths of the decayd/* — 7=+ ytoW=—e=+vis the Collider Detector at FermilafCDF) have allowed us to
predicted [1] to be I'(W*— 7"+ y)/T(W"—e*+y=3  set an upper limif2] on this ratio of 2.x 10 2 at the 95%

% 10" 8. Observation of this decay in excess of the theoreti-confindence levelC.L.) on the basis of 16 pid of inte-
grated luminosity. In this paper we extend the analysis to a
data sample five times larger.

*Visitor. The CDF detector has been described elsewf&eNe
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use a coordinate system whete is the azimuthal angle 8 T
around the beam line andlis the polar angle with respect to X
the z (proton beamdirection. Pseudorapidity is defined by
n=— In(tan(@2)); pr (=P sin6) andE; (=E sin§) are

the momentum and energy flow measured transverse to the
beam line, respectively.

Data for this analysis were collected during 1994-1995
(run Ib) with proton-antiproton collisions at a center of mass
energy of 1.8 TeV. The data sample consists of a total of
2.45 million photon candidate events selected with a three
level trigger. The first level trigger required total energy
greater than 8 GeV in a contiguous pair of central
(Im|<1.1) electromagneti¢dEM) calorimeter towers. The
second level trigger imposed a photon energy threshold of 23 Z 2
GeV and required that the photon be isolated. The isolation
criteria required that less than 4 GeV of additional transverse !
energy be found in aX3 grid of calorimeter towergcorre-
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sponding approximately to a cone in—¢ space ofAR 0 i | Lo
=JA7n*+A$>~0.4) centered on the photon direction. 05060 n-y7?vlass (8GoeV/02§0 oo 110
Photon candidates which passed the third level trigger were

required to be in the fiducial region of the calorimeter. FIG. 1. Distribution of them-y mass for the 28 events of the

The trigger did not reject photon candidates with associsignal sample in bins of 4 GeW?. The shaded band shows the one
ated charged tracks; therefore, isolated electrons could satigma uncertainty in the background expectation value. There are
isfy the photon trigger requirements. The threshold depenthree events in th& mass regior{between the two arrowswith
dence of the photon trigger has been measured bgn estimated background of 5:2.5 events.
comparison with photons from a trigger with a nominal en-
ergy threshold of 10 GeV and electrons fraMi-—e*+v  verse shower shape, as measured by the shower profile pro-
decay collected with a different trigger. The photon triggerportional chambers and the lateral sharing of energy between
efficiency, when convoluted with the expectpg spectrum  neighboring calorimeter towers, to be consistent with a
of photons fromW*— 7"+ 1y, is estimated to be 0.844 single EM shower as measured in test beam data. In the
+0.029stat)=0.020sys), including the hardware effi- Offline analysis we tighten the isolation cut to require less
ciency, threshold dependence, and isolation cut. than 4 GeV ofEy in a cone of AR<0.7 around the photon

All events were passed through two analysis paths: ondirection.
designed to select photons and a second designed to selectIn the isolated pion analysis we search the full data
jets[4] with isolated, highpy tracks. Events from each path sample for jets wittE;>15 GeV that are consistent with a
were used to produce efficiency and background estimatesingle charge pion. We require a central (ef<1.1), with
Information for events surviving both selections was as-exactly one tract wittpr>15 GeVk, and no other tracks
sembled, and overall event topology cuts were applied tavith pr greater than 1 Ge/in a cone of radiusAR=0.7
yield candidate events satisfying tié"— 7= + y decay hy-  around the higip track. The highp; track must pass within
pothesis. In the discussion that follows we first summarize=5 cm of the event vertex in thecoordinate. The track is
the data reduction of the photon and then the pion analysigonstrained to come from the beam line. To verify that the
paths. We then compare estimates of the detection efficienaggnergy in the calorimeter is consistent with that coming from
made with Monte Carlo simulation®APAGENO[5]) to esti-  a single track, we require the charged fracti@HFR), de-
mates taken directly from the data. We use the ratio of theséned as the ratio of the tragh; to the total calorimeter jet
to correct the predictions of the Monte Carlo simulation. Fi-E+, to be greater than 1.0. Of the 2.45 M events, 28.1 K
nally, we use the data sample to estimate the background arstirvive the single track jet cuts. This sample is dominated by
compute the 95% C.L. limit on the cross section timeselectrons, with the charged particle matched to a photon trig-
branching ratio - B) for the decay. ger candidate. The additional requirement that the EM frac-

