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We present the result of a search for charged Higgs boson decays of the top quark, progiycedlisions
at\s=1.8 TeV. When the charged Higgs boson is heavy and decays tepgon, which subsequently decays
hadronically, the resulting events have a unique signature: large missing transverse energy and the low-
charged-multiplicityr. Data collected in 1992 and 1993 at the Collider Detector at Fermilab, corresponding to

18.7+0.7 pb %, exclude new regions of combined top quark and charged Higgs boson mass, in extensions to
the standard model with two Higgs doublets.

PACS numbe(s): 14.65.Ha, 13.85.Rm

[. INTRODUCTION Higgs boson can decay either to or to cs. The branching
ratios of these processes depend on the top quark and
We have conducted a search for decays of the top quarkharged Higgs masses, and on grthe ratio of the vacuum
to a charged Higgs boson, using the Higgs boson decays &xpectation values of the two Higgs doublets in the mddel.
hadronically decaying leptons. The results presented hereWe consider here only the kinematically allowed cases
come from data collected during the years 1992 and 1993 athere m,,>my+m, and my,,>my+m;,. In these cases
the Collider Detector at Fermilab corresponding to an intethree decay modes of _the quark pairs _are possible:
grated luminosity of 18.20.7 pb L. A charged Higgs boson tt—H"H bb, tt—H*W"bb, andtt—W"W"bb.
arises in extensions to the Standard Model with two Higgs This analysis of hadronic decays of thdepton uses a
doublets[1]. If the charged Higgs boson exists in such amethod similar to that used previous|®] but with four
model and is lighter than the top quark, then two competing
channels are possiblé:~H b andt—W"b. The charged

We consider here only models in which one Higgs doublet
. couples to the up-type quarks, and the other doublet couples to the
Visitor. down-type quarks and the leptons.
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TABLE I. Number of events selected and signal efficiency for

- each selection criterion. The efficiencies represent the successive
1 B effect of each criterion, for events in a Monte Carlo simulation with
C Miop=120 GeV/é and my4qs=100 GeV/E.
0.8 — Remaining Relative
B Cuts Events Efficiency
>
g 06 - Initial selection 7109 (22.2+0.4)%
;f_:) L E>40 GeV 4766 (85.8+0.9%
© . Jet 1E:>30 GeV 2579 (83.5+0.8%
§ 0.4 Jet 2E+> 20 GeV 1601 (81.6+1.0%
= - Azimuthal angle between jets 1579 10094%
i S(Et)>4 Ge\H? 659 (79.7+1.1)%
0.2 — Isolation 193 (48.9+1.69%
C Electron/jet rejection 104 (93.4+1.1)%
i Az vertex 81 100.03%%
0 1 1 1 | 1111 | I I [ [ | | [ 11 E‘ET|>1OO GeV 74 (93 Sil 2)%
0 10 20 30 40 50 60 Charged multiplicity 19 (88.6:1.5%
Z (GeV) Total efficiency (3.90.2%

FIG. 1. Distribution of measured trigger efficiency as a functionthree associated charged particles. Thus, top quark pair
of reconstructedE in jet trigger events. events with charged Higgs decays#teptons can be found

by looking for an excess of events with narrow energetic jets

most recent limif 3] uses the leptonic decays of thaising
the data set collected in the same period as in this paper, i.
1992-1993. Charged Higgs boson masses from 45 e/
110 GeVt? and top quark masses from 90 Ge¥to 110
GeV/c? were excluded at a 95% C.L., as shown in the lower

