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We search for standard model single-top-quark production in theW-gluon fusion andW! channels using
106 pb21 of data frompp̄ collisions atAs51.8 TeV collected with the Collider Detector at Fermilab. We set
an upper limit at 95% confidence level~C.L.! on the combinedW-gluon fusion andW! single-top cross section
of 14 pb, roughly six times larger than the standard model prediction. Separate 95% C.L. upper limits in the
W-gluon fusion andW! channels are also determined and are found to be 13 and 18 pb, respectively.

DOI: 10.1103/PhysRevD.65.091102 PACS number~s!: 14.65.Ha, 12.15.Ji, 13.85.Rm

The observation of the top quark inpp̄ collisions at the
Fermilab Tevatron has relied on pair production through the

strong interaction, typicallyqq̄→t t̄ . A top quark can also be
produced singly, in association with ab quark, through the
electroweak interaction@1#. The two dominant ‘‘single-top’’

processes are ‘‘Wg’’ ~i.e. W-gluon fusion,qg→tb̄q8) and

‘‘ W!’’ ( qq̄8→tb̄). Within the context of the standard model,
a measurement of the rate of these processes at a hadron
collider allows a determination of the Cabibbo-Kobayashi-
Maskawa matrix elementVtb @2#. Assuming uVtbu51, the
predicted cross sections forWg and W! are 1.7 pb@3# and

0.7 pb@4#, respectively, compared to 5.1 pb fort t̄ pair pro-
duction @5#. The DO” Collaboration has recently published
95% confidence level~C.L.! upper limits of 22 pb onWg
and 17 pb onW! production@6#. In this Rapid Communica-
tion we report on two searches: one for the two single-top
processes combined, and the other for each process sepa-
rately.

The expected final state of a single-top event consists of
W-decay products plus two or more jets, including one
b-quark jet from the decay of the top quark. InW! events,
we expect a secondb-quark jet from theW!tb̄ vertex. InWg
events, a second jet originates from the recoiling light quark
and a third jet is produced through the splitting of the initial-
state gluon intobb̄. This b-quark jet is produced at a larger
absolute value of pseudorapidity@7# and lower transverse
momentum than the secondb-quark jet inW! events@1#.

Single-top processes are harder to observe thant t̄ produc-
tion because their cross section is smaller and their final
state, containing fewer jets, competes with a larger
W1multijet background from QCD.A priori we do not ex-
pect sensitivity to the standard model cross section in the
presently available data. However, a number of new physics
processes could enhance the single-top production rate, mo-
tivating a search@8–10#. For example, current Collider De-
tecter at Fermilab~CDF! data are expected to be sensitive to
a new flavor gauge boson with mass below 1 TeV/c2 @9#.

Our measurement uses 10664pb21 of data frompp̄ col-
lisions atAs51.8 TeV collected with the Collider Detector
at Fermilab between 1992 and 1995~‘‘run I’’ !. The detector
is described in detail elsewhere@11#. We restrict our single-

top search to events with evidence of a leptonicW decay: an
isolated @12# electron ~muon! candidate with ET(PT)
.20 GeV(GeV/c) and missing transverse energy@13# E” T

.20 GeV from the neutrino. We remove events that were

identified in a previous CDF analysis@14# as t t̄ dilepton
candidates. Events with a second, same-flavor and opposite-
charge lepton that forms an invariant mass with the first lep-
ton between 75 and 105 GeV/c2 are rejected as likely to
have come fromZ0 boson decays. Furthermore, to reject

those dileptont t̄ or Z0 candidates where one lepton fails our
electron or muon identification, we also remove events that
contain a track withPT.15 GeV/c and charge opposite that
of the primary lepton, and such that the totalPT of all tracks
in a cone of radiusDR[ADh21Df250.4 around this track
is less than 2 GeV/c @15#. Jets are formed as clusters of
calorimeter towers within cones of fixed radiusDR50.4.
Events are required to have one, two, or three jets withET

.15 GeV anduhu,2.0; at least one jet must be identified as
likely to contain ab quark ~‘‘ b-tagged’’! using displaced-
vertex information from the silicon vertex detector~SVX!
@15#. If a second jet in the event is alsob-tagged, either in the
SVX or by the presence of a soft lepton indicative of semi-
leptonic b decay, the event is labeled ‘‘double-tag,’’ other-
wise it is labeled ‘‘single-tag.’’ The above event selection
cuts are common to our combined and separate searches for
the two single-top processes. Additional cuts are applied
within each analysis.

