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This Letter describes a direct search for charged Higgs boson productjep ollisions at/s =
1.8 TeV recorded by the Collider Detector at Fermilab. Two-Higgs-double extensions to the standard
model predict the existence of charged Higgs bodéfis). In such models, the branching fraction for
top quarksB(t — H*b — 7" vb) can be large. This search uses the hadronic decays of the tau lepton
in this channel to significantly extend previous limits Bt production. [S0031-9007(97)03577-1]

PACS numbers: 14.80.Cp, 13.35.Dx, 13.85.Rm, 14.65.Ha
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Many extensions to the standard model (SM), including The ratio tanB determines the dominant decay modes
a large class of supersymmetric models, have an expandéar the H= and top quark. We consider only the region
Higgs sector containing two Higgs doublets where ondang = 5 for which H* decays torv exclusively.
doublet couples to the up-type quarks and neutrinos anblor tang = 100, both top quarks decay via— Hb,
the other couples to the down-type quarks and chargeproducing distinctive events with two tau leptons, two
leptons [1]. In these theories, electroweak symmetryp quarks, and largé#;. For intermediate tag, one or
breaking produces five Higgs bosons, three of which aréoth of the top quarks can decay via= Wb, producing
neutral and two of which are charged. events with lowefr and fewer tau leptons. To separate

Recent searches for charged Higgs bogahs) include  H= events from background, events in our final sample
analyses frompp collisions at theSpp S [2] and the Teva- must have one of the two following final states.
tron [3,4], frome™ e~ collisions at CESR [5] and at LEP  In the first final state (*j;jX”), events contain one
[6], and from world averages of the tau lepton branching rahadronically decaying tau lepton, two jets, and one or
tios. Anindirect limit from these averages excludes at 90%more additional objects. The other object(s) can be either
confidence level (C.L.) any charged Higgs withy- <  another lepton (electron, muon, or tau) or jet. At least
1.5tanB GeV/c? [7], where tarng is the ratio of the vac- one of the jets must have a displaced charged-track vertex
uum expectation values of the two Higgs doublets. indicative of ab-quark decay.

Based on a measurement of the inclugive> sy cross The second final state (“di-tau”) preserves acceptance
section, CLEO indirectly excludes at 95% C.L. chargedin the region where the charged Higgs mass approaches
Higgs bosons withMy- < 244 GeV/c? for tanB = 50, the top quark mass. In this case, thejet energies
assuming only a two-Higgs-doublet extension to the stanfall below the jet Er requirement, causing events to
dard model [5]. Models with a richer particle structure,fail the 7jjX requirements. In the di-tau final state,
such as supersymmetry, can evade this limit with comperevents contain two energetic, hadronically decaying tau
sating destructive interference from particles other than thieptons that are not opposite in azimithe ., < 160°).

W andH™ [8]. To avoid double counting, this category excludes events

Based on direct searches for charged Higgs pair propassing therjjX requirements.
duction, the LEP experiments exclude at 95% C.L. any The electron and muon identification cuts are those
charged Higgs with a mass lower thaf 1 GeV/c? [6]. used for the top quark search [15]. Identified electrons

The Collider Detector at Fermilab (CDF) and D@ have(muons) must have a minimufy (pr) of 10 GeV.
recently established the existence of the top quark via its An iterative algorithm which uses a fixed cone size of
semileptonic decays [9,10] usingp collisions at\/s = AR = /(A$)? + (An)? = 0.4 finds jets in the calorime-

1.8 TeV. In the analysis presented here, we searchrfor ter [16]. Those jets that contain charged particles that
events in which the top quarks decay into charged Higg$orm a displaced secondary vertex [9] are categorized as
bosons. By using a data sample which is five times largem-jets. Jets identified for this analysis have a minimum
improved tau lepton identification, angquark tagging, uncorrectedE; of 10 GeV.

this analysis significantly extends the charged Higgs limits Tau lepton identification begins with a jet. The tau lep-
from a similar, previous CDF search [3]. ton candidate must have one or three charged particles in a

