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Search for Charged Higgs Bosons in Decays of Top Quark Pairs
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We present a search for charged Higgs bosons in decays of pair-produced top quarks using
109.2 = 5.8 pb~! of data recorded fronpp collisions at./s = 1.8 TeV by the DO detector during
1992-1996 at the Fermilab Tevatron. No evidence is found for charged Higgs production, and
most parts of thdMy+,tan3] parameter space where the deeay H* b has a branching fraction
close to or larger than that far— W*b are excluded at 95% confidence level. Assuming=
175 GeV ando(pp — t1) = 5.5 pb, for My+ = 60 GeV, we exclude taf < 0.97 and taB > 40.9.
[S0031-9007(99)09417-X]

PACS numbers: 14.80.Cp, 13.85.Rm, 14.65.Ha

The Higgs sector of the standard model (SM) consistshe SM, including supersymmetry (SUSY). Our study
of a single complex doublet scalar field responsible foris based on the two-Higgs-doublet model, where one
breaking electroweak symmetry and generating gaugdoublet couples to up-type quarks and neutrinos, and the
boson masses. The simplest extension of the Higgs sectother couples to down-type quarks and charged leptons,
to two complex doublets appears in many theories beyonds required by SUSY [1]. Under these circumstances,
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electroweak symmetry breaking leads to five physical

Higgs bosons: two neutral scalak8 and H°, a neutral g L
pseudoscalad’, and a pair of charged scalats™. The 140 H* —= W*bb l ‘d
extended Higgs sector has two new parametdis: and :;5 b {Qﬁ
tanB, where ta is defined as the ratio of the vacuum 3,500 ,O.OQ
expectation values of the two Higgs fields. Ag’o‘
Direct searches fot*e~™ — H*H™ X at LEP have set 100 & ':0:0:
lower limits of 57.5-59.5 GeV oM y+ at the 95% con- ;0.0’0‘
fidence level (C.L.) irrespective of t@n[2]. A measure- ( p‘o‘o‘q
ment of the inclusiveb — sy decay rate gives CLEO 80 ¢ H*—cs %%
an indirect limit of My- > 244 + 63/(tan)'> GeV, as- (XK
suming only a two-Higgs-doublet extension to the SM 60 g’:’:"’
[3]. From a measurement of the — 7vX branching . ] S
fraction, ALEPH constrains t@8yMy- < 0.52 GeV ! at ! 10 tc:r?ﬁ

90% C.L. [4]. Based on a search for charged Higgs in de-
cays of pair-produced top quarks using hadronic decays dflG. 1. The parameter space explored in this analysis. Re-
the r lepton, CDF has published limits in thaf -, tang] gions whereB(t — H*b) > 0.5 are shown cross hatched, with

the labels for various decay modes of the charged Higgs in-
parameter space for t8n> 5 [5]. Our search, also for dicating their regions of dominance. Regions whé&e —

H= in decays oft7, covers the entire range of tanin  y+) > 0.9 (dark-shaded areas) are not considered.
which leading order perturbative calculations are valid.

At leading order, théZ* coupling to a down-type (up-

:ﬁge? e?rL:]?(;Ir(m ?]2 ; : SUtE:IIE;;}?iirgeb? It;atfcr:)t';)pmfﬁ étlg:/lal toshaded regions at the two bottom corners of Fig. 1. The

- i —_— +
requires ar quark to decay almost exclusively to W cross-hatched regions correspondto — H"b) > 0.5.

boson and & quark, i.e. B(r — W"b) ~ 1. However, if QIZ? d(S)rr]r?i\rqvgtelri]n ?gf'e%er?[re atr?se o?et(r:lzy gsgrizste?rs ace
H* exist withMy+ < m, — m;, and ta is either very P P pace.

large or very small, the®(+ — H™" b) can be significant. Analogous charge-conjugate expressions_ holdHor
We assuma3(t — H*b) + B(t — W*b) = 1. For any For each top.quark, there are four possible decay modes

. . hose branching fractions depend o#fiy+ and tarB:
given tarB, B(+ — H" b) decreases ally- increases. It w . 9 v +p . i
is further assumed thatfg (50 = k0, HO, or A%) are (B 1= W7bi (2) 1= H7b, H" — c5; (3) t — H" b,
large enough for the decayg® — S°W* to be highy 1 W bb; and (4)t — H"b, H* — 77v. Ii the