In the photon analysis, we first correct the photon energieion (EMFR) of the jet energy be less than 80% of the total
in order to optimize the energy resolution using correctionsalorimeter energy removes all but 886 events.
derived from the electron trigger samplgs. We next re- Finally, to selectW* — 7= + y candidates, we pick events
quire that photon candidates have no reconstructed tradkom the data sample with one photon candidate, one jet
pointing at the calorimeter cells containing the EM shower.consistent with a single charged pion, the track and the pho-
All events considered further must have passed the photoion separated by at least¢>1.5 radians, and no other jets
trigger and have an event vertex {.,) within =60 cm of  with Et>15 GeV. After these cuts 28 events remdfig.
the nominal interaction point. The direction of the photon is1). Three events are withirt 8.7 GeVt? (three times our
computed from the event vertex and the location of themass resolutionof the W mass. We refer to these 28 events
shower as measured in proportional chambers six radiatioas the “signal sample.”
lengths deep in the calorimeter. We also require the trans- Where possible, we have checked the event selection ef-
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TABLE I. Efficiencies for various cuts compared to the values obtained from the Monte Carlo simulation.
The uncertainties quoted in thg~ —e™ + v efficiency column are statistical only. The statistical uncertain-
ties on the Monte Carlo simulation are always less than or equal to the statistical uncertainty on the result
from W*—e*+v events, and are included in the uncertainty on the ratio, which is quoted first with
statistical, then systematic uncertainties.

Monte Run Ib
Carlo W*—e*+v
Requirement efficiency efficiency Ratio
EMFR<0.8 0.960 0.9680.003 1.008:0.003+0.011
CHFR>1.0 0.773 0.766:0.007 0.9830.010+0.060
Track isolation 0.710 0.7180.007 1.013#0.007+0.020
Shower shape 0.970 0.976.003 1.006:0.004+0.017
E;<4.0 GeV 0.968 0.9180.004 0.9430.004+0.030
(AR<0.7)
|Zyeried <60 €M 0.973 0.9560.002 0.982-0.003+0.011
Total Monte Carlo correction factor 0.93®.014+0.073

ficiency directly from the data sample, usifg™—e=+»  around the neutrino direction. The efficiency is measured to
events collected from the photon trigger. We embed a simube 0.718-0.007stat) =0.018sys).
lated pion with the momentum of the neutrino in these events From the electron candidate in theg& —e™ + v events,
to check our single track jet analysis, and use the electrowe estimate the detection efficiency for cuts on the photon
from the W™ —e* + v decay to test our photon cuts. transverse shower shape to be 0:8D803stat). The
To find events consistent with th&= —e*+ » decay we Monte Carlo simulation reproduces the observed photon
select events from the single track jet data sample by requitransverse shower profile distributions well. We assign a sys-
ing exactly one jet withe, greater than 15 GeV containing at tematic error of 0.017 to account for electron bremsstrahlung
least 15 GeV of energy in the electromagnetic calorimeterand observed differences between the Monte Carlo simula-
From the imbalance in transverse energy measured in eat¢ion and the data.
event(missingE+, or E) we try to reconstruct the possible  The efficiency of the 4 GeV photon isolation cut is mea-
directions of a neutrino W= —e*+ v decay. Given th&  sured by looking at the efficiency of the same cut in a cone
mass, the electron momentum, and the two components of AR=0.7 around the neutrino direction. The efficiency
the E1, there are two possible results for the neutrino direc-measured in this way is 0.933.004stat). To estimate the
tion. If the results yield physical solutions for themomen-  systematic uncertainty on this number we compare the aver-
tum, we choose those events in which thdongitudinal  age isolation energy in the neutrino direction and the electron
momentum is consistent withy,|<1.1. If both solutions direction. The difference in mean isolation energy in the two
satisfy this requirement, we choose randomly between thenglirections is 0.13 GeV. We then recalculate the efficiency of
In this way at most one solution per event is used and eventée isolation cut, changing the cut value from 4.00 to 4.13
with nonphysical solutions are discarded. GeV. From this analysis we assign a systematic uncertainty
We assign the neutrino momentum to a simulated pionpf 0.03 to the measurement of the efficiency on the isolation.
which we embed in these events to calculate the efficiency ofhe efficiency of thez-vertex cut has been measured to be
the jet EM fraction and charged fraction cuts. This techniqued.956+0.002stat)=0.011(sys).
explicitly includes the effects of the underlying event in the The comparison between the measured efficiencies and
cut. The efficiencies for the EMFR and CHFR cuts deterthe Monte Carlo simulation is summarized in Table Il. Based
mined in this way are 0.9680.003stat), and 0.760 on these studies, we apply a correction of 0:88314stat)
+0.007stat), respectively,(Table ). To estimate the sys- +0.073sys) to the overall acceptance determined from the
tematic uncertainty of our procedure, we add the change iMonte Carlo simulation.
the average value of the EMFR and CHRBetween the I -
Monte Carlo simulation and the simulation based on the[anz:i;liullléﬂgr?r:::gLiEZR’Su;OCé?IZir?’:ilgga” efficiency and accep-
W*—e*+v datg to the cut, and redo the analysis. This )
results in the EMFR cut being changed from 0.80 to 0.83,
and the CHFR cut being changed from 1.00 to 1.03. We find
that the efficiency of the EMFR cut changes by only 0.011,
but because the cut on CHFR is made near the maximum ofMonte Carlo efficiency  0.0476  +0.0002 +0.0033