We first describe our search for single-top production in
the Wg and W! channels combined. The expected signal
significance is improved by requiring the invariant mass
Mlnb , reconstructed from the lepton, neutrino, and highest-
ET b-tagged jet, to lie in a window around the top quark
mass, 140,Mlnb,210 GeV/c2. The neutrino momentum is
obtained from theE” T and the constraint thatMln5MW @16#.

The variableMlnb discriminates against both non-top andt t̄
backgrounds, in the latter case because combinatorial errors
in assigning partons to final-state jets broaden theMlnb dis-
tribution compared to single top.

We determine the efficiency of our selection criteria from
events generated by thePYTHIA Monte Carlo program@17#
and subjected to a CDF detector simulation. The acceptance
times branching ratio is (1.760.3)% for each of the two
single-top processes. The largest contributions to the accep-
tance uncertainties come from lepton triggering and identifi-
cation (10%), andb-tagging (10%). Combining these ac-
ceptances with the cross sections predicted by theory@3,4#
and the size of the CDF Run I dataset, we expect a total
signal yield of 4.3 events.

*Present address: Northwestern University, Evanston, IL 60208.
†Present address: University of California, Santa Barbara,

CA 93106.
‡Present address: Carnegie Mellon University, Pittsburgh,

PA 15213.
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Expectations for signal and background rates are listed in
the second column of Table I. We estimate thet t̄ background
from a HERWIG Monte Carlo calculation@18# followed by a
detector simulation. Normalizing to the theoretically pre-
dicted cross section,s t t̄55.160.9 pb @5#, we expect 8.4
62.7 t t̄ events to survive our selection criteria, where the
uncertainty includes theoretical and acceptance contribu-
tions.

The largest component of the non-t t̄ background in the
SVX-taggedW1jets sample is inclusiveW production in
association with heavy-flavor jets~e.g. pp̄→Wg, followed
by g→bb̄). Additional sources include ‘‘mistags,’’ in which
a light-quark jet is erroneously identified as heavy flavor,
‘‘non-W’’ ~e.g. directbb̄ production!, and smaller contribu-
tions from WW,WZ, andZ1heavy-flavor@15#. The mistag
and non-W rates are estimated from data, the

W1heavy-flavor rates from Monte Carlo normalized to data,
and the smaller sources such as diboson production from
Monte Carlo normalized to theory predictions@15#. The total
non-top background expectation is 54612 events. The un-
certainty on our background includes the effect of varying
the top mass by its uncertainty of65 GeV/c2.

To measure the combinedWg 1 W! single-top produc-
tion cross section, we use a kinematic variable whose distri-
bution is very similar for the two single-top processes and is
different for background processes: the scalar sumHT of E” T
and the transverse energies of the lepton and all jets in the
event. We perform an unbinned maximum-likelihood fit of
theHT distribution from data to a linear superposition of the
expectedHT distributions from single-top signal,t t̄ and non-
top backgrounds. We model the shape of theHT distribution
for all sources of non-top background withVECBOS-
generated@19# events containing aW plus two partons that
we force to be abb̄ pair. We have checked thatVECBOS

reproduces theHT and Mlnb distributions for theb-tagged
W11-jet data before theMlnb cut, a sample in which the
non-top backgrounds are expected to dominate. In the search
sample, the observedHT distribution agrees with the spec-
trum derived from Monte Carlo calculations when the latter
are normalized to thea priori predicted numbers of events
~Fig. 1!.