hatched part of the plot in Fig. 7. Experiments at the CERN  The CDF detector is described in detail elsewhigk
e"e” collider LEP exclude a charged Higgs boson with aThe most important components of the CDF detector for this
mass less than 45 Gedf/[4]. analysis are the tracking chambers and calorimeters. The rel-
In the present analysis a more stringent limit results fromeyant tracking chambers are the vertex time projection cham-
the 64% hadronic branching ratio of thecompared with the  per(vTX) and the central tracking chamb@TC), which is
36% leptonic branching ratio. However, the larger expecteg |arge cylindrical drift chamber surrounding the VTX. Both
background, mainly hadronic processes, must be well modgre |ocated inside a superconducting solenoid magnet gener-
eled. The analysis presented here addresses top masses indfifig a 1.4T field. The VTX providesz vertex reconstruc-
range extending from the limits of previous searcf8],  tion andr—z tracking over the pseudorapidity rangs
about 100 GeW’, up to the mass range which has been<3 25[7], where thez axis is the proton direction along the
measured, 1768(stah+10(sysy GeV/c? [5]. The analysis peamline and refers to the radial coordinate transverse to
excludes by direct search a top or top-like object decayinghe beam line. The momenta of charged particles are mea-
via a charged Higgs boson in this region. sured in the CTC. The solenoid and the tracking volume of
Top quark pair events with one or two charged Higgsthe CDF lie inside electromagnetic and hadronic calorimeters
boson decays should contain energetic jets which come frofyhich cover 2r in azimuth and up tdz|=4.2. The calorim-
b quarks and the decays of thts. Each top quark leads to eters are segmented in azimuth and pseudorapidity to form a
the production of two energetic neutrinos, leading in turn totower geometry which points back to the nominal interaction
a large missing transverse energy, dendfgd? The first point z=0.
neutrino is emitted in the charged Higgs\dfboson decay, The “trigger” decision as to whether or not the data from
and the second results from thelecay. The signature of an 3 particular interaction should be recorded depends on the
hadronically decaying is a narrow jet with either one or particular pattern of energy deposited in the calorimeters, the
presence of charged tracks in the CTC, and the presence of
penetrating charged particles in the muon chambers which

2For a calorimeter energy deposit, assuming the particles camgurround the calorimeter. This analysis relies in particular on
from some point along the beam axis, a direction in space is de trigger which uses analog sums of the calorimeter energy
fined. The transverse enerdy is the component of the energy deposits to determine the missing transverse energy. Since
vector in the plane perpendicular to the beam axis. Ehds de-  the charged Higgs boson events sought in this analysis gen-
fined as the magnitude of the vector sum of the transverse energgrally have large missing transverse energy, this analysis
Er of each calorimeter energy deposit. uses only those events which satisfy a trigger requirement of

events due to the higher probability of decaysrtteptons,
&nd larger missing .

Il. CDF DETECTOR AND TRIGGER
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the left of the arrow are removed by the cuts on the data sample.

at least 35 GeV of missing transverse energy.

Figure 1 shows the trigger efficiency measured from th

FIG. 4. Distibution of electromagnatic energy fraction versus

éET/E pt, showing electron and hadronic jet rejection limits.

data as a function of the reconstructed missing energy. The
imperfect missing energy resolution in the trigger electronicsimulation based on top quark and charged Higgs boson
leads to the measured shape of the “turn-on” at 35 GeVmasses just beyond those excluded in previous analyses,

The trigger attains full efficiency at abolit;=60 GeV.

Ill. EVENT SELECTION

namely,my,,=120 GeVE? and myy,=100 GeVE> A ver-
sion of the Monte Carlo programsAJET [8], modified to
correctly model the polarization of thés, generated events

The criteria to reject background and to select the charge@hich were then passed through the CDF detector simula-
Higgs boson signal were determined using a Monte Carldion.

CDF 19 pb™

— Data sample

o
S
W

_____ ISAJET
CDF simulation

0.04 M= 120 GeV/c’2
- M= 100 GeV/c
-
I ISAJET

0.03 S CDF simulation

Number of events/0.1 GeV'/?
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1 Myee= 160 GeV/c?
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FIG. 3. Distribution of S(Et) for the data samplésolid line)
and for the Monte Carlo simulation&lashed and dotted line
Events to the left of the arrow are removed by the cut.

The selection criteria aim to select events with large miss-
ing transverse energy due to the neutrinos the presence of a
hadronically decaying lepton, and at least one other jet due
either to anothetr or to one of the jets from the tOP quark.
Each event must havé;>40 GeV, S(E;)>4 GeV!? a r
lepton identified as discussed below, wih>30 GeV and
|71<1, a jet as defined below, witkE;>20 GeV, |7<2,
A¢,er<140°, and scalak|E;|>100 GeV, where we use the
definition S(E1)=E,/V>|E| for the “significance” of the
missingE- .

The number of events which satisfy each criterion are
listed in Table I. The relative efficiencies between consecu-
tive cuts for theISAJET Monte Carlo simulation with
Miop=120 GeVE? andmyig=100 GeVE? are also shown in
Table I.