CDF is a magnetic spectrometer containing tracking de10° cone about the jet axis and no additional charged par-
tectors, calorimeters, and muon chambers [11]. The trackicles in a cone 080°. For counting the number of associ-
ing detectors lie inside a 1.4 T solenoidal magnetic fieldated charged particles, only those with a vertex within 5 cm
The central tracking chamber (CTC) measures the moef the tau vertex angy > 1 GeV/c are used. In addition,
menta of charged particles over a pseudorapidity rangthe tau lepton candidate’s tracks must have the correct total
|n| < 1.1, wheren = —Intan(6/2) [12]. Asilicon ver- chargeQ = *1e and its mas#/,, determined from tracks
tex detector, positioned immediately outside the beampipand electromagnetic calorimeter energy deposits, must be
and inside the CTC, provides precise charged particle rezonsistent with that of a tau leptd, < 1.8 GeV/c?).
construction and allows identification of secondary verticeS'he E7 of the calorimeter cluster associated with the tau
from b-quark decays [13]. Electromagnetic and hadronidepton candidate must exceed 10 GeV; the larggsbf
calorimeters, arranged in a projective tower geometry, suran associated charged particle must excéédseV/c.
round the tracking volume and are used to identify jets, loThe identification algorithm requirdsg.| < 1 to maintain
calized clusters of energy, over the rarjg¢ < 4.2. The good efficiency for tracking charged particles.
presence of neutrinos can be deduced from the missing In the 7j;jX final state, one tau lepton must hakige >
transverse energ§r [14]. 20 GeV; any other tau leptons must hakg > 10 GeV.

This analysis relies on data collected with fhetrigger,  For the otherwise less stringent di-tau requirements, we
which nominally requires/; > 35 GeV but is only fully  raise theE; requirement to 30 GeV for both tau leptons.
efficient for £+ = 80 GeV. These data, collected from  Both final states requir@r > 30 GeV. For events in
1992 to 1995, represent an integrated luminosity0df =  which a jet is mismeasured, tl#g typically points toward
8 pb . a jet. To remove much of this background, we require
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TABLE |. Expected background and observed events. 30 . . T . .
» - CDF 100 pb~ ¢ data
TjjX Di-tau Total 25| ] weets
Fake taus 51 13 0.30 = 0.19 5415 [t
W+ jet(s) — 13+ 13 13+ 13 201 B feketaus |
Z + jet(s) — 0.6 = 0.3 0.6 = 0.3 2.
WW,WZ,ZZ 0.04 =004 0.04 + 004 0.08 = 0.06 S °T ]
Expected 51=*13 22+ 13 74 +20 P 0
Observed 7 0 7 I i
St _
f[hat events satisfod;/dgg + ET/GeV > 60, Wher_eAd)_ _ 0 [h
is the minimum angle in_azimuth between an identified 1 2 3 4 5
object in the event and thir. As events with largefir N( WOC’)

have lower background, this cut becomes less sevefe as
increases.

To reduce contamination fro boson production, we
remove any event that containsga” uw~ or e* e~ pair
with an invariant mass between 75 at@b GeV/c2.

This set of analysis cuts selects seven events. All pa
the7jjX requirements; none pass the di-tau requirement
One event has a tau lepton, an electron, and two jet
the others have a tau lepton and three or more jets. A
required, all seven contain/atagged jet.

ground. Unbiased samples of jets allow measureme
of the rate (parameterized as a function of jgt) at

which jets imitate a tau lepton. We replace the nor-
mal tau lepton identification cuts with a function that en-
codes this fake rate and apply it event-by-event to th
Er data sample. This produces a background estimat
5.4 = 1.5, which is absolutely normalized and includes
any process contributing to the fake background. In ad

includes a 25% systematic uncertainty on the measure

fake rate. This uncertainty is estimated from differences

in the measured fake rates from the various unbiased |
samples.