Statistical  Systematic
Contribution Value uncertainty uncertainty

the CHFR distribution, there is a change of 0.045 in the Correction factor 0.933  +0.014 +0.073
CHFR efficiency. Trigger efficiency 0.844 +0.025 +0.020

The efficiency of the track-isolation cut on the pion can- Luminosity 1.000 - +0.080
didate (no additional track withpr>1 GeV/c around the Net efficiency 0.0375 +0.0011 +0.0050

pion candidatg is determined by imposing the same cut
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We expect the final data sample to be dominated by backaumber of events in the signal sample using a single constant
ground events from QCD processes. The predominant backjives an identical result.
ground is expected to be a direct photon production, in which Figure 1 shows the 28 signal events along with this back-
a photon candidate is identified in the detector, and an addground estimate. The uncorrected Monte Carlo efficiency
tional parton fragments into a single charged particle. ToXacceptancegxA) is 0.0476-0.0002stat)=0.0033sys).
estimate this background and avoid trigger biases, we use Bhe overall efficiency reflects mainly the calorimeter fudicial
subset of events which satisfy the photon requirements angtlts, then cuts(|7/<1.1) on the photon and pion directions,
general event topology cuts, but fail the single-track jet cutstogether with th.e |solat|o'n cut on the single track jet. From
We combine the momentum vectors of all the charged track® @bove studies, we find the corrected e&tA for the
(at least three are requiresvith pr>1 GeVic in the jet ~decayW=—m~+y to be 0.038&0.001stat)=0.003sys),
opposite the photon to form a single charged “pseudotrack.’mCIUd'ng _the trigger efficiency, uncgrtalntles in luminosity,
This jet is then required to meet all of our standard jet crite-2!l @nalysis cuts, and a 7% uncertainty because of structure
ria, except for the number of charged tracksfjet. In additionfunction variation[8]. Using Poisson statisti¢9], including
we require the total charge of all tracks making up thethe background estimate, its uncertainty, and the variation in
pseudotrack to be-1. We have combined the charged track € acceptance, we compute a limit of 5.2 events at the 95%
momenta three different ways to form the pseudotrack, an&-L- limit. Defining - B=Ng,/(AX eX L), whereNe, is
all give similar result§7]. As reported in Ref[2], we have ~the number of events and is the integrated luminosity
found that within a mass bin of widthAM (83 pb?), we conclude thatr-B(W*—m~+y)<1.7 pb
=10-20 GeV£2, the number of events is a linear function & the 95% C.L. Dividing this result by our value of
of the number of tracks used to create the pseudotrack. WeB(W™— €~ +v)=2.49+0.12 nb [_140]’ we find I'(W=
have taken our pseudotrack background data safigie7z —7 T Y)/I(W-—e”+»)<7X10"" at the 95% C.L.
event$ and divided it into five mass bins This limit is a factor of three times better than our previous
(40-50 GeVE?, 50-60 GeVE2, 60—70 GeVE?, 70-90  result[2].
GeV/c?, and 90-110 Ge\¢?), and within each mass bin We wish to thank the Accelerator Division of Fermi Na-
we fit with a straight line the fraction of events versus thetional Accelerator Laboratory, and the technical staffs of the
number of tracks used to create the pseudotrack. This line jsarticipating institutions for their vital contributions. This
then extrapolated to 1 track/jet. We then take the points obwork was supported by the U.S. Department of Energy and
tained from these extrapolatiorithe W mass region is ex- National Science Foundation, the Italian Istituto Nazionale di
cluded, normalize the area to 25 events, and compute thé&isica Nucleare, the Ministry of Education, Science and Cul-
number of events in th&/ mass window. We find 521.5  ture of Japan, the Natural Sciences and Engineering Re-
background events. A simpler background estimate whergearch Council of Canada, the National Science Council of
the shape of the pseudotrack background is normalized to thtae Republic of China, and the A. P. Sloan Foundation.
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