The scalar nature of the charged Higgs boson implies that
the two neutrinos produced in the decay chain tend to travel
in the same direction, resulting in a larég . Furthermore,
the charged Higgs boson decays mainly tefar large val-
ues of the parameter tgh For smaller tarB values, the
probability for the top quark to decay to & boson in-
creases, and the charged Higgs boson decays more often to a
guark-antiquark pair. In this case the averdfie conse-
qguently becomes smaller. Thus the trigger and selection re-
quirements ot enhance the acceptance in the case of large
values of tang.
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FIG. 5. Ther signal found in the data sample using a similar
algorithm with less stringent cuts. The ddfminty are compared
with an estimate of jet backgroungrosshatched and with a
Monte Carlo simulation ofV+jets events, withNV— v (open his-
togram).

The criteria on the missing transverse energy and signifi
cance reinforce the trigger requirements and select even

with energetic neutrinos. The distributions Bf and S(E+)

are shown in Figs. 2 and 3, for the data sample and for th

Monte Carlo simulation of the signal.
When a top quark decays to a charged Higgs boson,

large fraction of its energy goes into creation of the charged

Higgs boson. The smaller remaining energy for thguark
produces jets of loweE. Since the charged Higgs boson
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assign one of the two jets as ther." Since the charged
particles in hadronically decaying energetls must lie in a
narrow cone around the calorimeter energy deposit, the
must satisfy an isolation criterion in which there must be no
associated charged particle wjth>1 GeVk found between
cones of 10° and 30° defined around the direction of the
associated track with the larggst. If the first jet fails the
cut, the algorithm applies the cut to the second jet, which in
addition must then pass the stricter jBt, associated
charged particlgpr, and » cuts of the first jet. The jet which
passes the isolation cut is called theandidate. Applying
this requirement after all the other requirements rejects 78%
of the events in the data sample, while retaining 60% of the
events in the Monte Carlo simulation with,,=120 GeVt?
and my;4=100 GeVE?,
A small fraction of electrons and single hadrons or low-
multiplicity hadronic jets also satisfy theselection criteria.
To reject electrons, ther candidate must satisfy
1—(10E1/2|p|—1) " *>fgy, wherefgy, is the fraction of
the total energy deposited in the electromagnetic calorimeter
and X|p¢| is the sum of the magnitudes of the transverse
momenta of charged particles in the 10° cone around the jet
axis. A fraction of the hadronic background is rejected by a
similar cut: 1— (bE/Sp;— 1)~ 1<fgy, where the factob
has been optimized as a function of the of the 7 candi-
date:b=0.815 for 30 GeWE;<45 GeV,b=0.995 for 45
GeV=E;<69 GeV, andb=0.860 forE;=69 GeV.
_ Figure 4 shows the distribution dfg, versusE+{/2p+;
{Ee selection criteria appear as the curves drawn on the plot.
Lastly, the requirement that the scalar sum of transverse
gnergy exceeds 100 GeV removes background Wéinjets
events in which th&V decays leptonically.

a
IV. 7 SIGNAL IN HADRONIC EVENTS

In order to demonstrate that the criteria select hadranic

carries a large energy, its decay products receive a strorgecays in a process known to containleptons, one can
boost. In particular, the’s which come from the charged e€xtract ther signal from the procespp—W+jets. W—7v

Higgs boson have very larg&;, resulting in a large-

by selecting a sample of events withraa jet, and missing

transverse-momentunp{) associated charged particle near transverse energy. Employing less stringent cuts orthe

the jet axis. The averag@; increases with increasing

S(E+), Et, andpy of the charged particles associated with

charged Higgs mass. A charged particle is associated with &€ jets, and then requiring| E1| <85 GeV and a tight cut on

jet if its initial direction points within a cone of radiusR
=JA 7%+ A $%=0.4 of the jet direction, where is the azi-

the width of the energy deposit in the jets, results in the
multiplicity distribution shown in Fig. 5. The plot shows a

muthal angle in the plane perpendicular to the beam axis. clear excess of one and three charged particles in the distri-
The event selection requires the presence of at least twution of the associated charged particle multiplicity distri-
jets, formed from calorimeter energy deposits in a cone oPution in the 10° cone, attributed W plus jets events. The

radiusAR=0.4. The first jet must havE;>30 GeV, lie in

data(pointg are compared to a background estim@ess-

with p;y>4 GeVk. If more than one jet satisfies these crite-
ria, the jet with the largedE is chosen.

[9] of W—7v (open histogram normalized according to the
HERWIG predicted cross section.

The requirements on the second jet are less stringent. The

Monte Carlo simulation shows that the second jet has a

smaller E;, and is less often in the central region of the
detector,|s<1. The second jet must havg;>20 GeV,
|7/<2, and an associated charged particle.