; decay mode of (7) is denoted byi (j), then the total

suppressed for real or virtudP andW* bosons. Decays y . SRR
H* — VOW*, where VO = y or Z, are absent at the acceptance for any set4of selection criteria is given by
tree level [6]. HenceH™ can decay only to fermion- .
antifermion pairs. Consequently, i+ < m, — my, AMp-,tang) = ijzzl €i.j (M) Bi(My+. tans)
one might expecti ¥ — 7t v (favored if targ is large) ’
and H* — ¢5 (favored if tarB is small) to be the only X Bj(My+.tans), (0
significant possibilities. Indeedd(H™ — 7*v) = 1 if  whereg; ; is the efficiency for channdl, j}, andB;B; is
tanB > 10. ButiftanB < 2 andMy+ > 130 GeV, then the branching fraction. AlB; depend strongly on both
the large mass of the quark causeB(H' — t*b — Mpy-+ and tarB; €;,; depends on neither, and all other;
W*bb) to exceedB(H" — ¢%) [7]. depend onM+, but not on tags.

Figure 1 shows the region of tH&/y-,tanB] plane A strong dependence of signal characteristics on the pa-
examined in this analysis. The lower and upper boundarameters of the model makes an appearance search for sig-
ries on taB (0.3, 150) are required for the applicability nal a difficult task. We therefore perform a disappearance
of perturbative calculations if/* Yukawa coupling to search using selection criteria optimized for the SM chan-
t and b quarks. The minimum forMy- is chosen nel{l,1}. One expects the efficiencies of these criteria for
at 50 GeV, somewhat below the most recent lowerchannels involvingg — H*b decays to be substantially
limits from LEP. This search is restricted g+ < different from that for channdll, 1}. Consequently, if the
160 GeV, somewhat less than, — m;, (assumingn, =  assumption oB; = 1 leads to a measurement of the top
175 GeV); otherwise, the width of the charged Higgs quark pair production cross sectiar(s7) in good agree-
I'(H") becomes too largé>7.5 GeV) near the upper ment with theoretical predictions, then those regions of
boundary on tag, and leading-order calculations becomethe[My-,tan3] parameter space, wheBg is sufficiently
unreliable. For the same reasdn(s) is required to be large for anyi # 1 can be excluded. This strategy serves
<15 GeV. Sincel'(t — W*b) = 1.5 GeV, irrespective us well fori = 2 and 4, but not foi = 3.
of [My-,tang], this amounts to requiring(r — H*b) = The DO detector is described in Ref. [8]. We use
0.9, and thereby excludes from our analysis the darkthe same reconstruction algorithms for jets, muons, and
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electrons as used in our previous top quark analyses, arddtion of 7 events, and a similarly modified version of
the same event selection criteria as for the measurement B¥THIA [17] is used for verification of the efficiencies.
o(tt) in lepton + jets final states [9]. These criteria are  Table Il shows that the hypothesis 8f =~ 1 agrees
optimized for¢f events, where both top quarks decay towell with our experimental result. Using Monte Carlo
Wb, with one W decaying intoev or u7, and the other samples, the efficiencies and corresponding uncertainties
into agg’ pair. The final state in such events is characterare calculated at several valuesif;-, and parametrized
ized by a highpr isolated lepton, large missing transversefor each channel. The efficiencies for all channels, for
energy(Er), and four jets. The main sources of the back-My+ = 125 GeV, are listed in Table Ill. The dependence
ground aréW + jets events and QCD multijet events with of efficiency onMy+ varies from channel to channel, but
a misidentified lepton and largé-. Two of the jetsin sig-  efficiencies for a given channel rarely differ by more than
nal events are initiated by quarks. Ab jet can be tagged a factor of 2 over the range @+ considered. While
by a muon contained within the jetg ~ 0.2 pert7 event). €, is practically zero (sinced* — c5 gives neither
Since such tagging is unlikely in background events, othea highpr isolated lepton nor largdiy), €13 and €33
requirements can be less restrictive for an event containingre close toe; ;. Consequently, we can exclude at a
a u-tagged jet. This class gi-tagged events is denoted high level of confidence those regions of parameter space
by ¢ + jets/u. Events without gu-tagged jet, denoted where B, = 1 (small tar3, small My-+), because, with
by ¢ + jets, are subject to stricter requirements on kine-almost no observable signal, it is extremely unlikely that
matics. Details of the selection criteria, summarized inan expected background i.2 = 2.0 events fluctuated
Table I, can be found in Ref. [9]. Fat, = 175 GeV, the to the observed 30. However, in regions whde is
selection efficiency forr — W bW b eventsi{3.42 =  comparable to or larger tha®y (small tar3, largeMy+),
0.11(stad + 0.55(sysd]%. The jet energy scale, particle the expected number of events is about the same as that
identification, and modeling of the signal are the primaryobserved, and therefore such regions cannot be excluded.
sources of systematic uncertainty. The integrated lumitow efficiencies forrz decays involvingd* — 7% v help
nosity, the number of observed events, and the expected exclude regions wherB, is large (large tag).
signal [assuming3(t — W*hb) = 1] and background are For nys Observed events, the joint posterior probability
given in Table 1. density forMy+ and targ is given by
The measured values @f(¢7) [9,10] andm, [11,12]
are based on the assumption Bft — W*b) = 1, and P(Mpy-+,tanB | ngps) o fG(ﬁ)j G(ng)f G(A)
cannot be used in this analysis. Hence, in our search,
o(tt) and m; serve as input parameters. However, for X P(nops | w)dAdngd L , (2)
Mpy+ < 140 GeV, the method used by DO to extrast
from 7 — lepton + jets events [11] yields the correct
value ofm, within ~5% even wherr — H*b decays are
allowed. Hence, we choose;, = 175 GeV. Production B
of 7 takes place primarily via strong interactions, and the ~ #(Mp+,tanB) = A(My+,tanB)o (1)L + np, (3)
cross sectionis not affected by the existencH 6f(assum-  andG represents a Gaussian distribution. The means and
ing no contribution from SUSY processes). Calculationsyidths of the Gaussians for the integrated luminosty
of o(17) based on QCD should therefore be reasonablgng the number of background evenig are given in
[13—-15]. A special version ofSAJET [16] that includes  Taple I, while those for the acceptandéMy, -, tang) are
the process/™ — W™ bb is used for Monte Carlo simu- cajculated using Eq. (1), with parametrized functions for
€; j, and leading order calculations Bf, B;.

