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We search for the flavor-changing neutral current decays of the top quarkyy and ¢t — ¢Z
(here g represents thec and u quarks) in pp collisions at./s = 1.8 TeV. We use a dataset
([ Ldt ~ 110 pb!) collected during the 1992-1995 run of the Collider Detector at Fermilab. We
set 95% confidence level limits on the branching fractiBis— ¢gy) < 3.2% andB(t — ¢Z) < 33%,
consistent with the standard model. [S0031-9007(98)05627-0]

PACS numbers: 12.15.Mm, 14.65.Ha
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Physics beyond the standard model can manifest itseflectromagnetic shower as measured in the CES. To re-
by altering the expected rates of flavor-changing neutrafluce backgrounds from hadronic jets, we require that the
current (FCNC) interactions. As an analogous historicatotal energy (electromagnetic plus hadronic) in a cone of
example within the standard model, the presence of thAR = 0.4 (whereAR = \/An? + A¢?2) around and ex-
charm quark can be inferred from its effect on thecluding the photon candidate be less than 15% of the
branching fractionB(K? — w* 1) [1]. FCNC decays photon energy. To reduce the background from neutral
of the top quark are of particular interest [2,3]. The largehadrons, the ratio of energy deposited in the hadronic
mass of the top quark suggests a strong connection wittalorimeter to that in the electromagnetic calorimeter is
the electroweak symmetry breaking sector. Evidence forequired to be less thah055 + 0.00045E, whereE is
unusual decays of the top quark might provide insightghe total energy of the candidate in GeV. To suppress
into the mechanism of electroweak symmetry breakingz" and multiphoton backgrounds, the transverse shower
For the top quark, the FCNC decays~ ¢Z andt — gy  profile in the CES and the energy sharing between the
[4] (where ¢ denotes either & or a u flavored quark) calorimeter towers must be consistent with a single elec-
are expected to be exceedingly rare (branching fractionsomagnetic shower.
of 10719 or smaller) [5] and any observation of these An electron is also identified as an energy cluster in
decays in the presently available data would indicate newhe electromagnetic calorimeter, this time with a single
physics. track pointing to it. The energy of the cluster and the

We present results using data from proton-antiprotormomentum of the track are required to be equal within
collisions at a center of mass energy of 1.8 TeV collectedneasurement uncertainties, and the extrapolation of the
at the Collider Detector at Fermilab (CDF) during thetrack to the CES is required to match the measured

1992-1995 run of the Fermilab Tevatra) £dr ~  position of the shower in the CES. Only electrons in the
110 pb~!). The CDF detector is described in detail central regior(|n| < 1.0) are used in this analysis.
elsewhere [6]; a brief discussion follows. A muon is identified by requiring a match between the

In the CDF detector, a 51 cm long silicon vertex de-extrapolated track as reconstructed in the CTC and track
tector (SVX) [7], located immediately outside the beamsegments reconstructed in the muon chambers, taking into
pipe, provides precise track reconstruction in the plan@account multiple scattering of the muon. Furthermore, the
transverse to the beam, and is used to identify secondagnergy deposition in the calorimeter must be consistent
vertices that can be produced liy and ¢ quark de- with a minimum ionizing particle. In this analysis,
cays. Becausep interactions are spread along the beamwe restrict ourselves to muons in the central region
line with a standard deviation of about 30 cm, slightly (|p| < 1.0). Further details of the electron and muon
more than half of the events originate from primary ver-identification requirements can be found in [10].
tices inside the SVX fiducial region. The momentum A jet is identified by energy deposited in the calorime-
of charged particles is measured in the central trackingers in a cone oR < 0.4. Details of the CDF jet recon-
chamber (CTC), which sits inside a 1.4 T superconductingtruction algorithm can be found in [11].
solenoidal magnet. Outside the CTC are electromagnetic If the branching fraction of a particle into a particular
and hadronic calorimeters, arranged in a projective towefinal state (e.g., a FCNC decay) is the branching
geometry, covering the pseudorapidity regiefl < 4.2  fraction into another final state (e.g., the decay Wb
[8]. In the central(|n| < 1.0) electromagnetic calorime- [12]) can be no larger thai — x). Therefore, the ratio
ter, finely segmented proportional chambers (CES) used to of the number of events detected in a rare decay
measure transverse shower profiles are placed at a deptiode normalized to a common decay mode is at least
of approximately six radiation lengths. Jet photon andx/(1 — x), after corrections for efficiency and acceptance.
electron candidates are identified in the calorimeters, aSleasuringr allows us to calculate an upper limit on the
is the missing transverse enerdd [9]. Surrounding branching fractionx = /(1 + r), after corrections for
the calorimeters, drift chambers in the regipfl < 1.0  misidentification, efficiency, and acceptance, and for the
provide muon identification. A three level trigger selectsfact that in¢f events there are two top quarks that can
events with high transverse momentum electrons, muongecay into a particular final state.
and/or photons for this analysis. In both ther — gy andt — ¢gZ searches, we calculate