Requiring that thez intercept of the largegty charged

particle associated with each jet be within 5 cm of the pri-
mary z vertex of the event rejects jets from additional inter-

actions in the event.
Subsequent criteria to identify hadronically decayitsg

V. MONTE CARLO SIMULATION
AND TRIGGER EFFICIENCY

The simulation of charged Higgs boson events uses the
physics generatasAJET and the CDF detector simulation. In
order to compute the acceptance at any point in the top quark
versus charged Higgs boson mass plane, it is necessary to
make a mixture of events from the simulation of
tt—=H H bb, tt—=H*W"bb, andtt—W"W~bb processes
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TABLE Il. Sources and magnitudes of the systematic uncertain-

[4]
ties in the analysis. The values are the relative uncertainties in the 530 - +Doto sample
number of expected events, and represent the extremes for the top & [ CDF 19 pb™'
mass range 100-174 GeY/c 225 E_ B8 Background
. o - =
Uncertainty Value § - ISAJET .
Top quark cross section (30-10% 20 = SEZSES '823;02
ISAJET gluon radiation (16-1.3% L m:,:,,=100 GeV/c?
Integrated luminosity 3.7% 15 &= B
Trigger efficiency 5.5% C s
MC statistics (10-9% N
Energy scale effect (32-7.5% 10 - b 53
Background estimation 14% C RS
s o e
for charged Higgs boson masses in the range of 50 B s
GeV/c®>~160 GeVe? and for top quark masses in the range o T Eakeed ERRRARKRKRAARCS l
of 100 GeVt?~174 GeVt2 Thett production cross section 0 2 4 6 8 10
is taken from a next-to-leading order theoretical calculation Charged particle multiplicity

[10]. The simulation of the effect of th&; trigger efficiency

comes from a measurement of the efficiency as a function of

the E+ in events which triggered on the presence of jets. FIG. 6. Charged particle multiplicity distribution in the 10° cone
In the Monte Carlo simulation, more than 95% otan- after all the cuts, for the data sampjeoints, for the background

didates found by the algorithm correspond in spatial direchormalized to the datécrosshatched histogramand for the ex-

tion to the actual’s generated in the event. pected signal from the normalized Monte Carlo simulati¢ssen
histogram, added to the background.

VI. BACKGROUNDS

The dominant backgrounds to charged Higgs bosorihe 7 decay neutrinos are back to back.
events in the selected event sample are hadronic processes,The predicted background froriV+jets events, with
and processes in whichz or W is produced, possibly ac- W—17v, comes from 40 000HERWIG events which were
companied by jets. In almost all of the background, a hadpassed through the CDF detector simulation, including the
ronic jet fluctuates to have low charged particle multiplicity relevant trigger efficiencies. Again assuming lepton univer-
and satisfies the criteria. A small additional contribution to sality the production cross sectioa(pp—WXW—ev)
the background comes frokV andZ events where thejet ~ =2.19+0.04stay+0.21(sysh nb [11] is used for normaliza-
comes from ar or mismeasured electron from the bosontion. Most of these events are rejected by the cuten
decay. In this case thejet typically has one or three asso- S(Er), andZ|er|. No event passed the selection criteria.
ciated charged tracks. The other processes involviny and Z bosons result in

A combination of events satisfying the various jet energybackground taken into account by the hadronic jet sample,
triggers in the experiment models the hadronic backgroun@nd contribute negligibly to the non-hadronic-jet component.
well. The background normalization is computed as a func- There is a small acceptance for events from standard
tion of theE; and charged multiplicity of the. The normal- model top quark pair production: for a top quark with mass
ization equalizes the number of events of any charged mulof 176 GeV£? one expects 0:20.1(stah events. This accep-
tiplicity except 1 or 3, in three ranges &;. The Monte tance affects the number of expected events in the signal, and
Carlo simulation shows that reals contribute less than a does not enter the background estimate.
few percent to these bins in multiplicity. An estimated total
of 17.4+2.5 events come from processes where thiet
came from a hadronic jet; the error is statistical only.