Equation (2), which we parametrize as a function of

TABLEI. The ¢ +jets and € + jets/u event selection My, and tag8, gives a Bayesian posterior probability

whereP(nqs | 1), is the Poisson probability of observing
nobs €VENts, given a totgkignal + backgroung expecta-
tion of

criteria. density for those parameters [18]. The prior distribution
¢ + jets €+ jets/u is assumed to be uniform iMy+ and in log,(tand).
pr(l) >20 GeV >20 GeV
. <2.0 (1.7 <2.0 (1.7 . -
lnE(”)l 25 ((Se\/) =20 ((Se\/) TABLE Il. The integrated luminosity, the number of observed
E (T.) ~15 GeV =20 GeV events, and the expectations from background and:&signal
|T77 ]| =20 =20 (assumingm, = 175 GeV; o (1) = 5.5 pb), for € + jets and
No. of jiats(nj) 24 zé { + jets/u selections combined.
No. of u tags 0 =1 Integrated luminosity L 109.2 £ 5.8 pb
Aplanarity >0.065 >0.040 Estimated backgroundi 112 = 2.0
Hr =Y. Er(j)) >180 GeV >110 GeV Expected signal (SM)ys 19.7 = 3.5
pr(l) + Er >60 GeV Total events expected (SM) 309 + 4.0
[9(W)| <2.0 Events observedsg, 30
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TABLE Ill. The efficienciese; ; of our selection criteria (in o (¢7) (5.5 pb, with QCD resummation scale set /i
%), for m, =175 GeV and M- =125 GeV, for various [13]) yields the most conservative limits. Tighter limits
decay modes ofr. The row indiced) denote: (L — W'b;  gre set for smaller values af(¢7), such as those given