At CDF, a photon is identified as an energy cluster inlimits on branching fractions by comparing the number
the electromagnetic calorimeter with no track pointing atof candidate events in the FCNC candidate samples to the
it. To improve identification efficiency, we additionally number oft7 events observed in the normalization sample.
permit one single soft track (presumably from a randomOur normalization sample consists of events consistent
overlap) with less than 10% of the energy of the photorwith the hypothesis where both top quarks decayed via
to point at the cluster. For the typical photon shower, the — Wb decays, oneW decayed leptonically, and the
electromagnetic cluster consists of two adjacent calorimestherW decayed hadronically. These events are identified
ter towers. The energy of the photon is measured in they a highpr (pr > 20 GeV/¢) electron or muon, at least
calorimeter, and the direction of the photon is defined by20 GeV of missing transverse energy from the undetected
a line between the event vertex and the centroid of th@eutrino, and three or more jets above 15 GeV, at least
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one of which must be identified as containing dadron  TABLE I. Efficiencies and acceptances for— ygq decays,
from the presence of a secondary vertex [10]. Thighormalized to standard model top decays. The first uncertainty
procedure is called# tagging” the jet. In a sample of reflects the uncertainty for all sources except thequark

] = . . identification efficiency; the second uncertainty reflects the
110 pb™", we observe 347 candidates over an estimated uncertainty from theb quark identification efficiency. W

background of *+ 1.5 events. . branching fractions are included as part of the efficiency.
At Tevatron energies, the dominant source of top

quarks is¢7 pair production fromgg annihilation. In Generated? decay Identified as Relative efficiency
the search for the decay— ¢y, we assume that the WbWb standard model 1 (by definition)
other top quark in the pair decays via the decay Wbyq standard model 0.266 + 0.013 *+ 0.005
Wb. We consider two event signatures, depending on ~ Wb74q FCNC 3.96 £ 0.17 + 0.20
whether theWw decayed leptonically or hadronically. If WbWb . ';C';IC del negll%b_lk()al

the W decayed leptonically, we search for events with 1333 saanrNCmo € nzgl%%lee

an identifiedW (via a lepton withpy > 20 GeV/c and
20 GeV of missing transverse energy carried by the

neutrino), a moderately highr photon(Er > 20 GeV),  Carlo event generator and a parametric simulation of the
and at least two jets withEy > 15 GeV. If the W  CDF detector. Results are shown (relative to the standard
decayed hadronically, we search for events with at leashodel W»sWp signature, and including’ branching frac-
four jets (two from theW decay), and a higlr (Er =  tions) in Table I. The first uncertainty is the uncertainty
50 GeV) photon. One jet must contain a secondaryin the relative acceptance; the second is the effect of the
vertex, identifying it as containing @ hadron. The j_tagging efficiency of45 + 5)% per b jet contained in
higher Er requirement on the photon is to reduce thethe SvX fiducial region. Positive (negative) uncertain-
background; events with jets are more common thamies indicate that the change in relative efficiency is in the
events with hlghpT Ieptons. In both cases, there mUStsame (Opposite) direction as the Chang@_ﬂaggmg effi-

be a photon and jet combination with mass betweefiency. We also calculate how often events are misiden-
140-210 GeV/c?, consistent with the mass of the top tified (standard model events identified as FCNC events
quark. In the nonleptonic case, the remaining jets musind vice versa) and incorporate this into the limit [16].
have ZEr = 140 GeV, consistent with the decay of a To be conservative, we do not subtract off the expected
second top quark in the event. Thetagged jet must be number of FCNC candidates from misidentified standard
associated with the second top combination. 40% of oufodel decays. 1110 pb~! of data, one event is observed

t — gy acceptance is in our photon plus multijet mode,jn the leptonic channel, and no events are seen in the non-
and 60% is in the lepton plus photon mode. leptonic (i.e., photon plus multijet) channel.

We expect the background in the leptonic mode to be The single event that passes all selection requirements
dominated byW + y + 2 or more jet events. Barger has a 72 GeV muon, an 88 GeV photon, three jets,
et al. [13] calculate the rate of botW + y + 2 jet pro-  and a missing transverse energy of 24 GeV. While it
duction andW + y production at Tevatron energies. enters the FCNC decay candidate sample, this event is
From that ratio and the number of observ®d + vy  also kinematically consistent with the decay-~ W*b,
events at CDF, we estimate the number of background —. w5y, followed by W+ — u*v and W~ — jets.

events, and find it to be less than half an event. In th¢-|0wever1 the photorE'T is exceptiona”y |arge for this

hadronic mode, we can estimate the background by studytecay.