The estimate of the non-hadronic-jet contribution to the Systematic effects which can lead to uncertainty in the
background comes from Monte Carlo simulation of the vari-final result can be classified into those which affect the back-
ous processes. Of these, only the contribution fim7" 7~ ground estimate and those which affect the number of ex-
remains non-negligible after all cuts. Using a total of 30 000pected events. Many of the systematic uncertainties affecting
events generated with theaJET program and then passed the number of expected events depend on the top quark
through the CDF detector simulation and analysis, we expeanass. Table Il lists the different estimated systematic uncer-
1.1+0.4(sta events with 1 or 3 associated charged particlestainties. For the cases where there exists a top quark mass
The production cross section comes from the measdred dependence, the extreme values appear in the table.
cross section, assuming lepton universalityr(pp Various effects can bias the background estimation, such
—ZX:Z—e* e X)=0.209+0.013(sta) =0.017(sysh nb  as the binning of thée distribution and the normalization
[11]. This background is small for several reasons: the promethod. Dividing theE distribution into smaller bins and
cess has a small cross section, the two outgeiagre azi- following the same normalization method leads to a negligi-
muthally back to back, and tH&; is typically not large since bly small difference in the expected number of hadronic

VII. SYSTEMATIC UNCERTAINTIES
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FIG. 7. Regions of thém,,,mMy;gq¢ Plane excluded at 95% C.L. FIG. 8. Regions of thém;q,,Myiggs) Plane excluded at 95% C.L.
for a 100% branching ratio dfi*—r7v. The plot also shows the for different values of tarB. The plot also shows the limit from the
limit from the previous analysd2,3]. previous analysei2,3].

background events. The normalization method is based on j&then the energy scale is shifted as the systematic uncertainty
trigger events, but one can check for a trigger bias by removon the energy scale.
ing the jet which was responsible for the trigger, and no

significant effect appears. The total hadronic background is

conservatively estimated to be 1Z2.5sta)=0.6(sysd

events, based on these cross-checks. After selection, there remain 74 events from the data
We have compared the number of expected events fogample, of which a total of 19 events have eandidate with
different masses of the top quark and the charged Higgs baeither one or three associated charged particles. Figure 6
son with and without initial-state gluon radiation IBAJET. ~ shows the multiplicity distribution for the data sample and
Half the difference between these numbers was taken as thiee hadronic background normalized to the data. For com-
systematic uncertainty. The mean value between the numbgarison, the plot shows the distribution from the Monte Carlo
of expected events with and without initial-state gluon radia-signal simulation normalized to the total integrated luminos-
tion was taken as the number of expected events. The isoldy and added to the hadronic background estimation. The
tion cut is the criterion most affected by initial-state gluon estimated total number of background events is 125,
radiation; the number of jets is smaller with no initial-state Where the error comes from adding in quadrature the system-
gluon radiation. The probability to have associated charge@!iC and statistical uncertainties. o
particles of ther candidate mixed with a particle of another ~ The mass limits must take into account the uncertainties,
jet becomes smaller and the efficiency of the cut increase®Oth statistical and systematic, on the number of expected
This effect also depends on the top quark mass, since for Aackground and signal events. For a given mass point, a

heavy top quark there is less energy to produce jets as %{mple Monte Carlo simulation generates a large ensemble of
result of the initial-state gluon radiation trials with the numbers of expected signal and background

The systematic uncertainty on the trigger efficiency wa eyents varying in a Gaussian fashion about the mean. In.each
estimated by varying each point of the measured trigger est_r}al it ge.nerat.ed a number of observed events from a Poisson
e ) . . . distribution with a mean equal to the number of signal plus
ficiency by its uncertainty. The relative uncertainty on th_ebackground. The standard deviations of the Gaussians are the
number of expected events due to the systematic uncertaingy, y\hineq statistical and systematic uncertainties. The mass
in the trlgger efﬂmency is conservatlvzely estimated to bepoint can be excluded with 95% confidence if in 95% or
5-5%-2"‘ this calculationm,q,=120 GeVL” andmyiggs=100  more of the trials the total number of events exceeds the 19
GeVic*. events actually observed.

The absolute energy scale uncertainty varies froft0% Figure 7 shows the resulting limit for large values of the
at 8 GeV to=3% at 100 GeV. In the Monte Carlo simula- parameter tags, for which the branching ratios df—Hb
tions, we shifted the jet energy scale by these values, angihd H—7v approach unity. Figure 8 shows the limit for
repeated the analysis, reconstructing Eyeof each jet and tang8=50, 100, and 500 in the plane of the top quark mass
other relevant event parameters. We used the mean relativersus the charged Higgs boson mass. As the charged Higgs
difference of the change in the number of expected eventsoson mass decreases, the missing transverse energy de-

VIIl. RESULTS
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