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We search for standard model single-top-quark production inMguon fusion andW* channels using
106 pb ! of data fromp?collisions atys=1.8 TeV collected with the Collider Detector at Fermilab. We set
an upper limit at 95% confidence lew&.L.) on the combinedV-gluon fusion andV* 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 andV* channels are also determined and are found to be 13 and 18 pb, respectively.

DOI: 10.1103/PhysRevD.65.091102 PACS nuniderl4.65.Ha, 12.15.Ji, 13.85.Rm

The observation of the top quark p collisions at the top search to events with evidence of a leptaMdecay: an
Fermilab Tevatron has relied on pair production through thésolated [12] electron (muon candidate with E1(Pr)
strong interaction, typicallgq—tt. A top quark can also be ~ 20 GeV(GeVt) and missing transverse energy3] Er

produced singly, in association withtaquark, through the ~ 20 GeV from the neutrino. We remove events that were
electroweak interactiofil]. The two dominant “single-top”  identified in a previous CDF analys[44] as tt dilepton
processes areWg’ (i.e. W-gluon fusion,qg—tbq’) and candidates. Events with a sgconq, same-flavpr and opposite-
“WH ( qa’ﬂtg). Within the context of the standard model. charge lepton that forms an invariant mass with the first lep-

a measurement of the rate of these processes at a had ton between 75 and 105 Ged/f are rejected as likely to

ron 0 :
collider allows a determination of the Cabibbo—Kobayashi—P'aVe cc?me fro_mZ Oboson. decays. Furthermore, to.reject
those dileptortt or Z* candidates where one lepton fails our

Maskawa matrix elemenV,, [2]. Assuming|V,,|=1, the ) M
predicted cross sections fo¥g andW* are 1.7 pb3] and electron or muon identification, we also remove events that
contain a track wittP+>15 GeV/k and charge opposite that

0.7 pb[4], respectively, compared to 5.1 pb fdr pair pro- :
duction [5]. The DO Collaboration has recently published ic:;hsozgrz??;;?sg)g;aggj%litge4tﬁuf dat”hit;afc(r:zik
95% confidence levelC.L.) upper limits of 22 pb onWg N2 ¢°=0.

and 17 pb onW* production[6]. In this Rapid Communica- 's less than 2 Ge\J [15]. Jets are formed as clusters of
tion we report on two searches: one for the two single-to calontmeter towers dvx;ltht:n cones (?[f fixed trhadl@t: O;."h
processes combined, and the other for each process seF[;EaYen S are required o have one, two, or three Jets * b

rately. >15 GeV and n|<2.0; at least one jet must be identified as

The expected final state of a single-top event consists dikely to contaip ab quark (* b'-.tagged’) using displaced-
W-decay products plus two or more jets, including oneVvertex information from the silicon vertex detect@VX)
b-quark jet from the decay of the top quark. W* events, [15]. If a second jet in the event is albetagged_, eit_her in the _
we expect a secoritbquark jet from the*tb vertex. InWg SVX or by the presence of a soft lepton indicative of semi-

events, a second jet originates from the recoiling light quark€PtoNic b decay, the event is labeled “double-tag,” other-

and a third jet is produced through the splitting of the initial- WiS€ it is labeled “single-tag.” The above event selection
state gluon intbb. This b-quark jet is produced at a larger cuts are common to our combined and separate searches for

absolute value of pseudorapidify] and lower transverse th_(teh_two s;]ngle—tlop. processes. Additional cuts are applied
momentum than the secomequark jet inW* events[1]. within €ach analysis.

Single-t harder to ob ihanod We first describe our search for single-top production in
_ >Ingle-lop processes are harder to observe thanoduc- tlhe Wg and W* channels combined. The expected signal
tion because their cross section is smaller and their final. _ .. . o ; .

L ; . significance is improved by requiring the invariant mass
state, containing fewer jets, competes with a IargerlvI reconstructed from the lepton. neutrin nd highest
W-+multijet background from QCDA priori we do not ex- 'VB' eco dS' ucte i om the _eg on, neu d OB a 9 esk—
pect sensitivity to the standard model cross section in th&T P-t2gged jet, to lie in a window around the top quar
presently available data. However, a number of new physic§'ass, 146:M,,,<210 GeVt?. The neutrino momentum is
processes could enhance the single-top production rate, mgbtained from theéfr and the constraint tha#l;, =My [16].
tivating a searchi8—10]. For example, current Collider De- The variableM,,,, discriminates against both non-top arid
tecter at FermilaCDF) data are expected to be sensitive tobackgrounds, in the latter case because combinatorial errors

a new flavor gauge boson with mass below 1 T&\9]. in assigning partons to final-state jets broadenNhg, dis-
Our measurement uses 108pb ! of data frompp col-  tribution compared to single top.
lisions at\'s=1.8 TeV collected with the Collider Detector ~ \We determine the efficiency of our selection criteria from
at Fermilab between 1992 and 19¢%un I” ). The detector events generated by tirerTHIA Monte Carlo program17]
is described in detail elsewhef#l]. We restrict our single- and subjected to a CDF detector simulation. The acceptance
times branching ratio is (1:70.3)% for each of the two
single-top processes. The largest contributions to the accep-
*Present address: Northwestern University, Evanston, IL 60208.tance uncertainties come from lepton triggering and identifi-
TPresent address: University of California, Santa Barbaracation (10%), andb-tagging (10%). Combining these ac-