ing a sample of events that passes all selection require- Opservation of one event passing the selection require-

ments except for the identification of a jet containing aments implies a 95% confidence limit of fewer than 6.45

b hadron. From the number of events in this sampleevents (including systematic uncertainties) which trans-

p|US the measured prObab”lty of mISIdentIfylng a Jet aS|ates into a branching fraction limit of

containing ab hadron [10,14], we estimate that the ex-

pected background is smaller than half an event. To set B(t — cy) + B(t = uy) < 32%.

a conservative limit, we assume any events passing the The statistical uncertainty in the number of events in the

selection requirements are signal and do not subtract ampormalization sample is the dominant source of systematic

background. uncertainty, increasing the limit by approximately 16%.
We have defined two samples, one in which the evenThe uncertainty inb quark identification efficiency also

topology is consistent with both top quarks decaying viacontributes to the overall systematic uncertainty, adding

t — Wb (the “standard model sample”) and one in whichapproximately 10%. The uncertainties on acceptance and

the event topology is consistent with one top quark decayphoton identification are negligible by comparison.

ing via r — Wb and the other via — cy (the “FCNC We also search for — ¢Z events, using the channel

sample”). Because we are interested in the relative numwhere theZ decays toe*e™ or u™ ™, and the other

ber of events with these two signatures, we calculatguark decays to three jets. (Allowing the otheguark to

the ratio of acceptances and efficiencies in the two dedecay to a lepton, neutrino, and jet does not substantially

cay modes. To do this, we use the ISAJET [15] Monteincrease the acceptance, and so does not substantially
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TABLE Il. Efficiencies and acceptances for— Zg decays, multijet hypothesis than the FCNC decay hypothesis.
normalized to standard model top decays. The first uncertaintfwo of the jets have low transverse energies, a feature

reflects the uncertainty for all sources except thequark + i
identification efficiency; the second uncertainty reflects themore common toZ + multiiet decays that top quark

uncertainty from theb quark identification efficiency.W and decays. . . . .
Z branching fractions are included as part of the efficiency. Observation of one event passing the selection require-
ments implies a 95% confidence limit of fewer than 6.4

Generatedr decay _ Identified as Relative e_ﬁ'_c_'ency events (including systematic uncertainties), which trans-
WbWb standard model 1 (by definition) lates to a branching fraction limit
WbZq standard model 0.693 = 0.035 * 0.027
WbZgq FCNC 0.359 = 0.018 * 0.044 B(t — ¢Z) + B(t = uZ) < 33%.
WbWb FCNC 0.022 = 0.004 = 0.003 . Lo .
ZqZq standard model 0.062 + 0.003 + 0.000 As before, the systematic uncertainties are dominated
ZqZq FCNC 0.630 *= 0.032 * 0.077 by the statistical uncertainty in the number of events in the

normalization sample (16%), followed by the uncertainty
] o ) ) in b-tagging efficiency (10%). Additional contributions
improve the limit.) The expected signature is, thereforeys the uncertainties are caused by uncertainties in initial
an event with four jets and with two leptons with an gnq final state gluon radiation and uncertainties in the jet
invariant mass consistent with Z boson. Because energy scale (contributing in total 10%), which affects the
the Z branching fraction to charged leptons is small,efficiency for an event to pass the minimum jet energy
this analysis is less sensitive than the- gy search. requirements.

CandidateZ — [ "I~ events were selected from inclusive |y summary, we search for the flavor-changing neutral
samples of events with electron and muon candidategyrent decayst — gy and t — gZ in pp collisions
selected by the triggdif £ dr = 108 pb™') using criteria 5t /5 — 1.8 Tev. No statistically significant excess
described in detail in [17].Z bosons are identified as of these events is seen, although one candidate event
opposite-charge same-flavor lepton pairs inside the ranggyrvives all cuts in each search. Both events have
75 < M+~ < 105 GeV/c®. We require each of the four jnterpretations outside of the FCNC decay hypothesis. In
jets to haveEr > 20 GeV and be contained in the region order to set conservative limits, we treat these events as
Inl <24. FCNC candidates and set 95% confidence level limits on
As before, we use the ISAJET Monte Carlo event gentpe branching fractions(r — ¢y) < 3.2% and B(t —
erator and a parametric simulation of the CDF detecyz) < 33%, consistent with standard model expectations.
tor to calculate the efficiencies and acceptances for top The vital contributions of the Fermilab staff and the
quark pairs to be identified as either standard model decaychnical staffs of the participating institutions are grate-
candidates or FCNC decay candidates. Again, we detefy|ly acknowledged. This work is supported by the
mine the acceptances and efficiencies (including misiden 5. Department of Energy, the National Science Foun-
tification probabilities) relative to the standard modelgation, the Natural Sciences and Engineering Research
signal (Table Il). The first uncertainty is the uncertainty Council of Canada, the Istituto Nazionale di Fisica Nu-
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