We set an upper limit on the cross section using the like-
lihood function

L~bs ,b t t̄ ,bnt!5G1~b t t̄ !G2~bnt!Lshape~bs ,b t t̄ ,bnt!,

wherebs ,b t t̄ andbnt are fit parameters representing, respec-
tively, factors by which the standard model cross section
predictions for single-top,t t̄ and non-top must be multiplied
to fit the data. The functionsG1 andG2 are Gaussian densi-
ties constraining the background factorsb t t̄ andbnt to unity,
andLshaperepresents the joint probability density for observ-
ing theNobs data events at their respective values ofHT :

Lshape~bs ,b t t̄ ,bnt!

5
mfit

Nobse2mfit

Nobs!
)
i 51

Nobs bsFs~HTi!1b t t̄Ft t̄~HTi!1bntFnt~HTi!

mfit
.

In this expression,mfit[bsms1b t t̄m t t̄1bntmnt , wherems ,
m t t̄ andmnt are the predicted numbers of events, andF(HT)
are smoothedHT distributions for signal and background,
normalized to unity. The maximum ofL is obtained forbs
52.061.8, where the uncertainty is statistical only and in-
cludes the effect of correlations with the other fit parameters.

To extract Bayesian upper limits on the single-top produc-
tion rate, we construct a probability distributionf (bs) by
maximizing L(bs ,b t t̄ ,bnt) with respect tob t t̄ and bnt for
each value ofbs , and multiplying the result with a flat prior
distribution for bs . We then convolutef (bs) with two
Gaussian smearing functions. The first one has widthbsdn,
wheredn is the sum in quadrature of all the normalization
uncertainties listed in Table II. The width of the second
smearing Gaussian is the sum in quadrature of all the sys-

TABLE I. Expected numbers of signal and background events
passing all cuts in theW1jets data sample, compared with obser-
vations. The uncertainties on the expected numbers of single-top
events do not include uncertainties on the theoretical cross section
calculations.

Combined search Separate search
W11,2,3 jets W12 jets

Process Single-tag Double-tag

Wg 3.060.6 1.460.3 0.0460.01
W! 1.360.2 0.5560.15 0.3260.06

t t̄ 8.462.7 1.460.5 0.760.2

non-top 54612 1062 1.660.4

Total 67612 1462 2.760.5

Observed 65 15 6

TABLE II. Systematic uncertainties on the fit result forbs in the
combined search (Wg1W!), and forbWg andbW! in the separate
search~see text!. Thedn columns list fractional uncertainties due to
signal normalization effects and theDS columns list absolute un-
certainties due to effects on the shapes of the fitted distributions.

Wg1W! Wg W!

Source dn DS dn DS dn DS

JetET scale 0.01 0.25 0.01 0.02 0.01 0.06
Initial-state radiation 0.02 0.15 0.06 0.07 0.06 0.13
Final-state radiation 0.03 0.02 0.07 0.02 0.05 0.01
Parton distributions 0.04 0.02 0.01 0.03 0.01 0.02
Signal generator 0.02 0.25 0.08 0.03 0.07 0.12
Background model - 0.04 - 0.12 - 0.18
Top mass 0.04 0.01 0.01 0.12 0.00 0.35
Trigger and lepton
identification 0.10 - 0.10 - 0.10 -
b-tag efficiency 0.10 - 0.10 - 0.10 -
Luminosity 0.04 - 0.04 - 0.04 -

Total 0.16 0.39 0.19 0.19 0.18 0.44
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tematic uncertainties relative to the shape of theHT distribu-
tion (DS in Table II!. Finally, the smeared distribution is
integrated to find the 95% C.L. upper limit on single-top
production. We find this limit to bebs

.9555.9, corresponding
to a cross section of 14 pb.