CA 93106. ceptances with the cross sections predicted by thE®w#]
*present address: Carnegie Mellon University, Pittsburghand the size of the CDF Run | dataset, we expect a total
PA 15213. signal yield of 4.3 events.
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TABLE I. Expected numbers of signal and background eventsw+heavy-flavor rates from Monte Carlo normalized to data,
passing all cuts in th&V-+jets data sample, compared with obser- and the smaller sources such as diboson production from
vations. The uncertainties on the expected numbers of single-togMonte Carlo normalized to theory predictiofis]. The total
events QO not include uncertainties on the theoretical cross sectigipn-top background expectation is 542 events. The un-
calculations. certainty on our background includes the effect of varying
the top mass by its uncertainty of5 GeV/c?.

Combined search Separate search To measure the combine¥g + W* single-top produc-
W+1,23 jets - W2 jets tion cross section, we use a kinematic variable whose distri-
Process Single-tag  Double-tag  pytion js very similar for the two single-top processes and is
Wg 3.0+0.6 1.4-0.3 0.04+0.01 different for background processes: the scalar $tyrof ¢
W* 1.3+0.2 0.55-0.15 0.32-0.06 and the transverse energies of the Ie.pton and gll jets in the
T 8.4+27 1.4-05 0.7-0.2 event. We _perf_orm an unbinned mammum-hkehhpod fit of
non-top 5412 10+2 16+0.4 the H+ distribution from data to a linear superposition of the

expected distributions from single-top signalf and non-
Total 6712 14+2 2.7£0.5 top backgrounds. We model the shape of lthedistribution
for all sources of non-top background withECBOS
generated 19] events containing &V plus two partons that

we force to be abb pair. We have checked thaECcBoS
Expectations for signal and background rates are listed ifgProduces théir and M,,;, distributions for theb-tagged

the second column of Table I. We estimate théackground W+1-jet data before théd,,,, cut, a sample in which the
from a HERWIG Monte Carlo calculatio18] followed by a non-top backgrounds are expected to dominate. In the search

detector simulation. Normalizing to the theoretically pre-frimp(lj%rg]: d?‘lr)osrir\l(/lelggtgIétarllrtl)gt::c;rl]cﬁgtiec?r?sv\\//\;reElh?h:ﬁ:ti_er
dicted cross sectiong;=5.1+0.9 pb[5], we expect 8.4

— . ) o are normalized to tha priori predicted numbers of events
+2.7tt events to survive our selection criteria, where the Fig. 1).

uncertainty includes theoretical and acceptance contribu- \we set an upper limit on the cross section using the like-

Observed 65 15 6

tions. _ lihood function
The largest component of the non-background in the
SVX-taggedW+jets sample is inclusiv_eW production in L(Bs, Bt Bnt) = G1(Bi) G2 Bnt) Lshapk Bs » Bt s Bnt) s

association with heavy-flavor jet®.g. pp—Wg, followed

by g—bb). Additional sources include “mistags,” in which
a light-quark jet is erroneously identified as heavy flavor,
“non-W" (e.g. directbb production, and smaller contribu-
tions fromWW,WZ, andZ+ heavy-flavor[15]. The mistag
and nonW rates are estimated from data, the

wheregs, By and B,,; are fit parameters representing, respec-
tively, factors by which the standard model cross section
predictions for single-top,t and non-top must be multiplied
to fit the data. The function&; andG, are Gaussian densi-
ties constraining the background factgtg and 8, to unity,

and Lgpaperepresents the joint probability density for observ-
ing the Ny, data events at their respective valuedHaf:

Eshapé Bs aﬁtt_yﬂnt)

TABLE Il. Systematic uncertainties on the fit result {8y in the
combined searchW/ g+ W?*), and for 8,y4 and B in the separate
searchsee text. The dn columns list fractional uncertainties due to
signal normalization effects and theS columns list absolute un-

Nobsa— N
certainties due to effects on the shapes of the fitted distributions. _MﬁtObSe icers B F(Hri) + BeaF(Hri) + BntFnd(Hri)
~ Nopd i1 M '
Wg+W* Wg w oos ! ‘
Source on AS on  AS 6n  AS

In this expressionu= Bsus+ Brrker T Bnmtnt, Wherepug,

JetE; scale 001 025 001 002 001 006 Mitandu, arethe predicted numbers of events, &)
Initial-state radiation  0.02 0.15 0068 0.07 008 0.13 are smoothedH; distributions for signal and background,

Final-state radiation  0.03 002 007 002 005 0,01 hormalized to unity. The maximum af is obtained forg

Parton distributions 004 002 00l 003 00l o002 —20+18, where the unce_rtainty_ is statistical_only and in-

Signal generator 002 025 008 003 007 0412 cludes the effect of porrelatlon_s Wlth the oth.er fit parameters.