2t—H"b, H* - ¢5; ) t— H'b, H" — W'bb; and . .
(4) t — H*b, H* — 7+v. The respective charge conjugate " Refs. [14,15]. Figure 3 also shows the result of a

decays are denoted by the column indi¢gs frequentist analysis of our data wherein a point in the
[My+,tanB] parameter space is excluded if more than
1 2 3 4 95% of the trials of Eq. (2) at that point yield,,; < 30.
1 3422056 223 *037 335=x061 136=*0.25 Due caution must be exercised in comparing Bayesian and
2 223*037 0.04*001 221=+037 107=*020 frequentist results since the interpretation of “confidence
2 3352061 221 £037 371 =067 1742036  |ayel” js different between the two. I, is varied in the

1.36 £ 025 1.07 =020 1.74 £0.36 041 = 0.09 range 170 < m, < 180 GeV, then, fora(7) = 5.0 pb,
the excluded region increases with increasimg by

L o . . an amount comparable to that from a similar fractional
Assuming instead that the prior is uniform Wy« decrease i (17) with m, fixed at 175 GeV.
and in B(H" — 7"v) does not significantly alter the 34"\ mmarize. in a search for a charged Higgs boson
posterior distribution. To calculate pI’Obabthies, athat considers a|1| of its fermionic decay modes. we find
Monte Carlo integ_ration is carried ogt by spanning therlo evidence of a signal in the region &~ < 160 éev,
parameter space in steps of 5 QeVAm,+ from 50, 0 e improve previous limits in the region of large fan
160 GeV, with 25 uniform steps in lggftans) covering 54 we exclude a significant part of the previously unex-
the range0.3 <tang < 150 at each value ofMy-,  inreq region of small ta. Assumingm, = 175 GeV
and performing 200000 trials of Eq. (2) at each stepng o(i7) = 5.5 pb, tarB < 0.97 and tag > 40.9 are
The predicted probability for observinga, events, —oyciyded at 95% C.L. fondy- — 60 GeV. The limits
evaluated atMy- = 80 GeV, for different values of pocqme ess stringent with increasingy-. Within the
tang, is shown in Fig. 2(a), while Fig. 2(b) shows the ;n4003 < tang < 150, no lower limit can be set on
posterior probability density for tgh corresponding to tang for My« > 124 Ge\’/, and no upper limit oM~ >
nobs = 30, and for My« =80 GeV. The 95% C.L. 153 Gey. A comparison between Figs. 1 and 3 shows
exclusion boundary in thgM -, tan3] plane is obtained 5t 5|l regions of théM, -, tand] parameter space where
by integrating the probability densit®(M g+, tan8 | nops), B(t — H*b) > 0.45, except whereB(H* — W™ bb) is
given by Eq. (2), between contours of const@t The large, are excluded ’at 95% C.L.
results, corresponding tey, = 175 GeV, are shown in - “\ve are grateful to D.P. Roy, J. Wudka, and E.E.
Fig. 3 for three values ofr(r7). The largest value of g for valuable discussions on theoretical aspects of the
analysis, and to S. Mrenna for incorporating the process
H" — W*bb into pyTHIA. We thank the Fermilab and

2 60 . . . . . K
< I collaborating institution staffs for contributions to this

40 |

s 160

30 % k T T

20 O [

10 ~140 -

0 =

=120 B

Ll e 1 10

dP(Nn..=30)/d(loge(tang))
5
[6)]
of
o
[6)]

1 1.5 2

(b) logo(tang)
FIG.3. The 95% C.L. exclusion boundaries in the

FIG. 2. (a) Distribution of the number of Monte Carlo ex- [My+,tan8] plane form, = 175 GeV, and value ofr(¢7) set
periments in thei.s Vs log(tanB) plane form, = 175 GeV,  to 5.5 pb (hatched areas, solid lines), 5.0 pb (dashed lines), and
o(t7) = 5.0 pb, andMy+ = 80 GeV. (b) Posterior probabil- 4.5 pb (dotted lines). The thicker dot-dashed lines inside the
ity density for ta8, given the experimentally observed value hatched area represent the exclusion boundaries obtained from
of ngps = 30 [the slice shown in ()], for the above parameters.a frequentist analysis withr(:7) = 5.5 pb.
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