Because of significant differences in the final-state kine-
matics of the two single-top processes, it is possible to search
for them separately. This is interesting, because an exotic
single-top production mechanism may contribute to one and
not the other, for example a heavyW8 decaying to atb̄ quark
pair adding to the apparentW! rate @10#. For the separated
search, we use events in theW12-jets sample only and con-
sider two non-overlapping subsamples. The first one consists
of single-tag events in which the reconstructed top mass lies
in the window 145,Mlnb,205 GeV/c2, and the second
consists of double-tag events. The expected compositions,
calculated in the same way as for the combined analysis, are
shown in the last two columns of Table I: in the single-tag
sample,Wg is about 2.5 times larger thanW!; in the double-
tag sample,W! is about 7.5 times larger thanWg.

The Wg component in the single-tag sample can be mea-
sured by considering that the light-quark jet inWg events is
about twice as likely to be in the same hemisphere as the
outgoing ~anti!proton beam when a top~anti!quark is pro-
duced. Thus the productQ3h of the primary lepton charge
and the untagged jet pseudorapidity has a strongly asymmet-
ric distribution. In the double-tag sample, theW! component
can be extracted from the distribution ofMlnb . In this case,
since both jets are tagged, theb-jet with the largest
h (2h) is used in formingMlnb for a t( t̄ ) decay, as deter-
mined by the sign of the primary lepton in the event, an

assignment that is expected to be correct 64% of the time.
The Q3h andMlnb distributions for the data are compared
to expectations for signal and background in Fig. 2. For the
separateWg and W! searches, we use aHERWIG Monte
Carlo calculation to model our signals.

A binned maximum-likelihood fit is used to extract the
amounts ofWg andW! present in theW12-jets data. The
likelihood function has the following form:

L~bWg ,bW!,b t t̄1 ,b t t̄2 ,bnt1 ,bnt2!

5G1~b t t̄1!G2~bnt1!L1~bWg ,bW!,b t t̄1 ,bnt1!

3G3~b t t̄2!G4~bnt2!L2~bWg ,bW!,b t t̄2 ,bnt2!,

where the fit parameters are factors by which the predicted
numbers of Wg (bWg),W

! (bW!), single-tag t t̄ (b t t̄1),
double-tagt t̄ (b t t̄2), single-tag non-top (bnt1) and double-
tag non-top (bnt2) events must be multiplied to fit the data.
The Gi functions are Gaussian constraints on the normaliza-
tions of the various backgrounds,L1 is a binned Poisson
likelihood for theQ3h distribution of single-tag events, and
L2 is a binned Poisson likelihood for theMlnb distribution of
double-tag events.

The result of the maximum-likelihood fit for the single-
top content of the data is20.624.0

14.8 Wg events and
7.624.8

15.9 W! events. The systematic uncertainties are listed in
Table II. We extract upper limits on the individual single-top
processes in the same way as for the combined search. At the
95% C.L., we find upper limits of 13 and 18 pb on single-top

FIG. 1. TheHT distribution for data in the combined search,
compared with smoothed Monte Carlo predictions for signal and
backgrounds~second column in Table I!. HT is the scalar sum ofE” T

and the transverse energies of the lepton and all jets in the event.
The inset shows that the Monte Carlo modeling ofHT is very simi-
lar for both signal processes.

FIG. 2. Top: distribution of the productQ3h of the lepton
charge and the untagged jet pseudorapidity for single-tagW12-jets
events. Bottom: distribution of the reconstructed top mass for
double-tag events. The data are compared with expectations for
signal and backgrounds~third and fourth columns in Table I!.
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production in theWg andW! channels, respectively. These
two limits are correlated since they are derived from the
same likelihood function.

In summary, we conclude that electroweaktb̄ production
is out of reach in the Run I CDF data set. At the 95% C.L.,
we set an upper limit on the combinedWg1W! single-top
cross section of 14 pb. Separate 95% C.L. upper limits in the
Wg andW! channels are 13 and 18 pb, respectively.
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