Background model . 004 - 0412 - o018 . To extract Bayesian upper I|m|t§.on the ;mglle—top produc-
' ' i tion rate, we construct a probability distributidif3s) by

io.p massd lent 0.04 001 001 012 000 0.35 maximizing L(Bs, Bt Bnt) With respect toBy; and B, for
_1gger and fepton each value o35, and multiplying the result with a flat prior
identification 0.10 - 0.10 - 0.10 - S .

- distribution for Bs. We then convolutef(Bs) with two
b-tag efficiency 010 - 010 - 010 - oo ssian smearing functions. The first one has wizlhn
Luminosity 0.04 - 0.04 - 0.04 - 9 : '

where 6n is the sum in quadrature of all the normalization
Total 016 039 019 019 0.18 0.44 uncertainties listed in Table Il. The width of the second
smearing Gaussian is the sum in quadrature of all the sys-
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FIG. 1. TheHy distribution for data in the combined search,  F|G. 2. Top: distribution of the produd®x 7 of the lepton
compared with smoothed Mpnte Carlo predictions for signal a”dcharge and the untagged jet pseudorapidity for singlaAtag? -jets
backgroundgsecond column in Tablg.IHy is the scalar sum &y eyents. Bottom: distribution of the reconstructed top mass for
and the transverse energies of the lepton and all jets in the everﬁouble-tag events. The data are compared with expectations for

The inset shows that the Monte Carlo modelingafis very simi-  gjgnal and backgroundghird and fourth columns in Table.|
lar for both signal processes.

tematic uncertainties relative to the shape oftthedistribu- ~ assignment that is expected to be correct 64% of the time.
tion (AS in Table I)). Finally, the smeared distribution is The QX » andM,,;, distributions for the data are compared
integrated to find the 95% C.L. upper limit on single-top to expectations for signal and background in Fig. 2. For the
production. We find this limit to b@.°=5.9, corresponding separateWg and W* searches, we use RERWIG Monte

to a cross section of 14 pb. Carlo calculation to model our signals.

Because of significant differences in the final-state kine- A binned maximum-likelihood fit is used to extract the
matics of the two single-top processes, it is possible to searcfimounts ofWg and W* present in theN+2-jets data. The
for them separately. This is interesting, because an exotitkelihood function has the following form:
single-top production mechanism may contribute to one and

not the other, for example a heaw’ decaying to ab quark

pair adding to the appareht* rate[10]. For the separated L(Bwg: B Bi1: Briz: Bois s Boiz)

search, we use events in tié+2-jets sample only and con- =G1(Bit1) G2 Bnr) L1(Bwg: Bw Bitt » Btr)
sider two non-overlapping subsamples. The first one consists B B
of single-tag events in which the reconstructed top mass lies X G3(Bit2) Ga( Bnz) Lo Bwg: Bw Btz Bntz)

in the window 145 M,,,<205 GeVk?, and the second
nsi f le- vents. The ex mposition . . .

gglcilsattseg ind%lébszﬁg v?as a;[ss for tﬁeecgr?l;[iiidcgn;;;ssi;o aixsg’here the fit parameters are factors by which t_he predicted

shown in the last two columns of Table I: in the single-taghumbers of Wg (Bwg) W* (Bw+), single-tag tt (B),

sample Wg s about 2.5 times larger thai*; in the double-  double-tagtt (B;t2), single-tag non-top £,,+1) and double-

tag sampleW* is about 7.5 times larger thaig. tag non-top B,») events must be multiplied to fit the data.
The Wg component in the single-tag sample can be meaThe G; functions are Gaussian constraints on the normaliza-

sured by considering that the light-quark jetWig events is  tions of the various backgroundg, is a binned Poisson

about twice as likely to be in the same hemisphere as thiékelihood for theQX # distribution of single-tag events, and

outgoing (antjproton beam when a tofantjquark is pro- L, is a binned Poisson likelihood for th\é,,, distribution of

duced. Thus the produ@X » of the primary lepton charge double-tag events.

and the untagged jet pseudorapidity has a strongly asymmet- The result of the maximum-likelihood fit for the single-

ric distribution. In the double-tag sample, th& component top content of the data is—0.6"55Wg events and

can be extracted from the distribution i, In this case, 7.6"33 W* events. The systematic uncertainties are listed in

since both jets are tagged, thiejet with the largest Table IIl. We extract upper limits on the individual single-top

7 (— 7n) is used in formingM,,, for at(t) decay, as deter- processes in the same way as for the combined search. At the

mined by the sign of the primary lepton in the event, an95% C.L., we find upper limits of 13 and 18 pb on single-top
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