W andZ + jet events are generated with thecsos
Monte Carlo program [17] with an underlying event added
by HERWIG [18]. This simulation uses thép7) of the

FIG. 1. The charged particle multiplicity (in a 1@one) of
tau candidate$N(10°)] in the fr data sample using cuts that
enhanceW — v + 3 or more jets events.

background£102 * 21). Moreover, we compare various
inematic distributions (takr, £7, etc.), both with and

S\(\/ithout b tagging, to the prediction from the sum of the
S‘mackgrounds; the agreement is excellent.

S To verify that the two lepton identification algorithm

. ., works in events as complex as those from the charged
Events from QCD and electroweak processes in Wthl‘H P g

a jet mimics a tau lepton dominate the expected back:

iggs process, a tau signal frodl — 7v + 3 or more
ets is selected from the/; data sample. The cuts
r doing this differ slightly from those used for the
search. Removing thé-tagging requirement enhances
the acceptance, while tightening thEr requirement
to 40 GeV andA¢/deg+ Er/GeV > 75 reduces the

eoackground in this channel. Figure 1 shows the charged
%article multiplicity of tau lepton candidates. (The charge

and charged particle multiplicity requirements for the tau

" I~ . “lepton are not applied.) The tau signal agrees well with
dition to the statistical uncertainty, the quoted uncertainty, P PP ) g g

e expectation froni production once backgrounds are
ken into account.
Based on anisAJET Monte Carlo simulation, this

ea{nalysis would typically retain 2% of the events in which

both top quarks decay inté/=. Figure 2 shows the
expected number of signal events as a function ofstan

for My, = 175 GeV/c? and My. = 100 GeV/c2. To

jets for the QCD renormalization and factorization scales,

a minimum pr of 8 GeV/c¢ for jets, and theCTEQ3Mm
structure functions [19]. Measured cross sectionsifot-
jet(s) andZ + jet(s) production provide the normalization
of these Monte Carlo samples [20]. Overdll9 * 1.3
background events of this type are expected [21].

Diboson production contributes only0.08 = 0.06
events to the background expectation.
tion is determined from arsAJET 7.06Monte Carlo [22],
which includes tree-level processes WiV, WZ, andZZ
production. Table | shows the number of background
events from all sources.

This contribu-

o 20 pr— -
% [ CDF 100 pb ]
8 15 - _—_
x r -7
| r PR ]
@ 0 L L 3
C % C.L. ]
5 95%CL. ]
m S f E

T B

° 10 10° 10°
tanp

FIG. 2. Expected number of charged Higgs eventsMgy, =

To check the background estimation we compare the 5 GeV/c?, My~ = 100 GeV/c2, and o = 5 pb (dashed)

number of observed events without théagging require-

or 7.5 pb (solid). Models which predict 8.9 or more expected

ment (119) to the total number expected from the variousvents are excluded at 95% C.L. (dotted).
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N/-\ T T -11 L | T T T T T TTT C\’I-\ LI | T .1' LI | .‘-‘”.,.. :::: T
§ 160 [~CDF 100 pb = § 160 [FCDF 100pb” % -
8140 L ereeneens 05=5-0 pb .............. 8140 | .:-'.A'- CDFeXCIuded_
~ I Cg=7.5pb =~ I (95% C.L) 1
120 |- ] ;111 20 - i/ -
=0 L # CDF excluded _ 100 |- Y E— 6,=104pb -
1 (95%C.L) - il 6,= 6.8pb
80 K . 80 HY P G,= 4.4pb
L _ 60 ) _
€0 L ; L i|.04z=0,/B(tt>Wb Wb) |
40 | LEP excluded (955/;, cL) — 40 | LEP excluded (95%, c.L) -
1111 1 1 [ 2 1 1 1111 3 I 1 1 Y I 2 1 1 T 3
10 10 10 10 10 10
tanp tanf
FIG. 3. Charged Higgs exclusion region foM, = FIG. 4. Charged Higgs exclusion region foM,, =
175 GeV/c?. 175 GeV/c? usingo; = oo/ B(tt — WbWh).

illustrate the sensitivity to the assumed top cross section

o, the figure shows curves for both the theoreticalmode B(:7 — WbWb). Figure 4 shows the region ex-

value (5 pb) [23] and another value (7.5 pb) chosen to beluded using this additional information.
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